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Foreword

B
a sic scien ti fic re search in the bio me di cal scien ces ex plo res the mo le -
cu lar, ce llu lar, ge ne tic, beha vio ral, and syste mic func tio ning of ani -
mals and hu mans in nor mal or al te red physio lo gi cal sta tes. Its main
ob jec ti ve is to as cer tain fun da men tal bio lo gi cal pro ces ses, usually in

ani mal mo dels, that can pro vi de in sight into pro mo ting hu man health and
well being. The jus ti fi ca tion for this ap proach is ba sed on the evo lu tio nary
theory of Char les Dar win and Alfred R. Wa lla ce, that the know led ge of the
bio lo gi cal ba sis of ani mal mo dels is fun da men tal to an un ders tan ding of
hu mans. In fact, we are mem bers of the zoo lo gi cal class Mam ma lia, which
in clu des most of la bo ra tory ani mal mo dels in clu ding ro dents and pri ma tes. 
Ho we ver, the path from ba sic scien ce to ap plied scien ce for hu man well -
being has been more a pro po sal than a rea lity. We know that know led ge ob -
tai ned in the la bo ra tory with ani mal mo dels (bench) to ward ap pli ca tion to
cli ni cal treat ment in hu mans (bed si de) is not easy to at tain. One of the rea -
sons is the li mi ted com mu ni ca tion bet ween ba sic re search scien tists and
cli ni cal physi cians. The for mer spe cia li ze in bio lo gi cal and beha vio ral me -
cha nisms in ani mal mo dels and the lat ter spe cia li ze in prac ti cal so lu tions to 
pat ho lo gi cal con di tions. The academic perspective at the university level
typically focuses on a reductionist approach rather than construction of an
interdisciplinary integration.

For tu nately, to ward the end of the 20th cen tury, due to ac cel er ated ad -
vances in the bi o log i cal sci ences, a new field was emerg ing and gain ing spe -
cial ists from the bi o log i cal and bio med i cal sci ences: translational sci ence
and med i cine (TM). This emerg ing sci en tific field con structs a new par a -
digm in which stu dents learn ba sic bi o log i cal mech a nisms, but with an em -
pha sis on their pos si ble ap pli ca tion to hu man wellbeing. To be suc cess ful,
this new field of TM also re quires an ac tive par tic i pa tion of health pro fes -
sion als in the ex change of knowl edge with sci en tists in the ba sic sci ences.
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An im por tant ca veat is that the mech a nisms of a spe cific phys i o log i cal or
phar ma co log i cal pro cess at the or gan is mic level can dif fer be tween an i mal
mod els and humans. Thus, it is imperative to study particular biological
processes in both.

Re lat ing ba sic sci ences to clin i cal ap pli ca tion in volves three crit i cal
steps: 1) ob ser va tion, 2) ex per i men ta tion and 3) hy poth e sis test ing. All three 
can be per formed in an i mal mod els, but the third must be per formed in hu -
mans, which may re quire clin i cal tri als and a com pli cated pro cess that ul ti -
mately may in volve the phar ma ceu ti cal in dus try. Also re quired is feed back
from pa tients about the ef fects of the treat ment. This pro cess can in volve
myr iad bar ri ers at eth i cal, fi nan cial, ed u ca tional, or ga ni za tional, and
governmental levels, requiring new public health policies.

In México we are still far from this goal. But we are a gen er a tion that, af -
ter years de voted to ba sic sci ence, is grad u ally lay ing the ground work for re -
search in hu mans. This has been an im por tant step, ac cord ing to Dr. Chris -
to pher Aus tin, of the Na tional Cen ter for Ad vanc ing Translational Sci ences, 
NIH, USA. He iden ti fies a key re quire ment for the ad vance of translational
sci ence: To cross bound aries; to break down the fron tiers of our dis ci pline
and ven ture into the do mains of other dis ci plines in volved in translational
ap proaches. This book ex em pli fies the emer gence of the “cross ing of
bound aries” by a group of sci en tists from México, Spain, Czech Republic,
Canada and the USA.

Dur ing our uni ver sity train ing, most of the knowl edge that we gained
was based ex clu sively on the ba sic sci ences. As a con se quence, our sub se -
quent pro fes sional re search in volved an i mal lab o ra tory mod els, and we be -
came ex pe ri enced in pub lish ing in spe cial ized jour nals in our fields. We
fre quently heard the ques tion: what is the ap pli ca tion of your re search?
What that re ally means is, what is the rel e vance of your re search to hu mans?
Our an swer was: ba sic sci ence is im por tant, is the foun da tion of all knowl -
edge. This pro fes sional po si tion based on our ac a demic train ing was
mainly due to our teach ers' also be ing trained ex clu sively in ba sic re search.
It is now time for our gen er a tion to break the bound aries. Af ter be com ing
ex pert in an i mal re search, many of us seek new in no va tive chal lenges.
Thus, it has be come ac cept able to think: “What about this spe cific prob lem
in hu mans? To do re search in hu mans in my re search field in an i mals...per -
haps it is not im pos si ble”. Three points are crit i cal: the re search must in -
volve min i mal risk to the per sons re ceiv ing the in ter ven tion, they must give
their in formed con sent to par tic i pate, and the pro posed re search must be
ap proved in ad vance by an in sti tu tional eth ics com mit tee. By ful fill ing
these cri te ria, we can ini ti ate our translational re search in hu mans. Now

From Animal Models to Humans
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our stu dents have us as their teach ers, who have had ex pe ri ence per form ing 
re search in hu mans and they can now feel en cour aged to en gage in such re -
search. As a re sult, a new gen er a tion of sci en tists is aris ing. In this book, the
reader can learn their ad vances on sev eral re search fronts, and also learn
the sto ries of how they reached this point in their ca reers. Sci ence it is not
just a col lec tion of dis cov er ies, but also a col lec tion of var ied per sonal sto -
ries of how those dis cov er ies came to be.

We are for tu nate to know the dis tin guished sci en tists from the five
coun tries who col lab o rated on this book, all of them our good friends and
col leagues. Af ter a long jour ney from the ba sic to the ap plied sci ences, they
broke the bound aries be fore us and ad vanced to the goal of per form ing
their re search-based in ter ven tions in hu mans. We be lieve that this book
will en cour age both stu dents and col leagues to look for new fron tiers. It is
time for a sig nif i cant translational ap proach, time to break the bound aries
that re strict research to the basic sciences.

This book could not have suc ceeded with out the fun da men tal sup port of
the Coveicydet (Consejo Veracruzano de Investigación Científica y Desarrollo
Tecnológico), which pro vided the fund ing for pub li ca tion. Fur ther more, we
thank the Sociedad Mexicana de Ciencias Fisiológicas (SMCF), which grants
the ac a demic en dorse ment of this pub li ca tion; it has the ob jec tive of sci en -
tific dis sem i na tion, and this book was writ ten as a teach ing tool for un der -
grad u ate and grad u ate stu dents.

The co or di na tors and ed i tors of this book ap pre ci ate and ac knowl edge
the high level of com mit ment of the au thors who, with gen er os ity and pa -
tience, at all times sup ported the prep a ra tion of this book. Thank you very
kindly to each. The door is open, and a new path is in front of us for pres ent
and fu ture stu dents.

Xa la pa, Ver., Mé xi co, Sum mer, 2023.

Mario Salvador Caba Vinagre, Ph.D.
Porfirio Carrillo Castilla, Ph D.

Barry R. Komisaruk, Ph D.

Foreword
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Introductory framework

T
rans la tio nal re search is now a gro wing re search emp ha sis at uni ver si -
ties worl dwi de. Uni ver si dad Ve ra cru za na in Mé xi co is no ex cep tion.
But the de ve lop ment of this type of re search at this uni ver sity was not
ini tia ted by the ad mi nis tra tion of the ins ti tu tion. Instead, its emer -

gen ce is the re sult of a long and slow pro cess by a group of re sear chers af ter
years of per for ming ba sic re search in ani mal mo dels. This book is neit her a
text on the sta te of the art of trans la tio nal re search, nor a ma nual on how to
per form trans la tio nal re search. Be cau se our aca de mic trai ning was in ba sic 
scien ce, the rea der will no ti ce through its 16 chap ters that the re are mul ti ple 
re fe ren ces to dif fe rent spe cies used as ani mal mo dels. The book also re -
counts the per so nal sto ries of re sear chers from dif fe rent universities that
led from from basic research in animals to their first studies in humans.

In Chap ter 1, Aran da, Hernández, Herrera and Rojas re late their re -
search, us ing ro dent mod els, to subcellular and mo lec u lar mech a nisms un -
der ly ing Alz hei mer´s dis ease. Ba sic re search in this area led to the de vel op -
ment of drugs against Alz hei mer’s dis ease in hu mans. The au thors pro vide
an anal y sis of the ef fi cacy of drugs that il lus trate how prom is ing find ings in
an i mal mod els do not guar an tee ef fi cacy in hu mans. Why? be cause an i mal
mod els have lim i ta tions, and more stud ies are nec es sary – an ex am ple of
the prob lems en coun tered in the translational ap proach. In Chap ter 2, Pro -
fes sor Noel Kim ad dresses the path from bench to bed side in sex ual med i -
cine, fo cus ing on the quest for an oral ther apy for male erec tile dys func tion.
His chap ter pro vides an ex cel lent ex am ple of how drugs de vel oped for dif -
fer ent dis or ders in an i mal mod els and hu mans led to med i ca tions to treat
sex ual dys func tion in hu mans. It also re veals how fi nan cial fac tors de ter -
mine and even ac cel er ate re search in the phar ma ceu ti cal in dus try. The
chap ter is a fas ci nat ing ac count of how for tu itous cir cum stances led to the
dis cov ery of med i cal ther a pies with enor mous eco nomic and so cial im pact.
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Herrera, Patraca, Vargas and Fernández in Chap ter 3 fo cus on the ways in
which murine mod els con trib ute to our un der stand ing of how par tic u lar
di ets can af fect our health. We con sume a va ri ety of food prod ucts with
poor nu tri tious value and high en ergy con tent. The re sult is a grow ing
world ten dency to de velop obe sity and health comorbidities. Un for tu -
nately, the food in dus try is con tin u ally de vel op ing food prod ucts with an
em pha sis on fi nan cial, rather than nu tri tional, value. In Chap ter 4, Zamora
and Cibrián ad dress the trans la tion of re search not to the bed side, but
rather to the class room, an a lyz ing the im pli ca tions of stress and anx i ety
that re sult from the study of math e mat ics, termed “mathphobia”. This is an
emo tional re sponse re lated to per form ing cal cu la tions with num bers.
Stud ies in an i mal mod els re veal how brain struc tures in the limbic sys tem
and prefrontal cor tex, and hor mones re lated to stress, are re lated to
mathphobia. Ped a gogic and psy cho log i cal strat e gies can help to treat this
dis or der. In Chap ter 5, Caba-Flores, Martínez, Camacho and Zurutuza ad -
dress a crit i cal bio med i cal prob lem – in fant nu tri tion, which strongly af -
fects the sur vival of the new born. Breast milk is the “gold stan dard” of in -
fant nu tri tion, but un for tu nately, cur rently most ba bies are fed with milk
for mula. This has led to an in crease of health prob lems for in fants that can
even ex tend into adult hood. Un for tu nately, in fant for mula and even breast
milk are now con tam i nated with per sis tent chem i cal pol lut ants, and in re -
cent years also con tam i nated with microplastics. In con trast to milk for -
mula, breast milk con tains myr iad im mune fac tors, hor mones, and me tab -
o lites that con trib ute to better health in the new born. Thus it is im por tant to 
pro mote nurs ing in the new born and in fants as the ba sis for their early and
later health. In Chap ter 6, Cueto, García, Acosta and Rodríguez, un like in
the other chap ters that use mam ma lian mod els, these au thors ad dress how
fish mod els can help to un der stand emo tional pro cesses in hu mans and
sleep pat terns. Fish mod els are used to test new drugs that are ex pected to
help hu mans over come emo tional dis or ders that are com mon in mod ern
so ci ety. Morgado, López, Pérez and Beltrán in Chap ter 7 de scribe how
murine mod els have been use ful in un der stand ing the bi o log i cal ba sis of
spinocerebellar ataxia. They de scribe the lim i ta tions of an i mal mod els and
the de vel op ment of new tools, par tic u larly ge netic anal y sis. The transla-
tional ap proach is an op por tu nity to test ge netic and phar ma co log i cal ther -
a peu tic strat e gies for this neu ro log i cal dis or der. In Chap ter 8, Flem ing and
Almanza de scribe their ex pe ri ence and re search on the neu ro sci ence of ma -
ter nal and as so ci ated be hav iors in rats and their stud ies about the
psychobiology and neu ro sci ence of ma ter nal be hav ior in hu mans, es pe -
cially new moth ers. Re cip ro cally, the work on hu man ma ter nal be hav ior
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and its em pha sis on the im por tance of psy cho log i cal fac tors yields use ful
di rec tions in an i mal re search, in clud ing the ex am i na tion of vari ables such
as moth ers’ prior ex pe ri ences and af fec tive state. It is a chap ter by a sci en -
tist who, af ter de vel op ing ex per tise in ma ter nal be hav ior in ro dents, be -
came a leader on this topic in hu mans. Flem ing also is a pi o neer in the study
of intergenerational ef fects of how traits in the mother im pact their off -
spring, both in an i mal mod els and in hu mans. Chap ter 9 by Pfaus, Coria
and Ro dri guez is an ex am ple of how the use of be hav ioral and phar ma co -
log i cal ap proaches in both male and fe male pre clin i cal an i mal mod els led to
the emer gence of the “third sex ual rev o lu tion”. The au thors are world ex -
perts in sex ual be hav ior and crit i cally an a lyze the ad van tages and lim i ta -
tions of the com par i son be tween ro dents and hu mans. It is a jour ney
through the dif fer ent com po nents of sex ual be hav ior, the ef fi cacy of cur -
rent phar ma co log i cal ap proaches, and the de vel op ment of new drugs for
the treat ment of sex ual dys func tion in hu mans. Chap ter 10 by Aguilar,
Álvarez, Alamilla and Góngora fo cus on how be hav ioral tests in ro dents
help to un der stand the neurobiological and hor monal ba sis of ma jor de -
pres sive dis or der in hu mans. Of par tic u lar in ter est is the chronic mild
stress model in ro dents to study the pathophysiology of this dis or der in hu -
mans. Thanks to that knowl edge, phar ma co log i cal treat ment has been de -
vel oped, but more translational ap proach is still needed for the treat ment of 
this dis or der, an is sue of global pub lic health con cern. Chap ter 11 by Ro dri -
guez del Cerro and Komisaruk ad dresses the ba sic ques tion in translational
med i cine: how knowl edge based on re search in an i mal mod els may ap ply to 
hu mans. When the au thors were uni ver sity stu dents, they were told not to
ask how re search in an i mals can be ap plied to hu mans, for such ques tions
were con sid ered a her esy. The chap ter re counts the sig nif i cant dif fi cul ties
they faced to chal lenge this dogma. The chap ter jour neys from their stud ies
on neu ral con trol of sex ual and pa ren tal be hav ior in ro dent mod els to the
un der stand ing and treat ment of nor mal and patho log i cal sex ual re sponse
and affiliative be hav ior in hu mans. The cul ture in sci ence has be gun to
change, so that now, ad dress ing pos si ble translational im pli ca tions of one's 
pro posed re search is a com mon re quire ment for gov ern men tal fund ing de -
ci sions on ba sic re search pro jects. The chap ter also in cor po rates a de scrip -
tion of the México-New Jer sey stu dent ex change pro gram es tab lished by
Dr. Komisaruk and Dr. Carlos Beyer, in which mul ti ple au thors of this book
par tic i pated. Their par tic i pa tion fa cil i tated their sci en tific ca reers and to a
sig nif i cant ex tent, led to the cre ation of this book. Chap ter 12 by Manzo,
Caycho, Ortega and Velazquez ad dresses the use of an i mal mod els to ward
the un der stand ing of au tism in hu mans. The com par i son ex em pli fies the
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fun da men tal prob lem of know ing whether lab o ra tory mod els truly rep re -
sent the hu man dis or der. Au tism com prises a spec trum of be hav ioral pat -
terns that lead to de vel op men tal prob lems in chil dren. De spite the ob vi ous
lim i ta tions, based on their stud ies in ro dents, the au thors es tab lished a
translational line. They de vel oped mus cu lar, vi sual and au di tory stim u la -
tion ther a pies, which in crease the mo tor abil i ties and also de crease heart
rate and sys tolic pres sure in au tis tic chil dren. Their re sults dem on strate
that it is pos si ble to per form in ter ven tions in hu mans based on knowl edge
de vel oped from ba sic sci ence. Chap ter 13 by Hernández and Guevara is an
ex am ple of stud ies in rats and in hu mans that ex plore neu ral and psy cho -
log i cal bases of sex ual and ma ter nal be hav ior. This was pos si ble us ing
non-in va sive tech niques to study the electroencephalographic brain ac tiv -
ity of their ex per i men tal sub jects. Their stud ies es tab lish a knowl edge base
ap pli ca ble to both rats and hu mans. Also, the au thors iden tify en vi ron men -
tal and so cial fac tors es sen tial to a better un der stand ing of these be hav ior
pat terns in hu mans. In Chap ter 14 Aguilera, Gómez, García and Orozco ad -
dress ol fac tory sys tem re search in ver te brates, in clud ing hu mans, and its
role in mate sex ual se lec tion. They show how spe cific odors, such as phero -
mones, play an im por tant role in adap tive sex ual be hav ior pat terns, based
on re search in pigs and hu mans. They de scribe how ge netic traits, state of
women's vag i nal cy cle and phys i cal ac tiv ity in men strongly af fect phys i o -
log i cal re sponses to odor se cre tions that af fect mate se lec tion. In Chap ter
15, Caba, Torres, Viveros and Ramos il lus trate how stud ies in a lab o ra tory
an i mal – the rab bit – led to an ex ten sive line of re search on nurs ing and
breast milk in hu mans. Af ter de cades of study ing nurs ing and ma ter nal be -
hav ior mainly in rab bits, they came to the point of study ing this pro cess in
hu mans. But how to start? The main point was to per form non-in va sive
stud ies. Then first came the de sign of a ques tion naire to de ter mine fre -
quency of ex clu sive nurs ing and bar ri ers for their establishment just after
birth. In parallel they developed electroencephalographic recording and
hormonal analyses in relation to maternal attachment and studies of breast
milk components. Breast milk composition changes according to the
physiological state of the mother and the infant. These studies are an
example of successfully implementing an academic program with actual
social importance for the general population. In chapter 16 Ángeles, Rojas,
Quezada and Arellano describe how, after years of the study of circadian
rhythms in the rat, they decided to apply their knowledge to clinical
interventions. They controlled light exposure to neonates in intensive care
units. Also, they explored the rhythm of the circadian hormone, melatonin,
in elderly persons that developed delirium. Based on their analyses they
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performed successful interventions that improved the health of children
and elderly patients.

In con clu sion, we trust that this pub li ca tion ef fort can re sult in an in -
crease of ac a demic net works to re in force the de vel op ment of the transla-
tional re search in our uni ver si ties. We be lieve that this book can en cour age
new gen er a tions of sci en tists to fol low in our foot steps to re in force the de -
vel op ment of translational re search.

Xa la pa, Ver., Mé xi co, Sum mer, 2023. 

Mario Salvador Caba Vinagre, Ph.D.
Porfirio Carrillo Castilla C, Ph D.
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Omnis Cellula e Cellula
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Introduction
Bi ol ogy is con sid ered a non-lin ear sci ence; that is, it is not ex act like phys ics
or math e mat ics. The sci ence of life re quires mod els to be stud ied and sta tis -
tics to be quan ti fied and val i dated to a rea son able level.

Ev ery known liv ing be ing is com posed of the fun da men tal unit of life
known as “the cell.” Nu mer ous bio chem i cal pro cesses are car ried out in the
cell, en abling it to re pro duce and func tion prop erly, thus al low ing an or gan -
ism to sus tain its so-called “life.”

Bi ol ogy en com passes both uni cel lu lar and multicellular or gan isms, ne -
ces si tat ing lab o ra tory mod els for their study.

Ev ery bi ol o gist in train ing re mem bers Antoni Van Leeuwenhoek
(1635-1723), the un dis puted in ven tor of the mi cro scope. He prac ti cally de -
vel oped 500 mi cro scopes (van Zuylen, 1981), which opened our eyes to an
en tirely dif fer ent world – the world at the cel lu lar level. The de vel op ment of
finely crafted mag ni fy ing lenses en abled us to un der stand the com po si tion
of liv ing be ings and the various types of cells that exist.

Rob ert Hooke (1635-1703) is cred ited with pub lish ing im ages us ing a mi -
cro scope in the book “Micrographia” (1665). He was at trib uted with pi o neer -
ing mi cros copy tech niques for ob ser va tion, along with a great abil ity to il -
lus trate the cel lu lar na ture of life. He was the first to coin the term “cell”
(Griffing, 2020).

With the in ven tion of the mi cro scope and cel lu lar de scrip tion, bi ol ogy
took a sig nif i cant step for ward in the study of mi cro or gan isms. This
marked the be gin ning of us ing cel lu lar mod els to study life science.
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The most ef fec tive ap proach to study ing bi ol ogy is through var i ous cel -
lu lar mod els that of fer in sights into dif fer ent as pects of the cell, as seen in
cer tain neurodegenerative dis eases such as Alz hei mer's disease (AD).

Alzheimer's Disease
About 100 years ago, the psy chi a trist Alois Alz hei mer (1864-1915) de scribed a 
men tal dis or der in a pa tient named Augusta De ter, a 51-year-old woman
who pre sented with mem ory loss, dis ori en ta tion, and hal lu ci na tions. This
set of symp toms was des ig nated as Alz hei mer's dis ease.

Ex ten sive re search on this neurodegenerative dis ease has been con -
ducted since that time, uti liz ing var i ous bi o log i cal mod els such as pri mary
cell cul tures, cell lines, trans gen ic mice, lab o ra tory rats, and the brains of in -
di vid u als who died from Alzheimer's disease.

To date, more than 30 genes in volved in this pa thol ogy have been iden ti -
fied, in clud ing two im por tant pro teins vi su al ized dur ing post-mor tem
stud ies: the Tau pro tein and the beta-am y loid pro tein. Both pro teins ac cu -
mu late in the brain, lead ing to the for ma tion of so-called am y loid plaques.
As a per son ages, these plaques spread across larger por tions of the brain,
re sult ing in com plete brain at ro phy, ul ti mately cul mi nat ing in the individ-
ual's death.

I have par tic u larly fo cused on the study of the Tau pro tein, whose func -
tion in volves sta bi liz ing microtubules in the ax ons of neurons.

Tau con trib utes to shap ing the axon, en abling it to syn apse with neigh -
bor ing neu rons and fa cil i tat ing com mu ni ca tion be tween them. This in tri -
cate com mu ni ca tion net work in volves around 100 bil lion neu rons, con sti -
tut ing the central nervous system.

Tau mRNA
In the 80s and 90s, the study of the Tau pro tein com menced within cel lu lar
mod els through mo lec u lar bi ol ogy tech niques, which is no ta bly im por tant
as it stands as the most lin ear among all bi o log i cal sci ences.

A ques tion that emerged was how the Tau pro tein could reach dis tant
sites in the cell body and per form its func tion. It was al ready un der stood
that pro teins within a cell are syn the sized in the cell soma.

How ever, how did this oc cur with tau, given that this pro tein was sit u -
ated in dis tant sites of the cell body? Stud ies con ducted by I. Ginzburg in
pri mary cul tures of neu rons dem on strated, through in situ hy brid iza tion,
that tau mRNA was lo cal ized in the prox i mal re gion of the axon (Litman et
al., 1993).
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The ques tion then arose: how could tau mRNA be lo cal ized in the axon
of neu rons? While it was be lieved that mes sen ger RNAs, upon leav ing the
cell nu cleus as ma ture mol e cules ready for trans la tion by ri bo somes, could
reach dis tant re gions of the soma, this im plied a sig nif i cant lo gis ti cal pro ce -
dure within the cell.

Mes sen ger RNAs are trans lated into pro teins in the cy to plasm rap idly
due to their sus cep ti bil ity to deg ra da tion by RNAase en zymes. In other
words, these mol e cules pos sess a half-life of min utes to a few hours.

The neu ron had to re solve the is sue of pre vent ing rapid deg ra da tion of
tau RNA, as it needed to be trans ported into the axon.

In 1994, the tau mRNA was se quenced (Sadot et al., 1994), re veal ing its
ex ten sive length of 5203 nu cleo tides and a 3'-UTR re gion com pris ing 3848
ni trog e nous bases, ren der ing it atyp i cal in size for a mes sen ger molecule.

The half-life of tau mes sen ger was de ter mined to be around 16 hours in
neuronal cy to plasm (Aronov et al., 1999), ren der ing it highly sta ble within
the cy to plasm.

Stud ies con ducted in neuronal cell lines us ing mo lec u lar bi ol ogy tech -
niques re vealed that the 3'-UTR re gion of the tau mes sen ger con tained a
ura cil-rich seg ment where a pro tein called HuD, a ribonucleoprotein con -
fer ring sta bil ity to the mes sen ger and pre vent ing its rapid deg ra da tion,
was at tached (Aran da-Abreu et al., 1999). Hence, the cell tack led two chal -
lenges: es tab lish ing a sta bil ity re gion within its mes sen ger and hav ing a
pro tein pro vid ing sta bil ity, safe guard ing it against RNAases' degradation.

Stud ies have in di cated that the tau mes sen ger lo cal izes in var i ous parts
of the neu ron axon, ne ces si tat ing ef fi cient trans port to dis tant soma sites.

In neuronal cul tures, it was ob served that tau mRNA moved into the
axon re gion along side ri bo somes, en abling on-site trans la tion (Aronov et
al., 2001). To achieve this, RNA was an chored through the HuD pro tein to a
kinesin, fa cil i tat ing anterograde trans port of the tau messenger.

The cell ef fec tively re solved an other sig nif i cant is sue, trans port, by
form ing a com plex of pro teins and RNA that, along with ri bo somes, were
sit u ated at var i ous axon sites. This al lowed for trans la tion of the tau mes -
sen ger on-site when re quired, con sid er ing its 16-hour half-life (Aronov et
al., 2002).

These stud ies marked the first in stance of de ci pher ing how a mes sen -
ger could be trans lated away from the cell soma, chal leng ing the no tion that
all RNAs were trans lated solely in the cell body.

The ap pli ca tion of cel lu lar mod els has ex ten sively been em ployed to
com pre hend the subcellular mech a nism of Alz hei mer's dis ease. Var i ous
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mod els are uti lized to day to gain a broader un der stand ing of how this
neurodegenerative dis ease impacts humans.

Other Models for the Study of AD
Sev eral study mod els ex ist, rang ing from cell cul tures to ge net i cally mod i -
fied or gan isms. An ex ten sive ar ray of an i mal mod els is avail able for Alz hei -
mer's dis ease re search (https://www.alzforum.org/re search-mod els/alzhe-
imers-dis ease). Ad di tion ally, other mod els em ployed for study ing the
dis ease in clude cell cul tures, as men tioned ear lier. How ever, it's cru cial to
note that iPSC (In duced pluripotent stem cell)-de rived neu rons have also
found util ity. In ves ti ga tions into mu ta tions of PSEN1 and PSEN2 genes,
APP, and Tau phosphorylation have been con ducted (Arber et al., 2017).

Pri mary cul tures of microglia were iso lated from hu man and trans gen -
ic mouse brains to ex am ine Tau spread ing in the brain (Hopp et al., 2018).
Co-cul tures of PC12 cells along side C6 glioma cells serve as a model for spo -
radic Alz hei mer's, as sess ing APP and b-secretase when in su lin re cep tor ex -
pres sion de creases (Gupta et al., 2018). 3D cul ture stud ies and brain
organoid cul tures have been ex plored to ex pe dite AD pa thol ogy (Choi et al.,
2016). Yeast mod els have been em ployed to study Tau and b-am y loid ag gre -
ga tion (Moosavi et al., 2015). Other cell lines uti lized in AD re search en com -
pass HEK 293 cells (Houck et al., 2016), SH-SY5Y (Agholme et al., 2010), P19
(Sberna et al., 1997), and (Aran da-Abreu et al., 1999) (Aronov et al., 2001 &
2002).

The zebrafish model has been im ple mented for AD stud ies, as it can
func tion as both a be hav ioral and phar ma co log i cal model (Saleem and
Kannan, 2018). Drosophila has also emerged as a prom is ing model for AD
re search, as it ex hib its AD-like ge no types (Tan and Azzam, 2017).

Phase III Drugs Against AD in Humans
Antibodies
Solanezumab is a monoclonal an ti body de signed to elim i nate sol u ble am y -
loid pep tides that can gen er ate toxic ef fects in the syn apse and pre cede the
de po si tion of am y loid fi bers. How ever, it showed no sig nif i cant ef fect in
im prov ing cog ni tive im pair ment in a to tal of 1057 pa tients with mod er ate
Alz hei mer's dis ease (Honig et al., 2018).

Aducanumab, an an ti body ca pa ble of re duc ing Ab plaques in pa tients
with early dis ease, ap par ently ex hib ited mild im prove ment when stud ies
were con ducted us ing the MMSE (Sevigny et al., 2017).
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Gantenerumab is an anti-Ab monoclonal an ti body used in pa tients
with mod er ate Alz hei mer's. It dem on strated a mild de crease in CFS when
ad min is tered at low doses (Klein et al., 2019).

Crenezumab, a monoclonal an ti body de signed to re move toxic beta-
am y loid oli go mers, has not been suc cess ful in Alz hei mer's pa tients so far
(Avgerinos et al., 2021).

Inhibitory Molecules
Verubecestat (MK-8931) is a BACE1 in hib i tor that was ad min is tered to pa -
tients with the on set of AD at dif fer ent doses of 12 and 40 mg per day. Re -
sults showed that verubecestat did not im prove clin i cal as sess ments of
de men tia among pa tients with prodromal AD, and some mea sures sug -
gested that cog ni tion and daily func tion were worse among pa tients re ceiv -
ing verubecestat than among those re ceiv ing pla cebo (Egan et al., 2019).

Lanabecestat (AZD3293) is a po tent BACE1 in hib i tor that, at dif fer ent
doses rang ing from 50 to 150 mg, dem on strated the abil ity to re duce CSF
and plasma A lev els in healthy in di vid u als. This in hib i tor is emerg ing as a
prom is ing drug to be stud ied in Phase III (Sakamoto et al., 2017).

ALZ-OP1 is a com bi na tion treat ment of cromolyn so dium, a mast cell
sta bi lizer used for asthma treat ment, which acts as an anti-in flam ma tory
by in hib it ing the re lease of cytokines, and ibuprofen, a se lec tive COX in hib -
i tor that can re duce Ab1-42 pep tide lev els by mod u lat ing b-secretase ac tiv -
ity. Re sults of this com pound are pend ing in Phase III (Panza et al., 2016).

Azeliragon is a re cep tor for Ad vanced Glycation Endproducts (RAGE)
in hib i tor. Stud ies have shown its abil ity to re duce am y loid plaques. In Alz -
hei mer's pa tients, treat ment for 18 months has dem on strated an im prove -
ment in mild to mod er ate cog ni tive im pair ment (Burstein et al., 2018).

TRx0237 is a small mol e cule that in hib its Tau ag gre ga tion and is be ing
ap plied to pa tients with mild Alz hei mer's. The re sults of this treat ment are
awaited (Hung and Fu, 2017).

Elenbecestat, an am y loid pep tide ag gre ga tion in hib i tor, is cur rently in
Phase III stud ies. The re sults of the ap pli ca tion of this in hib i tor in CSF are
awaited, and the stud ied doses range from 5 to 50 mg/day (Panza et al.,
2018).

Molecules that Reduce the Symptoms of the Disease
Var i ous drugs that can re duce the symp toms of AD have been tested, in clud -
ing escitalopram (se ro to nin reuptake in hib i tor), methylphenidate (cen tral
ner vous sys tem stim u lant), nabilone (cannabinoid ag o nist), zolpidem

Study models in Alzheimer’s disease

35



(benzo diaz epine an a logue), and suvorexant (orexin re cep tor an tag o nists)
(Cummings et al., 2018).

How ever, de spite the ef forts that have been on go ing to find a suit able
drug that can at least halt the pro gres sion of the dis ease, such a drug has not 
been found up to this point.

An other ques tion arises: What are we do ing wrong? It has been ob -
served that mod els pro vide us with im por tant in for ma tion about how the
dis ease could orig i nate. How ever, these mod els, like any other mod els in bi -
ol ogy, have their limitations.

The drugs that have been de vel oped are un doubt edly well-de signed to
ful fill their ob jec tives, but why don't they work? Per haps it's be cause they
are de signed for cells that are not dam aged, or for neu rons that will never
suf fer from AD, as is the case with the mod els used to day.

Back to Cell Biology
Ev ery cell is sur rounded by a phospholipid mem brane that main tains cel lu -
lar con tents, such as cy to plasm and organelles, each with its own pro tec tive
mem brane con tain ing mo lec u lar content.

Stud ies have shown that am y loid pep tide oli go mers can com pro mise
mem brane in teg rity and cel lu lar ho meo sta sis (Bode et al., 2019). It has been
de ter mined that the endocytic path way might be af fected, sub se quently in -
flu enc ing the traf fick ing of pro teins like APP and BACE1. Pro teins in te gral
to the endocytic path way, such as RAB7a, sort ing nexin 3, and sortilin pro -
tein-re lated re cep tor, among oth ers, could be com pro mised (Tan and
Gleeson, 2019). Ad di tion ally, AD could im pact the nu clear mem brane due to 
re duced lev els of B-type lamin pro tein ex pres sion, at trib uted to Tau
overexpression (Frost, 2016). Am y loid pep tides and Tau might also af fect
the mi to chon drial mem brane, lead ing to mi to chon drial dys func tion that
pri mar ily trig gers bioenergetic and re spi ra tory chain fail ure (Swerdlow,
2018). Mi to chon dria as so ci ated with the endoplasmic reticulum might be
affected as well (Area-Gomez and Schon, 2016).

These are in stances where mem branes suf fer dam age due to AD.
Overexpression of Tau or its hyperphosphorylation, cou pled with the pres -
ence of am y loid pep tides, could con trib ute to gen er al ized cel lu lar fail ure.
With the endocytic path way com pro mised, re cep tors re lated to neuro-
trans mis sion may be dam aged, ei ther in their ter tiary struc ture or due to
im paired de liv ery to their in tended des ti na tions (Xu et al., 2012). No ta bly,
when cell mem branes are af fected, neurotransmission be comes in ef fi cient. 
For in stance, the syn the sis of the neu ro trans mit ter ace tyl cho line ne ces si -
tates acetyl-CoA from mi to chon dria and choline. In Alz hei mer's pa tients,
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the com pro mised mi to chon dria im pact neu ro trans mit ter syn the sis. Ad di -
tion ally, cholinergic re cep tors might be dis rupted, as they might fail to
reach their spe cific mem brane sites. Sim i lar issues might occur with gluta-
mate receptors and other neurotransmitters.

Hence, the drugs ap proved for AD treat ment have n't been ef fec tive, not
be cause of poor de sign, but be cause me tab o lism and cel lu lar func tions are
dis rupted. These drugs don't ad dress the dam age but at tempt to max i mize
neuronal func tion. They in hibit acetylcholinesterase and ex ert an tag o nis tic 
ac tion on glu ta mate re cep tors, as seen in the case of memantine.
The chal lenge lies in AD's multigenic na ture, im pact ing var i ous met a bolic
path ways and neuronal func tions that can't be re solved with a sin gle pill.

So, What Should We Do?
An im por tant as pect is en sur ing that both the in di vid ual and their fam ily
mem bers are cog ni zant of the warn ing signs that might man i fest. Such
aware ness could in di cate that the dis ease has al ready pro gressed. How ever, 
an ap proach known as “neuronal re ha bil i ta tion” could be ini ti ated. This in -
volves at tempt ing to mend cel lu lar dam age at the mem brane level and mit i -
gate neuroinflammatory processes.

Neural Rehabilitation Process
One of the im por tant as pects that must be ad dressed first is
neuroinflammation, wherein cytotoxicity ex ists and trig gers an in flam ma -
tory re sponse in volv ing beta-am y loid pro tein, cytokines, and prostaglandins
that lead to the gen er a tion of cyclooxygenase type 2 (COX-2) (McGeer and
McGeer, 2001).

An ef fec tive strat egy to re duce neuroinflammation in volves the use of
non-steroidal anti-in flam ma tory drugs, which can de crease COX-2 ex pres -
sion lev els. The most com monly used drugs for this pur pose have been
celecoxib and nimesulide. How ever, in clin i cal tri als, celecoxib did not ad e -
quately de crease COX-2 en zyme lev els (Glass et al., 2010). On the other
hand, nimesulide has dem on strated ef fec tive re sults by re duc ing pros ta -
glan din and COX-2 lev els (Candelario-Jalil, 2008).

On the other hand, mem ory loss rep re sents one of the most se vere
symp toms of AD, as the per son be gins to for get lit tle by lit tle and loses the
de tails of daily life, to the point of for get ting who he/she is.

In AD, the neuroinflammatory pro cess is of ma jor im por tance, as
neuroinflammation has been de ter mined to be a trig ger for the dis ease
(Calsolaro and Ed i son, 2016). Nonsteroidal anti-in flam ma tory drugs have a
pro tec tive ef fect in ro dents where they have been treated with quisqualic acid 
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in jected into the nu cleus basalis. Excitotoxin in duces cholinergic de-gen er a -
tion and in tense glial re ac tion, as well as pro duc tion of in flam ma tory me di a -
tors. When ro dents are treated with nimesulide (10mg/kg/day, i.m.), it
strongly at tenu ates the microglial re ac tion, re duc ing ni tric ox ide synthase
ac tiv ity and com pletely in hib its pros ta glan din-E2 for ma tion (Scali et al.,
2000).

Nimesulide is an NSAID that se lec tively in hib its COX-2, which may be
use ful in the treat ment of AD (Krause and Müller, 2010) due to the
neuroinflammation pro cess char ac ter is tic of this pa thol ogy, in clud ing ac -
cu mu la tion of ac ti vated microglia and astrocytes, as well as some T-cells,
ac com pa nied by char ac ter is tic mo lec u lar al ter ation of in flam ma tion such
as cytokines, par tially trig gered by the ac cu mu la tion and extracellular pre -
cip i ta tion of neurofibrillary tan gles (McGeer and McGeer, 2015). Some ep i -
de mi o log i cal stud ies of in di vid u als us ing non-steroidal anti-in flam ma tory
drugs (NSAIDs) ob served a de lay in the on set of AD, for ex am ple in iden ti cal 
twins who had re ceived anti-in flam ma tory ther apy, which is as so ci ated
with dam age caused by neuroinflammation (Shaftel et al., 2008). Re cent
stud ies in di cate that a pos si ble mech a nism of ac tion of NSAIDs is by mod u -
lat ing the ac tiv ity of gamma secretase which is re quired for proteolytic
anchoring of APP and producing ß-amyloid peptide (Medeiros and LaFerla, 
2013).

The rec om mended dose due to the pharmacokinetics of nimesulide is
100 mg per day since plasma lev els of up to 4.58 mg/L are reached in about 3
hours (Bernareggi, 1993).

It is rec om mended only to be in gested for one month due to the risk
that could oc cur due to hepatotoxicity (Donati et al., 2016).

Citalopram is a se lec tive se ro to nin reuptake in hib i tor. Phar ma co log i cal 
ev i dence sug gests that it has a role in the cholinergic mod u la tion of
monoamines in AD. Stud ies re lated to this drug are mainly aimed at eval u -
at ing its ef fi cacy in de creas ing ag i ta tion in pa tients with Alz hei mer's dis -
ease (Pe ters et al., 2016). In ad di tion, it has been iden ti fied that in rat hip po -
cam pus it in flu ences Tau hyperphosphorylation. In this ex per i ment, ro -
dents were placed in so cial iso la tion, and they re ported that the in creased
level of phosphorylated Tau ob served in so cial iso la tion can be re versed by
citalopram (Ren et al., 2015). Its ef fect on Tau acetylation or its hy per-
phosphorylation under ß-amyloid peptide effect is unknown.

The rec om mended dose in el derly pa tients is 20 mg per day, which
would al low the drug to main tain its ef fect (Fredricson Overø, 1982).

Resveratrol, which is a polyphenol known for its cardioprotective ef fect
for car dio vas cu lar dis eases, can cer and mod u lates patho log i cal mech a -
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nisms of some dis eases such as stroke, ischemia and Hun ting ton's dis ease
(Wang et al., 2010). Sev eral stud ies sug gest that it has ther a peu tic value. It
has been re ported to re duce the gen er a tion of ß-am y loid pep tide and may
also re duce Tau hyperphosphorylation as well as its ab nor mal ag gre ga tion
in an i mal mod els (Pasinetti et al., 2015). How ever, it is still un clear what ef -
fect it has on Tau pro tein. It is pro posed that its mech a nism of ac tion could
be through the ac ti va tion of SIRT1, which is a deacetylase with an ti ox i dant
ef fects, deacetylates the Tau pro tein pre vent ing the destabilization of
microtubules and de creases the for ma tion of neurofibrillary tan gles, in hib -
its p53 and thus de creases apoptosis, re duces the in flam ma tory pro cess and
neurotoxicity, in creases al pha-secretase ac tiv ity and de creases the produc-
tion of ß-amyloid peptide (Karagiannis and Ververis, 2012).

It has been de ter mined that a dose of 75 mg daily is suf fi cient to avoid
microvascular dys func tion in peo ple with type II di a be tes (Wong et al.,
2016) where it has been de ter mined that this con di tion could be a de ter min -
ing fac tor for the on set of AD (Vanhanen and Soininen, 1998).

To main tain healthy neu rons, the first thing we must do is to main tain
plasma mem brane in teg rity and avoid ox i da tive stress (Aran da-Abreu et al., 
2011). At ten tion has been paid to w-3 ac ids, which are nec es sary for the in te -
gral main te nance of the plasma mem brane (Val en tine and Val en tine,
2004). It has been de ter mined that w-3 ac ids are able to main tain brain
struc ture and func tion and po ten tially de lay de men tia (Schwarz et al.,
2018).

A dose of 800 mg of omega-3 ac ids has been rec om mended to re duce
the risk of de men tia in older adults (Hooper et al., 2017).
Ginkgo biloba ex tract has been used for the treat ment of mem ory prob lems
(Field and Vadnal, 1998) (Zhang et al., 2016) ob tain ing good re sults on cog -
ni tive func tion. Stud ies have de ter mined that a dose of 240 mg per day, of
ginkgo biloba ex tract Egb 761 is able to in crease prefrontal do pa mine (Beck
et al., 2016) where this dose can be safely con sumed (Herrschaft et al., 2012).

Summary
Bi o log i cal mod els (Fig ure 1) for the study of AD are very im por tant, as they
have al lowed us to un der stand how the pa thol ogy af fects var i ous ar eas of
the brain.

How ever, the mod els still do not al low us to know the or i gin of Alz hei -
mer's dis ease since more than 30 genes have been in volved in the dis ease.

The best study model to ap proach this pa thol ogy is the hu man be ing,
since “ap par ently” it is the only be ing on earth that suf fers from AD. How -
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ever, due to eth i cal prin ci ples, this has been a lim i ta tion in the study and, of
course, it is understandable.

No hu man be ing wants to be a re search ob ject or lab o ra tory an i mal to
study a dis ease. Per haps that is why drug re search in AD has been limited.

One drug will not be enough to cure AD. We are of the opin ion that
neuronal res to ra tion ther apy must be car ried out first be fore FDA-ap -
proved drugs are used.

Ev ery drug syn the sized will not be ef fec tive un less the neuronal mem -
branes are func tion ing prop erly and cel lu lar func tion is com pletely
restored.

It is nec es sary to cre ate cel lu lar mod els where the dif fer ent drugs fo -
cused on the func tion ing of the cell can be stud ied. We must re mem ber that
it is the cell that gets sick.

Fig ure 1. Dif fer ent study mod els in volved in Alz hei mer's dis ease.
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II

Pathways from bench to bedside in
sexual medicine: Lessons from the
quest for an oral therapy for male
erectile dysfunction

Noel N. Kim

Introduction
Me di cal treat ments for se xual dysfunc tions are par ti cu larly no ta ble in that
very few of the cu rrently ap pro ved the ra pies were spe ci fi cally de ve lo ped
through a ra tio nal pro cess of trans la tio nal re search in for med by cli ni cal
need. Instead, most of the me di ca tions that are cu rrently used to treat se -
xual dysfunc tions were re pur po sed from de ve lop ment pro grams fo cu sed
on ot her di sor ders. Unex pec ted the ra peu tic res pon ses re la ted to chan ges in 
se xual func tion usually pro vi ded in sight that the drug could be a via ble can -
di da te for a new in di ca tion. The role of se ren di pity in scien ce and me di ci ne
is of ten ele va ted to mythi cal sta tus and the de gree to which se ren di pity con -
tri bu tes to the ad van ce ment of suc cess fully iden tif ying ef fi ca cious the ra -
peu tics re mains ill de fi ned. Yet, se ren di pi tous cir cums tan ces cou pled with
keen ob ser va tion and faith ful do cu men ta tion have un doub tedly led to sig -
ni fi cant cli ni cal ad van ces.

A well-known exam ple is the dis co very of pe ni ci llin by Ale xan der Fle -
ming. After re tur ning from ho li day in 1928 to his la bo ra tory in Lon don, Fle -
ming ob ser ved that fun gal co lo nies had con ta mi na ted pla tes of bac te rial
cul tu res and was as tu te enough to no ti ce clear zo nes in the pe rip hery of the
mold, in di ca ting in hi bi tion of bac te rial growth. In 1929, Fle ming pu blis hed
his work on pe ni ci llin mold ex tracts, but in te rest was li mi ted to bac te rio lo -
gists in the la bo ra tory. The jump to cli ni cal ap pli ca tion did not oc cur un til a
de ca de la ter when Ernst Chain, Ho ward Flo rey, and their co llea gues at
Oxford Uni ver sity per for med re search on the pu ri fi ca tion of pe ni ci llin and
demonstrated its benefits as an antibiotic in animal studies (Gaynes, 2017).

Rat her than a com prehen si ve re view of how treat ments for se xual
dysfunc tions were de ve lo ped, this chap ter will fo cus on key scien ti fic dis co -
ve ries from dif fe rent dis ci pli nes that pro gres si vely pro vi ded the mo men -
tum to ward elu ci da ting a ma jor re gu la tory path way in pe ni le erec tion, set -
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ting the sta ge for one of the most wi dely used class of drug therapies in
sexual medicine.

Treatments for Erectile Dysfunction in Men
Ini tially, psychot he ra peu tic ap proa ches were the most com monly used
stra te gies for trea ting erec ti le dysfunc tion (ED). Ho we ver, in the 1970’s,
sur gi cal treat ment for ED in men (i.e., pe ni le prost he tic im plants) be ca me
more es ta blis hed for tho se who were diag no sed as ha ving an or ga nic etio -
logy for their con di tion (Gold stein et al., 2019). A sig ni fi cant mi les to ne in
the ap pre cia tion of the physio logy of pe ni le erec tion and me di cal the rapy
for ED came in 1982 when Ro nald Vi rag re por ted that in fu sing the va so di la -
tor pa pa ve ri ne into the pe ni le cir cu la tion of a pa tient du ring re vas cu la ri za -
tion sur gery cau sed sus tai ned pe ni le erec tion (Vi rag,1982). Des pi te the
im por tan ce of this ob ser va tion, a much more im pact ful event oc cu rred in
1983 when the Bri tish neu roph ysio lo gist Gi les Brind ley fa mously in jec ted
his own pe nis with phe noxy ben za mi ne, an alp ha-adre ner gic an ta go nist.
Prior to de li ve ring a lec tu re at a uro lo gi cal con fe ren ce, Brind ley self-ad mi -
nis te red the drug by in jec ting it into the erec ti le tis sue through the side of
the pe ni le shaft and then dis pla yed his pe ni le erec tion to the sur pri sed au -
dien ce as proof that in tra ca ver no sal in jec tion of va so di la tors could be ef fec -
ti ve (Goldstein, 2012).

This re mar ka ble and me mo ra ble de mons tra tion pro vi ded evi den ce
that va so di la tion of the vas cu lar smooth mus cle in the erec ti le tis sue of the
pe nis was suf fi cient to cau se an erec tion. Sub se quently, Brind ley pu blis hed
a small proof-of-con cept cli ni cal study, re por ting that low do ses of in tra ca -
ver no sal phe noxy ben za mi ne with no syste mic ef fects cau sed strong and
long-las ting erec tions in 3 of 4 men wit hout ED and in 6 of 11 men with ED
(Brind ley, 1983). This ini tia ted an era of re search and de ve lop ment that
quickly led to a se ries of lo cally ad mi nis te red va so di la tor the ra pies for the
treat ment of ED (Brind ley, 1986; Gas ser, 1987; Pad ma-Nat han, 1997). One of
the most well-known the ra peu tic clas ses in se xual me di ci ne is oral phosp -
ho dies te ra se type 5 in hi bi tors for the treat ment of erec ti le dysfunc tion
(Gold stein et al., 2019). Even this class of me di cal treat ment owes its exis -
ten ce to a long history of seemingly unrelated discoveries, as delineated in
the following sections.

Nitric Oxide (NO)
Gas eous Cu ri os ity to Bi o log i cal Rel e vance
Jo seph Priestly, an En glish theo lo gian and che mist, is cre di ted with iso la -
ting “ni trous air” (ni tric oxi de) from che mi cal reac tions with ni tric acid and
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va rious me tals in 1772 (Smith, 1965; West, 2014). Du ring si mi lar ex pe ri -
ments with ga ses, Priestly also iso la ted “deph lo gis ti ca ted air,” which was
quickly re na med oxy gen by Antoi ne La voi sier in 1773. From 1872 through
the early 1900’s, pu blis hed re search on NO in scien ti fic jour nals do cu ments
awa re ness of the know led ge that NO could be dis sol ved in the blood and
could in te ract with he mo glo bin (Po do lins ki, 1872; Anson and Mirsky, 1925).
It wasn’t un til the 1960’s that re sear chers be gan stud ying the health im pact
of air po llu tion and no ted the de tri men tal ef fects that NO, a com po nent of
mo tor vehi cle ex haust, could have due to its abi lity to in te ract with he mo -
glo bin in the same way as CO (Wa ller et al., 1961; Ro ma novsky et al., 1967). In
a se pa ra te line of re search, the im pact of exo ge nous NO on bac te ria and
mam ma lian cells was being stu died. It was ob ser ved that low con cen tra -
tions of NO in crea sed the ef fec ti ve ness of X-rays in ki lling bac te ria (Ho -
ward-Flan ders, 1957) and that NO also in crea sed the sen si ti vity of tu mor
cells to ra dia tion (Gray et al., 1958). Almost 50 years la ter, en do ge nous pro -
duc tion of NO was pos tu la ted to ser ve as an in trin sic ra dio sen si ti zer in a
mou se mo del of fi bro sar co ma and lung car ci no ma (Jor dan et al., 2004).

Asi de from synthe tic che mi cal reac tions in va rious con texts and the im -
pact of exo ge nous NO on physio lo gi cal pro ces ses, it was even tually ap pre -
cia ted that li ving or ga nisms them sel ves could synthe si ze NO by the 1950’s
(Naj jar and Allen, 1954). The enz yma tic re duc tion of ni tri te to NO in va rious
spe cies of de ni trif ying bac te ria was cha rac te ri zed, re vea ling the need for a
com plex set of co fac tors that in clu ded mul ti ple nu cleo ti des, and cop per and 
iron as elec tron ca rriers (Naj jar and Allen, 1954; Chung and Naj jar, 1956). In
an in te res ting mer ging of two li nes of re search, bac te ria in the soil and the
oceans were iden ti fied as a sig ni fi cant un fo re seen sour ce of ni tro gen oxi -
des that could rise from the earth’s sur fa ce to the stra tosp he re and be co me
pho to che mi cally con ver ted by UV ra dia tion from the sun to NO, which then
could ca taly ti cally des troy ozo ne (John ston, 1972). This na tu ral pro cess was
of in te rest due to the ad vent of com mer cial su per so nic air craft flights that
would add to the bur den of NO in the upper at mosp he re, pos sibly ac ce le ra -
ting ozo ne des truc tion. It was es ti ma ted that su per so nic aircraft could
produce NO in quantities similar to the total amounts produced by
terrestrial and aquatic bacteria each year.

The Link to Car dio vas cu lar Phys i ol ogy
One of the main li nes of evi den ce that NO exer ted a physio lo gi cal ef fect in
the car dio vas cu lar system was re search on NO-li be ra ting com pounds. In
1849, Play fair iden ti fied NO as an im por tant com po nent of ni tro prus si de
and that acid treat ment of this com pound could li be ra te NO in so lu tion
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(Play fair, 1849). Ho we ver, ni tro prus si de was not used cli ni cally un til 1928
and its ef fi cacy in lo we ring blood pres su re in se ve rely hyper ten si ve pa tients 
was not re por ted un til 1955, even tually gai ning US Food and Drug Admi nis -
tra tion (FDA) ap pro val as an an tihy per ten si ve drug in 1974 (John son, 1928;
Page et al., 1955; Frie de rich et al, 1995). In a si mi lar but ar guably more dra -
ma tic vein, when ni trogl yce rin (glyceryl tri ni tra te), ini tially ter med pyrogl -
yce ri ne, was dis co ve red in 1847 by Asca nio So bre ro and Théop hi le Pe lou ze,
they no ted that this com pound pro du ced a ‘vio lent hea da che’ when pla ced
on the ton gue in mi nu te quan ti ties (Marsh and Marsh, 2000). Ho we ver,
they con si de red their dis co very to be too ex plo si ve to have any prac ti cal use.

In 1849, Cons tan tin He ring per for med stu dies on healthy vo lun teers,
pur suing ni trogl yce rin as a ho meo pat hic re medy for hea da che (Marsh and
Marsh, 2000). Whi le the early dis co very and use of ni trogl yce rin ori gi na ted
in Pa ris, it was Lau der Brun ton, a Bri tish physi cian, who even tually used ni -
trogl yce rin to re lie ve an gi na in 1867. In the same year, Alfred No bel, who
had al ready been ma nu fac tu ring ni trogl yce rin for 16 years, re cog ni zed its
com mer cial va lue and ap plied for and re cei ved a pa tent for his sta bi li zed
for mu la tion of ni trogl yce rin mi xed into dia to ma ceous earth – the ini tial
ver sion of dyna mi te (Marsh and Marsh, 2000). By 1876, Wi lliam Mu rrell was 
able to for mu la te a more sta ble pre pa ra tion for cli ni cal use to treat an gi na
by mi xing 1/100 grain of ni trogl yce rin (0.6 mg) with cho co la te. Iro ni cally, in
1890, No bel’s physicians prescribed nitroglycerin for his angina but Nobel
declined, writing to a friend:

“My heart trou ble will keep me here in Pa ris for anot her few days at least, un til 
my doc tors are in com ple te agree ment about my im me dia te treat ment. Isn’t it
the irony of fate that I have been pres cri bed [ni trogl yce rin], to be ta ken
in ter nally! They call it Tri ni trin, so as not to sca re the che mist and the pu blic.”
[No bel Pri ze web si te]

Almost a cen tury la ter in 1977, Fe rid Mu rad and co llea gues pos tu la ted
and con fir med that NO was re lea sed from ni trogl yce rin and ac ti va ted the
in tra ce llu lar enz yme guany la te cycla se in va rious tis sues, in clu ding li ver,
lung, tra cheal smooth mus cle, heart, kid ney, and brain (Kat su ki et al, 1977;
Arnold et al., 1977). The mea su re ment of the pro duct cyclic gua no si ne mo -
nop hosp ha te (cGMP) be ca me an in dis pen sa ble tool in as ses sing guany la te
cycla se ac ti vity. Shortly the reaf ter, Louis Igna rro and co llea gues de mons -
tra ted the abi lity of NO-con tai ning com pounds to re lax vas cu lar smooth
mus cle (bo vi ne co ro nary ar tery) and co rre la ted this relaxation with
guanylate cyclase activation (Gruetter et al., 1979).
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Through this pe riod that con ti nued stu dies on the uti lity of exo ge nous
NO de li ve red through va rious NO-con tai ning drugs, the pos si bi lity that
mam ma lian systems could synthe si ze NO had not been ex plo red, re le ga -
ting NO biosynthe sis to a uni que ca pa bi lity of bac te ria. The tur ning point
came with the pu bli ca tion of Fur chgott and Za wadz ki’s work in 1980, de -
mons tra ting that the en dot he lial li ning is ne ces sary for the re la xa tion of ar -
te rial smooth mus cle to acetylcho li ne (Fur chgott and Za wadz ki, 1980). In
es sen ce, this was a met ho do logy pa per, exa mi ning the rea son why
acetylcho li ne did not con sis tently pro du ce re la xa tion in the walls of ex ci sed
blood ves sels des pi te being a po tent va so di la tor when in fu sed in vivo. The
main as say tech ni que was to pre pa re strips of tis sue from the ar tery, at tach
the strips to for ce trans du cers, and im mer se the tis sue strips in an iso to nic
bath of ae ra ted physio lo gi cal buf fer. The con clu sion that care must be ta ken
whi le pre pa ring the ex ci sed blood ves sel seg ments to pre ser ve the en dot he -
lium had a cri ti cal im pli ca tion – that sti mu la tion of mus ca ri nic cho li ner gic
re cep tors on endothelial cells caused them to produce a substance or sub-
stances that in turn caused relaxation of the underlying vascular smooth
muscle.

In a 1983 re view ar ti cle, Fur chgott al most ca sually in tro du ced the term
“en dot he lium-de ri ved re la xing fac tor (EDRF),” (Fur chgott, 1983) which was
quickly adop ted and wi dely used by re sear chers. Fur chgott’s la bo ra tory and
ot her re search groups con tri bu ted to the cha rac te ri za tion of EDRF as a sub -
stan ce that ex hi bi ted: a) short half-life (<60 sec), de pen ding on the con di -
tions; b) ra pid inac ti va tion by su pe ro xi de anion; c) in crea sed half-life in the
pre sen ce of su pe ro xi de dis mu ta se; d) si mi lar ef fect on smooth mus cle re la -
xa tion as aci di fied ni tri te so lu tion; e) in hi bi tion of smooth mus cle re la xing
ef fect in the pre sen ce of oxy he mo glo bin (Fur chgott, 1983, & 1987; Cherry et
al., 1982; Gryglewz ki et al., 1986; Ru ban yi and Van hout te, 1986). Be cause
these cha rac te ris tics were con sis tent with NO, Fur chgott pos tu la ted that
EDRF may be NO (Fur chgott, 1987). Fur chgott’s hypot he sis was furt her ve ri -
fied by the work of Sal va dor Mon ca da and co llea gues who ad di tio nally cha -
rac te ri zed the si mi la ri ties bet ween EDRF and NO through va rious bioas -
says such as pla te let ag gre ga tion and che mi lu mi nes cent de tec tion of NO af -
ter reac tion with ozo ne (Pal mer et al, 1987; Ra doms ki et al.,1987). Inde pen -
dently, Louis Igna rro and his re search team had been stud ying the ef fects of 
both en do ge nously pro du ced EDRF and exo ge nously ad ded NO and
NO-con tai ning com pounds on guany la te cycla se ac ti va tion in vas cu lar
smooth muscle, eventually arriving at a similar conclusion as Furchgott and 
Moncada, definitively concluding that EDRF produced in blood vessels is
NO (Ignarro et al, 1987).
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Char ac ter iza tion of Biosynthetic Path way and Novel Role as Gas eous
Neu ro trans mit ter
With the ge ne ral ac cep tan ce that both bac te rial and mam ma lian spe cies
could pro du ce NO, vas cu lar bio lo gists be gan to study the biosynthe sis of
NO in en dot he lial cells whi le im mu no lo gists were en ga ged in a si mi lar line
of in ves ti ga tion in ma crop ha ges that were known to pro du ce lar ge quan ti -
ties of NO that me dia ted cyto to xic ef fects du ring bac te rial in fec tion (Pal -
mer et al., 1988; Mar let ta et al., 1988). Using bioas says and physi co-che mi cal
de tec tion met hods like mass spec tro metry and che mi lu mi nes cen ce, it was
de ter mi ned that L-ar gi ni ne was oxi di zed to form NO and ci tru lli ne in both
en dot he lial cells and ma crop ha ges.

Du ring the same ti me fra me when NO was be co ming firmly es ta blis hed
as an en do ge nously pro du ced vas cu lar sig na ling mo le cu le, ot her in ves ti ga -
tors were cha rac te ri zing a non-adre ner gic, non-cho li ner gic (NANC) neu ro -
trans mit ter in rat ano cocc ygeus mus cle. This neu ro trans mit ter pro du ced
from ner ves in a non-vas cu lar smooth mus cle was dee med to have pro per -
ties si mi lar to NO, sug ges ting that the neu ro trans mit ter was eit her it self
NO or a sub stan ce that led to the re lea se of NO (Li and Ram, 1989; Gi lles pie
et al., 1989; Gib son et al., 1989). In a re la ted system, NO was iden ti fied as the
NANC neurotransmitter in the canine ileocolonic junction (Bult et al.,
1990).

An other line of in ves ti ga tion that led to the same junc ture was in the
brain, where it was shown that glu ta mate ac ti vates NMDA re cep tors in the
cer e bel lum that re sults in the re lease of NO, sub se quent ac ti va tion of
guanylate cyclase, and pro duc tion of cGMP (Garthwaite et al., 1988 &1989).
Fur ther ex am in ing this phe nom e non, Da vid Bredt and Sol o mon Snyder
pu ri fied and char ac ter ized NO synthase from rat cer e bel lum, which they
found to re quire NADPH, Ca2+, and calmodulin for its ac tiv ity (Bredt and
Snyder, 1990a). Us ing the pu ri fied NO synthase, Bredt and col leagues de vel -
oped polyclonal an ti bod ies and dem on strated pos i tive immunostaining
out side the brain in the ad re nal me dulla and neu rons of the pi tu itary, ret -
ina, and in tes tine, firmly es tab lish ing the as so ci a tion of NO synthase
within neu rons (Bredt, et al., 1990b) and dem on strat ing that NO was a neu -
ro trans mit ter in ad di tion to be ing a paracrine fac tor pro duced by en do the -
lial cells.

Role in Penile Erec tion
With the foun da tion of two cen tu ries of mean de ring scien ti fic in quiry, an
early ap pre cia tion for the bio lo gi cal sig ni fi can ce of NO in vas cu lar, im mu -
no lo gi cal, and neu ral physio logy was es ta blis hed at a de ci dedly ac ce le ra ted
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pace du ring the 1980’s and 1990’s. Li ke wi se, the 1980’s also us he red in a con -
cer ted ef fort at cha rac te ri zing the re gu la tory me cha nisms in vol ved in pe ni -
le erec tion (Anders son et al.,1994). More spe ci fi cally, the types of ner ves and
neu ro trans mit ters in the pe ni le cor pus ca ver no sum, the main erec ti le tis -
sue wit hin the pe nis, were stu died. The dis co very of ner ves con tai ning va -
soac ti ve in tes ti nal poly pep ti de (VIP) in pe ni le ca ver no sal tis sue and the
ac ti vity of VIP as va so di la tor led to an early in te rest in VIP as the me dia tor
of pe ni le erec tion and es ta blis hed the exis ten ce of a NANC neu ro ge nic re -
gu la tory system in the pe nis (Anders son et al.,1994; Po lak et al., 1981). Des pi -
te the iden ti fi ca tion of VIP as a neu ro trans mit ter, the re re mai ned some
in con sis ten cies and de ba te su rroun ding whet her ot her NANC neu ro trans -
mit ters pla yed a more pre do mi nant role in penile erection.

Prior to the pub li ca tions on NO syn the sis in the brain, there were few de -
fin i tive clues about NO be ing a neu ro trans mit ter. A ten u ous link be tween
penile func tion and EDRF was the char ac ter iza tion of an “in hib i tory fac tor”
ex tracted from bo vine re trac tor pe nis mus cle that caused re lax ation of rab bit
aorta tis sue strips and was in dis tin guish able from EDRF/NO (Bow man, et
al., 1986). Sim i lar stud ies in the closely re lated rat anococcygeus mus cle (men -
tioned above) also pro vided sup port ing ev i dence for the in volve ment of NO
in penile func tion. How ever, this was in spe cial ized tis sues not pres ent in hu -
mans and was not di rectly re lated to the penile cor pus cavernosum. Nev er -
the less, the stage was set and it was not un rea son able to in ves ti gate the pos si -
bil ity that NO may be in volved in reg u lat ing penile erec tion. The avail abil ity
of var i ous in hib i tors of NO syn the sis, NO scav en gers, and guanylate cyclase
mod u la tors pro vided the nec es sary tools to probe for NO sig nal ing in other
tis sues.

As a vas cu lar tis sue, pe ni le cor pus ca ver no sum is com po sed of vas cu lar
smooth mus cle and en dot he lial cells. In ca ver no sal tis sue strips con trac ted
with an adre ner gic ago nist such as no re pi neph ri ne or pheny leph ri ne, exo -
ge nous acetylcho li ne could re liably pro du ce en dot he lium-me dia ted re la xa -
tion. Si mi larly, elec tri cal sti mu la tion of con trac ted ca ver no sal tis sue strips
in the pre sen ce of in hi bi tors of adre ner gic neu ro trans mis sion (e.g., brety -
lium) and mus ca ri nic re cep tor an ta go nists (e.g., atro pi ne) con sis tently pro -
du ced NANC neu ro ge nic re la xa tion. The se en dot he lium-de pen dent and
neu ro ge nic re la xa tion res pon ses were found to be in hi bi ted by; a) L-ar gi ni -
ne ana logs that pre ven ted NO syntha se ac ti vity; b) the NO sca ven ger oxy he -
mo glo bin; c) the non-spe ci fic guany la te cycla se in hi bi tor meth yle ne blue; d) 
hypo xic con di tions (Igna rro et al.,1990; Kim et al., 1991). The se ob ser va tions
were quickly con fir med by ot her in ves ti ga tors and furt her sup por ted by im -
mu nohis to che mi cal lo ca li za tion of NO syntha se in pe ni le cor pus ca ver no -
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sum and pe ni le ar te ries (Pickard et al., 1991; Holmquist et al., 1991; Knispel et 
al., 1991; Kimura et al., 1992; Rajfer et al., 1992; Holmquist et al., 1992; Burnett
et al., 1992, 1993).

Even though the phe no me non had been pre viously re por ted (Johns et
al., 1989), the ef fect of hypo xia on NO syntha se ac ti vity was un de rap pre cia -
ted when exa mi ning most tis sues, sin ce oxy gen is ra rely de fi cient un der
nor mal cir cums tan ces. Ho we ver, NO syntha se is a cytoch ro me P-450 he mo -
pro tein that re qui res mo le cu lar oxy gen as a co-sub stra te in ad di tion to L-ar -
gi ni ne to pro du ce NO (Whi te and Mar let ta, 1992). Exa mi ning the ef fects of
hypo xia, es ta blis hed by bub bling a mix tu re of 95% N2/5% CO2 through the
tis sue baths to suf fi ciently de ple te oxy gen, was es pe cially re le vant for the
pe ni le cor pus ca ver no sum, sin ce the in tra ca ver no sal blood is nor mally in
the ve nous ran ge (25-43 mm Hg) when the pe nis is flac cid (Kim et al., 1993).
Du ring erec tion, the vas cu lar smooth mus cle in the re sis tan ce ar te rio les
and ca ver no sal tis sue re lax, the flow ra te of in co ming ar te rial blood in crea -
ses to fill the cavernosal sinusoids, and the blood PO2 rapidly rises to
arterial levels (~100 mm Hg) (Kim et al., 1993).

The dis co very of NO as a key neu ro trans mit ter and pa ra cri ne fac tor me -
dia ting pe ni le erec tion was a ma jor mi les to ne in se xual me di ci ne. Ho we ver, 
the va rious groups of in ves ti ga tors who in de pen dently ob tai ned data to
sup port this re gu la tory path way in a re la ti vely short pe riod of time (11 pu bli -
ca tions wit hin 36 months from 5 dif fe rent na tions) was made pos si ble by
the es ta blish ment of sign posts along the path of dis co very to guide
researchers, pointing them in the right direction.

Discovery of Phosphodiesterase Type 5 (PDE5) Inhibitors as a
Treatment for ED
Yet, even with this knowl edge, the next phase of de vel op ing an ef fec tive oral 
ther apy would re quire ad di tional lines of in quiry that were tak ing place
out side of the field of sex ual med i cine. Af ter the early work of Virag and
Brindley, intracavernosal in jec tion of vasodilator drugs be came the prin ci -
pal med i cal ther apy through the 1990’s. In jec tion of a small vol ume of a sin -
gle vasodilator or a mix ture of mul ti ple vaso di la tors di rectly into the
erec tile tis sue was viewed as an ideal method to treat ED, as this form of
ther apy achieved a high con cen tra tion of drug where it was needed while
avoid ing sig nif i cant hypotension in the sys temic cir cu la tion. Af ter the
NO/cGMP path way be came well-es tab lished as a reg u la tor of penile erec -
tion in the early 1990’s, re search ers pro posed that zaprinast, an in hib i tor of
cGMP phosphodiesterases, could be an other treat ment for ED when in -
jected intracavernosally (Holmquist et al.,1993). Other in ves ti ga tors pro -
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posed the use of dif fer ent types of vaso di la tors (e.g., NO do nors, po tas sium
chan nel open ers) but the fo cus was al ways on ad min is ter ing these drugs by
intracavernosal in jec tion to avoid sys temic hypotension (Holmquist et
al.,1993; Trigo-Rocha et al., 1995). In fact, in 1995, the first FDA-ap proved
treat ment for ED was intracavernosal alprostadil (pros ta glan din E1), an other
com pound with vasodilator ac tiv ity (Altman, 1995).

Thus, the de vel op ment of an oral ther apy for ED was seen as prob lem -
atic be cause the same sig nal ing path ways reg u lat ing blood flow in the pe nis 
also ex isted in the sys temic cir cu la tion. Fur ther, there was no way to pref er -
en tially pro duce a suf fi ciently high lo cal con cen tra tion of ac tive drug in the
pe nis to re li ably cause vas cu lar smooth mus cle re lax ation with out hav ing
an ef fect on the other smooth mus cle in the body and thereby ad versely im -
pact the pa tient with ED. Oral med i ca tions for ED that had been eval u ated
were di rected to wards the cen tral ner vous sys tem. Lim ited data sup ported
the use of the a2-adrenergic an tag o nist yohimbine and the opioid an tag o -
nist naltrexone as oral ther a pies for ED (Mo rales et al., 1987, 1988; Fabbri et
al., 1989; Brennemann et al., 1993) but their ef fi cacy and safety in treat ing
ED re mained un clear. The most novel strat egy pro posed may have been
top i cal for mu la tions of vaso di la tors ap plied di rectly to the pe nis, but this
still re lied upon the par a digm of lo cally ad min is tered drugs (Owen et al.,
1989; Cavallini, 1991).

In the mid-1990’s, Pfi zer’s car dio vas cu lar re search and de ve lop ment
group was en ga ged in cha rac te ri zing PDE5 in hi bi tors for the treat ment of
an gi na (Gho fra ni et al., 2006). PDE5 spe ci fi cally breaks down cGMP,
thereby ter mi na ting NO sig na ling. Thus, an in hi bi tor of PDE5 would be ex -
pec ted to ele va te in tra ce llu lar cGMP le vels and po ten tia te the ac tion of sub -
stan ces like NO, fa ci li ta ting va so di la tion. At the time, the main dis tri bu tion
of PDE5 was thought to be in vas cu lar smooth mus cle and pla te lets (Cor bin
et al., 1999). Even tually, Pfi zer’s de ve lop ment pro gram be ca me fo cu sed on
the can di da te com pound UK-92480 (sil de na fil ci tra te) that was a se lec ti ve
and po tent in hi bi tor for PDE5. Pre cli ni cal stu dies in ani mals in deed de -
mons tra ted that sil de na fil cau sed di la tion of co ro nary ar te ries and also in -
hi bi ted throm bus for ma tion (Kat zens tien et al., 2001). Ho we ver, in early cli -
ni cal stu dies, sil de na fil treat ment did not re sult in a cli ni cally sig ni fi cant ef -
fect on he mody na mic out co mes, but some study par ti ci pants ex pe rien ced
pe ni le erec tions as an unex pec ted the ra peu tic ef fect (Kat zens tien et al.,
2001). The se erec tions were in crea sed in fre quency or more ea sily achie ved.
As sil de na fil ta ken orally rea ched ma xi mum plas ma con cen tra tion wit hin 1
hour and had a short half-life of ap pro xi ma tely 4 hours, it was proposed that 
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a drug with pro-erectile activity and rapid onset/clearance could be a good
candidate for an on-demand medication to treat ED (Boolell et al., 1996).

For a car dio vas cu lar di vi sion at a ma jor phar ma ceu ti cal com pany to
even con si der de ve lo ping a me di ca tion for ED was re mar ka ble in it self. The
con ver gen ce bet ween scien ce, me di ci ne, and so cio-cul tu ral fac tors es ta -
blis hed a point in his tory when ED was vie wed as a va lid me di cal con di tion
with a suf fi ciently ad ver se im pact on health such that in ves ting in the de ve -
lop ment of a drug the rapy was con si de red to be worthwhi le. The New
England Jour nal of Me di ci ne had pu blis hed two ar ti cles in 1989 on the to pic
of male erec ti le dysfunc tion, a con di tion ter med “im po ten ce” at that time.
In 1992, the edi tor of the highly ci ted jour nal Scien ce pro clai med NO the
mo le cu le of the year. Then, in 1993, a con sen sus brie fing on im po ten ce was
pu blis hed in the Jour nal of the Ame ri can Me di cal Asso cia tion, sum ma ri -
zing the re com men da tions of an ex pert com mit tee con ve ned by the Na tio -
nal Insti tu tes of Health in the US (NIH, 1993). Among the fin dings from the
NIH Con sen sus De ve lop ment Con fe ren ce, the ex pert pa nel re com men ded
that the co llo quial term “im po ten ce” be re pla ced by the me di cal term “erec -
ti le dysfunc tion.” This se ries of pu bli ca tions in high-im pact me di cal and
scien ti fic jour nals wit hin a 5-year pe riod ser ved to va li da te the con di tion of
ED and chan ged the per cep tion of this me di cal con di tion amongst pa -
tients, cli ni cians, and the general public. Without this momentum and shift 
in perspective, it is unlikely that a pharmaceutical company would have
considered addressing ED or any sexual dysfunction.

This new found com mer cial in te rest mo ti va ted re sear chers to exa mi ne
the types of phosp ho dies te ra ses that were pre sent in pe ni le tis sue. Des pi te
pre vious brief re ports at con fe ren ces that PDE1 and PDE3 were the most
highly ex pres sed, Pfi zer in ves ti ga tors using im pro ved pu ri fi ca tion met -
hods de ter mi ned that PDE5 was the most pre va lent phosp ho dies te ra se iso -
form in pe ni le ca ver no sal tis sue (Boo lell et al., 1996). This for tui tous ex pres -
sion pro fi le of PDE5 in pe ni le erec ti le tis sue and the abi lity of sil de na fil to
in hi bit PDE5 at low con cen tra tions in the na no mo lar ran ge whi le ha ving
mi ni mal im pact on syste mic blood pres su re were the main fac tors that
enabled sil de na fil to be an ef fi ca cious drug for ED when ta ken orally and
made avai la ble syste mi cally. Be yond bio che mi cal and physio lo gi cal con si -
de ra tions, ot her cha llen ges in clu ded the se lec tion of ap pro pria te out co me
mea su res, and this en tai led de ve lo ping a new va li da ted ques tion nai re, the
Inter na tio nal Index of Erec ti le Func tion (IIEF) (Ro sen et al., 1997). The IIEF
has now be co me among the most wi dely used va li da ted instruments in ED
research and sexual medicine clinical practice, having been translated into
70 different languages, thus far (Goldstein et al.,2019).
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As no ted in a re view pu bli ca tion on the “se ren di pi tous story of sil de na -
fil,” Pfi zer si mul ta neously sub mit ted in Sep tem ber 1997 a new drug ap pli ca -
tion for sil de na fil to the US FDA and the Eu ro pean Me di ci nes Agency (EMA) 
“that in clu ded 8 years of re search, 21 cli ni cal stu dies in 13 coun tries, 192 in -
ves ti ga tors, and al most 4,500 male sub jects.” (Gold stein et al.,2019). Sil de -
na fil, un der the brand name Via gra, was ap pro ved by the FDA in March 1998 
and by the EMA in Sep tem ber of the same year. In ad di tion to Via gra, mul ti -
ple drugs and for mu la tions in the PDE5 in hi bi tor class are com mer cially
avai la ble in va rious coun tries: var de na fil (Le vi tra and Staxyn), ta da la fil
(Cia lis), ava na fil (Sten dra), lo de na fil (Helleva), udenafil (Zydena), and
mirodenafil (Mvix) (Dhaliwal, 2021).

Summary
The dis co very of NO and the in quiry re la ted to this highly reac ti ve gas over
two cen tu ries has been ca rried by and pas sed bet ween nu me rous scien ti fic
and me di cal dis ci pli nes. Prior to the 1980’s, in te rest in NO was lar gely re le -
ga ted to small groups of re sear chers stud ying pro duc tion of NO in de ni trif -
ying bac te ria, to xi city of NO as a po llu tant, and the po ten tial uti lity of NO in
ra dia tion treat ment. The most cli ni cally re le vant line of work be gan in the
mid-1800’s when NO-li be ra ting com pounds be gan to be tes ted for the treat -
ment of an gi na. The me cha nism of ac tion of the se NO-li be ra ting com -
pounds was not elu ci da ted un til well into the 1970’s, but this know led ge was
es sen tial in pro bing the NO path way when it be ca me clear through the next
de ca de that NO was synthe si zed in leu kocy tes, en dot he lial cells, the cen tral
ner vous system, and pe rip he ral nerves.

Even with a con cer ted fo cus on stud ying the role of NO in me dia ting pe -
ni le erec tion, the ra pies were fo cu sed on ad mi nis te ring drugs lo cally in the
pe nis. The de ve lop ment of an ea sily ad mi nis te red, on-de mand, oral the rapy 
was not a lo gi cal pro gres sion from bio che mi cal and physio lo gi cal data to
cli ni cal ef fi cacy. Instead, an un re mar ka ble drug for an gi na was re pur po sed
into a suc cess ful treat ment for a se xual dysfunc tion ba sed upon an unex -
pec ted the ra peu tic ef fect and in sigh tful de ci sion-ma king. ED, once the
pur view of a small com mu nity of highly spe cia li zed re sear chers and cli ni -
cians, had been brought into ge ne ral me di cal prac ti ce and into the cons -
cious ness of the pu blic with edu ca tio nal ef forts through the me di cal li te ra -
tu re and a mar ke ting cam paign that seemed omnipresent in newspapers,
magazines, billboards, and television advertisements.

As allu ded to in the in tro duc tion of this chap ter, Via gra is not the only
drug in the field of se xual me di ci ne to have been ori gi nally de ve lo ped for a
dif fe rent in di ca tion and then re pur po sed to treat a se xual dysfunc tion. Fli -
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ban se rin, a mul ti func tio nal se ro to nin ago nist and an ta go nist ac ting on
5-HT1A and 5-HT2A re cep tors, was ori gi nally de ve lo ped as a no vel an ti de -
pres sant (Clay ton et al., 2020). In cli ni cal trials, fli ban se rin was not con sis -
tently su pe rior to pla ce bo or the com pa ra tor drug pa ro xe ti ne in trea ting
ma jor de pres si ve di sor der (MDD). Ho we ver, in a sub set of MDD pa tients
who had de crea sed se xual de si re, fli ban se rin sig ni fi cantly im pro ved their
se xual de si re that was as ses sed by a va li da ted ins tru ment mea su ring se xual
func tion (Clay ton et al., 2020). Per haps in part due to the les son of Pfi zer’s
ex pe rien ce with sil de na fil, the de ci sion was then made to in ves ti ga te the
uti lity of fli ban se rin in trea ting wo men with hypoac ti ve se xual de si re di sor -
der (HSDD). Fli ban se rin (Addyi), ad mi nis te red orally at bed ti me on a daily
ba sis, was eventually approved for the treatment of acquired, generalized
HSDD in premenopausal women by the US FDA in 2015 and by Health
Canada in 2018.

The sec ond treat ment for HSDD, ap proved in the US in 2019, is
bremelanotide (Vyleesi), a non-se lec tive melanocortin re cep tor ag o nist,
which is ad min is tered on-de mand by sub cu ta ne ous in jec tion. The early his -
tory of bremelanotide is the sub ject of folk lore more than doc u mented ev i -
dence. Al pha melanocyte stim u lat ing hor mone (MSH) had been known to
have pro-sex ual ef fects in rats since the 1960s. In a dif fer ent ap pli ca tion, syn -
thetic analogs of a-MSH, melanotan-I and melanotan-II, were be ing de vel -
oped in the 1980’s as sun less tan ning agents when a re searcher pur port edly
con ducted ex per i ments on him self and in jected a higher dose of
melanotan-II that re sulted in a pro longed erec tion (~8 hrs) with ac com pa ny -
ing nau sea and vom it ing. Af ter be ing li censed to a se ries of pri vate com pa -
nies, bremelanotide, an ac tive me tab o lite of melanotan-II, was sub se quently
de vel oped as a treat ment for HSDD. The de tails of why bremelanotide was
repurposed from a po ten tial drug for ED to a treat ment for HSDD re main
un clear, but the orig i nal in tent to de velop a sun less tan ning agent to the un -
in tended ther a peu tic ef fect of pro longed erec tion to a treat ment for HSDD
is cer tainly far from a lin ear pro gres sion.

The se pro mi nent exam ples high light the fact that our know led ge base
re mains in suf fi cient for many di sea se sta tes and that trial and error, com -
bi ned with for tui tous cir cums tan ces, plays a lar ger role in the dis co very of
me di cal the ra pies than we may wish to ad mit. It re mains to be seen whet her 
the push to ward per so na li zed me di ci ne using cli ni co-ge no mic data and
mul ti ple mar ker diag nos tic as says pro du ce more ef fec ti ve the ra pies and
whet her the se the ra pies can be cost-effective to the patient and the
healthcare system.
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Introduction
Food transition and disease
Hu man nu tri tion has chan ged throug hout his tory. Diet was a de ter mi ning
fac tor that mar ked the shift for hu mans to go from no mads to se den tary
and to form small groups li ving to get her. This si tua tion ge ne ra ted mo di fi -
ca tions in the ea ting ha bits as we pass from being gat he rers-hun ters con su -
ming fish, roots, be rries, wild herbs, ve ge ta bles, fruits and ha ving ex ten ded
pe riods of fa mi ne, to be co me wor kers-con su mers now co llec ting in the su -
per mar ket (Ló pez-Espi no za and Ma ga ña-Gon zá lez, 2014).

The do mes ti ca tion of ani mals and the cul ti va tion of the land gave rise to 
agri cul tu re and catt le rai sing, furt her ac cen tua ting the chan ges in the ea -
ting pat terns lea ving asi de the pa leo lit hic diet. It was un doub tedly du ring
the Indus trial Re vo lu tion, whe re a chan ge in the speed and pro duc tion of
food be gan, lea ving the door open to the agro-in dus tries (Ló pez-Espi no za
and Ma ga ña-Gon zá lez, 2014) that de di ca ted them sel ves to pro du cing foods
with high contents of sugars, fats, and calories.

Although this en ti re pro cess took thou sands of years, the fact is that to -
day, the lar ge agro-in dus trial con sor tia ma nu fac tu re foods that are not ne -
ces sa rily nu tri tious for the hu man being, but ful fill the goal of ha ving lar ger
por tions, at ex cep tio nally low costs and at trac ti ve to the con su mer (Ló -
pez-Espi no za and Ma ga ña-Gon zá lez, 2014). In this sen se, be cau se of the
mar ke ting stra te gies used by com pa nies, as well as chan ges in physi cal ac ti -
vity and the in cor po ra tion of the so-ca lled “Wes tern diet” cha rac te ri zed by
its high con tent in car bohy dra tes, sa tu ra ted fats and so dium, a growing
epidemic of obesity has been produced (Kopp, 2019).

In this res pect, over weight and obe sity are risk fac tors and the main de -
ter mi nants of the Me ta bo lic Syndro me (MS), which is a set of me ta bo lic di -
sor ders that in clu des cen tral obe sity, in su lin re sis tan ce, at he ro ge nic dysli -
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pi de mia, hyper ten sion, signs that in crea se the li ke lihood of de ve lo ping type 
II dia be tes me lli tus, car dio vas cu lar di sea ses and va rious types of can cer
(Hi riart-Urda ni via et al., 2019; Fahed et al., 2022).

MS cu rrently re pre sents the lar gest cau se of mor bi dity and mor ta lity in
both de ve lo ped and de ve lo ping coun tries, af fec ting more than one mi llion
peo ple worl dwi de (Sa kla yen, 2018). Me xi co has re por ted a hig her pre va len -
ce of MS com pa red with ot her coun tries (Pé rez-Ga lar za et al., 2021), sin ce it
af fects 39% of male and 38% of fe ma le po pu la tions (Gutiérrez-Solis et al.,
2018).

In ad di tion to the abo ve, the me ta bo lic syndro me is a com plex and mul -
ti fac to rial di sea se re la ted to en vi ron men tal (nu tri tio nal) and ge ne tic fac -
tors, whe re treat ments have pro ved to be com plex and inef fec ti ve, sin ce the
di sea se must be con tro lled from se ve ral si des. The re fo re, the use of ani mal
mo dels wit hin la bo ra to ries si mu la ting the symptoms and com pli ca tions of
the di sea se have been wi dely used in re search, be cau se the en vi ron men tal
con di tions in which the ani mals are found are con tro lla ble, re pro du ci ble,
and sta ble, Essen tial characteristics to generate consistent and safe results
(Toth, 2015).

In par ti cu lar, the in duc tion of MS through ma ni pu la tion or mo di fi ca -
tion in the diet of mou se mo dels is an ef fi cient met hod that allows to eva lua -
te the me ta bo lism and the energy im ba lan ce in the ani mal. Although the use 
of the se mo dels has se ve ral ad van ta ges, they may also have some flaws
when used du ring ex pe ri men ta tion. Ho we ver, pro per ma na ge ment will
mi mic un healthy ea ting ha bits in hu mans such as in crea sed con sump tion
of car bohy dra tes, fats, fast food, ul tra-pro ces sed foods, and su gary drinks,
as well as lack of physi cal activity and exercise (Rodríguez-Correa et al.,
2020).

In ad di tion, al te ra tions in ani mals cau sed by abrupt chan ges in fee ding
allow them to be re flec ted in a few weeks com pa red to hu mans, whe re it ta -
kes se ve ral years to ob ser ve the se chan ges. Si mi larly, data co llec tion, mainly 
se rum va lues and or gan da ma ge, can be di rectly and ea sily ob ser ved (Ro drí -
guez-Co rrea et al., 2020). For exam ple, stan dar di za tion of pro ce du res, en vi -
ron men tal con di tions, and ge ne tic back ground have been found to re du ce
va ria bi lity, and sup port re search re pro du ci bi lity in pre-cli ni cal re search in
ro dents (Karp, 2018). Highly con tro lled ex pe ri ments con si der the pro vi sion
of ba sic va ria bles in clu ding age, body weight, and sta ge of de ve lop ment of
animals, although these patterns are often not reported (Ghasemi et al.,
2021).

On the one hand, one of the di sad van ta ges ob ser ved in the use of the se
ani mal mo dels is that the re are no es ta blis hed pa ra me ters as in hu mans, an
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exam ple of this is in the de fi ni tion of obe sity. The va ria bi lity in the com po si -
tion of the diet per se, is anot her obs ta cle that can be pre sen ted, be cau se gi -
ven the di ver sity in the foods used in the diet, it does not allow an ac cu ra te
eva lua tion of the al te ra tions characteristic of the pathology.

On the ot her hand, scien ti fic re search on hu man beings has brought
about great ad van ces in hu man health. Cli ni cal trials pro vi de a scien ti fic ba -
sis for pre ven ting, ad vi sing, and trea ting pa tients' di sea ses for the be ne fit
of par ti ci pants, so ciety, and the me di cal com mu nity. Par ti ci pants in the se
types of stu dies play an ac ti ve role in their own health care, in crea sing treat -
ment op tions when stan dard the rapy does not work, they have ac cess to
new treat ments be fo re they are avai la ble to ot hers and ob tain ex pert
medical care during research (Novitzke, 2008).

In this re gard, this ob ser va tio nal and/or quan ti ta ti ve cli ni cal re search
be gins with the aut ho ri za tion of Re search and Ethics Com mit tees and
then, they in vi te vo lun teers to par ti ci pa te (No vitz ke, 2008). As sta ted in in -
ter na tio nal stan dards of et hics in re search, par ti ci pants need to sign a do -
cu ment ca lled in for med con sent and/or as sent (Sa cris tán et al., 2016),
which ur ges res pect, au to nomy and hu man dig nity, en su ring that the par ti -
ci pant un ders tands the be ne fits and risks as so cia ted with the trial and de ci -
des whet her or not to par ti ci pa te in it (No vitz ke, 2008; Cons tan tin, 2018).
Ove rall, to achie ve ade qua te pro tec tion of the sub jects, re sear chers must fo -
llow cer tain et hi cal prin ci ples and take due account of the human rights of
participants (Dresser, 2009; Constantin, 2018).

Con duc ting a cli ni cal trial is a com plex pro cess, one of the main di sad -
van ta ges is re cruit ment. The re are of ten pro blems with pa tient or sub ject
re ten tion, which leads to a more com pli ca ted and costly pro cess (Sa cris tán
et al., 2016). In ad di tion, the re is a risk that the treat ment will not be ef fec ti -
ve for the par ti ci pant or the re are un de si red side ef fects for the sub jects
(No vitz ke, 2008). A con tro ver sial point for some re sear chers is that when
the study is com ple ted, pa tients should be in for med about the re sults of the
re search and in many ca ses, this does not hap pen, and the re sults should
not only be com mu ni ca ted to par ti ci pants but also, to the ge ne ral pu blic
with ap pro pria te lan gua ge, in sim ple and accessible formats for better
understanding (Sacristán et al., 2016).

Applicability of experimental models in human diseases
Accor ding to Char les Dar win, the hu man spe cies is an ani mal. Be cau se of
the ves ti gial reac tions we sha re with some spe cies, ani mal mo del ex pe ri -
men ta tion allows us to un ders tand some of the bio logy and pat hoph ysio lo -
gi cal and the ra peu tic ba ses in hu mans (Gha se mi et al., 2021).
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Ro dents are among the most wi dely used ani mals in the la bo ra tory.
This spe cies has de mons tra ted ge ne tic and physio lo gi cal si mi la rity with hu -
mans, allo wing for a breakt hrough in bio me di cal re search (Rydell-
Törmänen and John son, 2018). For exam ple, Wis tar and Spra gue-Daw ley
rats are used in dif fe rent me di cal dis ci pli nes such as so cial stress, to xi co -
logy, neu ro bio logy, dia be tes, obe sity, Among ot hers (Gha se mi et al., 2021).
With the se mo dels, va rious as pects can be eva lua ted from the po ten tial the -
ra peu tic ef fect of some foods on pat ho lo gies, to the in duc tion of me ta bo lic
al te ra tions si mi lar to tho se oc cu rring in hu mans. The se die tary mo dels, ba -
sed on diets or sup ple ments, aim to “imi ta te” the se den tary li fest yle and un -
healthy ea ting ha bits that hu mans have in their daily li ves, such as the con -
sump tion of fast food, pro ces sed foods and/or highly ca lo ric be ve ra ges that
overall, produce some alterations characteristic of the Metabolic Syndrome
(Djalalinia et al., 2015).

To in du ce the abo ve-men tio ned al te ra tions in rats, the se mo dels are ba -
sed on the ex ces si ve in ta ke of fats and car bohy dra tes in diets ad mi nis te red
du ring gi ven pe riods of time. Ge ne rally, in the li te ra tu re, the use of three
types of diet is pro mo ted: 1) high in car bohy dra tes, whe re car bohy dra tes
(fruc to se or su cro se) are ad ded to drin king wa ter or food, 2) high in fat, con -
si de red to be one in which the per cen ta ge of fat is grea ter than 10%, and 3)
high in car bohy dra tes and fats, ad ding a ran ge of com mer cial foods com -
monly re fe rred to as a ca fe te ria diet, to stan dard meals (Ro drí guez-Co rrea
et al., 2020). The ca fe te ria diet is wi dely used as a mo del of obe sity, due to its
abi lity to cau se me ta bo lic di sor ders and dysfunc tion. Ho we ver, the re is no
spe ci fic con sen sus on the com po nents of this diet, sin ce we can find va rious 
com bi na tions of pa la ta ble foods used in the hu man diet (Fei jó et al., 2019),
from the use of con den sed milk to ba con, among ot hers. To illus tra te the
cha rac te ris tics of the diets mentioned above, a compilation of various
investigations has been prepared and summarized in Table 1.

Spe ci fi cally, our re search group has sought to in du ce al te ra tions as so -
cia ted with the Me ta bo lic Syndro me in Wis tar male rats, through the mo di -
fi ca tion of the diet. This chan ge is ini tia ted from 21 days of age af ter wea -
ning, so that we can achie ve the de si red ef fects when the sub ject rea ches
adult hood. Be low, we will des cri be some of the stu dies that we have ca rried
out wit hin the la bo ra tory, in which the chan ge in diet pla yed the pri mary
role in the es ta blish ment of me ta bo lic al te ra tions. It is worth men tio ning
that the se al te ra tions were al ways com pa red with our con trol groups
included in the experimental design of the study: 

Guz mán-Ge ró ni mo et al., in 2020 used a diet mo del con sis ting of a
stan dard diet plus cho les te rol in the cro quet te (1 g/kg/day) and wa ter in ta ke 
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with 30% su cro se on de mand. After 16 weeks of fee ding, we ob ser ved the
clas sic al te ra tions pre sent in MS such as in crea sed body weight and ab do -
mi nal, pe ri car dial, and epi didy mal adi po se tis sue. The in crea se in the
weight of or gans such as li ver, kid ney, heart, and spleen be ca me evi dent. Li -
ver his to logy sho wed en lar ged he pa tocy tes due to in tra ce llu lar accumu-
lation of triglycerides (simple steatosis).

To try a diet high in fat and car bohy dra tes, we made an ad just ment to
the diet by ad ding 1.5% ve ge ta ble but ter 0.5% cho les te rol, 20% su gar to the
cro quet tes and su cro se so lu tion (30%) ad li bi tum as wa ter in its drink. After
14 weeks, we ob ser ved an in crea se in body weight, ab do mi nal, epi didy mal
and pe ri car dial fat. Si mi larly, we ob ser ved an in crea se in li ver weight and
fat ac cu mu la tion wit hin he pa tocy tes and si nu soids. In the blood, to tal cho -
les te rol, trigl yce ri des, in su lin and TNF-a le vels in crea sed, as well as adi po -
nec tin and HDL-cho les te rol concentrations decreased (Miñón-Hernández
et al., 2021).

In co lla bo ra tion with the re search group of Ra mí rez-Hi gue ra et al., in
2020, they ad ded 30% of fruc to se ad li bi tum as a drin king wa ter for 8 weeks.
At the end of the pe riod, an in crea se in li ver weight, vis ce ral and pe ri re nal
fat was ob ser ved, as well as a sig ni fi cant in crea se in glu co se, to tal cho les te -
rol, and very low-den sity li po pro tein (VLDL), trigl yce ri des and in su lin. In
ad di tion, ele va ted systo lic and diastolic blood pressure levels were ob-
tained.

Summary
As we have seen throug hout the wri ting, all chan ges in the diet in ani mal
mo dels can ge ne ra te al te ra tions cha rac te ris tic of the SM, ho we ver, the re
are still dis cre pan cies about the de sign of the diet, so to re port in de tail the
com po si tion of the diet, As well as the con trol diet and ca lo ric in ta ke, it
could be use ful to stan dar di ze a diet and re pli ca te stu dies ap pro pria tely
(Ro drí guez-Co rrea et al., 2020).

In con clu sion, the mo di fi ca tion of the diet in ani mal mo dels, es pe cially
in ro dents, has brought with its great ad van ta ges for me di cal re search, be -
cau se the se ad van ces have made it pos si ble to un ders tand pro ces ses and
me cha nisms as so cia ted with co-mor bi di ties. es pe cially tho se re la ted to a
diet rich in su gars and sa tu ra ted fats. Ho we ver, des pi te the phylo ge ne tic re -
la tions hip the se ani mal spe cies have with hu mans, we must con si der that
they are or ga nisms adap ted to dif fe rent en vi ron ments, diets and en vi ron -
men tal con di tions, and care must be ta ken when replicating and extrap-
olating the results in another research.
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Metabolic syndrome induction studies with experimental animals.

Author Holemans et al., 2004

Country Belgium

Experimental Subject Female Wistar Rats (63 days old)

Model diet Duration Effects

Cafeteria-style (CAF),
diet contains: 33%
ground commercial rat
chow, 33% full fat
sweetened condensed
milk (Nestle), 7%
sucrose, and 27% water.

All the
experimental
period
(approximately 
8 weeks)

Induces gestational diabetes mellitus (GDM)
better than diabetogenic drugs because it causes
severe diabetic syndrome by almost complete
ablation of pancreatic B cells. This description of
GDM in rats provides an attractive model to
study the physiological and molecular
abnormalities of GDM. Importantly, it also offers
the possibility of studying short – and long– term
consequences for offspring without the
interference of hereditary traits.

Author Panchal et al., 2011

Country Australia

Experimental Subject Male Wistar rats (8–9 weeks old)

Model diet Duration Effects

High-carbohydrate,
high-fat diet (HCHF)
contains: Of 175 g of
fructose, 395 g of
sweetened dense milk,
200 g of beef tallow, 155 g 
of powdered rat food, 25
g of Hubble, Mendel and
Wakeman salt mixture,
and 50 g of water per
kilogram of diet.

Total feeding
time was 16
weeks.

Metabolic syndrome and cardiovascular
remodeling, especially hypertension,
hypertrophy, ventricular fibrosis, conduction
changes, and endothelial dysfunction, along with
nonalcoholic steatohepatitis, degeneration of
renal structure, and increased mass of islets of
pancreas.

Author Macedo et al., 2012

Country Brazil

Experimental Subject Wistar rats, aged 60 days and weighing 200–250 g

Model diet Duration Effects

The cafeteria diet (HD)
contains: Increasing the
lipid content by 3.33
times and 9.09% to
carbohydrates with
respect to the standard
diet.

6 weeks of
treatment

HD increased serum leptin levels, mesenteric,
subcutaneous, and visceral addition tissue
weight, as well as, weight delta, Lee index, serum
triglycerides and total cholesterol levels.
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Author Niu et al., 2016

Country China

Experimental Subject Sprague-Dawley rats

Model diet Duration Effects

The high-sugar high-fat
diet: 70% normal fodder,
plus 20% lard, 10% table
sugar, 1% cholesterol,
and 0.25% cholic acid.

6, 9 or 12
months of
treatment.

Found elevated levels of inflammatory factors in
blood plasma and brain tissue at all time points,
especially insulin resistance. After feeding the
diet for a year, rats become obese with
histopathological alterations. Chronic
inflammation and insulin resistance was evident.

Author Cheng et al., 2017

Country Malaysia

Experimental Subject Male Sprague Dawley rats (Rattus nonverdicts)

Model diet Duration Effects

High-fat diet (HFD)
contains milk fat that
generates an increase in
lipids of six times more
than the standard diet.
High-fat-high-sucrose
diet (HFSD) was the
previous diet (HFD), and 
additionally, it was given 
30% sucrose water.

8 weeks of
treatment

Found central obesity, systemic and diastolic
hypertension, impaired fasting glucose,
hypertriglyceridemia, and elevated non-HDL
cholesterol level. The post-weaning rats was more 
vulnerable to metabolic dysfunctions.

Author Oliva et al., 2017

Country Spain

Experimental Subject Male and female Wistar rats (Ten-week-old)

Model diet Duration Effects

High-fat diet (HF),
added with coconut oil
and contains: 14.5% of
digestible energy derived 
from protein, 37.0% from 
lipids, and 48.5% from
carbohydrates. Cafeteria
diet (K) include plain
cookies spread with liver
pâte, bacon, water, milk
and supplemented with
300 g/L suffocate and 30
g/L of mineral and
vitamin.

30 days of
treatment

K group showed weight gain in both genders of
rats. HF diet elicited significantly higher lactate
levels in both males and females, likewise, diets
caused triglyceride levels to be increased. Both
diets cause the development of disorders
associated with metabolic syndrome.
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Author Acosta-Cota et al., 2019

Country Mexico

Experimental Subject Male Wistar rats (four weeks old)

Model diet Duration Effects

The animals had ad
libitum access to water
with 30% sucrose for a
period of 12, 16 or 20
weeks, and water with
40% and 50% sucrose for
20 weeks.

Period from 12
to 20 weeks

The development of non-alcoholic fatty liver
disease (NAFLD) is generated in all
concentrations of sucrose and under time cuts,
the degree of affection of NAFLD depends on
these factors.

Author Shawky et al., 2019

Country Egypt

Experimental Subject Male Sprague-Dawley rats (8-week-old)

Model diet Duration Effects

High fructose diet
(HFrD) was prepared by
mixing 600 g of fructose
and 400 g of standard
laboratory diet (50%
carbohydrates, 23%
protein, 3% fat, 4% fiber)
plus vitamin and mineral 
supplements).

60 days of
treatment

HFrD caused induced glucose tolerance, also the
fastening insulin level increased 2.3-fold,
showing elevations in triglycerides (by 1.7 times)
and LDL-C (by 2 times). In liver tissue, elevations
were found in the levels of MDA (by 1.5 times) and 
GSH (by 2.8 times), as well as a decrease in SOD
activity (by 24%). Likewise, diffuse steatosis was
evident in liver samples.

Author Lasker et al., 2019

Country Bangladesh

Experimental Subject Male Wistar rats (10–12 weeks old)

Model diet Duration Effects

High-fat (HF) diet was
composed of normal
food, beef tallow, sugar,
and condensed milk.
Contained 14% proteins,
37% carbohydrates and
49% fat in terms of the
caloric content.

8 weeks of
treatment

HF provoked glucose intolerance, dyslipidemia,
and oxidative stress in the liver. It also showed 
increased plasma glucose levels and plasma lipid
levels, including cholesterol and triglyceride
levels. While in oxidative stress, increased the
levels of lipid peroxidase product
malondialdehyde, nitric oxide, and advanced
protein oxidation products. As well, developed
hepatic fibrosis and the intestinal brush border
was altered and a disorganized structure of the
intestinal tract.

From Animal Models to Humans

70



Author Du Preez et al., 2020

Country Australia

Experimental Subject Male Wistar rats (8–9 weeks old)

Model diet Duration Effects

H diet contained 175 g of
fructose, 395 g of
sweetened dense milk,
200 g of beef tallow, 155 g 
of powdered rat food, 25
g of salt mixture, and 50
g of water per kilogram
of diet. Plus, another
group was t
supplemented with 25%
fructose in water.

8 weeks of
treatment

Both diets developed obesity, hypertension,
dyslipidemia, glucose intolerance, fatty liver and
increased left ventricular collagen deposition.

Author Mbappe et al., 2022

Country Cameroon

Experimental Subject Albino Wistar rats (twelve-week-old male)

Model diet Duration Effects

High fat/high sucrose
(HF/HS) diet consisting
of increasing the lipid
content 3.5 times plus,
and sucrose diet 35.68%.

21 days of
treatment

HF/HS caused an increase in body weight, in
terms of serum levels it shown an increase in
total cholesterol, triglycerides and LDL. Likewise,
it caused an increase in cardiac and renal
secondary products of lipid peroxidase.

Author Yue et al., 2022

Country China

Experimental Subject Male Sprague Dawley rats (2 months old)

Model diet Duration Effects

High-sugar and high-salt 
diet (HFSSD) is
composed of feed 600 g;
130 g lard; 100 g egg yolk; 
110 g sugar; 40 g editable
salt and 30% of fructose.

4 weeks of
treatment

HFSSD induced metabolic syndrome, reflected in 
increased fasting blood glucose and triglycerides
(TG). On the other hand, gut microbes were
found to have a strong correlation with serum
metabolites, liver genes, obesity, TG, and
hyperglycemia.
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IV

From reasoning to fear
Samuel Zamora-Lugo

Tamara Cibrián-Llanderal

Introduction
Mat he ma ti cal Anxiety (MA from here on out) is a phe no me non al ready des -
cri bed in the mid-1970s, when this con cept made its de but in the scien ti fic
li te ra tu re, alt hough at that time it was bet ter known as “math pho bia” due to 
the beha viors of fear, pa nic, im po tence, and pa raly sis cau sed by the sim ple
fact of in te rac ting with di gits or abs tract ele ments, thus ad ding a dif fe rent
fac tor to the cog ni ti ve one as part of mat he ma ti cal pro ces sing, the emo tio -
nal fac tor (La za rus, 1974). At pre sent, the term MA has not com ple tely chan -
ged sin ce it re tains the es sen ce that has been used over time, con clu ding
that MA is an emo tio nal res pon se cau sed by nu me ri cal ma ni pu la tion, this
emo tio nal res pon se sig ni fi cantly in te rrupts the per for man ce du ring math -
e mat i cal pro blem sol ving (Ci po ra et al., 2022).

But be fo re des cri bing the term MA in depth, we will give spa ce to ex -
plain the im por tan ce of mat he ma tics in to day's so ciety and how the pro cess
to de ve lop it co vers as pects be yond the aca de mic re qui re ments of the in di -
vi dual, we fully agree that the use and lear ning mat he ma tics are an im por -
tant pi llar for cog ni ti ve and tech no lo gi cal de ve lop ment, but cu rrently, the se 
two fac tors have been mo ving away in a mo dern com mu nity that does not
find the prac ti cal use of mat he ma tics on a day-to-day ba sis. In ge ne ral,
when the word mat he ma tics is heard, the first thing that co mes to mind are
num bers, for mu las, theo rems, and geo grap hi cal struc tu res, al ways re la ted
to so met hing lo gi cal, something full of reason, something that explains a
perfect reality.

What is mathematics?
The his tory of mat he ma tics goes back to an ti quity when hu man beings be -
gan to use symbols and num bers to count, mea su re, and sol ve prac ti cal pro -
blems (Mo li na-Gon zá lez, 2014). The need to mea su re and con trol agricul-
tural re sour ces and the cons truc tion of buil dings and mo nu ments promp -
ted the de ve lop ment of mat he ma tics in an cient ci vi li za tions such as the
Egyptian, Baby lo nian, In dian, and Chi ne se (Sán chez-Gon za les, 2022).
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Du ring the Ancient Age, the Greeks made im por tant con tri bu tions to
the de ve lop ment of mat he ma tics, with cha rac ters such as Pytha go ras, Eu -
clid, and Archi me des among ot hers. The se es ta blis hed the foun da tions of
geo metry, al ge bra, and tri go no metry, la ying the foun da tions of what this
scien ce is to day (Bell, 2021). In the Midd le Ages, Arab, Indian, and Chi ne se
mat he ma ti cians made ma jor ad van ces in cal cu lus, geo metry, al ge bra, and
num ber theory. In Eu ro pe du ring the Re nais san ce, mat he ma ti cians such as 
Leo nar do da Vin ci, Ga li leo Ga li lei, and Johan nes Ke pler used mat he ma tics
to des cri be the motion of celestial bodies and advanced physics and
astronomy (Bell, 2021).

In the 17th cen tury, Isaac New ton and Gott fried Wil helm Leib niz de ve -
lo ped cal cu lus, which re vo lu tio ni zed physics and en gi nee ring. In the 18th
cen tury, Leon hard Eu ler and Jo seph Louis La gran ge made im por tant ad -
van ces in num ber theory, dif fe ren tial geo metry, and ce les tial me cha nics. In 
the 19th and 20th cen tu ries, mat he ma tics ex pan ded into new areas such as
set theory, to po logy, al ge braic geo metry, and the theory of com pu ta tion.
Du ring this time, mat he ma ti cians such as Carl Frie drich Gauss, Éva ris te
Ga lois, Da vid Hil bert, Alan Tu ring, and John Von Neu mann, laid the foun -
da tions of modern science and technology (Jean-Luc, 2008; Pla, 2014).

Over time, mat he ma tics could be po si tio ned as a dis ci pli ne that fo cu ses
on the study of the pro per ties and re la tions hips of num bers, geo me tric fi -
gu res, func tions, sets, and the pro ces ses that in vol ve them. It is a for mal
scien ce that re lies on lo gic and de duc tion to analyze and solve problems.

Math e mat ics is used in mul ti ple ar eas of knowl edge and ev ery day life,
from phys ics and en gi neer ing to eco nom ics and bi ol ogy. Its ap pli ca tion is
fun da men tal in the de vel op ment of tech nol o gies, the res o lu tion of com plex
prob lems, and the un der stand ing of nat u ral and so cial phe nom ena (Ashcraft
and Ridley, 2005). In it we can find dif fer ent branches and subdisciplines,
such as arith me tic, ge om e try, al ge bra, cal cu lus, and sta tis tics, among oth ers.
Each of these ar eas fo cuses on a spe cific set of math e mat i cal con cepts and
tools and has prac ti cal ap pli ca tions in dif fer ent fields of sci ence and tech nol -
ogy. To un der stand in more de tail, the prac ti cal use of math e mat ics and what 
its ab strac tion im plies, the in di vid ual must be ex posed to for mal learn ing or
ed u ca tion (Núñez-Peña and Suárez-Pellicioni, 2014).

Mathematics in education
Tea ching mat he ma tics is a cru cial task in the edu ca tio nal de ve lop ment of
stu dents. Mat he ma tics is a dis ci pli ne that is used in mul ti ple areas of know -
led ge and daily life, so its un ders tan ding is es sen tial for suc cess in edu ca -
tion and the in di vi dual's pro fes sio nal life (Pé rez-Tyte ca et al., 2011).
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The tea ching of mat he ma tics must be in clu si ve, pro mo ting equal op -
por tu ni ties for all stu dents, re gard less of their so cioe co no mic ori gin, gen -
der, race, and eth nic ity, among ot her fac tors (So ko lows ki and Ansa ri, 2017).
Tea chers must pro vi de a safe and sti mu la ting lear ning en vi ron ment that
fos ters cu rio sity, crea ti vity, and pro blem sol ving (González-Pienda and
Nuñez-Pérez, 1999).

Also, the tea ching of mat he ma tics must be mea ning ful, that is, stu dents 
must be able to re la te mat he ma ti cal con cepts to real-life si tua tions (Cohen
and Green, 2002). Tea chers must pre sent con cepts in a clear and or ga ni zed
way, using con cre te exam ples and prac ti cal ac ti vi ties that help stu dents
bet ter un ders tand mat he ma ti cal concepts (Godino et al., 2003).

On the ot her hand, the tea ching of mat he ma tics must be pro gres si ve
and struc tu red, that is, tea chers must ca re fully plan the lear ning ob jec ti ves
and de sign ap pro pria te tea ching stra te gies for each le vel of tea ching. Stu -
dents must be gui ded so that they can de ve lop ba sic mat he ma ti cal skills,
and as they pro gress in their lear ning, they must be cha llen ged with more
com plex con cepts (Fur ner and Ber man, 2004; Chavarría-Arroyo and Díaz-
Obando, 2013).

As can be seen, mat he ma tics as a for mal scien ce is al ready qui te a
challen ge to be able to mas ter, one, due to the com ple xity it self to un der-
stand and two, due to the en ti re tea ching-lear ning pro cess that leads to an
in di vi dual de ve lo ping them (Dehae ne, 2011). But the re is also the emo tio nal
fac tor that has a sig ni fi cant im pact on the two pre vious pro ces ses. In a very
spe ci fic way, the re is a phe no me non known as Mat he ma ti cal Anxiety
(Meece et al., 1990; Ashcraft et al., 2007).

Math Anxiety
MA is a type of an xiety that is ex pe rien ced when fa cing si tua tions re la ted to
mat he ma tics, such as sol ving mat he ma ti cal pro blems, ta king mat he ma tics
tests par ti ci pa ting in ac ti vi ties that in vol ve the use of mat he ma tics. MA can
have a ne ga ti ve im pact on a per son's mat he ma ti cal per for man ce and their
at ti tu de to wards mat he ma tics in ge ne ral (Mon je-Pa rri lla et al., 2012). Peo -
ple who ex pe rien ce MA may have ne ga ti ve thoughts about their math skills,
feel afraid of fai ling, or feel overw hel med when fa cing math pro blems
(Eccius-Well mann et al., 2017).

Ho we ver, MA is trea ta ble. The ra peu tic ap proa ches such as Cog ni ti ve
Beha vio ral The rapy and gra dual ex po su re can help peo ple ma na ge their an -
xiety and im pro ve their math per for man ce. In ad di tion, the re are prac ti cal
stra te gies to re du ce MA, such as prac ti cing re la xa tion and vi sua li za tion
exer ci ses, fo cu sing on the steps nee ded to sol ve a pro blem rat her than worr -
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ying about the re sult, and see king sup port from tea chers, friends, and fa -
mily (Eysenck and Cal vo, 1992; Fernández-Álvarez and Fernández-Álvarez,
2017).

MA is an emo tio nal sta te that is ex pe rien ced in res pon se to si tua tions
that in vol ve nu me ri cal ma na ge ment, when it be co mes ex ces si ve and per sis -
tent, it can greatly af fect the per for man ce of the per son, and this is due to
the over-ac ti va tion of cer tain brain re gions (Pau lus and Steins, 2006). In the 
last de ca de, the re has been a lar ge amount of re search in the neu ro bio logy
of MA that has led to im por tant ad van ces in the un ders tan ding of the bio lo -
gi cal ba ses (Suárez-Pellicioni et al., 2015; Wang et al., 2014).

The amy gda la is a brain struc tu re that has been iden ti fied as one of the
main areas in vol ved in MA. The amy gda la pro ces ses emo tio nal in for ma -
tion, es pe cially re la ted to fear and an xiety, and has been found to be ove rac -
ti ve in peo ple with high MA. Neu roi ma ging stu dies have shown that the
amy gda la shows grea ter ac ti vity in res pon se to aver si ve sti mu li in this spe -
ci fic case, to the re so lu tion of mat he ma ti cal pro blems (Stein et al., 2007;
Young et al., 2012).

Anot her brain area in vol ved is the ven tro me dial pre fron tal cor tex
(VMPC). The VMPC is in vol ved in emo tio nal re gu la tion and de ci sion ma -
king. Stu dies have shown that the VMPC is un de rac ti ve in peo ple with high
le vels of an xiety, sug ges ting that the re may be a dysfunc tion in the abi lity of
the se peo ple to re gu la te their emotions (LeDoux and Pine, 2016).

The stress hor mo ne system, es pe cially the hy po tha lamic-pi tu itary-ad -
re nal axis, is also in vol ved in MA. Cor ti sol is a hor mo ne re lea sed du ring the
stress res pon se, and chro ni cally ele va ted cor ti sol le vels have been as so cia -
ted with an in crea sed risk of an xiety di sor ders and acu te as pects such as MA 
(Le Doux and Pine, 2016; Tovote et al., 2015).

The struc tu res re la ted to emo tio nal pro ces sing, in the MA re gion in vol -
ved in mat he ma ti cal pro ces sing also par ti ci pa te. Unders tan ding the neu ro -
bio logy of mat he ma tics has be co me a gro wing field of in te rest, as it may
have im por tant im pli ca tions for the tea ching and lear ning of mathematics
(Caballero et al., 2009).

Re search has shown that mat he ma tics in vol ves mul ti ple areas of the
brain, in clu ding the pre fron tal cor tex, the pa rie tal lobe, and the hip po cam -
pus. The pre fron tal cor tex is in vol ved in abs tract rea so ning and plan ning,
the pa rie tal lobe is as so cia ted with spa tial per cep tion and num ber ma ni pu -
la tion, and the hip po cam pus is in vol ved with me mory and in for ma tion
retrieval (Serra-Grabulosa et al., 2010).

Lear ning mat he ma tics has been found to in vol ve chan ges in the struc -
tu re and func tion of the brain. For exam ple, it has been shown that trai ning
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in mat he ma tics can in crea se the den sity of gray mat ter in the pa rie tal lobe,
sug ges ting grea ter ef fi ciency in mat he ma ti cal pro ces sing (Nú ñez-Peña
and Suárez-Pellicioni, 2014).

Summary
We can say that mat he ma tics has been dri ven by the need to sol ve prac ti cal
pro blems and by hu man cu rio sity to un ders tand the world around us. Mat -
he ma tics is a fun da men tal dis ci pli ne in the de ve lop ment of hu man know -
led ge and its ap pli ca tion is es sen tial in mul ti ple areas of scien ce and tech-
nology.

We must be clear that the tea ching of mat he ma tics must be in clu si ve,
mea ning ful, pro gres si ve, and struc tu red. Tea chers must be trai ned and up -
da ted on the la test pe da go gi cal and tech no lo gi cal trends, and they work in
co lla bo ra tion with ot her pro fes sio nals to im pro ve the qua lity of mat he ma -
tics tea ching and ensure the success of their students.

We can’t lea ve behind the neu roph ysio lo gi cal as pects that are behind
an xiety it self and the brain areas in vol ved in mat he ma ti cal pro ces sing, con -
si de ring that it is a cons tantly evol ving field that ex plo res how the hu man
brain pro ces ses and uses mat he ma ti cal in for ma tion. Unders tan ding this
pro cess may have im por tant im pli ca tions for the tea ching and lear ning of
mat he ma tics, as well as for re search in the field of cognitive neuroscience.
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Introduction
Breastmilk is essential for infant’s nutrition and development
Mot her’s milk du ring ear liest sta ges of life is fun da men tal for a pro per
growth and ma tu ra tion of tis sues and or gans in hu mans be cau se it pro vi -
des all nu tri tio nal and non-nu tri tio nal re qui re ments for the nu tri tion,
health, and de ve lop ment of in fants. Be si des, milk mi ti ga te and pre vent me -
ta bo lic and im mu ne-re la ted pat ho lo gies du ring in fancy and la ter in life
(Mos ca and Gian ni, 2017). In this re gard, breast milk is con si de red as the
gold stan dard for in fant nu tri tion.

Accor ding to the World Health Orga ni za tion (WHO, 2022) and the Uni -
ted Na tions Chil dren's Fund, in fants need to re cei ve breast milk for at least
the first 6 months and up to two years, or lon ger, com ple men ted with so lid
food. Ho we ver, milk also can have to xic com po nents. In our mo dern so -
ciety, high num ber of in dus trial com pounds, had been re lea sed to the en vi -
ron ment, they re main for long pe riods in the food chain and in all tis sues in
hu mans, in clu ding breast milk (Uni ted Na tions, 2019 & 2022). Many of
them are to xic to la bo ra tory sub jects and hu mans. In this chap ter we will re -
view the com po si tion and pro per ties of hu man milk as well as their to xic
com pounds, par ti cu larly tho se known as per sis tent or ga nic po llu tants
(POPs). Fi nally, we will com pa re pre sen ce of POPs in hu man milk with tho -
se in cow’s milk which is highly con su med by adults and human infants in a
wide array of formula milk substitutes.

Breast milk composition
Breast milk is pro du ced by lac tocy tes which se cre te this fluid into the al veo li 
and duct lu mens of the mam mary gland. Breast milk is an ex traor di na rily
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com plex, highly va ria ble bioac ti ve fluid, with chan ges in com po si tion de -
pen ding on the sta ge of lac ta tion (from co los trum to late lac ta tion), time of
day, and physio lo gi cal/nu tri tio nal sta te of the wo man (Mos ca and Gian ni,
2017). In fact, com po si tion of the hu man milk as a bioac ti ve fluid has been
do cu men ted sin ce the twen tieth cen tury (Wid dows et al., 1930), in clu ding
their hor mo nal, im mu ne and nu tri tio nal com po nents (Ba llard and Mo -
rrow, 2013; Field, 2005; Gar wo lins ka et al., 2018; Kim, 2021; Maz zoc chi et al.,
2019).

Hor monal mol e cules in clude adiponectin, leptin, in su lin, ghrelin, and
obestatin (Mazzocchi et al., 2019), and growth fac tor’s mol e cules-re lated
such as in su lin-like growth fac tor 1, hepatocyte growth fac tor, epi der mal
growth fac tor, neuronal growth fac tors and vas cu lar en do the lial growth
fac tor (Gila-Diaz et al., 2019). Im mune-re lated com po nents have also been
re ported in hu man milk in clud ing cytokines (IL-1ß, IL-4), IL-5, IL-6, IL-8,
IL-10, IL-12, IL-13, TNF-a, INF-g, granulocyte-col ony stim u lat ing fac tor,
monocytes chemotactic pro tein 1, and RANTES (Ballard and Mar row, 2013;
Camacho-Mo rales et al., 2021; Field, 2005; Kim, 2021), and im mune cell en -
ti ties such as in nate lym phoid cells, nat u ral killer, cytotoxic and T reg u la -
tory cells, neu tro phils and macrophages (Ballard and Mar row, 2013;
Camacho-Mo rales et al., 2021; Field, 2005; Kim, 2021).

Nu tri tional com po nents in clude macronutrients as car bo hy drates,
pro teins and fats and en dog e nous an ti ox i dants in clud ing a-car o tene,
ß-car o tene, ß-cryptoxanthin, lycopene, lutein, zeaxanthin, retinol, and a-,
g-tocopherol tocopherol (Hanson et al., 2016). Other im por tant macronu tri -
ents are com plex oli go sac cha rides con sti tuted from glu cose (Glc), galactose 
(Gal), fucose (Fuc), N-acetylglucosamine (GlcNAc), and sialic acid with
N-acetylneuramic acid (Neu5Ac) (Garwolinska et al., 2018). Proteomic anal -
y sis doc u mented more than 1500 dif fer ent com pounds in the hu man milk,
in clud ing those mod u lat ing immunomodulatory and antimicrobial ac tiv i -
ties such as lactoferrin, se cre tory im mu no glob u lin A, osteopontin, lysozymes,
k-ca sein, lactoperoxidases, haptocorrin, a-lactalbumin (Beck et al., 2015;
Haschke et al., 2017). Nonprotein mol e cules con tain ing ni tro gen in hu man
milk have also been iden ti fied, in clud ing amino sug ars, creatine, carnitine,
nu cleic ac ids, nu cleo tides, polyamines, urea and uric acid (Garwolinska et
al., 2018).

In re la tion to lipids, they are the ma jor source of en ergy sup ply in the
breast milk pro vid ing 40%–55% of the to tal en ergy re quire ment for the in -
fant (Koletzko et al., 2011), and are the sec ond most abun dant
macronutrient (Boudry et al., 2021). Ini tial char ac ter iza tion of lipid com po -
si tion in hu man milk de ter mined ac cu mu la tion of triacylglycerols (TAGs,
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98–99%), phospholipids (0.26–0.80%), ster ols (0.25–0.34%, mainly cho les terol)
and trace amounts of glycerophospholipids such as monoacylglycerols,
diacylglycerols and fatty ac ids (Wei et al., 2019; Yong-Hua et al., 2010).

Re cent li pi do mic analy sis con fir med that sphin go li pids (sphin gom ye -
lin, ce ra mi de and dihy dro ce ra mi des) ac cu mu la te at hig her con cen tra tions
in breast milk (Dei Cas et al., 2020), whi le ad di tio nal re ports do cu men ted
glyce rop hosp ho li pids (phosp ha tidy let ha no la mi ne, phosp ha tidylcho li ne),
glyce ro li pids (diacylglyce rol) or ce ra mi des which chan ged dra ma ti cally ac -
cor ding to pre term and term sta ges of the in fant at birth (Xu et al., 2020). As
a ma jor com po nent of hu man milk, triacylglyce rols are in clu ded into li pid
dro plets which con fi ne in glo bu les su rroun ded by ce llu lar mem bra nes in
the mam mary gland (Mi chals ki et al., 2005). Glo bu les buil ding in the mam -
mary gland de pends on de novo li po ge ne sis pro vi ded from die tary com po -
nents. For ins tan ce, fatty acids in milk are de ri ved from the cir cu la ting
triacylglyce ri des into the very low-den sity li po pro teins (VLDL) and chylo -
mi crons or tho se bound to plas ma al bu min as non-es te ri fied fatty acids
(Shing field et al., 2010). Also, cho les te rol ac cu mu la tion into the mam mary
gland is pro vi ded by cir cu la ting cho les te rol bound to the low-den sity li po -
pro tein (LDL) (Wong et al., 1993). As hap pen in the adi po se tis sue, fatty acids 
from the triacylglyce ri des found in the VLDL and chylomicrons are
imported into the mammary gland following the action of mammary
lipoprotein lipase (Shingfield et al., 2010).

Fi nally, de novo fatty acid synthe sis is se cu red by the acetyl-CoA car -
boxy la se and fatty acid synthe ta se enz ymes. This evi den ce con firm that
mam mary gland in te gra tes an ac ti ve li pid me ta bo lism by a cross talk of li po -
pro tein trans por ters in clu ding LDL, HDL, VLDL, and al bu min to pro vi de
che mi cal com po nents of li po ge ne sis. It is pre ci sely this last li pid com po -
nent of milk that marks a re le vant point for this chap ter, sin ce in re cent
years a se ries of con ta mi nants known as POPs have been iden ti fied, who se
che mi cal cha rac te ris tics give most of them a high li pid so lu bi lity which fa ci -
li ta tes their entry, trans port, and ac cu mu la tion in the body, as well as their
ex cre tion from the mam mary gland and eventual digestion by the newborn
(Fig. 1) (Lind and Lind, 2020)
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Fi gu re 1. Re pre sen ta tion of the cycle of entry of POPs into de body of new born through
breast fee ding. Fi gu re crea ted in Bio Ren der.com.

Persistent Organic Pollutants in milk
The in te rre la tion bet ween the li pid com po nent of milk and POPs has been
in crea singly in ves ti ga ted in re cent years due to their high oc cu rren ce in the
en vi ron ment sin ce they were used in dis cri mi na tely in low, midd le and
high-in co me coun tries as in sec ti ci des for the agri cul tu ral in dustry, as com -
bus tion re tar dants to de crea se flam ma bi lity of se ve ral ma te rials and in -
crea se their du ra bi lity, as well as in many plas tic pro ducts and in dus trial
pro ces ses (Loh mann et al., 2007). Also, some are for med from emis sions
from the com bus tion of or ga nic mat ter (Brei vik et al., 2004).

In gen eral POPs are eas ily dis persed and re leased to the air and wa ter
sources and en ter the food chain where they bioaccumulate. Chem i cally they
are brominated and chlo ri nated or ganic com pounds which make them highly
re sis tant to deg ra da tion by phys i cal, chem i cal, or bi o log i cal means. This rises
global con cern and for this rea son the United Na tions En vi ron men tal Pro gram 
launched the Stock holm con ven tion (SC) on POPs to mon i tor their lev els in hu -
man tis sues in 2001 (United Na tions, 2019 & 2022). POPs can be clas si fied in
brominated and chlo ri nated com pounds. Among brominated are the di phen yl
ether (PBDE) group and hexabromocyclododecane (HBCD) group. Among
chlo ri nated are the dichlorodiphenyltrichloroetane (DDT) me tab o lites, di ox -
ins, dibenzo-p-fu rans (PCDFs), hexa chloro ben zene (HCB), Aldrin, Endrin,
Mirex and chlo ri nated par af fins. Sev eral other POPs have been in cluded in the
SC (Huang et al., 2006).

The risk be gins once they have en te red the body through the oral, na sal,
or der mal rou te as POPs are trans por ted by li po pro teins to their de po si tion
in tis sues with high adi po se con tent. LDL li pids are the main mean of dis tri -
bu tion, ho we ver, VLDL and HDL li pids can also per form this func tion in the 
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body and may be sus cep ti ble to chan ges in POPs func tion (Lind and Lind,
2020). In ad di tion, POPs have been re la ted to trigl yce ri des and cho les te rol
mo le cu les in the blood which also trans port them (Lind and Lind, 2020).
Once in the bloods tream, the li pop hi lic na tu re of POPs gi ves them easy ac -
cess to the breast sin ce it has a high con cen tra tion of fatty tis sue. This tis sue
du ring the milk pro duc tion pha se re qui res a lar ge num ber of li po pro teins,
trigl yce ri des, and cho les te rol for the ge ne ra tion of its li pi dic part. They en -
ter the milk-pro du cing epit he lial cells whe re they are bio-de gra ded and reu -
sed for the de novo synthe sis of fat glo bu les that will ser ve as trans port for a
lar ge num ber of many fun da men tal com po nents for the healthy de ve lop -
ment and growth of the in fant. Though, du ring this pro cess POPs bound to
li pids are in cor po ra ted in the cycle allo wing that such pollutants reach the
newborn. This cycle has been schematically represented in figure 2
(Manettje et al., 2012).

Fi gu re 2. Cycle of li pid-bound POPs from the ma ter nal cir cu la tion to the new born. a) In the
bloods tream, a he te ro ge neous group of mo le cu les can mo bi li ze POPs from the site of entry
into the body to milk-pro du cing cells by non-co va lent bonds, such as HDL, LDL or VLDL li -
po pro teins, trigl yce ri des and cho les te rol. b) The se mo le cu les en ter the cell through pi nocy -
to sis being iden ti fied by re cep tors on the cell Sur fa ce. c) Once in si de the cyto plas mic spa ce,
the va cuo le is iden ti fied by lyso so mes, which ini tia te the fu sion of their mem bra nes. d) The
enz ymes wit hin the lyso so me are res pon si ble for the de gra da tion of the mo le cu les into
their most ba sic com po nents, the POPs can re main at ta ched to tho se li pids pre sent in this
me dium. e) Li pid-bound POPs can be re lea sed into the cyto plas mic me dium or used for the
synthe sis of new com pounds for milk se cre tion through new bio lo gi cal synthe sis pro ces ses. 
f) The mam mary gland per forms the re lea se of milk through apo cri ne se cre tion for the li pid 
com po nent, which cau ses both the in tra ce llu lar con tent and part of the mem bra ne whe re
the se li pids at ta ched to the POPs that have been reu sed are im mer sed. g) Fi nally, the se new
li pids lin ked to POPs en ter the baby's di ges ti ve system, being used in their bio lo gi cal pro -
ces ses. Fi gu re crea ted in Bio Ren der.com.
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Breastmilk to monitor POPs
The milk of mam mals had been used to study the le vels of POPs, as le vels in
the mot her's tis sues in di ca tes the ap pro xi ma te amount of the se com -
pounds in ges ted through their life and co rre la tes with the amount se cre ted
in milk which is in ges ted by the new born through breast fee ding (Greš ner et 
al., 2021). As pre viously men tio ned, the re is a high con cen tra tion of li pids in
milk and POPs are highly li pop hi lic. Owing to this pro perty the Stock holm
Con ven tion re com mends POPs mo ni to ring in blood and spe cially in
breast milk as sam ple co llec tion is easy and less in va si ve than blood sam -
pling (Greš ner et al., 2021). As ex pec ted, lar ge num ber of POPs had been
iden ti fied in dif fe rent mam mal’s milk.

The po llu tants che mi cal com po si tion and con cen tra tion vary wi dely
bet ween coun tries and en vi ron ments and is mo di fied by hu man ac ti vi ties
such as agri cul tu re as this ac ti vity re qui res pes ti ci des and ot her con ta mi -
nant che mi cal ad di ti ves. As ex pec ted, wa ter can con tain more POPs de ri ved 
from the se ac ti vi ties and nearby in dus tries. (Greš ner et al., 2021; Ma nett je
et al., 2012; Ma to vu et al., 2021; Po lan co-Ro drí guez et al., 2017). Mo reo ver,
POPs are pre sent in every day pro ducts as fur ni tu re, rugs, paints, and plas -
tic con tai ners (Wong et al., 1993). Con se quently, the se con ta mi nants are
pre sent every whe re. For this rea son, to de ter mi ne their pre sen ce and con -
cen tra tion is a global matter of concern to implement strategies for
controlling their release.

POPs in cow’s milk
Be si des hu man milk, pre sen ce of the se com pounds in cows is of par ti cu lar
im por tan ce as the re is a high con sump tion of meat and milk by hu mans.
Mo reo ver, cow’s milk is the fun da men tal ba sis of most milk for mu las which
are con su med by mi llions of in fants around the world. Stu dies in se ve ral
coun tries such as Spain, Slo ve nia, Italy, Gree ce, Chi na, Co lom bia and Bra zil 
among many ot hers in the world re vea led a wide array of POPs in clu ded in
the Stock holm Con ven tion list in fresh, pas teu ri zed, and or ga nic bo vi ne
milk (Vas con ce los et al., 2019). In Mé xi co chlo ri na ted com pounds as alp ha
he xach lo rocy clohe xa ne, en do sul fan, diel drin, en drin, hep tach lor and me -
ta bo li tes of DDT had been found in cow milk in an in dus trial farm in the
sta te of Hi dal go (Gu tié rrez et al., 2013). Also, alp ha, beta, gam ma and del ta
he xach lo rocy clohe xa ne, hep tach lor, al drin, diel drin and me ta bo li tes of
DDT were de tec ted in bo vi ne milk from an or ga nic farm in Chia pas sta te
(Gu tié rrez et al., 2012).

As most in fant milk for mu las are pro du ced from cow milk, then en sues
the ques tion whet her they can con tain POPs. Indeed, POPS are pre sent in
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com mer cial mar ke ted in fant milk for mu las. Alpha, beta and gam ma he -
xach lo rocy clohe xa ne, al drin, hep tach lor and hep tach lor epo xi de were
found in se ven dehy dra ted com mer cial milk for mu la brands for in fants in
Mé xi co city (Gu tié rrez et al., 2014). Although their con cen tra tion was be low
the in ter na tio nal per mit ted li mits set by the Co dex Ali men ta rius (Gu tié rrez 
et al., 2014), their pre sen ce rai se con cern about the in ges tion of the se com -
pounds every day du ring long pe riods of months and years, be cau se as
men tio ned, POPS bioac cu mu la te in fat tis sue, re main in the body and are
very dif fi cult to eli mi na te. Mo reo ver, it is pos si ble that in some ca ses the se
to xic com pounds reach va lues abo ve tho se per mit ted as their con cen tra tion 
vary wi dely de pen ding on the sam pling area and methods of analysis
(Breivik et al., 2004; Hayward et al., 2018; Lohmann et al., 2007).

Ho we ver as men tio ned abo ve as they en ter the food chain, they are avai -
la ble every whe re in many of our food pro ducts. The in te rest of mo ni to ring
the se po llu tants chan ges ac cor ding to their pre va len ce in sam ples of par ti -
cu lar en vi ron ments and their pos si ble to xic ef fect. It should be con si de red
that for the se po llu tants the per cen ta ge bet ween what is ab sor bed and what
is ex cre ted also va ries wi dely (Amu to ya et al., 2021). Des pi te the va ria bi lity
in con cen tra tion of the dif fe rent POPs among coun tries it had been es ti ma -
ted that around 18% of the hu man ex po su re to Polychlo ri na ted bip henyls
and di ben zo fu ra nes is from bo vi ne meat (Drie sen et al., 2022). In this study
aut hors re port that in con ta mi na ted cows’ calf in ute rus start to ac cu mu la te
POPs, and af ter birth they con ti nue to in gest them through milk. Then
POPs in calf’s blood was 1.5-fold hig her com pa red to that of their mot her;
they re main in their meat which is con su med by hu mans. Fish as sal mon or
can ned tuna con tain high con cen tra tion of some of the se con ta mi nants
(Sak tra kul kla et al., 2020). Then it is clear that POPS are found in all the food 
chain, as al ready men tio ned. To get her this evi den ce clearly in di ca tes a glo -
bal con ta mi na tion of POPs in a wide array of avai la ble food. In cattle it is of
particular concern because POPs are ingested by humans through meat,
milk and dairy products, including milk formulas.

POPS in humans, since utero and in breastmilk
Accu mu la tion of POPS in hu mans start in the ute rus du ring preg nancy and
si mi lar to cows, the re is a 2-fold in crea se in the fe tus in com pa ri son to the
mot her (Drie sen et al., 2020; Lan dri gan et al., 2004). It had been de mons tra -
ted that the con sump tion of con ta mi na ted beans and po ta toes at least one
time per week or of ce reals at least two ti mes per week was found to be as so -
cia ted with in crea sed con cen tra tion of in sec ti ci de me ta bo li tes in hu man
milk (Has san et al., 2022). Also, the in ges tion of dairy pro ducts and fish was
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lin ked to hig her POPs con cen tra tion in milk in Po land (Greš ner et al., 2021).
A study in 53 coun tries of 5 con ti nents (Asia, Eu ro pe, Ocea nia, Afri ca and
Cen tral/South Ame ri ca) found chlo ri na ted pa raf fins in all breast milk sam -
ples, in clu ding in iso la ted lo ca tions such as pa ci fic is land coun tries
(Krätschmer et al., 2021). Anot her mul ti con ti nent study found hig her pre -
sen ce of per fluo roal ka ne sub stan ces in milk in hig her in co me coun tries
such as Eu ro pe when com pa red to lo wer in co me coun tries such as Afri ca
and La tin Ame ri can Coun tries (Fied ler and Sa dia, 2005).

A re cent study in Mé xi co ex plo red in de tail 28 bro mi na ted and 75 chlo ri -
na ted POPS in breast milk from Si na loa sta te (Mar tí nez et al., 2022). In re la -
tion to bro mi na ted com pounds, PBDE47 had the hig hest va lue and the sum
of this and ot her 5 PBDE was 11.6 ng/g li pid which is con si de red as a “safe”
va lue. Also, alp ha HCB was found but their sa fety li mits had not been es ta -
blis hed. In re la tion to chlo ri na ted com pounds, me ta bo li tes of DDT were in
the upper li mit in the group of La tin Ame ri can coun tries, which have far
hig her con cen tra tions than in Eu ro pean coun tries. The rea son for the high
con cen tra tion in Mé xi co and coun tries of this group is that DDT was wi dely
used to con trol ma la ria. Although the use of this com pound was prohi bi ted
years ago, it re mains in the en vi ron ment and the food chain. Many ot her
com pounds were de tec ted and the con cen tra tion of most of them was also
in the “safe” li mit, ex cept chlo ri na ted dio xin-like com pounds. In ge ne ral,
this study is im por tant to com pa re con cen tra tion va lues in re la tion to pre -
vious and fu tu re sur veys in Mé xi co and ot her coun tries. As an exam ple,
PBDE and DDT com pounds are decreasing in comparison to a previous
survey in 2011 (Martínez et al., 2022; United Nations, 2019 & 2022).

POPs and human health
Se ve ral in vi tro or in la bo ra tory ani mal mo dels stu dies had ex plo red the
con cen tra tion and to xic ef fect of POPS. They shows show that se ve ral of
them are neu ro to xic, in du ce de ve lop men tal and re pro duc ti ve dis tur ban -
ces, af fect the en do cri ne and im mu ne system and had been as so cia ted to
the de ve lop ment of dia be tes and can cer (Uni ted Na tions, 2019 & 2022). On
this ba sis the Stock holm Con ven tion in clu de in their list par ti cu lar POPS.
Ho we ver, their spe ci fic ef fect in hu mans it is dif fi cult to eva lua te due to et -
hi cal con cerns. Though, some in sight had been ob tai ned from un for tu na te
in dus trial ac ci dents. In 1976 in Italy the re was a lar ge re lea se of dio xin-like
com pounds in the at mosp he re and many preg nant wo men were ex po sed to 
this POP. Thirty years la ter the analy sis re vea led hypoth yroi dism in their
now adult offspring’s due to an ele va tion of the thyroid-sti mu la ting hor mo -
ne (Bac ca re lli et al., 2008).
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Anot her study in re la tion to the same in dus trial ac ci dent re por ted a sex
and time re la ted ef fect as male in fants but not adults that ex po sed to the
con ta mi nants sho wed 22 years la ter a re duc tion in sperm counts and mo ti -
lity as well as re duc tion in the hor mo ne es tra diol and in crea sed fo lli cle sti -
mu la ting-hor mo ne (Mo ca re lli et al., 2008). The se dis tur ban ces high light
that the ex po su re to POP seems to be more harm ful to the fe tus and du ring
de ve lop ment, than in adults and that ma les and fe ma les are af fec ted dif fe -
rently. Ho we ver, the de gree of im me dia te and long-las ting de tri men tal ef -
fects is not clear and only can be inferred on basis of in vitro and laboratory
animal studies.

Our la bo ra tory con tri bu ted to the de ter mi na tion of POPs in breast milk
in a po pu la tion in Mé xi co (Mar tí nez-Va len zue la et al., 2022). We are now
ex ten ding the analy sis of se ve ral to xics, in clu ding mi cro plas tic con ta mi -
nants in breast milk and milk for mu las. Be si des we are also ex plo ring im -
mu no lo gi cal com pounds, me ta bo li tes and hor mo nes in breast milk in re la -
tion to body mass in dex as the amount of body li pids af fect their con cen tra -
tion and con co mi tantly may have an im por tant im pact on health and de ve -
lop ment of the in fant. This is an im por tant is sue be cau se as mentioned
above, the contaminants in milk are highly lipophilic.

Summary
POPs in te rac tion be gins du ring in ute ro days and con ti nues af ter birth
through in ges tion though cow and hu man milk. They can ac cu mu la te and
re main for long pe riods in the in di vi dual and alt hough evi den ce sug gest
that they can be as so cia ted to an array of health dis tur ban ces, their harm ful
ef fects are still not com ple tely clear. Des pi te the pro ba ble health out co mes
of POP in ges tion, the WHO still re com mends breast milk as the only food
du ring at least the first six months of age be cau se the health be ne fits greatly 
out co me the risks. As ex pec ted, the se be ne fits are not pre sent in cow’s
milk-ba sed for mu las. Strong evi den ce de mons tra tes the su pe rior qua lity of
hu man in com pa ri son to cow’s milk for the nu tri tion, health, and de ve lop -
ment of the in fant with long-las ting be ne fits (Mos ca and Giannì, 2017;
WHO, 2022).
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Introduction
Fish are the first group of ver te bra tes in the phylo ge ne tic sca le. They are
cha rac te ri zed by a body co ve red with scales and ad ap ta tions to aqua tic life
as fins and gills to breat he. Lo co mo tion is ba sed on a hydrody na mic sha pe
and la te ral mo ve ments of the body. Fish were long be lie ved to have a poor
beha vio ral re per toi re that was simply re gu la ted by re flex res pon ses. Even
Dar win, who stu died dif fe rent as pects of fish, did not men tion fish emo -
tions. He only ci ted S. J. Whit mee, who des cri bed that the erec tion of the
dor sal and anal fins pro tects against being ea ten by pre da tors (Dar win,
1890). Due to all their cha rac te ris tics, fish were con si de red sim ple or ga -
nisms una ble to ex pe rien ce com plex pro ces ses and beha viors such as sleep
or emo tions. Ho we ver, in the 1920s, stu dies of beha vior by Kon rad Lo renz
and Ni co las Tin ber gen de mons tra ted com plex beha vio ral pat terns in fish.
Tin ber gen dis co ve red that in the three-spi ned stic kle back fish (Gas te ros teus
gymnu rus, fi gu re 1a), only the red co lor on the ma le’s si des is the trig ger sig -
nal of ag gres sion that allows the fish to fight only real com pe ti tors for food
and fe ma les (Tin ber gen and Van Ler sel, 1948).

Kon rad Lo renz stu died ri tual dan ces of ag gres sion bet ween male Eu ro -
pean stic kle back fish (Gas te ros teus acu lea tus), Sia me se figh ting fish (Bet ta
splen dens), and the Je wel fish cich lid (He mich ro mis bi ma cu la tus) du ring ma -
ting, spaw ning, and lar va care (Lo renz, 1962). Both Lo renz and Tin ber gen
are con si de red the fat hers of et ho logy. No tably, they won the No bel Pri ze in
Me di ci ne and Physiology for their findings in 1973.

Beha vio ral analy ses of fish are used as an in dex of health that is as so cia -
ted with wa ter po llu tion le vels whe re they live. For exam ple, Bet ta fish that
were chro ni cally ex po sed to was te wa ter from phar ma ceu ti cal in dus tries
that con tains ß-si tos te rol (phytos te rol), equol (me ta bo li tes of iso fla vo nes),
and ge nis tein (iso fla vo ne) phytoes tro gens ex hi bi ted a de crea se in ag gres si -
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ve beha vior that was dis pla yed in front of a mi rror (Clot fel ter and Ro drí -
guez, 2006). Ge nis tein and equol in crea sed do pa mi ne in the pro sen cep ha -
lon in Bet ta fish, whe reas ß-si tos te rol de crea sed no re pi neph ri ne and do pa -
mi ne in the pro sen cep ha lon and rhom ben cep ha lon (Clot fel ter et al., 2007).
The se fin dings sug gest that beha vio ral al te ra tions are use ful in di ca tors of
environmental pollution that, although not lethal, modify neuroendocrine
and neurochemical systems.

Ag gres sion in Betta fish is also de creased by ex po sure to 5-HT re cep tor
an tag o nists, such as 8-OH-DPAT (Clotfelter et al., 2007), and an ti de pres -
sants, such as fluoxetine (Lynn et al., 2007). Ag gres sion dis played to ward a
mir ror by the Af ri can cich lid (Astatotilapia burtoni) has been re lated to an anx i -
ety-like state, dur ing which in creased neuronal ac tiv ity in the dorsomedial
pallium ac ti vat ing the ex pres sion of Fos pro tein. It is rel e vant con sid er ing
that this nu cleus in the fish has a sim i lar func tion to the amygdala in mam -
mals, which has been im pli cated in reg u la tion of anx i ety-like be hav iors
(Desjardins and Fernald, 2010). Now we know that some fish, such as Dis cus
Fish (Symphysopdon aequifasciatus, Cichlidae; Fig ure 1b) are even able to
rec og nize “faces” (Satoh et al., 2016). These find ings sug gest sim i lar i ties in
brain neurochemistry and be hav ior ex pres sion be tween mam mals and fish
(Chandroo et al., 2004); but what ex actly do we know about fish brain?

Fish Brain
The ner vous system of fish is si mi lar to that of ot her ver te bra tes. Ge ne rally,
a fish´s cen tral ner vous system (CNS) com pri ses the brain and the spi nal
cord. The brain is di vi ded into the te len cep ha lon or pro sen cep ha lon (with
two ol fac tory bulbs and the brain), the dien cep ha lon (with epit ha la mus,
tha la mus and hypot ha la mus), me sen cep ha lon or mid brain (with two op ti -
cal lo bes), me ten cep ha lon (ce re be llum) and brains tem. In most fish, the ol -
fac tory bulbs are the most pro mi nent part of the brain, high ligh ting the
im por tan ce of ol fac tion in this group of ver te bra tes (Wu lli man, 1998; Brad -
bury, 2008). Fish brain is lo ca ted behind the ol fac ti ve lo bes and con trols vo -
lun tary mo ve ments. In mam mals, it is as so cia ted with lear ning and
me mory, but in fish, this pro cess has been stu died in re cent years
(Kotrschal, 1998; Wu lli man, 1998), alt hough it is known that spe cies such as
but terfly fish form men tal maps of their te rri tory.

Opti cal lo bes are lo ca ted behind the ce re be llum and con nect to eyes
trough the op ti cal ner ve. Be llow the op ti cal lo bes is the pi tui tary gland,
which con trols the en do cri ne system. The ce re be llum is the con trol cen ter
of mo ve ment that re gu la tes mus cu lar con trac tion. Brains tem lo ca ted be low 
the ce re be llum con nects the brain to the spi nal cord; it con trols hor mo ne
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se cre tion, heart func tion, the smooth mus cle of in ter nal or gans and gill
con trac tion for breat hing (Kotrschal, 1998; Brad bury, 2008). The spi nal cord 
con tains long ner ve fi bers that re cei ves in for ma tion from pe rip he ral ner ves 
to sen so rial zo nes of the brain and trans mit ac tion po ten tial to mus cles,
glands, and ot her tis sues (Wu lli man, 1998). Pe rip he ral ner vous system is a
net work of ner ves that con nect mus cles and sen so rial or gans to the CNS,
sen so rial ner ves trans port in for ma tion from the sensorial organs to the
spinal cord and motor nerves send signals from CNS to muscles and glands.

Animal Models in Health Research
Ro dents and rab bits are most po pu lar la bo ra tory ani mals in all areas in clu -
ding neu ros cien ce. Fish were com monly used in bio me di cal areas as tis sue
re ge ne ra tion but ex clu ded from com plex pro ces ses such as emo tions and
sleep. Fish CNS could be con si de red sim pler than hu man, but it is per fectly
adap ted to the cha llen ges of their en vi ron ment. Gi ven the si mi la ri ties, it is a 
sui ta ble tool in neu ros cien ce to un ders tand emo tions, beha viors such as
sleep, and di sor ders such as an xiety and sleep di sor ders, among ot hers,
using va li da ted mo dels. In neu ros cien ce, an ani mal mo del is a li ving or ga -
nism with spe ci fic cha rac te ris tics that are ex ploi ted to ex plo re re la tions hips 
bet ween the brain and beha vior un der con tro lled la bo ra tory con di tions to
ob tain in for ma tion that is ap pli ca ble to hu mans and ot her spe cies (Van der
Staay, 2006; Ma xi mi no and Van der Staay, 2019).

Small spe cies are ad van ta geous gi ven their com mon high fe cun dity and 
fast de ve lop ment. For exam ple, in 2000, the first beha vio ral sco res re la ted
to sleep un der la bo ra tory con di tions were made using fruit flyes (Dro sop hi la
me la no gas ter). Giu lio To no ni and co lla bo ra tors de ter mi na ted the ac ti vity
pha se of fruit flies using litt le cylin ders con nec ted to mo ve ment de tec tors
that in di vi dually sco red the leg mo ve ment on the cylin der and na med this
pha se as wa ke ful ness. In con trast, the pha se of im mo bi lity was ca lled
“sleep-like” sta ge. Inte res tingly, the wa ke ful ness synchro ni zes with the
light pha se whi le sleep-like pha se synchro ni zes with the dark pha se of the
day, sug ges ting a cir ca dian rhythm in the cycle of ac ti vity-res ting of D. me la -
no gas ter. To no ni’s re search group tes ted the ef fect of the al ka loid caf fei ne
dis sol ved in wa ter flies drank. Caf fei ne bloc ked the ade no si ne re cep tors in -
hi bi ting sleep; flies that drank se ve ral con cen tra tions of caf fei ne had an evi -
dent sup pres sion of the sleep-like sta ge (Shaw et al., 2000). The se re sults
sug gest that the sleep-like sta ge of fruit flies sha res si mi lar neu ro che mi cal
me cha nisms of sleep re gu la tion to birds and mam mals, despite lacking a
complex nervous system. Hence, it seems logical that organisms such as
amphibians, reptiles, and fish have a sleep stage.

From aquarium to laboratory. The role of fish in human health
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Studying Sleep in Different Organisms
In gen eral terms, sleep is de fined as a be hav ioral state of im mo bil ity char ac -
ter ized by a spe cific ste reo typ i cal pos ture in each spe cie. This state is ac -
com pa nied by changes in the elec tri cal ac tiv ity of the ce re bral cor tex and
can be re versed by ex ter nal stim u la tion (Rattenborg and Amlaner, 2002;
Roth et al., 2010; Hartse, 2011). In mam mals, spe cific elec tri cal ac tiv ity
rhythms are as so ci ated with a par tic u lar be hav ioral stage of sleep. For ex -
am ple, the stage with out rapid eye move ments (NREM) is char ac ter ized by
a ce re bral rhythm with waves of 0.5-4 Hz of fre quency and am pli tude of 200
mV. Si mul ta neously, mus cu lar tone de creases, and oc u lar move ments are
ab sent. On con trary, the phase of rapid eye move ments (REM) pres ents an
ac tiv ity with rapid waves above 16Hz, in hib it ing antigravity mus cles and
rapid eye move ments. Both sleep phases are well known in birds and mam -
mals; how ever, the pres ence of sleep electrophysiological pat terns in other
ver te brates as fish is still in de bate, and the con tro versy is more sig nif i cant
in the case of in ver te brate or gan isms.

Not all ele ments that de fi ne sleep can be iden ti fied in all spe cies. Ho we -
ver, if we de fi ne sleep as the quies cent beha vio ral sta te with a re du ced res -
pon se to ex ter nal sen so rial sti mu li, all ver te bra tes and in ver te bra tes pre -
sent sleep. Sim pler or ga nisms such as me ta zoos with a ner vous system si -
mi lar to cni da rians also have a beha vio ral sleep. In con se quen ce, small la bo -
ra tory or ga nism as ze bra fish (Da nio re rio), fruit fly (Dro sop hi lia me la no gas -
ter), and the ne ma to de Cae nor hab di tis ele gans show behavioral patterns
consistent with sleep behavior.

Sleep in fish
The tech ni cal li mi ta tions to scan elec troen cep ha lo gram (EEG) and elec -
trom yo gram (EMG) pa ra me ters in fish and sim pler or ga nisms are not evi -
den ce of the ine xis ten ce of elec troph ysio lo gi cal sleep pa ra me ters like tho se
seen in birds and mam mals. No wa days, the re is a need for more scien ti fic
ins tru ments to sco re brain ac ti vity in aqua tic en vi ron ments. In rep ti les,
amp hi bians, and fish it is re por ted a “sleep-like” sta ge cha rac te ri zed by a de -
crea se in mo tor ac ti vity and a de crea sed res pon se to ex ter nal sti mu la tion
(Rat ten borg et al., 2007; Les ku et al., 2009b; Roth et al., 2010; Vol koff, 2012).
EEG stu dies in rep ti les show in con sis tent re sults, and it is hard to es ta blish
spe ci fic sta ges of sleep ac cor ding to the brain´s elec tri cal ac ti vity (Ayala-
Guerrero, 1991; De Lera, 1994; Sie gel, 2008).

In fish, the “sleep-like” sta ge is cha rac te ri zed by a pro lon ged inac ti vity
pe riod with a typi cal pos tu re of res ting fre quently in si de a re fu ge, ac com pa -
nied by an in crea sed sen sory thres hold and a cir ca dian rhythm. In 1976,
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Sha pi ro ob ser ved that Oreoch ro mis mos sam bi cus spent the night at the bot -
tom of the tank with a low res pi ra tory fre quency and wit hout ocu lar mo ve -
ments in cap ti vity. Addi tio nally, the fish had a de crea sed res pon se to pa la -
ta ble sti mu li at night (Sha pi ro, 1976). Kar ma no va and co lla bo ra tors ob ser -
ved that Ameiu rus ne bu lo sus fish had a typi cal pos tu re of res ting with the cau -
dal fin ex ten ded on the sub stra te, pec to ral fins stret ched out, and the body
in cli ned 10 to 30 de grees from the ver ti cal axis; res pi ra tory and heart ra tes
were slow, and fish were less per cep ti ve to sound and tac ti le sti mu la tion, re -
sear chers could slightly touch the head of fish with crystal sticks without
interrupting the “sleep-like” stage (Titkov, 1976).

No wa days, we know about 30 000 spe cies of fish, and ap pro xi ma tely
only 10 spe cies have been stu died un der la bo ra tory con di tions to ex plo re
sleep (Sie gel, 2008). Expe ri ments with ze bra fish (Da nio re rio) have shown
cir ca dian va ria tions in the res pon ses to ex ter nal sti mu li af ter a pri va tion of
the “sleep-like” pe riod (Yo ko ga wa, 2007; Zhda no va, 2007). It has been ex -
plo red if “sleep-like” pri va tion du ring res ting time in fish pro du ces a com -
pen sa tion of sub se quent sleep-like time as oc cur in mam mals. Re sults are
con tro ver ted sin ce some groups find this com pen sa tion (Yo ko ga wa, 2007),
whi le ot her re search sug gests it does not exist (Zhda no va, 2007). The se con -
tra dic tory ob ser va tions will have to be re vie wed, and the validity of the
results will depend on new technologies for scoring.

Inte res tingly, stu dies on blind cave fish (Astya nax me xi ca nus, fi gu re 1c)
that in ha bit the ca ves of nort hwest Mé xi co have shown ex ci ting re sults on
the ori gin and evo lu tion of sleep along spe cies. A. me xi ca nus has re la ti vely
small or no eyes at all and lacks skin pig men ta tion (Bo rowsky, 2008; Gross
and Wil kens, 2013). It is no te worthy that this fish res pond to vi bra tions, de -
ve lops hyperp ha gia and loss of “sleep-like” pat tern (Aspi ras et al., 2015; Du -
boué et al., 2011; Ko wal ko et al., 2013; Yos hi za wa et al., 2010). It has been ob -
ser ved that A. Me xi ca nus “sleep-like” time in crea ses du ring long pe riods of
star va tion, which sug gest the pos si bi lity that ca ve fish sup press sleep du -
ring the rainy sea son to feed when food is abun dant whi le in crea sing sleep
to pre ser ve energy du ring the dry sea son when food is less abun dant (Jag -
gard et al., 2017). Addi tio nally, the abla tion of the la te ral line of ca ve fish in -
crea ses sleep, sug ges ting that sen sory sti mu la tion is ne ces sary to main tain
ac ti ve sta ges. Thus, ca ve fish´s sleep loss seems to be an evo lu ti ve con se -
quen ce of the va ria tions in food avai la bi lity, which of fers an op por tu nity to
study the in te rac tions bet ween sleep and me ta bo lism. Accor ding to Sie gel
(2005), food avai la bi lity and foraging are potent boosters of evolutive
change that contribute to variation in sleep duration among species.
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The num ber of neu rons po si ti ve to ore xin (ORX) in the hypot ha la mus is
in crea sed in blind ca ve fish. On the ot her hand, phar ma co lo gi cal or ge ne tic
in hi bi tion of ORX sig na ling in crea ses sleep in fish, which sug gests that
ORX sig na ling is a con ser ved ele ment in the evo lu tion of the ner vous
system and es sen tial to in hi bit sleep. Si mi larly, abla tion of the la te ral line or
low avai la bi lity of food in hi bits ORX ex pres sion sug ges ting that the ab sen -
ce of sleep is a con se quen ce of the high ac ti vity of the ore xi ner gic system in
blind ca ve fish (Jag gard et al., 2018). In mam mals, ad mi nis tra tion of ORX
in du ces arou sal, in crea ses mo tor ac ti vity, and re du ces REM and NREM
sleep (Ha gan et al., 1999), whi le mu ta tions in the ORX gene or the loss of ore -
xi ner gic neu rons is as so cia ted with an in crea se in day ti me slee pi ness (Che -
me lli et al., 1999; Nis hi no, 2011). To get her with the cu rrent scien ti fic li te ra -
tu re on fish, the se fin dings sug gest the uti lity of several species as zebrafish
as an essential tool in the research of the neurobiological basis of sleep.

Studying Anxiety in Fish
As cold-blood ani mals, fish were be lie ved to lack emo tions. Ho we ver, as
men tio ned abo ve, beha vio ral re search has shown that the se spe cies can ex -
pe rien ce pain and emo tions and even dis play stress-re la ted beha viors. In
this sen se, de fen si ve beha vio ral res pon ses ex hi bi ted by se ve ral spe cies as
ze bra fish (Da nio re rio), gup pies (Poe ci lia re ti cu la ta), and gold fish (Ca ra sius au -
ra tus) to cope with aver si ve sti mu li, are used as in di ca tors of the emo tio nal
sta te of fish (Ma xi mi no et al., 2007). Beha vio ral mo dels of an xiety in ze bra -
fish ex po se fish to stress ful sti mu li such as no vel en vi ron ments, alarm sub -
stan ces, illu mi na ted or dark pla ces, and ima ges or dum mies of po ten tial
na tu ral pre da tors (Cian ca et al., 2013); see Ta ble 1.

Ta ble 1. Beha vio ral mo dels of an xiety in ze bra fish

Model Characteristics Interpretation References

Light/Dark
Test

Rectangular tank divided
into two parts by a central
chamber half of the device is
white and the other half is
black.

Fish are placed in the
central chamber for 5 min
and then allowed to
explore the entire tank for 
10 min. The time
exploring the light and
dark compartments is
measured. The latency to
leave the central chamber
is also measured as an
anxiety indicator.

Maximino et al., 2007, 
2010, 2011
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Black/White
maze

Cross-shaped Tank with two 
arms and a central square
area. The long arm is black
whereas the short arms are
white near to the center, and 
the rest is gray.

The number of transitions 
between arms, and the
time spent in the white
and central
compartments is scored.
Like rats, zebrafish avoid
light, a behavior that
decreases with anxiolytic
drugs.

Guo, 2004
Sackerman et al., 2010

Novel tank
test

The tank is a trapezoid
divided into two equal parts
by a virtual division. Fish is
individually placed into the
tank, and variables as the
latency and time of
exploration of the upper half 
of the tank, the number of
crossings to the upper half,
erratic movements, time
and frequency of freezing
are measured (5-6 min test).

Zebrafish seek protection
in novel environments by
staying on the bottom of
the tank until they feel
safe to explore the entire
tank. Anxiolytic
substances decrease the
latency and increase the
exploration of the upper
parts of the tank.

Egan et al., 2009
Bencan et al., 2009

Predator
stimuli

Consists of a rectangular
tank with an LCD computer
monitor placed at the left
and right walls. The monitor 
allows video presentation of
the natural predators of
zebrafish, such as gangetic
leaf fish (Nandus nandus,
figure 1d) and freshwater
garfish (Xenentodon
cancila). Bird silhouettes can 
also be displayed by a
monitor above the tank.

A robot that mimics the
shape and movements of
gangetic leaf fish can be
used in a rectangular tank
divided into two separate
sections.

The test consists of a
habituation period
followed by a pre-stimulus 
period and stimulus
period of 5 min each one,
during which images are
projected eight times,
ending with a
post-stimulus period (4
min). The time in the
upper zone of the tank is
considered an indicator of 
the emotional state.

During the test, the
fish-shaped robot is
placed in the right
compartment, and the
distance between
zebrafish and the robot,
and erratic movements
are measured as anxiety
indicators.

Gerlai et al., 2009

Luca and Gerlai,
2012a,b

Cianca et al., 2013

Alarm
substances

Test is performed in a
rectangular tank visually
isolated in all directions
except the front. Alarm
substances are obtained
from superficial cuts on the
skin of dead zebrafish. The
solution of alarm substances 
is poured into the water
after a habituation period.

Unidentified substances
are secreted through skin
wounds which are
detected by fish and
trigger defensive
behaviors as erratic
movements, freezing,
motor activity, and shoal
cohesion (when tested in a 
shoal).

Bass and Gerlai, 2008

Spedie and Gerlai
2008

Ta ble 1. Shows the main beha vio ral mo dels of an xiety using ze bra fish, which have been
adap ted from va li da ted ro dent mo dels.
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Throug hout the re vie wed mo dels, spe ci fic beha viors are mea su red that
are sen si ti ve to phar ma co lo gi cal ma ni pu la tions with an xioly tic drugs used
in the the ra peu tic to treat an xiety di sor ders in hu mans. The beha viors eva -
lua ted in the se mo dels and their in ter pre ta tions are com pa red with equi va -
lent hypot he ti cal func tions in the na tu ral en vi ron ment. For exam ple, swim
cohe sion is con si de red an anti-pre da tor res pon se sin ce fish schoo ling is
dif fi cult to track by pre da tors be cau se the mo ve ment of all fish im pairs pre -
da tor at ten tion. Addi tio nally, schools are use ful as zo nes of fee ding and ma -
ting (Spee die and Ger lai, 2008). The time on the bot tom of the tank (bot -
tom-dwe lling) is si mi lar to hi ding from ae rial pre da tors by avoi ding the wa -
ter sur fa ce in wild ze bra fish. Sta ying on the bot tom allows fish to mi mic
sub stra tes in their en vi ron ment and avoid illu mi na ted areas (Luca and Ger -
lai, 2012a). Addi tio nally, erra tic mo ve ments are dis pla yed by fish on the bot -
tom of the tank, slightly orien ted down ward and mo ving in a way in which
they ap pear to be trying to pe ne tra te the bot tom of the tank. Wild ze bra fish
(fi gu re 1e) live in small wa ter streams and la kes with steady cu rrents. Erra -
tic mo ve ments agi ta te se di ments and ve ge ta tion at the bot tom to cloud the
wa ter, so erra tic mo ve ments are an adap ti ve anti-pre da tor res pon se to es -
ca pe (Spee die and Ger lai, 2008). Fi nally, erra tic mo ve ments are of ten fo llo -
wed by pe riods of free zing. Under na tu ral con di tions, this free zing beha -
vior can be use ful for blen ding in with sub stra tum de bris pre viously dis tur -
bed and clouds the wa ter (Spee die and Ger lai, 2008). The mo dels in which
these behaviors are scored are validated with substances that have anxi-
olytic effects at the clinical level, and that reverse the behaviors measured in
zebrafish (Van der Stay, 2006).

Fi gu re 1. Fish used in scien ti fic re search. The fi gu re shows five spe cies of fish used in scien -
ti fic re search among the se ve ral spe cies stu died in the li te ra tu re. a) Gas te ros teus gymnu rus, b) 
Symphysop don ae qui fas cia tus, c) Astya nax me xi ca nus, d) Nan dus nan dus, e) Da nio re rio. (Ori gi nal 
ima ges from aut hors).
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Anxiety mo dels in se ve ral spe cies, in clu ding fish, have con tri bu ted to
un ders tan ding the neu ro bio lo gi cal and neu ro che mi cal sub stra te of an xiety
as a na tu ral emo tion and as a psychia tric di sor der trig ge red by stress (de
Abreu et al., 2021). No wa days, fish mo dels can be used to ex plo re po ten tial
sub stan ces with an xioly tic ef fects, un ders tan ding their phar ma co lo gi cal
me cha nisms and to xic ef fects, in the same in di vi dual or their offspring,
given the short lifespan.

Summary
Fish are ideal mo del spe cies to ex plo re the evo lu ti ve pro ces ses un derl ying
sleep´s ori gin. Sleep de fi ni tion could be am pli fied to cir cums cri be be yond
elec troph ysio lo gi cal ele ments des cri bed in birds and mam mals. The ubi -
quity of sleep among li ving things sug gests that sleep has evol ved pa ra llel to
ner vous system evo lu tion. The ab sen ce of tech no lo gi cal tools to iden tify
sleep sta ges slow the study of sleep in the se or ga nisms. Ho we ver, in the fu -
tu re, fish will be used to un ders tand sleep di sor ders such as nar co lepsy and
ex ces si ve day ti me slee pi ness, as ze bra fish are being used to ex plo re an xiety
and emo tions. Addi tio nally, the study of an xiety in fish will allow us to ex -
plo re the evo lu ti ve as pects of emo tions but also the neu ro bio lo gi cal and
neu ro che mi cal sub stra te of an xiety and an xioly tic drugs (de Abreu et al.,
2020 et al., 2021), in clu ding new mo le cu les with po ten tial the ra peu tic pro -
per ties (Cue to-Esco be do et al., 2022) that con tri bu te to hu man well-being.

From aquarium to laboratory. The role of fish in human health

103



References

Aspiras, A. C., Rohner, N., Martineau, B.,
Borowsky, R. L., & Tabin, C. J. (2015).
Melanocortin 4 receptor mutations
contribute to the adaptation of cavefish to
nutrient-poor conditions. Proceedings of the
National Academy of Sciences of the United
States of America, 112(31), 9668–9673.
https://doi.org/10.1073/pnas.1510802112

Ayala-Guerrero, F., & Huitrón-Reséndiz, S.
(1991). Sleep patterns in the lizard
Ctenosaura pectinata. Physiology &
behavior, 49(6), 1305–1307.
https://doi.org/10.1016/0031-9384(91)90369-y

Bass, S. L., & Gerlai, R. (2008). Zebrafish
(Danio rerio) responds differentially to
stimulus fish: the effects of sympatric and
allopatric predators and harmless fish.
Behavioural brain research, 186(1), 107–117.
https://doi.org/10.1016/j.bbr.2007.07.037

Bencan, Z., Sledge, D., & Levin, E. D. (2009).
Buspirone, chlordiazepoxide and diazepam
effects in a zebrafish model of anxiety.
Pharmacology, biochemistry, and behavior,
94(1), 75–80.
https://doi.org/10.1016/j.pbb.2009.07.009

Borowsky R. (2008). Restoring sight in blind
cavefish. Current Biology: CB, 18(1), R23–R24. 
https://doi.org/10.1016/j.cub.2007.11.023

Bradbury, S.P., Carlson, R.W., Henry, T.R.,
Padilla, S., and Cowden, J. (2008). Toxic
Responses of the Fish Nervous System. In
Toxicology of fishes (417-444). New York: CRC 
Press.

Chandroo, K.P., Duncan, I.J.H., Moccia, R.D.
(2004). Can fish suffer?: perspectives on
sentience, pain, fear and stress. Applied
Animal Behavior Science, 86: 225–250.
https://doi.org/10.1016/j.applanim.2004.02.004

Chemelli, R. M., Willie, J. T., Sinton, C. M.,
Elmquist, J. K., Scammell, T., Lee, C.,
Richardson, J. A., Williams, S. C., Xiong, Y.,
Kisanuki, Y., Fitch, T. E., Nakazato, M.

Hammer, R. E., Saper, C. B., & Yanagisawa,
M. (1999). Narcolepsy in orexin knockout
mice: molecular genetics of sleep regulation.
Cell, 98(4), 437–451.
https://doi.org/10.1016/s0092-8674(00)81973-x

Cianca, V., Bartolini, T., Porfiri, M., & Macrì,
S. (2013). A robotics-based behavioral
paradigm to measure anxiety-related
responses in zebrafish. PloS one, 8(7), e69661. 
https://doi.org/10.1371/journal.pone.0069661

Clotfelter, E. D., O'Hare, E. P., McNitt, M. M., 
Carpenter, R. E., & Summers, C. H. (2007).
Serotonin decreases aggression via 5-HT1A
receptors in the fighting fish Betta
splendens. Pharmacology, biochemistry, and
behavior, 87(2), 222–231.
https://doi.org/10.1016/j.pbb.2007.04.018

Clotfelter, E. D., & Rodriguez, A. C. (2006).
Behavioral changes in fish exposed to
phytoestrogens. Environmental pollution
(Barking, Essex: 1987), 144(3), 833–839.
https://doi.org/10.1016/j.envpol.2006.02.007

Comisión Nacional para el Conocimiento y
Uso de la Biodiversidad. (2022). Peces. 22 de
junio 2022, de Biodiversidad Mexicana Sitio
web:
https://www.biodiversidad.gob.mx/especies/
gfamilia/animales/peces/peces

Cueto-Escobedo, J., German-Ponciano, L. J.,
Guillén-Ruiz, G., Soria-Fregozo, C., &
Herrera-Huerta, E. V. (2022). Zebrafish as a
Useful Tool in the Research of Natural
Products With Potential Anxiolytic Effects.
Frontiers in behavioral neuroscience, 15,
795285.
https://doi.org/10.3389/fnbeh.2021.795285

Darwin, C. R. The expression of the emotions 
in man and animals. Francis Darwin(ed). 2d
edition. London: John Murray, 1890, p. 100

de Abreu, M. S., Giacomini, A., Demin, K. A.,
Galstyan, D. S., Zabegalov, K. N.,
Kolesnikova, T. O., Amstislavskaya, T. G.,
Strekalova, T., Petersen, E. V., & Kalueff, A.
V. (2021). Unconventional anxiety
pharmacology in zebrafish: Drugs beyond
traditional anxiogenic and anxiolytic spectra. 
Pharmacology, biochemistry, and behavior,
207, 173205.
https://doi.org/10.1016/j.pbb.2021.173205

From Animal Models to Humans

104



de Abreu, M. S., Giacomini, A., Genario, R.,
Rech, N., Carboni, J., Lakstygal, A. M.,
Amstislavskaya, T. G., Demin, K. A., Leonard,
B. E., Vlok, M., Harvey, B. H., Piato, A.,
Barcellos, L., & Kalueff, A. V. (2020).
Non-pharmacological and pharmacological
approaches for psychiatric disorders:
Re-appraisal and insights from zebrafish
models. Pharmacology, biochemistry, and
behavior, 193, 172928.
https://doi.org/10.1016/j.pbb.2020.172928

De Vera, L., González, J., & Rial, R. V. (1994).
Reptilian waking EEG: slow waves, spindles
and evoked potentials.
Electroencephalography and clinical
neurophysiology, 90(4), 298–303.
https://doi.org/10.1016/0013-4694(94)90148-1

Desjardins, J. K., & Fernald, R. D. (2010).
What do fish make of mirror images?.
Biology letters, 6(6), 744–747.
https://doi.org/10.1098/rsbl.2010.0247

Duboué, E. R., Keene, A. C., & Borowsky, R.
L. (2011). Evolutionary convergence on sleep
loss in cavefish populations. Current Biology: 
CB, 21(8), 671–676.
https://doi.org/10.1016/j.cub.2011.03.020

Egan, R. J., Bergner, C. L., Hart, P. C., Cachat, 
J. M., Canavello, P. R., Elegante, M. F.,
Elkhayat, S. I., Bartels, B. K., Tien, A. K., Tien, 
D. H., Mohnot, S., Beeson, E., Glasgow, E.,
Amri, H., Zukowska, Z., & Kalueff, A. V.
(2009). Understanding behavioral and
physiological phenotypes of stress and
anxiety in zebrafish. Behavioural brain
research, 205(1), 38–44.
https://doi.org/10.1016/j.bbr.2009.06.022

Gerlai, R., Fernandes, Y., & Pereira, T. (2009). 
Zebrafish (Danio rerio) responds to the
animated image of a predator: towards the
development of an automated aversive task.
Behavioural brain research, 201(2), 318–324.
https://doi.org/10.1016/j.bbr.2009.03.003

Gross, J. B., & Wilkens, H. (2013). Albinism in 
phylogenetically and geographically distinct
populations of Astyanax cavefish arises
through the same loss-of-function Oca2
allele. Heredity, 111(2), 122–130.
https://doi.org/10.1038/hdy.2013.26

Guo S. (2004). Linking genes to brain,
behavior and neurological diseases: what can 
we learn from zebrafish?. Genes, brain, and
behavior, 3(2), 63–74.
https://doi.org/10.1046/j.1601-183x.2003.00053.x

Hagan, J. J., Leslie, R. A., Patel, S., Evans, M.
L., Wattam, T. A., Holmes, S., Benham, C. D.,
Taylor, S. G., Routledge, C., Hemmati, P.,
Munton, R. P., Ashmeade, T. E., Shah, A. S.,
Hatcher, J. P., Hatcher, P. D., Jones, D. N.,
Smith, M. I., Piper, D. C., Hunter, A. J.,
Porter, R. A., … Upton, N. (1999). Orexin A
activates locus coeruleus cell firing and
increases arousal in the rat. Proceedings of
the National Academy of Sciences of the
United States of America, 96(19), 10911–10916. 
https://doi.org/10.1073/pnas.96.19.10911

Hélène Volkoff. (2012). Chapter Seventeen -
Sleep and Orexins in Nonmammalian
Vertebrates, Editor(s): Gerald Litwack,
Vitamins & Hormones, Academic Press,
Volume 89, 2012, Pages 315-339, ISSN
0083-6729, ISBN 9780123946232,
https://doi.org/10.1016/B978-0-12-394623-2.0
0017-2.

Jaggard, J. B., Stahl, B. A., Lloyd, E., Prober,
D. A., Duboue, E. R., & Keene, A. C. (2018).
Hypocretin underlies the evolution of sleep
loss in the Mexican cavefish. eLife, 7, e32637.
https://doi.org/10.7554/eLife.32637

Jaggard, J., Robinson, B. G., Stahl, B. A., Oh,
I., Masek, P., Yoshizawa, M., & Keene, A. C.
(2017). The lateral line confers evolutionarily
derived sleep loss in the Mexican cavefish.
The Journal of experimental biology, 220(Pt
2), 284–293. https://doi.org/10.1242/jeb.145128

Kotrschal, K., Van Staaden, M. & Huber, R.
Fish Brains: Evolution and Anvironmental
Relationships. Reviews in Fish Biology and
Fisheries 8, 373–408 (1998).
https://doi.org/10.1023/A:1008839605380

Kowalko, J. E., Rohner, N., Rompani, S. B.,
Peterson, B. K., Linden, T. A., Yoshizawa, M.,
Kay, E. H., Weber, J., Hoekstra, H. E., Jeffery,
W. R., Borowsky, R., & Tabin, C. J. (2013).
Loss of schooling behavior in cavefish
through sight-dependent and
sight-independent mechanisms. Current
biology: CB, 23(19), 1874–1883.
https://doi.org/10.1016/j.cub.2013.07.056

Lesku, J. A., Roth, T. C., 2nd, Rattenborg, N.
C., Amlaner, C. J., & Lima, S. L. (2009).
History and future of comparative analyses
in sleep research. Neuroscience and
biobehavioral reviews, 33(7), 1024–1036.
https://doi.org/10.1016/j.neubiorev.2009.04.002

Lorenz K. El anillo del Rey Salomón. Estudios 
de Psicología animal. Barcelona, España:
Labor S.A., 1962.

From aquarium to laboratory. The role of fish in human health

105



Luca, R. M., & Gerlai, R. (2012a). Animated
bird silhouette above the tank: acute alcohol
diminishes fear responses in zebrafish.
Behavioural brain research, 229(1), 194–201.
https://doi.org/10.1016/j.bbr.2012.01.021

Luca, R. M., & Gerlai, R. (2012b). In search of
optimal fear inducing stimuli: Differential
behavioral responses to computer animated
images in zebrafish. Behavioural brain
research, 226(1), 66–76.
https://doi.org/10.1016/j.bbr.2011.09.001

Lynn SE, Egar JM, Walker BG, et al. Fish on
Prozac: a simple noninvasive physiology
laboratory investigating the mechanism of
aggressive behavior in Betta splendens. Adv
Physiol Educ 2007; 31: 358-363.
https://doi.org/10.1152/advan.00024.2007

Maximino, C., & van der Staay, F. J. (2019).
Behavioral models in psychopathology:
epistemic and semantic considerations.
Behavioral and brain functions: BBF, 15(1), 1.
https://doi.org/10.1186/s12993-019-0152-4

Maximino, C., da Silva, A. W., Gouveia, A., Jr,
& Herculano, A. M. (2011). Pharmacological
analysis of zebrafish (Danio rerio) scototaxis. 
Progress in neuro-psychopharmacology &
biological psychiatry, 35(2), 624–631.
https://doi.org/10.1016/j.pnpbp.2011.01.006

Maximino, C., Marques de Brito, T., Dias, C.
A., Gouveia, A., Jr, & Morato, S. (2010).
Scototaxis as anxiety-like behavior in fish.
Nature protocols, 5(2), 209–216.
https://doi.org/10.1038/nprot.2009.225

Maximino, C., de Brito, T. M., de Moraes, F.
D., de Oliveira, F. V. C., Taccolini, I. B.,
Pereira, P. M., Colmanetti, R., Lozano, R.,
Gazolla, R. A., Tenório, R., de Lacerda, R. I.
T., Rodrigues, S. T. K., Lameirão, S. V. d. O.
C., Pontes, A. A. A., Romão, C. F., Prado, V.
M., & Gouveia, A., Jr. (2007). A comparative
analysis of the preference for dark
environments in five teleosts. International
Journal of Comparative Psychology, 20(4),
351–367.
https://doi.org/10.46867/ijcp.2007.20.04.02

Nishino S. (2011). Hypothalamus,
hypocretins/orexin, and vigilance control.
Handbook of clinical neurology, 99, 765–782.
https://doi.org/10.1016/B978-0-444-52007-4.0
0006-0

Rattenborg, N., and Amlaner, C. (2002).
Phylogeny of sleep. In “Sleep Medicine,” (T.
LeeChiong, M. Sateia, and M. Carskadon,
Eds.), pp. 7–22. Hanley & Belfus, Little Rock.

Roth, T. C., 2nd, Rattenborg, N. C., &
Pravosudov, V. V. (2010). The ecological
relevance of sleep: the trade-off between
sleep, memory and energy conservation.
Philosophical transactions of the Royal
Society of London. Series B, Biological
sciences, 365(1542), 945–959.
https://doi.org/10.1098/rstb.2009.0209

Sackerman, J., Donegan, J. J., Cunningham,
C. S., Nguyen, N. N., Lawless, K., Long, A.,
Benno, R. H., & Gould, G. G. (2010).
Zebrafish Behavior in Novel Environments:
Effects of Acute Exposure to Anxiolytic
Compounds and Choice of Danio rerio Line.
International journal of comparative
psychology, 23(1), 43–61.
https://doi.org/10.46867/ijcp.2010.23.01.06

Satoh, S., Tanaka, H., & Kohda, M. (2016).
Facial Recognition in a Discus Fish
(Cichlidae): Experimental Approach Using
Digital Models. PloS one, 11(5), e0154543.
https://doi.org/10.1371/journal.pone.0154543

Shapiro, C. M., & Hepburn, H. R. (1976).
Sleep in a schooling fish, Tilapia
mossambica. Physiology & behavior, 16(5),
613–615.
https://doi.org/10.1016/0031-9384(76)90222-5

Shaw, P. J., Cirelli, C., Greenspan, R. J., &
Tononi, G. (2000). Correlates of sleep and
waking in Drosophila melanogaster. Science
(New York, N.Y.), 287(5459), 1834–1837.
https://doi.org/10.1126/science.287.5459.1834

Siegel J. M. (2005). Clues to the functions of
mammalian sleep. Nature, 437(7063),
1264–1271.
https://doi.org/10.1038/nature04285

Siegel J. M. (2008). Do all animals sleep?.
Trends in neurosciences, 31(4), 208–213.
https://doi.org/10.1016/j.tins.2008.02.001

Speedie, N., & Gerlai, R. (2008). Alarm
substance induced behavioral responses in
zebrafish (Danio rerio). Behavioural brain
research, 188(1), 168–177.
https://doi.org/10.1016/j.bbr.2007.10.031

Tinbergen, N and Van Lersel JJA.
Displacement reactions in the three-spined
stickleback. Behaviour 1948; 1(1): 56-63.
https://doi.org/10.1163/156853948X00038

Titkov, E.S. (1976). Characteristics of the
daily periodicity of wakefulness and rest in
the brown bullhead (Ictalurus nebulosus).
Journal of Evolutionary Biochemistry and
Physiology, 12, 305-309.

From Animal Models to Humans

106



van der Staay F. J. (2006). Animal models of
behavioral dysfunctions: basic concepts and
classifications, and an evaluation strategy.
Brain research reviews, 52(1), 131–159.
https://doi.org/10.1016/j.brainresrev.2006.01.
006

Wullimann, M.f. (1998). The central nervous
system, in: Evans, D.H. (Ed.) The physiology
of fishes. pp. 245-282. The physiology of
fishes. Second edition. CRC Marine Science
Series, 9. CRC Press: Boca Raton. ISBN
0-8493-8427-3. 519 pp.

Yokogawa, T., Marin, W., Faraco, J., Pézeron,
G., Appelbaum, L., Zhang, J., Rosa, F.,
Mourrain, P., & Mignot, E. (2007).
Characterization of sleep in zebrafish and
insomnia in hypocretin receptor mutants.
PLoS biology, 5(10), e277.
https://doi.org/10.1371/journal.pbio.0050277

Yoshizawa, M., Goricki, S., Soares, D., &
Jeffery, W. R. (2010). Evolution of a
behavioral shift mediated by superficial
neuromasts helps cavefish find food in
darkness. Current biology: CB, 20(18),
1631–1636.
https://doi.org/10.1016/j.cub.2010.07.017

Zhdanova, I. V., Wang, S. Y., Leclair, O. U., &
Danilova, N. P. (2001). Melatonin promotes
sleep-like state in zebrafish. Brain research,
903(1-2), 263–268.
https://doi.org/10.1016/s0006-8993(01)02444-1

From aquarium to laboratory. The role of fish in human health

107





VII

Use of animal models for the study
of spinocerebellar ataxias

Consuelo Morgado-Valle
María Leonor López-Meraz

César Pérez Estudillo
Luis Beltrán-Parrazal

Introduction
He re di tary do mi nant spi no ce re be llar ata xias (SCAs) be long to a group of
neu ro lo gi cal di sea ses cha rac te ri zed by the loss of ce re be llar gray mat ter
and, the re fo re, lack of mo tor con trol of gait and fine mo ve ments. In the first 
part of this chap ter, we re view how the se neu ro de ge ne ra ti ve di sea ses are
clas si fied con si de ring the com mon neu ro lo gi cal symptoms that oc cur in
pa tients and the fin dings of the loss of ce re be llar and ce re bral gray mat ter
ob ser ved in the se ve ral types of SCAs. Cu rrently, with the help of new mo le -
cu lar bio logy tech ni ques and to get her with the use of cell and ani mal mo -
dels, SCAs have been re clas si fied and now, de pen ding on the af fec ted gene
and the or der in which they were des cri bed, they have been re na med. In the
se cond part of the chap ter, we re view how mu ri ne mo dels of SCAs have hel -
ped to elu ci da te the trans crip tio nal de re gu la tion of cells that ove rex press
mu ta ted ge nes of SCAs, and how this in du ces neu ro nal death. In ad di tion,
we re view how the se mo dels have been used to pro po se and eva lua te new
ge ne tic and phar ma co lo gi cal the ra peu tic stra te gies. Fi nally, we dis cuss the
ad van ta ges and di sad van ta ges of the se ap proa ches and the op por tu ni ties
that new mo le cu lar en gi nee ring tech ni ques po ten tially of fer to con trol ce -
re be llar, ce re bral, and re ti nal neu ro de ge ne ra tion in pa tients with se ve ral
types of SCAs.

Spi no ce re be llar ata xias (SCAs, pre viously known as au to so mal do mi -
nant ce re be llar ata xias, ADCA) re pre sent a cli ni cally and ge ne ti cally he te ro -
ge neous group of neu ro de ge ne ra ti ve di sea ses. SCAS were ini tially clas si -
fied ac cor ding to cli ni cal and neu ro pat ho lo gi cal des crip tions. Sub se -
quently, a clas si fi ca tion de pen ding on the mode of in he ri tan ce and cli ni cal
signs (ADCA I-III) was sug ges ted. Cu rrently, the num be ring of the SCAs co -
rres ponds to the or der of des crip tion of the mo di fied gene that cau ses the
death of ce re be llar neu rons (SCA1–SCA8, SCA10–SCA23, SCA25). The re are
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also ata xias na med by the gene that en co des the mu ta tion, e.g., the growth
fac tor of fi bro blasts 14 (FGF14) or by their ana tomy e.g., den ta te-ru bro-pa lli -
dum-Loui sia na atrophy (DRPLA) (Ver beek and van de Wa rren burg, 2011).
This molecular classification is currently the most accepted by the medical
and scientific community.

The pre va len ce of SCAs in the world is bet ween 1 to 4 peo ple per 100,000
in ha bi tants (Wa rren burg et al., 2002). Pa tients typi cally pre sent with a
slowly pro gres si ve ce re be llar syndro me with va rious com bi na tions of ocu -
lo mo tor di sor ders, dysart hria, dysme tria/ki ne tic tre mor, and/or ata xic gait
(Man to et al., 2020). Symptoms can also oc cur in com bi na tion with pig men -
tary re ti no pathy, ex trapy ra mi dal mo ve ment di sor ders (par kin so nism,
dyski ne sias, dysto nia, cho rea), pyra mi dal signs, cor ti cal symptoms (sei zu -
res, cog ni ti ve im pair ment/behavioral symptoms) and, peripheral neuro-
pathy (Manto, 2005).

The most com mon forms of SCAs are: SCA1, SCA2, SCA3, SCA6 and
SCA7. SCA3 could be the most fre quent SCA in the world. The ave ra ge on set
of symptoms of SCAs oc curs bet ween the ages of 30 and 40 years. Ho we ver,
the re is lar ge va ria bi lity bet ween the dif fe rent sub groups of SCAs. For
exam ple, symptoms of SCA1, SCA2, SCA3, SCA7, SCA8, SCA12, SCA13,
SCA17, or SCA25 may be gin in the first ten years of life, whe reas in SCA6,
symptoms may ap pear around the age 65 (Schöls et al., 2004).

Pa tients with SCAs pre sent with a ce re be llar syndro me that in clu des a
di sor ga ni zed and un con tro lled gait (the main ata xic sign), pos tu ral ata xia,
dysme tria and/or ki ne tic tre mor in all four limbs, as well as ocu lo mo tor de -
fi cits (nystag mus, hyper me tria/hypo metry of sac ca des). As a re sult of a de -
ge ne ra ti ve pro cess, gray mat ter loss is not li mi ted to the ce re be llum, but ex -
tends to the re ti na, op tic ner ve, brains tem, ba sal gan glia, ce re bral cor tex,
spi nal cord, and ner vous system. pe rip he ral ner vous system and ex tracer e -
bel lar signs are often associated.

Challenges in diagnosing SCAs
Two main fac tors dif fi cult cli ni cal diag no sis: 1) That, wit hin a ge ne tic sub -
type, the cli ni cal signs are highly va ria ble and 2) That the re is a sur pri sing
phe noty pic over lap bet ween the se ve ral types of SCA. Mag ne tic re so nan ce
ima ging is used to aid in cli ni cal diag no sis and has shown that ata xias have
dif fe rent pat terns of atrophy. A pure ce re be llar atrophy can be ob ser ved in
SCA4, SCA5, SCA6, SCA8, SCA9, SCA10, SCA11, SCA14, SCA15, SCA16, SCA18, 
SCA21 and SCA22; whi le an oli vo pon to ce re be llar atrophy pat tern is seen in
SCA1, SCA2, SCA3, SCA7 and SCA13, or a pat tern of glo bal brain atrophy in
SCA12, SCA17, SCA19 and DRPLA (Gan di ni et al., 2020; Man to et al., 2020;
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Man to and Mar mo li no, 2009; Cloak, 2005). An in te res ting fin ding is the
pre sen ce of ce re be llar nu clei cal ci fi ca tions in SCA20 (Knight et al., 2004).

Most SCAs be gin with ce re be llar atrophy that can la ter pro gress to ex -
tra ce re be llar struc tu res. As a re sult of the mar ked phe noty pic va ria bi lity of
SCAs, even wit hin the same fa mily, diag no sis can not be ba sed so lely on the
eva lua tion of cli ni cal symptoms and a de tai led ge ne tic search is re qui red to
con firm the disease and the affected gene.

Molecular features
In the last two de ca des it has be co me clear that most SCAs are cau sed by an
ex pan sion of tri nu cleo ti de re peats. Some SCAs are cau sed by a CAG ex pan -
sion en co ding a poly glu ta mi ne re peat, e.g., SCA1, SCA2, SCA3, SCA6, SCA7,
SCA17, DRPLA. In SCA12, the CAG re peat ex pan sion does not en co de a poly -
glu ta mi ne stretch, and in SCA8 a CTG re peat is not trans la ted (Knight et al.,
2004; Schöls et al., 2004). Furt her mo re, the re is an in ver se co rre la tion bet -
ween the length of re peats and the age of on set. A main cha rac te ris tic of
SCAs is the an ti ci pa tion phe no me non, which con sists in that the des cen -
dants of sick pa rents tend to in he rit a more ex ten si ve ex pan sion of the CAG
tri nu cleo ti de, thus pre sen ting the symptoms of the di sea se in the first de ca -
de of life.

SCAs can also be cau sed by an ex pan sion of tri plet re peat se quen ces
(CAGs) in the CACNA1A gene (19p13) en co ding an alp ha 1 sub u nit of a
P/Q-type vol ta ge-ga ted cal cium chan nel (Pres to ri et al., 2019); or by an
ATTCT re peat se quen ce in a non-co ding re gion of the ge nes as so cia ted to
SCA8 and SCA10 (Aydin et al., 2018); or by ex pan sion of CAG or CAA re peats
in the ge nes en co ding trans crip tion fac tors as so cia ted to SCA12 and SCA17
(Weber et al., 2022).

It is im por tant to note that the re are do mi nant he re di tary di sea ses that
are phe noty pi cally re mar kably ali ke SCAs, e.g., epi so dic ata xias (EA 1-5), he -
re di tary spas tic pa ra ple gia, Hun ting ton's di sea se, es sen tial tre mor, he re di -
tary sen sory-mo tor neu ro pat hies (Jen, 2008; Riant et al., 2008; Ta bri zi et al., 
2019). Au to so mal re ces si ve di sor ders, mi to chon drial di sea ses, X-lin ked di -
sea ses (Zhang et al., 2022), and even spo ra dic di sea ses can also mi mic the
SCA phe noty pe. Leu kodystrop hies, mi to chon drial cyto pat hies such as
Kearns-Say re syndro me, MERRF, MELAS, NARP, or Leigh syndro me; as
well as Frie dreich's ata xia, fra gi le X syndro me, pro gres si ve myo clo nus and
epi lep sies and mul ti ple system atrophy (MSA) must be considered before
diagnosing a SCA (Manto et al., 2020).

Even when fa mily his tory may not in di ca te a risk for the pa tient to pre -
sent a SCA, it is im por tant to con si der that the re are cer tain types of SCAs
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that show a late on set of ata xia symptoms, as is the case of SCA6 (So lod kin & 
Go mez, 2012). In ad di tion, the phe noty pic va ria tion of pyra mi dal or ex -
trapy ra mi dal signs that could mask ata xia in any fa mily mem bers should be 
con si de red. Lastly, a pos si ble fal se paternity should be considered.

SCA treatments
Treat ments for SCAs are cu rrently a sub ject of study in the me di cal and
scien ti fic com mu nity. Even though some be ne fits have been re por ted on
the re lief of ata xia in SCA6 pa tients when they are me di ca ted with drugs
such as 5-hydroxytryptop han or bus pi ro ne and ace ta zo la mi de (Ta kei et al.,
2005; Under wood and Ru bins ztein, 2008), or a de crea se in ex tra ce re be llar
symptoms of pa tients with SCA2 and SCA3 when me di ca ted with aman ta -
di ne, le vo do pa, and do pa mi ner gic ago nists (Park et al., 2015), the be ne fit
with phar ma co lo gi cal treat ments is still li mi ted.

The non-phar ma co lo gi cal treat ment with tha la mic deep brain sti mu la -
tion sup pres ses tre mor in pa tients with SCA2 (Pir ker et al., 2003). In ad di -
tion, re gu lar physi cal the rapy in all ca ses of SCAs is re com men ded. Cli ni cal
re ports show a tran sient im pro ve ment in gait con trol and hand tre mor,
both in pa tients fo llo wing an exer ci se re gi men and in tho se using ort ho sis
(Freund and Stetts, 2010; Se rrao et al., 2017). Ho we ver, the pro gres sion of
neu ro de ge ne ra tion per sists, for cing pa tients to use a wheel chair and to
depend entirely on the primary caregiver.

Use of animal models in the study of SCAs
To un ders tand the mo le cu lar and pat hoph ysio lo gi cal me cha nisms of SCAs,
the use of ge ne ti cally ma ni pu la ted ani mals to emu la te hu man di sea ses is
es sen tial. In the field of SCA re search, mu ri ne mo dels are the most wi dely
used, both to emu la te the dis tinct types of SCAs in or der to test the ef fec ti ve -
ness of new ge ne tic the ra pies pro po sed to in hi bit the neu ro de ge ne ra tion
in du ced by the ac cu mu la tion of mu ta ted SCA pro teins and, to test whet her
cell the rapy using stem cell trans plants pro mo tes the ge ne ra tion of new
neu rons to re pla ce the lost ones (Xia et al., 2004). A spe cial emp ha sis has
been pla ced on pre ven ting the ano ma lous fol ding and ag gre ga tion of mu ta -
ted pro teins, through the ove rex pres sion of cha pe ro nins such as HSP70 or
the ap pli ca tion of his to ne dea cety la se in hi bi tors such as di val proex so dium
in af fec ted neu rons (Cum mings, 2001; Wang et al., 2018).

Transgenic mice as animal models for SCAs
De ve lo ping trans ge nic mu ri ne mo dels to study SCAs has tur ned out to be
qui te a challen ge, be cau se as part of the met ho do logy it is ne ces sary the in -
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jec tion of a li near DNA se quen ce that con tains the pro mo ter re gion of the
SCA gene to be mo de led, as well as the gene se quen ce with the ex pan sion of
the de si red gene. The ani mals ge ne ra ted with this met ho do logy have two
pro blems. The first is that the le vels of pro tein ex pres sion are so high that
the ani mals die in utero. The se cond pro blem is the op po si te ef fect, i.e., the
mu tant pro tein has an ex tre mely low ex pres sion, cau sing that neit her the
phe noty pe nor the signs sought for the SCA of in te rest can be ob ser ved, or
al ter na ti vely, that the first signs of the di sea se take months to ap pear.

To avoid the se tech ni cal pro blems, re sear chers have de ve lo ped new mo -
dels using con di tio nal trans ge nic mice. In the se ani mals it is pos si ble to re -
gu la te the ex pres sion of the gene of in te rest eit her by ove rex pres sing it, lo -
we ring the ex pres sion le vels or sup pres sing the ex pres sion al to get her. Re -
gu la tion is achie ved through the pre sen ce or ab sen ce of an enz yme, drug, or 
hor mo ne ana log, which is sup plied to the trans ge nic ani mal. This stra tegy
has been used to mo del SCA3 by using the CamKII gene pro mo ter and the
MJD77 gene to emu la te the cha rac te ris tics of the di sea se seen in hu mans.
This mo del sho wed for the first time that the ce re be llar ex pres sion of the ex -
pan ded ATXN3 pro tein is not es sen tial to in du ce a neu ro lo gi cal phe noty pe,
sin ce the neu rons of the fo re brain are more sen si ti ve to the to xi city of this
mu ta ted protein and that sensitivity is enough to generate an ataxic
phenotype (Schmidt et al., 2019).

In com bi na tion with the use of the drug doxycycli ne, re sear chers have
de ve lo ped con di tio nal trans ge nic mice that dis play a pro gres si ve neu ro lo -
gi cal phe noty pe, cha rac te ri zed by hype rac ti vity, im pai red mo tor lear ning,
weak per for man ce on the ro ta rod test, re du ced body weight, and ge ne ra -
tion of in tra nu clear in clu sions in neu rons, all the se fea tu res found in hu-
man patients with SCA3 (Schmidt et al., 2019).

Using in vivo mag ne tic re so nan ce spec tros copy (MRS) in a con di tio nal
mice mo del of SCA1, neu ro trans mit ters and me ta bo li tes con cen tra tions
du ring neu ro de ge ne ra tion have been es ti ma ted in a non-in va si ve way (Öz
et al., 2015). Trans fe rring this tech no logy to cli ni cal trials could help to eva -
lua te the ef fec ti ve ness of new therapies in preclinical and clinical trials.

Knock-in mice (KI mice) have also been used for the study of SCAs. In KI 
mice, the se quen ce of the gene of in te rest is mo di fied by one-for-one sub sti -
tu tion with a trans ge ne, or by the ad di tion of a gene se quen ce not found
wit hin the lo cus (in ser tion). Mo dels of SCA1, SCA3 and SCA7 have been ge -
ne ra ted using this tech ni que (Fus co et al., 2021; Haas et al., 2022). Ho we ver,
the main di sad van ta ge of the se mo dels is that, by using the en do ge nous
pro mo ters of the ge nes of in te rest the ex pres sion is weak com pa red to that
of the con di tio nal trans ge nic mice. An exam ple of this ef fect was found in
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KI Sca1(78Q) mice, whe re the mice had a mu ta ted alle le con tai ning a 78-re -
peat CAG ex pan sion in the SCA1 gene. Ho we ver, even though this ex pan -
sion is con si de red to xic, the mice did not pre sent a se ve re ata xic phe noty pe,
only slight coor di na tion pro blems. Furt her mo re, when the mice rea ched an
age of 24 months and their brains were analy zed his to lo gi cally, not sig ni fi -
cant chan ge from the con trol group was ob ser ved (Lo ren zet ti et al., 2000).
Ho we ver, more re cent stu dies show that KI mice with the ATXN1(154Q)
gene dis play a typi cal and pro gres si ve ata xic phe noty pe. The se mice also
dis play a chan ge in mood that can be quan ti fied, in di ca ting that mu ta ted
ex pres sion of the ATXN1 gene contributes directly to the levels of anxiety
and depression present in patients with SCA1 (Huang et al., 2022).

Use of lentiviruses in the generation of SCA models
Lentiviruses be long to the Retroviridae fam ily of vi ruses and are ca pa ble of
transfecting di vid ing cells and cells that are not ac tively di vid ing, such as
neu rons. This char ac ter is tic dis tin guishes them from other retro virus es
(Maes et al., 2019). Lentiviruses are made up of a re verse tran scrip tase pro -
tein which con verts RNA into dou ble-stranded DNA, and of a DNA
integrase pro tein re spon si ble for in te grat ing the dou ble-stranded DNA to
the host ge nome. These com po nents con sti tute the vi ral core, which is also
sur rounded by an en ve lope gen er ated dur ing the bud ding pro cess of the
host cell mem brane. The use of lentiviruses to ex press transgenes in the
cen tral ner vous sys tem has in creased in the last ten years. In the study of
SCAs, lentiviruses have been used to transfect the cer e bel lum of mice and
thus em u late SCA14. In this case, the lentiviruses were used as vec tor to in -
tro duce and overexpressed in Purkinje cells a mu tated ver sion of the pro -
tein kinase C gamma (mu tant PKCg). This ma nip u la tion changes the mem-
brane translocation ki net ics of na tive PKCg. The pres ence of mu tant PKCg,
interfers with syn ap tic prun ing pro cesses in postnatal day 6 (P6) and with
syn ap tic plas tic ity and trans mis sion in P21 com pared to the con trol group
(Shuvaev et al., 2011). These al ter ations may be the mo lec u lar mech a nism
for SCA14 pathogenesis.

Len ti vi ru ses have also been used to ge ne ra te a mo del of SCA3 in rats, ai -
med to test whet her the ex pres sion of a mu ta ted ver sion of ATXN3 in the
sub stan tia nigra – a re gion af fec ted in pa tients with SCA3, and in cor tex and 
stria tum –re gions that have not been re por ted as af fec ted in pa tients with
SCA3, par ti ci pa te in the etio logy of the neu ro lo gi cal symptoms seen in hu -
mans. The re sults show that the in jec tion of len ti vi ru ses carr ying the mu ta -
ted ver sion of ATXN3 into the three re gions cau se neu ro de ge ne ra tion, sug -
ges ting that neu ro de ge ne ra tion of such re gions could be in vol ved in the
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etio logy of symptoms such as dysto nia and chorea occurring in some pa-
tients with SCA3 (Boy et al., 2009).

Anot her exam ple of the use of len ti vi ru ses to ge ne ra te an ata xia mo del
is that of SCA7. In this case, the re sear chers cons truc ted and in jec ted a len ti -
vi rus with the trun ca ted ver sion of the ATXN7 gene (100Q) into the ce re be -
llum of adult mice. The ex pres sion of this pro tein in du ced ce re be llar his to -
lo gi cal chan ges like tho se found in post mor tem analy zes of brains from pa -
tients with SCA7. Among the fin dings are in tra nu clear ag gre ga tes in Pur -
kin je cells (PC), loss of synap tic mar kers, neu roin flam ma tion and neu ro nal
death. In ad di tion, a co rre la tion bet ween the nu clear in clu sions of ATXN7
and the nu clear ac cu mu la tion of spe ci fic pro teins that bind to RNA, such as
the FUS/TLS and MBNL pro teins was found. The ac cu mu la tion of the se
pro teins in the nu cleus sug gests that they in ter fe re with al ter na ti ve splicing 
processes of multiple mRNAs, causing neuronal death (Alves et al., 2016).

Adeno Associated Viruses (AAV) for generation of SCA models
AAVs are part of the Par vo vi ri dae fa mily and are small, non-en ve lo ped vi ru -
ses. AAVs es ta blish a la tent in fec tion and main tain an ex trach ro mo so mal
ge no me, whe re they can re pli ca te au to no mously (Maes et al., 2019). Re -
cently, AAV strains have been crea ted and se lec ted such as that, when in jec -
ted into the bloods tream, can cross the blood-brain ba rrier and ef fec ti vely
trans fec ting both glial cells and neu rons (Maes et al., 2019). Using this tech -
no logy to ove rex press the mu ta ted ATXN3 gene (89Q) un der the spe ci fic
con trol of a neu ro nal pro mo ter in adult mice, it has been pos si ble the crea -
tion of a mou se mo del of SCA3 di sea se. In this mo del, a de crea sed ex pres -
sion of the orp han re ti noid-re la ted re cep tor pro tein a (RORa) was ob ser ved
(Wa ta na ve et al., 2019), cau sing the de ge ne ra tion of Pur kin je neu rons, as
well as a mo tor de fi cit. The im por tan ce of RORa is be cau se this pro tein can
re gu la te the trans crip tion of at least 6 brain trans crip tion fac tors (Sa ra cha -
na and Hu, 2013).

AAVs have not only been used to in sert mu ta ted ata xin gene se quen ces.
Cu rrently, they are used to knock out the ex pres sion of pro teins known to
chan ge their ex pres sion le vels in the pre sen ce of mu ta ted ata xins and that
are cri ti cal in ac ti va ting neu ro nal death pro ces ses du ring the di sea se and
for the ap pea ran ce of signs. For exam ple, in adult mice, the in jec tion of
AAVs en co ding RNA in ter fe ren ce (RNAi) that pre vents or de crea ses the ex -
pres sion of the RORa pro tein, – a pro tein that chan ges its ex pres sion le vels
in the pre sen ce of the ata xin-3 pro tein, cau ses Pur kin je neu rons death, mo -
tor lear ning de fi cits, and ce re be llar ata xia. Hen ce, it is con fir med that this
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pro tein plays a cri ti cal role in the death of Pur kin je neurons, which gives
rise to ataxic symptoms in SCA3 (Yasui et al., 2021).

Gene therapy in cellular and animal models of SCAs
Gene the rapy pro vi des an im por tant means for re pai ring mu ta ted ge nes as -
so cia ted with polyQ ex pan sion di sea ses. For exam ple, RNAi and an ti sen se
oli go nu cleo ti des (ASO) are po ten tially ef fec ti ve the ra peu tic stra te gies to
treat SCAs, eit her by in hi bi ting mRNA ex pres sion, eli mi na ting CAG ex pan -
sions through se lec ti ve met hods, or by si len cing mu ta ted ata xin ge nes (Ko -
tows ka-Zim mer et al., 2020; Xia et al., 2004). Re cently, a ce llu lar mo del of
dif fe ren tia ted hu man neu rons has been de ve lo ped. This mo del is ba sed on
the use of fi bro blasts from pa tients with SCA3 to pro du ce hu man in du ced
plu ri po tent stem cells (hiPSC) (Fang et al., 2021). By us ing this ce llu lar mo -
del and the CRISP/CAS9 gene tech no logy, it has been pos si ble to co rrect the
ab nor mal CAG se quen ce (74 CAG) and re pla ce it with nor mal re peats (17
CAG) by ho mo lo gous re com bi na tion. With this ma ni pu la tion, the co rrec -
ted SCA3-hiPSCs re tai ned the nor mal plu ri po tent kar yoty pe (He et al.,
2021). In ad di tion, the co rrec tion allo wed the se cells to be co me neu ral stem
cells, to la ter dif fe ren tia te into neu rons, which ex press neu ro nal mar kers
and elec troph ysio lo gi cal cha rac te ris tics like nor mal hiPSC-de ri ved neu -
rons (He et al., 2021).

Be cau se the physio lo gi cal func tion of many of the ata xins with nor mal
polyQ se quen ces and the role they play throug hout hu man on to geny is unk -
nown, the sa fest the ra peu tic stra tegy to treat the ove rex pres sion of mu ta -
ted ge nes in pa tients with SCAs should be pre fe ren tially to mo du la te the ex -
pres sion of mu tant va riants, lea ving nor mal pro teins ex pres sion in tact. To
se lec ti vely si len ce mu ta ted alle les, re sear chers have used the sin gle nu cleo -
ti de poly morp hism (SNPs) lin ked to re peat ex pan sions. Ho we ver, this ap -
proach has li mi ta tions, sin ce the RNAi di rec ted to wards the se SNPs must
be per so na li zed for each pa tient. A stra tegy that ena bles the rapy in a broa -
der group of pa tients re qui res de tec tion of the PolyQ length of both nor mal
and mu ta ted alle les. Sin gle-stran ded oli go nu cleo ti des po tently and se lec ti -
vely si len ce the expression of abnormal forms of the alleles of mutant genes
(Vázquez-Mojena et al., 2021).

Some ot her ap proa ches in clu de the use of synthe tic mo le cu les such as
pep ti de-nu cleic acids, which are poly mers like DNA and RNA with the par ti -
cu la rity that they have the che mi cal sta bi lity of a pro tein and can sto re in -
for ma tion like DNA mo le cu les. The se mo le cu les are known as ANPs. The in -
te rac tion bet ween the se sin gle-stran ded synthe tic mo le cu les with the DNA
strands is usually very sta ble. Ho we ver, gi ven their hydrop ho bic na tu re,
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they are dif fi cult to in tro du ce into cells. To over co me this di sad van ta ge,
RNA ana lo gous mo le cu les have been used, which con tain a meth yle ne brid -
ge bet ween the 2'-O and 4'-C po si tions of ri bo se and are also known as loc -
ked nu cleic acid (LNA). This che mi cal mo di fi ca tion allows ther mal sta bi lity
of the oli go nu cleo ti des. In con trast to the neu tral ami de back bo ne of ANPs,
LNAs have a ne ga ti vely char ged phosp ho dies ter in their struc tu re, allo wing
ca tio nic li pids to in tro du ce the se mo le cu les into cells. LNA-like oli go mers
are cu rrently being tes ted in cli ni cal trials (Hu et al., 2009). Nanobio tech -
nol ogy in combination with thermostable LNAs are the future of thera-
peutics in genetic therapy.

Summary
The cli ni cal cha rac te ris tics of pa tients with SCA are highly he te ro ge neous.
To pro vi de neu ro lo gists with a gui de to iden tify the type of ata xia that the
pa tient suf fers from the cli ni cal symptoms that him/her dis play, SCAs have
been grou ped into two ma jor sub types. The first group is that of pure ata -
xias, in which ata xia is the first sign dis pla yed in the pa tient at the on set of
the di sea se, e.g., SCA12, SCA10, SCA31 and SCA6. A se cond group is that in
which mul ti ple signs such as vi sual loss, par kin so nism, hea ring loss, cho -
rea, or dysto nia, among ot her symptoms ap pear si mul ta neously, or ear lier
than the sign of ata xia (Ros si et al., 2014; Schöls et al., 2004). Cu rrently, the
diag no sis of which sub type of ata xia a pa tient suf fers is de ter mi ned by the
re sult of a PCR test, ai med at iden tif ying the SCA gene that is sus pec ted to
af fect the pa tient, as well as the es ti ma tion of the ex pan sion of the CAG tri -
plet re peat in the alle les. The main rea son why ge noty ping is the only way to
de ter mi ne the type of SCA is due to the wide over lap of cli ni cal symptoms
that exists bet ween the dif fe rent sub types, as well as the li mi ted cli ni cal in -
for ma tion avai la ble for each sub type. Cu rrently, mo lec u lar analy sis is the
only al ter na ti ve for diag no sis (Man to et al., 2020; Ros si et al., 2014; Schöls et
al., 2004). To of fer more tools for diag no sis, the use of ar ti fi cial in te lli gen ce
is wa rrant. In or der to build a cli ni cal diag nos tic al go rithm that na rrows the 
iden ti fi ca tion of the type of SCA to be trea ted, it is very im por tant that cli ni -
cal re ports des cri be in an ex ten si ve and de tai led man ner the symptoms and
signs of pa tients for each of the non-pure forms of SCA.

Mo le cu lar cli ni cal re ports and re search in SCA ani mal mo dels have con -
fir med the im por tan ce of kno wing the size of the PolyQ ex pan sion, sin ce it
is re la ted to the se ve rity of cli ni cal symptoms, the time of on set of the di sea -
se and its prog no sis. Des pi te this, cu rrently most la bo ra tory tests only es ti -
ma te if one of the alle les of the ge nes sus pec ted of being mu ta ted con tains a
lon ger ex pan sion than that of the non-mu ta ted gene, and only a few la bo ra -
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to ries re port the num ber of re peats of CAGs that con tains the mu ta ted alle -
le. This is due to the dif fi culty for se quen cing the nu cleo ti de-rich re gions of
CAGs. Until now, sin ce SCAs are con si de red rare di sea ses, the re is litt le in -
te rest in ac cu ra tely de ter mi ning the length of polyQ ex pan sions in mo le cu -
lar diag nos tics in the cli nic. Ho we ver, kno wing this data in the diag no sis of
pa tients is re le vant, as can be in fe rred from scien ti fic re ports using mo dels
of SCAs in mice in which the effectiveness of potential gene therapies could
vary depending on the length of the polyQ expansion.

Most of the ge nes res pon si ble for the ge ne ra tion of the dis tinct types of
SCAs have been iden ti fied in the last two de ca des. Ho we ver, in se ve ral ca -
ses, the physio lo gi cal role that the pro teins en co ded by the se ge nes play in
the me ta bo lism of neu rons and ot her cell types is unk nown. The search for
the se func tions in both health and di sea se are a mat ter of cu rrent re search,
but the re is still a long way to go in this regard.

Cu rrently, new gene the ra pies allow us to re du ce or si len ce ex pres sion
of the mu ta ted ge nes as so cia ted with SCAs in vivo using vi ral vec tors, or to
edit the ab nor mal ver sions of the ge nes using CRISPR/CAS9 tech no logy in
mu ri ne mo dels of dif fe rent ata xias, and more re cently, in hu mans. Ho we -
ver, the se con dary ef fects of the in ser tion of exo ge nous ge ne tic ma te rial,
the sta bi lity of the RNAs that sup press the trans crip tion of ab nor mal ge nes,
the to le ran ce to their trans crip tion over time (po ten tially for de ca des), and
ot her se con dary ef fects in ge ne ti cally in ter ve ned pa tients are still com ple -
tely unk nown. The se ques tions will only be answered over time and with a
wider use of this technology in humans.

The use of mu ri ne mo dels for the study of the dif fe rent SCAs has li mi ta -
tions. For exam ple, in some ca ses the le vels and pat terns of ex pres sion of
ata xin gene mu tants in the brains of dis tinct spe cies vary. This can di rectly
in fluen ce the se ve rity and type of the neu ro pat ho lo gi cal ma ni fes ta tion that
is in du ced, dis tor ting the re sults ob ser ved in the SCA mo del for each spe cie
used. The re fo re, it is im por tant that scien ti fic re ports al ways warn of this
pro blem, and in ter pret the results obtained in animal models with caution.

Lastly, it is im por tant to men tion that ani mal mo dels of SCAs are not li -
mi ted to the use of ver te bra tes. In the scien ti fic li te ra tu re, the use of in ver -
te bra te ani mals has been wi dely re por ted. The re la ti ve ease for bree ding
and ge ne ti cally ma ni pu la ting the se ani mals with the ano ma lous ver sions of 
the ge nes of the dif fe rent SCAs, allows not only to in du ce mo tor pro blems
like tho se ob ser ved in hu mans, but also to eva lua te and quan tify them ob -
jec ti vely. In ad di tion, sin ce the com ple te ge ne tic se quen ce of the se ani mals
is avai la ble, it is pos si ble to ac ce le ra te the iden ti fi ca tion of the pro teins that
are af fec ted in the pre sen ce of the mu ta ted ver sion of the gene as so cia ted
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with some SCA, and that, potentially, also participate in the neurode gen er -
a tion process during the illness.

The iden ti fi ca tion of po ten tial tar get pro teins for the treat ment of SCAs 
in in ver te bra te ani mal mo dels, in com bi na tion with new cell mo dels de ri -
ved di rectly from pa tients with dis tinct types of SCAs, will allow pro po sing
new ge ne tic stra te gies to co rrect ab nor mal polyQ ex pan sions in vivo and
dis co ver new drugs that relent the progression of SCAs
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VIII

Rat and human mothering: A
translational perspective

Alison S. Fleming
Mayra L. Almanza-Sepulveda

Introduction
This re view de scribes the his tory, ex pe ri ences, out look and re search of two
sci en tists who started their re search ca reers work ing on the neu ro sci ence
of ma ter nal and as so ci ated be hav iors in a fe male an i mal model, fol lowed by
stud ies of the psychobiology and neu ro sci ence of ma ter nal be hav ior in hu -
mans, es pe cially new moth ers. Alison S. Flem ing, now Emerita from the
Uni ver sity of To ronto, and re tired in Méx ico as a painter and a sculp tor and
Mayra L. Almanza-Sepulveda, a re cent post doc toral fel low, who worked
with Alison for many years and is on Psy chol ogy fac ulty at Universidad La
Salle Bajío, León, Méx ico.

Ali son: My trai ning in Beha vio ral Neu ros cien ce star ted at the Insti tu te
of Ani mal Beha vior (The IAB), an Insti tu te at Rut gers Uni ver sity star ted by
Da niel S Lehr man and over seen for many years by his co llea gue and my
men tor, Jay S Ro sen blatt. Being trai ned in the era of the et ho logy of Niko
Tin ber gen and de ve lop men tal pers pec ti ves of Ro bert Hin de, Zing Yang
Kuo, and Gil bert Got leib, our ap proach at the IAB was to first un ders tand
the com po nents and cha rac te ris tic of the spe cies-cha rac te ris tic beha viors,
and then to ex plo re the in te rac ti ve ef fects on their ex pres sion of en vi ron -
men tal and physio lo gi cal in fluen ces. At the time of my work at the IAB
when I ex plo red the beha vio ral and physio lo gi cal me cha nisms un derl ying
the ex pres sion of ma ter nal beha vior in a rat mo del, I ex plo red the ef fects of
cen tral and pe rip he ral le sions of the ol fac tory system on ma ter nal beha vior, 
as a func tion of the pa rity and ex pe rien ce of the fe ma les (vir gins vs pri mi pa -
rous vs mul ti pa rous mot hers). This in te rest in the ad di ti ve and in te rac ti ve
role of ma ter nal ex pe rien ce and of hor mo nes on ma ter nal brain and beha -
vior has gui ded all my work and was initiated in studies of the rat model of
mothering. Later in my career, I started my studies of human maternal
behavior.

May ra: My trai ning in Beha vio ral Neu ros cien ce star ted at the Insti tu te
of Neu ros cien ce of The Uni ver sity of Gua da la ja ra, at the EEG co rre la tion
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and beha vior lab with Dr Mi guel Gue va ra. We were in te res ted in in ves ti ga -
ting the physio lo gi cal ba ses of cog ni tion and their as so cia tion with mo ti va -
ted beha viors. Whi le ini tially we fo cu sed on se xual beha vior in the rat mo -
del, in sub se quent stu dies, I have ex plo red the role of cog ni ti ve func tion
and brain in as so cia tion with hu man mot he ring. Ma ter nal beha vior and se -
xual beha vior are among the two most highly mo ti va ted hor mo nally af fec -
ted beha viors that trig ger ac ti va tion and mo dify brain re ward cir cuitry in
both ani mal mo dels and hu mans. In our stu dies with rats, we ai med to de -
ter mi ne and es ta blis hed that the re oc curs grea ter in ter he misp he ric trans -
fer in the me dial pre fron tal cor tex (mPFC) in se xually mo ti va ted male rats
who per form bet ter on a wor king me mory task that uti li zes se xually-spe ci -
fic re wards. Our fin dings with ani mal mo dels sho wed that the in cen ti ve va -
lue of se xual in te rac tion, used as a re war ding sti mu lus, fa ci li ta tes wor king
me mory res pon ses in rats. Asking a si mi lar ques tion, among hu man
mothers, the incentive value of an interaction with the baby has also been
associated with enhanced brain activation and increased executive
function.

With a fo cus on de ter mi nants of ma ter nal beha vior, the ba sic stra tegy
we adop ted in our la bo ra tory has been to first des cri be in the rat mo del, the
com po nents of ma ter nal beha vior and the ma jor psycho lo gi cal chan ges
that are as so cia ted with its ex pres sion at the time of par tu ri tion; then con si -
der how each of the hor mo nes that un der go chan ge du ring preg nancy, par -
tu ri tion, lac ta tion, and wea ning af fect tho se ma ter nal and the as so cia ted
beha viors. We ex plo re the role of sen sory fac tors, es pe cially ol fac tion, and
of ex pe rien ce in the re gu la tion or ef fect on mot he ring. The se in clu de ex pe -
rien ces of the new mot her post par tum that en su res the main te nan ce of ma -
ter nal beha vior when hor mo nes are no lon ger ef fec ti ve (‘ma ter nal me -
mory’) and also the lon ger-term ef fects on mot he ring of mot hers’ ear lier ex -
pe rien ces du ring their neo na tal and ju ve ni le pe riods. Fi nally, we ex plo re
the role of dif fe rent brain systems and their in ter con nec tion in the re gu la -
tion of both hor mo nally and non-hor mo nally me dia ted ma ter nal beha vior.
In recent years we have extended this work to consider how the mothers’
genotype influences the action of both hormones and experience.

The aim of this chap ter is to des cri be the be ne fits of trans la tio nal re -
search whe re stu dies of the rat mo del have furt he red our un ders tan ding of
the re gu la tion of hu man ma ter nal beha vior and whe re we can des cri be spe -
cies’ si mi la ri ties and their dif fe ren ces. We first des cri be some of the met ho -
do lo gi cal is sues in the study of ani mal and hu man mot he ring, fo llo wed by
exam ples pre do mi nantly from our lab, but also from the wi der li te ra tu re,
that illustrate this translational approach.
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Methodology
Although re search on the physio logy of hu man pa ren ting has been sti mu la -
ted by ani mal work, it has de pen ded on very dif fe rent re search stra te gies
than tho se usually found in ani mal stu dies. Whe reas ani mal work usually
in vol ves ob ser ving beha vior in the la bo ra tory un der re la ti vely con tro lled
en vi ron men tal con di tions and in ‘la bo ra tory’ (of ten in bred) ani mals with
known and con tro lled prior ex pe rien ces, hu man beings have he te ro ge -
neous back grounds and ex pe rien ces and, in ge ne ral, are ob ser ved un der
qui te va ried con di tions, as in the home or hos pi tal set ting.

With res pect to mea su re ment, ma ter nal beha vior in ani mals is usually
clearly de fi ned by the spe cies-typi cal beha vio ral re per toi re ex hi bi ted by
adults in res pon se to in fants. In the rat, for exam ple, this re per toi re in clu -
des the nest buil ding, pup-re trie val into the nest, lic king of pups, – both ge -
ne ral body and anogenital– adop ting a nur sing pos tu re over pups and de -
fen ding the nest and young from per cei ved ‘in tru ders’ (Lévy et al., 2015; Nu -
man, 2020; Nu man et al., 2006).The in ten sity of the se beha viors is es ta blis -
hed through daily ti med ob ser va tions of mot her rats with their own
offspring or vir gin rats with fos ter pups (Fle ming and Sar ker, 1990; Lons -
tein and Fle ming, 2001). Some stu dies ex plo re the re war ding va lue of pups
by tes ting ani mals in a skin ner box whe re the ani mal is re qui red to
bar-press for pups (Lee et al., 1999). In ot her ca ses, the speed and wi lling ness 
for the ani mal to cir cum vent a barrier to reach pups is used as a measure of
motivation (Morgan et al., 1992).

In hu man beings, by con trast, ‘beha vior’ is as ses sed in a wi der va riety of
ways: by as sess ments of physio lo gi cal res pon ses to in fants and their cues,
em plo ying eit her au to no mic mea su res or en do cri ne mea su res (see re views: 
Alman za-Se pul ve da et al., 2020; Feld man and Ba ker mans-Kra nen burg,
2017; Salt zman and Maes tri pie ri, 2011); by he do nic or re cog ni tion res pon -
ses to spe ci fic in fant cues (Fle ming et al., 1987; Fle ming et al.,1997; Salt zman
and Maes tri pie ri, 2011); by analy sis of mot hers’ ex pres sed fee lings and at ti -
tu des mea su red by their res pon ses in semi-struc tu red in ter views, or to at ti -
tu de items on ques tion nai res (O’Don nell et al., 2014); or, by analy sis of mot -
hers’ in te rac ti ve beha vior with their in fants, em plo ying eit her ra tings of ge -
ne ral at tri bu tes across dif fe rent beha viors, such as ma ter nal sen si ti vity, or
co ding of par ti cu lar ma ter nal beha viors (Ains worth, 1979; Ba rrett and Fle -
ming, 2011; Fle ming et al., 1988; Jo nas et al., 2015; Mi le va-Seitz et al., 2011;
Pe der son and Mo ran, 1999). Sen si ti vity has been an ever-in crea singly used
mea su re of ma ter nal res pon si ve ness to in fants; in most ca ses, it is ra ted on
the ba sis of di rect ob ser va tions of mot her-in fant in te rac tion. It has the ap -
pa rent ad van ta ge of trans cen ding par ti cu lar mo tor pat terns of ma ter nal
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beha vior and thus would ap pear to of fer more ge ne ra lity than some
measures, but at the same time suffers from the problem of whether rating
judgments can be made across different cultural contexts and across
different infants.

The re are also clear dif fe ren ces in the ani mal and hu man work in re -
search de sign. Whe reas the study of the physio logy of pa ren ting in ani mals
tends to be in va si ve and in vol ve sur gi cal and ot her ex pe ri men tal ma ni pu la -
tions, ana lo gous hu man stu dies use co rre la tio nal, non-in va si ve stra te gies.
The role of a hor mo ne in the re gu la tion of mot he ring in rats is es ta blis hed
first by as ses sing how beha vior chan ges when the en do cri ne or gan that pro -
du ces it is re mo ved and then by furt her chan ges in beha vior with its sub se -
quent re pla ce ment. This is how the ro les of es tro gen, pro ges te ro ne, and
pro lac tin were first es ta blis hed (Brid ges, 1984; Lons tein et al., 2015; Stol zen -
berg and Cham pag ne, 2016). Si mi lar stra te gies are adop ted when ex plo ring
whe re in the brain and on which re cep tors the hor mo ne acts, with first a le -
sion of the site con tai ning the re le vant re cep tors or use of neu ro che mi cal or
hor mo nal an ta go nists and then the in tra cra nial re pla ce ment of the hor mo -
ne into the brain. The role of oxy to cin (OT) in the mix was clearly es ta blis -
hed in this way (Brid ges, 1984; Lons tein et al., 2015; Pe der sen, 1997; Pe der sen 
et al., 1991; Stol zen berg and Cham pag ne, 2016). Si mi lar stra te gies are adop -
ted when stud ying the role of brain neu ro trans mit ters in ma ter nal beha -
vior. Do pa mi ne and se ro to nin stu dies for ins tan ce, used this ap proach
(Afon so et al., 2008, 2009 & 2011; Mi le va-Seitz et al., 2011; Nu man and Stol -
zen berg, 2009; Ola zá bal et al., 2013). Fi nally, so me ti mes in the rat model
measurements of hormones and neurotransmitters are done and behavior
is measured simultaneously (see review: Lonstein et al., 2015; Numan,
2020).

In con trast, in or der to ex plo re the role of hor mo nal fac tors in the re gu -
la tion of hu man ma ter nal beha vior, stu dies may mea su re con cen tra tions of 
bio lo gi cally ac ti ve hor mo nes or their me ta bo li tes in blood plas ma, sa li va, or
uri ne and co rre la te the se with on going beha vior (Fle ming et al.,1997; Gon -
za lez et al., 2012; Gon za lez et al., 2009; Jo nas et al., 2018; Wort hman and Sta -
llings, 1997). Alter na ti vely, re sear chers may mea su re acu te chan ges in hor -
mo nes in res pon se to the con tro lled pre sen ta tion of sti mu li or events, as in
the pre sen ta tion of cries or “stress ors”, or in res pon se to the ad mi nis tra tion
of ot her hor mo nes or che mi cals (for a re view: Alman za-Se pul ve da et al.,
2020). Yet anot her stra tegy that has been adop ted to de ter mi ne the role of
hor mo nes in hu man beha vior is to eva lua te beha vio ral chan ges as so cia ted
with na tu ral chan ges in the re pro duc ti ve cycle; for ins tan ce, across the
mens trual cycle, pu berty, the pre- and post par tum pe riods or me no pau se.
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This stra tegy has been adop ted when com pa ring preg nant with post par tum 
wo men, as in com pa ri sons of cog ni ti ve func tion across the par tu ri tio nal
pe riod (Paw lus ki et al., 2021). In some ins tan ces, as with the con tra cep ti ve
pill, beha vior may also be assessed in relation to the administration of
exogenous hormones. (Bridges, 2020; Holtfrerich et al., 2016; Weisman et
al., 2014).

Fi nally, in some ca ses whe re en do cri ne di sor ders exist, as with the adre -
no ge ni tal syndro me (in vol ving over pro duc tion of an dro gens by the fe tal
adre nal gland) or tes ti cu lar-fe mi ni za tion syndro me (whe re cer tain an dro -
gen re cep tors are ab sent), it is pos si ble to com pa re the beha vior of peo ple
suf fe ring from the en do cri ne di sor der with the beha vior of si blings or ot her 
mat ched con trols. This has been an ap proach when ex plo ring is sues of sex
or gen der dif fe ren ces (Hi nes, 2020). In ge ne ral, the hor mo nes that have
been in ves ti ga ted most tho roughly in the con text of pa ren tal beha vior are
the ste roid hor mo nes known to be ele va ted du ring hu man preg nancy or
par tu ri tion and/ or known to play a role in pa ren tal beha vior in ot her ani -
mals. In the fe ma le, the se in clu de the ste roid hor mo nes, es tro gens and pro -
ges te ro ne, pro du ced by the pla cen ta and ova ries; cor ti sol, pro du ced by the
fe tal and ma ter nal adre nal glands; and the protein hormones, prolactin and 
OT, produced by the maternal pituitary gland (Lonstein et al., 2015; Numan,
2020).

In ad di tion to co rre la ting en do cri ne pro fi les and res pon ses with beha -
vior, physio lo gi cal sta tes and res pon ses to dis cre te sti mu li, or du ring ac tual
mot her-in fant in te rac tion are as ses sed using in di ces of au to no mic ac ti vity,
in clu ding heart rate, blood pres su re, and gal va nic skin res pon se (Do no van
and Lea vitt, 1985). In as ses sing pa ren tal res pon ses, the pre sen ted sti mu li
are in ge ne ral in fant – re lated cues in clud ing – cries, odors, vi deo ima ges,
and the in fant it self. Dif fe rent pat terns of autonomic responses are
assumed to have different meanings.

Fi nally, re la ti ve to the study of neu roa na tomy of beha vior in ani mals,
which de pends on in va si ve met ho do lo gies (in clu ding le sio ning, sti mu la -
ting and re cor ding from neu ral struc tu res deep wit hin the brain), our un -
ders tan ding of func tio nal neu roa na tomy as so cia ted to ma ter nal beha vior
in hu mans is ba sed al most en ti rely on func tio nal MRI and other
non-invasive technologies.

Most of the ma ter nal brain ima ging stu dies fo cus on neu ral ac ti va tion
pat terns to dif fe rent in fant sti mu li, for exam ple, in res pon se to crying,
words, vi deos, or ima ges with emo tio nally sa lient in fant sti mu li ge ne rally
com pa red own vs un fa mi liar in fant (Bar ba-Mü ller et al., 2019; Ba rrett et al.,
2012; Bjer trup et al., 2019; Du din et al., 2019; No riu chi et al., 2008; Sil ver man
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et al., 2011; Swain, 2008; Wonch et al., 2016). Sti mu li are cho sen to eli cit ma -
ter nal care-ta king res pon ses in mot hers com pa red with non-mot hers (Du -
din et al., 2019; Gre gory et al., 2015; Sei fritz et al., 2003), mot hers vs fat hers
(Ra no te et al., 2004; Swain, 2008) or de pres sed ver sus non-de pres sed pa -
rents (Ba rrett et al., 2012; Du din et al., 2019; Wonch et al., 2016) and so on.
The se stu dies have allo wed us to iden tify, in hu mans, brain re gions and
brain cir cuitry that are as so cia ted with ele va ted ma ter nal res pon si ve ness
and have been shown in ani mal stu dies to be im por tant for the ex hi bi tion of 
ma ter nal beha vior (Ba rrett and Fle ming, 2011; No riu chi et al., 2008; Nu -
man, 2020). Inclu ded among the si tes and systems are the ven tral teg men -
tal area, stria tum, amy gda la (AMY), in su la, cin gu la te cor tex, and or bi to -
fron tal cor tex. In our lab we have fo cu sed on the AMY, as this brain re gion
has been im pli ca ted in both the ma ter nal and af fec ti ve neu ral cir cuitry, and
is in vol ved in processing socioemotionally salient stimuli (Kim et al., 2016;
Swain, 2011) both in human and animal models (Lonstein et al., 2015).

Ho we ver, fMRI not only allows us to iden tify the ac ti va tion of a par ti cu -
lar brain re gion; it also allows for a func tio nal con nec ti vity ap proach, which
exa mi nes the tem po ral synchro ni za tion in BOLD sig nal chan ges that oc cur
across brain net works (for a re view: Eick hoff and Mü ller, 2015). For ins tan -
ce, a Re gion of Inte rest in a con nec ti vity analy sis could exa mi ne the res pon -
se of the AMY, an te rior cin gu la te cor tex, ven tral stria tum, hypot ha la mic
me dial preop tic area, co rres pon ding to the ma ter nal net work (Atzil et al.,
2011; Bjer trup et al., 2019; Swain et al., 2014), sug ges ting that the se brain
areas are co-ac ti va ted or that the re is an in ter-re la tions hip between them
associated with particular infant stimuli.

In short, the study of the psycho bio logy of hu man pa ren ting de pends
very hea vily on co rre la tio nal and mul ti va ria te stra te gies, which do not per -
mit de fi ni ti ve cau sal analy sis and which of ten use qui te he te ro ge neous po -
pu la tions. Ho we ver, with ani mal data as a back drop and through the use of
con ver gent analy tic ap proa ches, we may come clo ser to un ders tan ding
psycho bio lo gi cal me cha nisms of hu man pa ren ting. Thus, in a heu ris tic
stra tegy for mo ving bet ween stu dies of ani mal and hu man mot he ring, re -
search on rat mot hers pro vi des ap proa ches to the analy sis of more pro xi mal 
and me cha nis tic fea tu res of hu man ma ter nal beha vior. Re ci pro cally, the
work on hu man ma ter nal beha vior and its emp ha sis on the im por tan ce of
psycho lo gi cal fac tors yields use ful di rec tions in ani mal re search, including
the examination of variables such as mothers’ prior experiences and
affective state.

The next sec tion pro vi des exem plars of how ani mal work has pro vi ded
fod der for stu dies ex plo ring si mi lar ques tions in hu mans. Gi ven the fo cus
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of this chap ter, most of the ci ted stu dies are stu dies our lab has done which
illus tra tes this trans la tio nal ap proach. For the se exam ples we draw li be rally
from many of our own ot her pre vious re views; and in some ca ses, text is ta -
ken di rectly from tho se re views (Alman za-Se pul ve da et al., 2020; Cor ter
and Fle ming, 1995; Fle ming and Krae mer, 2019; Fle ming and Li, 2002; Lo -
ma nows ka et al., 2017; Lonstein et al., 2015).

The first exam ple des cri bes re sults in ani mals re la ting to the ro les of an -
xiety and cog ni tion and exe cu ti ve func tion, in mot he ring-first in the rat
mo del and then in hu mans. The se cond set of exam ples des cri bes stu dies
fo cu sing on the ef fects of early ad ver sity and ex pe rien ces early in life on the
de ve lop ment of ma ter nal and as so cia ted beha vior ex pres sed in adult hood.
The third exam ple illus tra tes how one hor mo ne, –and in fact, one that was
not for a long time known to be in volved– the so-ca lled stress hor mo ne,
adre nal glu co cor ti coid, has been shown to play a role in early ma ter nal and
as so cia ted beha viors in rat and hu man stu dies. The fi nal exam ple is more
re cent and in clu des a brief dis cus sion of how some hormone-related genes
may be involved in the regulation of mothering.

Due to spa ce cons traints, the se exem plars are ta ken pri ma rily from our
own stu dies and hen ce in clu de a very small pro por tion of the ever-ex pan -
ding re search on the psycho bio logy of ma ter nal beha vior which illus tra tes
the use ful ness of the ani mal mo del to gui de stu dies on hu man mot hers. We
apo lo gi ze for the se res tric tions. Sig ni fi cantly ab sent from this re view are
stu dies that ex plo re the role of brain cir cuitry, brain neu ro che mistry, and
mo le cu lar epi ge ne tics in the re gu la tion of ma ter nal beha vior in rat and hu -
man ma ter nal beha vior (see Nu man, 2020). Sig ni fi cantly ab sent as well
from this re view is the lar ge body of re search on psycho bio logy of mot he -
ring in ot her mam ma lian spe cies, in clu ding ex cep tio nal work on rab bits
(for a re view: Gon zá lez-Ma ris cal et al., 2016) and sheep (Lévy et al., 2019;
Poin dron et al., 2007). Inclu sion of outcomes from these species would have 
further enriched this comparative analysis.

Examples
Anxiety and maternal behavior
Rats
Non-mot her rats are of ten ‘neop ho bic’ and dis play high le vels of an xiety-re -
la ted beha viors, as in di ca ted in an xiety tests, by their cau tious ap proach to
and en ga ge ment with newly pre sen ted sti mu li and low ex plo ra tion of no vel
en vi ron ments (Fle ming et al., 1980, 1989; Fle ming and Lueb ke, 1981). In con -
trast, most new mot her rats are ge ne rally less neop ho bic, fear ful or an xious. 
This chan ge in emo tio nal re gu la tion in most mot hers con tri bu tes to the
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suc cess ful on set and main te nan ce of ca re gi ving. One of the pri mary sen -
sory systems that pre vents non-mot her rats (i.e., adult vir gins) from res -
pon ding ma ter nally, is the ol fac tory system. Pe rip he ral or cen tral manip-
ulations that pre vent ol fac tory in put from rea ching emo tion-re gu la ting re -
gions of the brain, in clu ding the AMY, re du ces pup-re la ted avoi dan ce in vir -
gin fe ma le rats (Fle ming et al., 1980; Fle ming and Ro sen blatt, 1974; Mor gan
et al., 1999; Nu man et al., 1993).

Most stu dies find that such a ge ne ral re duc tion in neop ho bia, fear, and
an xiety does oc cur af ter most fe ma les give birth, though and lasts for a few
days or up to about one week (Lons tein, 2005 & 2007). Some re duc tion in
neop ho bia, fear, and an xiety even ac com pa nies ma ter nal sta te in sen si ti zed 
nu lli pa rous fe ma le rats (Agra ti et al., 2008; Fe rrei ra et al., 2002; Pe rei ra et
al., 2005). This blun ting of ma ter nal emo tio nal reac ti vity could have im pli -
ca tions for many post par tum beha viors. Func tio nally spea king, it could af -
fect mot he ring beha viors by allo wing dams to ig no re re la ti vely be nign en vi -
ron men tal threats and ins tead fo cus on the pups. Re du ced an xiety post par -
tum may also per mit the ex pres sion of the ele va ted ag gres sion that dams
di rect to wards in tru ders to the nest (Lons tein and Gam mie, 2002), and
promote their foraging for food away from the nest (Woodside et al., 2012).

 It has been sug ges ted that a mo de ra te le vel of an xiety that is neit her too
high (ren de ring dams over-reac ti ve to threat) nor too low (ren de ring them
un der-reac ti ve) is op ti mal for ma ter nal abi lity to fo cus at ten tion on the
needs of the pups des pi te threats in the en vi ron ment (Ragan and Lonstein,
2014).

Humans
Sen si ti ve res pon ding to in fants re qui res that mot hers are af fec ti vely pre pa -
red to in te ract with them. Accor dingly, ma ter nal psycho lo gi cal well-being
greatly im pacts early hu man mot he ring. For many wo men, the first post -
par tum week is an ex ci ting and po si ti ve ex pe rien ce, one that maps on too
many chan ges in a mot her's awa re ness of her new role and the ex pe rien ce
of ‘fa lling-in-lo ve’ with the baby. Stu dies of the nor mal chan ges in an xiety
across the pe ri par tum pe riod and be yond in new mot her’s re port mi xed re -
sults, with some stu dies sho wing a de crea se in an xiety (Fi guei re do and
Con de, 2011; Ves ga-Ló pez et al., 2008), ot hers sho wing an in crea se in an -
xiety (Brit ton, 2008), and yet ot hers re por ting no chan ge (Leck man et al.,
1999).

The se dis cre pan cies may be due to dif fe rent met ho do lo gies used for as -
ses sing an xiety or the post par tum time when an xiety is eva lua ted (see Lons -
tein et al., 2015 for com ple te analy sis). For ins tan ce, Fi guei re do and Con de
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(2011) ob ser ved that com pa red to preg nancy, sta te an xiety re mains high
only du ring the first post par tum days, but then de crea ses across the first
three months post par tum. A va riety of hor mo nes, neu ro-pep ti des, and ot -
her neu ro che mi cals re lea sed or in hi bi ted when hu man mot hers re cei ve
suc kling or ot her tac ti le in puts from their in fants are pre su med to con tri -
bu te to a de crea se in an xiety, alt hough their me cha nisms of ac tion for this
pur po se in wo men are not par ti cu larly well stu died. Some li kely can di da tes
are tho se known through ex pe ri men tal work to act cen trally to af fect an -
xiety in post par tum ro dents, in clu ding OT, pro lac tin, va so pres sin, cor ti co -
tro pin re lea sing hor mo ne, GABA, no re pi neph ri ne and serotonin (Altemus
et al., 2004; Carter et al., 2001; Heinrichs et al., 2001; Lonstein, 2007;
Pawluski et al., 2017).

As poin ted out by Lons tein, Levy et al (2015) re gard less of the chan ges in
an xiety that oc cur for post par tum wo men as a who le, the re is still a sub po -
pu la tion of mot hers who ex pe rien ce a wor se ning of pre-exis ting an xiety
symptoms or the new on set of an an xiety di sor der. It has been sug ges ted
that up to 20–30% of wo men are truly af fec ted by high pe ri par tum an xiety
(Brit ton, 2005 & 2008; Faw cett et al., 2019; Matt hey et al., 2003). This high
an xiety cer tainly seems ma la dap ti ve be cau se it has a par ti cu larly ne ga ti ve
ef fect on ma ter nal ca re gi ving. Anxious mot hers show less warmth, more di -
sen ga ge ment, are more cri ti cal of their in fants, and are pro ne to ca tas trop -
hi zing (Moo re et al., 2004; Wha ley et al., 1999; Woo druff-Bor den et al.,
2002). The se cha rac te ris tics of an xious mot hers have de tri men tal con se -
quen ces for infant cognitive and socioemotional development (Glasheen et
al., 2010).

The host of in di vi dual, so cial and con tex tual va ria bles that con tri bu te to 
he te ro ge neity in pe ri par tum an xiety (Agra ti and Lons tein, 2016) (in clu de a
his tory of an xiety, so cioe co no mic sta tus, so cial sup port, fa ti gue, physi cal
exer ci se (Brit ton, 2008; McGuinn et al., 2022; Ves ga-Ló pez et al., 2008), and
in di vi dual dif fe ren ces in wo men's ge ne tic profile and physio logy (Eley,
2007; Mac beth and Lui ne, 2010). Furt her mo re, si mi lar to la bo ra tory rats,
physi cal con tact with in fants even wit hout suc kling tran siently re du ces an -
xiety (Hein richs et al., 2001), so the ti ming when post par tum wo men are as -
ses sed for an xiety relative to their last interaction with their infant becomes 
critical.

Fi nally, wo mens' early-life ex pe rien ces and the tem pe ra ment of their
in fants mo du la te post par tum an xiety (Agra ti et al., 2015; Agra ti and Lons -
tein, 2016). Mo reo ver, it is also li kely that mothers' an xiety it self may af fect
in fant tem pe ra ment through an xiety-re la ted al te ra tions in ma ter nal beha -
vior. Jo nas et al. (2015) found that among mot hers who did not breast feed at
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3 months, that mot hers' an xiety pre dic ted both re du ced ma ter nal sen si ti -
vity at 6 months and la ter ele va tions in in fant ne ga ti ve af fec ti vity over a year 
la ter. That is, breast fee ding ap pea red to pro tect mot hers from an xiety-re la -
ted effects on later maternal behavior and infant negativity.

Cognition and Executive Function
Rats
Mot he ring re lies to a great ex tent on good exe cu ti ve func tion which allows
the mot her to fil ter out in ter fe ren ce, an ti ci pa te the con se quen ces of ac tions 
and show adap ta tion to the en vi ron ment-pro ces ses that en su re the sur vi val 
and healthy de ve lop ment of the new born. Mot her rats with le sions to the
mPFC show im pai red at ten tion (re flec ted in at ten tio nal set-shif ting per for -
man ce) and in pre pul se in hi bi tion (re flec ted in a re duc tion in the am pli tu de 
of the acous tic start le res pon ses that af fect the smooth tem po ral se quen -
cing of ma ter nal beha viors as in pup re trie val and pup lic king (Afon so et al.,
2007). Also, rats rai sed wit hout mot hers show dif fi cul ties in their own ma -
ter nal beha vior and exe cu ti ve func tions such as at ten tion shif ting (Lo vic
and Fle ming, 2004), or im pul si vity (Lo vic et al., 2011), as so cia ted with de -
crea sed ma ter nal pup lic king and time spent crou ching over their own
pups, and less time spent in nest (Lo vic et al., 2011; Lo vic and Fle ming,
2004).

Si mi larly, stu dies show that ma ter nal se pa ra tions in early post na tal pe -
riod leads to chan ges in the adult’s at ten tio nal set-shif ting (Kuhn et al.,
1990; Leh mann et al., 2002; Plotsky et al., 2005; Rhees et al., 2001), as so cia ted 
with al te ra tions in brain de ve lop ment, as in per sis tent ele va tions in the
num ber of neu rons and sup por ting as tro glia cells in brain areas in vol ved in
the cir cuitry un derl ying ma ter nal beha vior (Chat ter jee et al., 2007). Furt -
her mo re, mot her rats ex po sed to ad di tio nal cor ti cos te ro ne ex press a bet ter
ma ter nal me mory (the long-term re ten tion of ma ter nal res pon si ve ness as a 
con se quen ce of rats’ prior ex pe rien ces with pups) (Graham et al., 2006),
which in turn fa ci li ta tes the ex pres sion of ma ter nal beha vior (Fle ming et al., 
1989; Li and Fle ming, 2003b); mo reo ver, mot her rats with le sions on the nu -
cleus ac cum bens (NA), par ti cu larly the shell re gion, be fo re or di rectly af ter
pup ex pe rien ce show im pe di ments to for ming ma ter nal me mory (Li and
Fle ming, 2003a). Stu dies in post par tum rats also show that do pa mi ne D1
and D2 re cep tors on OT re cep tors in NA shell con so li da te ma ter nal me mory 
(Pa ra da et al., 2008). Bloc king OT re cep tors in the NA af ter a ma ter nal ex pe -
rien ce post par tum re sults in a re du ced la tency to be co me ma ter nal on re -
ten tion tes ting (D’Cun ha et al., 2011). Ta ken to get her, the se stu dies show
that the NA shell plays a role in the consolidation of maternal memory, and
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organizes the pattern of behavior exhibited by mother rats during their
caregiving.

Humans
Si mi larly, in hu man mot hers, the qua lity of ma ter nal beha vior has been as -
so cia ted with ade qua te per for man ce of exe cu ti ve func tions. Mot hers who
ex hi bit poor sen si ti vity to their in fants show lo wer per for man ce on cog ni ti -
ve fle xi bi lity tasks, at ten tio nal set-shif ting, dif fi culty in in hi bi ting irre le -
vant sti mu li, and lo wer per for man ce on spa tial wor king me mory tasks
(Gon za lez et al., 2012; Gon za lez et al., 2009). Mo reo ver, in com pa ri son to
adult mot hers, teen mot hers, are of ten less sen si ti ve in their in te rac tions
with their ba bies, and tend to show poo rer per for man ce on a va riety of exe -
cu ti ve func tion tasks, in clu ding at ten tion and wor king me mory (Alman -
za-Se pul ve da et al., 2018; Chi co et al., 2014). Du ring in te rac tions with their
ba bies, they are more ea sily dis trac ted by their su rroun dings and par ti ci pa -
te in fe wer con tin gent ac ti vi ties with their ba bies (Fla na gan et al., 1994; Sad -
ler and Ca tro ne, 1983). Mo reo ver, teen mot hers of ten in vest more time than
adult mot hers in ins tru men tal beha viors and less time in af fec ti ve beha -
viors (Krpan et al., 2005).

Com pa red with adult mot hers, ado les cent mot hers show litt le chan ge
in ba sal cor ti sol and heart rate when they lis ten to their baby’s cries (Giar di -
no et al., 2008). Cor ti sol le vels have been as so cia ted with qua lity of ma ter nal 
beha vior, res pon ses to stress, and emo tio nal re gu la tion (Fle ming et al.,
1987; Fle ming et al.,1997; Fle ming et al.,1997). See be low for ad di tio nal
studies on cortisol and mothering.

Early Experience
Rats
As des cri bed by Fle ming and Li (2002) the early ex pe rien ces of being mot he -
red also have long-term ef fects on the qua lity of mot he ring that offspring
that will show to ward their own offspring when they grow up. In this case,
the ex pe rien ce of re cei ving more so ma to sen sory sti mu la tion and more va -
ried nest ex pe rien ces may di rectly af fect the ani mals’ physio logy and ma tu -
ra tio nal pro ces ses; ac ti ve as so cia ti ve pro ces ses may not be in vol ved.

Fran cis and ot hers from the Mea ney lab have de mons tra ted that young
that re cei ve more lic king from their mot hers grow up to show hig her le vels
of lic king to ward their own offspring com pa red with tho se who re cei ved
low lic king (Fran cis et al., 1999). This ef fect was also found if the young from
high – and low– lick ing mot hers were cross fos te red to mot hers sho wing the 
op po si te pat tern of lic king than that of their bio lo gi cal mot hers. Hen ce if
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offspring from high-lic king mot hers are cross fos te red to low-lic king mot -
hers they show a low-lic king pat tern when they grow up. This cross-ge ne ra -
tio nal ef fect of lic king pro vi des a non ge no mic me cha nism for the trans mis -
sion of behavioral phenotypes (Gonzalez et al., 2001).

One can also ac ti vely ma ni pu la te the early en vi ron ment ex pe rien ced by
the offspring and make mar ked chan ges in their adult ma ter nal beha vior.
Gon za lez et al. (2001) rai sed rat pups ar ti fi cially from day 3 to day 18 of life in 
cups floa ting in a warm bath. Pups were fed a nu tri tio nally ba lan ced (for rat
pups) diet at 1-hr in ter vals and re cei ved eit her a high le vel of si mu la ted lic -
king daily (six ti mes daily with a paint brush) or low le vels of lic king (two ti -
mes daily). Sham ope ra ted and in tact, si bling pups re mai ned with their
mot hers. When com pa red with their mot her-rai sed si blings in the qua lity
of their ma ter nal beha vior af ter birth of their own lit ters, the ar ti fi cially rai -
sed mot hers sho wed clear de fi cits in ma ter nal lic king and crou ching, but no 
de fi cits in re trie val res pon ses. Inte res tingly, the ar ti fi cially rai sed offspring
that re cei ved ad di tio nal lic king like sti mu la tion (six daily bouts of stro king)
whi le in the cups sho wed le vels of ma ter nal lic king and crou ching more si -
mi lar to tho se of their mot her-rai sed si blings. Mo reo ver, the ef fects of early
mot he ring de pri va tion ex pe rien ced by one ge ne ra tion are also ex pe rien ced
by sub se quent ge ne ra tions that did not ex pe rien ce the ma ter nal de pri va -
tion re gi me. Hen ce the fe ma le offspring of ar ti fi cially rai sed mot hers who
re cei ved re du ced lic king them sel ves lic ked their offspring less when they
grew up (Gon za lez et al., 2001) The se early ex pe rien ce effects can therefore
be transmitted from one generation to the next and very likely depend on
somatosensory experiences associated with licking stimulation.

In ad di tion to af fec ting the qua lity of mot he ring, early ex pe rien ces
being mot he red also af fect the de ve lop ment of fear and emo tio na lity which
in turn con tri bu te to the qua lity of mot he ring (Fran cis et al., 1999; Gon za lez
et al., 2001). Fe ma les who are rai sed ar ti fi cially (Gon za lez et al., 2001) or who 
re cei ve re du ced lic king from their mot hers show re du ced ex plo ra tion in the 
open-field test of emo tio na lity and re du ced emis sion of ul tra so nic calls in a
no vel en vi ron ment (Fran cis et al., 1999; Gon za lez et al., 2001); as well as re -
du ced per for man ce on tasks of exe cu ti ve func tion (Kuhn et al., 1990; Leh -
mann et al., 2002; Lovic and Fleming, 2004; Plotsky et al., 2005; Rhees et al.,
2001).

Humans
Po si ti ve early ex pe rien ces also pre dict la ter ma ter nal beha viour (Belsky et
al., 2005; Zeng-yin Chen et al., 2008; Zeng-yin Chen and Ka plan, 2001). This
is des cri bed fully in Lo ma nows ka et al (2017). For ins tan ce, mot hers who re -

From Animal Models to Humans

134



port po si ti ve child hood re la tions hips with their pa rents are more res pon si -
ve to wards their chil dren (Gara et al., 1996). Furt her mo re, the ex pe rien ce of
less aut ho ri ta rian pa rents in early child hood, a more po si ti ve fa mily ‘cli ma -
te’ in midd le child hood, and more po si ti ve at tach ment in ado les cen ce, are
all pre dic ti ve of warm, sen si ti ve, and sti mu la ting ma ter nal beha viour in
adult hood (Belsky et al., 2005). Not sur pri singly, ne ga ti ve early ex pe rien ces
in fa mily of ori gin in crea se the risk of ne ga ti ve pa ren ting. Moeh ler et al,
(2007) mea su red emo tio nal avai la bi lity du ring mot her-in fant in te rac tions
and found that mot hers with a his tory of se xual or physi cal abu se were sig -
ni fi cantly more in tru si ve to ward their chil dren than were non-abu sed mot -
hers. Ro berts et al (2004) also re port that mot hers who had ex pe rien ced
se xual abu se in early life are less in te res ted in be co ming mot hers them sel -
ves and when they do, ex hi bit im pai red pa ren ting skills, such as hig her le -
vels of child ne glect, di mi nis hed con fi den ce in their own pa ren ting skills,
more ne ga ti ve self-ap prai sal as a pa rent, grea ter use of physi cal pu nish -
ment, and a lack of emo tio nal con trol in pa ren ting si tua tions. Knut son
(1995) has re por ted that a sub stan tial pro por tion of mot hers who were abu -
sed du ring child hood go on to sub se quently abu se their own chil dren, when 
com pa red to mot hers who did not report abuse.

In sum, early life ex pe rien ces can be vie wed as part of a spec trum from
very ne ga ti ve to very po si ti ve, and both po si ti ve and ne ga ti ve pa ren ting
beha viours are trans mit ted in ter ge ne ra tio nally. Ho we ver, the emp ha sis of
this re search has been both on the de ve lop men tal se que lae of ina de qua te
pa ren ting and the out co mes as so cia ted with warm and sup por ti ve pa ren -
ting. Ini tially re la tions were es ta blis hed by stu dies in which the early ex pe -
rien ces were re ca lled re tros pec ti vely. Re cently stu dies have been pros pec ti -
ve, in which fa mi lies and chil dren have been fo llo wed from child hood
through adulthood (Belsky et al., 2009; Neppl et al., 2009; Scaramella et al.,
2008).

It is im por tant ho we ver to in di ca te here that in spi te of the se ap pa rent
re la tions bet ween early ad ver sity, in clu ding physi cal abu se (and/or re tros -
pec ti ve per cep tion of that ad ver sity), and la ter emo tio nal and pa ren tal pro -
blems, it re mains that a lar ge pro por tion of mot hers who were abu sed will
not in turn abu se their own chil dren. This sug gests that a myriad of fac tors
pro tect fu tu re mot hers from the risks ac crued through early ex pe rien ces.
Among the se, so cial sup port to the mot her or to the de ve lo ping child (Jaf fee
et al., 2007; Wind and Sil vern, 1994) as well as for ming a re la tions hip with a
sup por ti ve part ner in adulthood (Seeman et al., 2002) appear to play an
important role.
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Hormones
A general overview: Rats and Humans
The re is an abun dan ce of evi den ce in ani mal stu dies that show the ef fect on
the on set of mot he ring du ring late preg nancy and the early post par tum pe -
riod, of chan ges in the ste roids, es tro gen and pro ges te ro ne and in the pep ti -
de hor mo nes, pro lac tin and OT (Brid ges, 2020; Car ter et al., 2001; Lévy et al., 
2015). Stu dies ex plo ring the role of es tro gen rise at the end of rat preg nancy
against a back drop of de cli ning pro ges te ro ne, sug gest that in the rat the
shift in the ra tio of the se two ste roids en han ce ma ter nal mo ti va tion at the
time of par tu ri tion (Pe rei ra et al., 2015; Nu man, 2020). Sub se quent stu dies
show that the se ef fects are furt her en han ced by a sub se quent rise in pro lac -
tin and OT (Brid ges, 2020; Brid ges and Fe der, 1978; Pe der sen, 1997; Pe der -
sen et al., 1994) and have been es ta blis hed pri ma rily through stu dies
sho wing the ef fects on ma ter nal beha vior to fos ter pups of ges ta tio nal ova -
riec tomy and hyste rec tomy (Ro sen blatt and Sie gel, 1975; Sie gel and Ro sen -
blatt, 1975) along with hor mo ne re pla ce ment as well as through a re gi men of 
hor mo nes ad mi nis te red to vir gin ani mals tes ted with fos ter pups (Brid ges,
1984).

 The re have also been a num ber of stu dies that ex plo re the co rre la tion in
hu man mot hers bet ween hor mo nal chan ges du ring preg nancy and fee lings 
of nur tu ran ce post par tum. In ge ne ral, the pat tern of ‘ef fects’ is si mi lar in
hu mans as in ot her ani mals, alt hough too few stu dies have been un der ta -
ken to so li dify the se relations (Fleming et al., 1997).

Adrenocortical Hormones
What fo llows is a more in-depth analy sis of the po ten tial –and per haps un -
likely– role in mot he ring of anot her ste roid, the glu co cor ti coid, cor ti cos te -
ro ne (in rats) or cor ti sol (in hu mans) (Alman za-Se pul ve da et al., 2020).

Rats
In both rats and hu man mot hers, cir cu la ting plas ma con cen tra tions of cor -
ti cos te ro ne rise across preg nancy, peak at par tu ri tion, and fall wit hin the
first few weeks post par tum (Fle ming et al., 1997; Voogt et al., 1969). Stu dies
had shown a co rre la tion bet ween cor ti sol con cen tra tions and ma ter nal res -
pon si ve ness in early post par tum. In rats, adre na lec tomy and cor ti cos te ro -
ne re pla ce ment to new mot her rats de crea sed and then en han ced lic king of
new born pups, alt hough ot her beha viors re flec ting ma ter nal mo ti va tion
such as re trie val and nur sing res pon ses are unaf fec ted (Rees et al., 2004).

Furt her mo re, fe ma le rats ex hi bi ted a bet ter me mory or re ten tion of
their post par tum ex pe rien ce in te rac ting with pups when ex po sed to ad di -
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tio nal cor ti cos te ro ne, in di ca ting that cor ti cos te ro ne also en han ces ma ter -
nal me mory of how to beha ve with young (Graham et al., 2006). Ho we ver, in 
con trast and in com pa ri son, to vehi cle-trea ted con trols, Brum mel te and
Ga lea (2010) found that rat mot hers who were ad mi nis te red very high do ses 
of exo ge nous cor ti cos te ro ne (over and abo ve their en do ge nous cor ti cos te -
ro ne) nur sed their pups less and spent more time away from the nest. The se
re sults could sug gest a bip ha sic res pon se to cor ti cos te ro ne in rats, with
low-to-mo de ra te con cen tra tions fa ci li ta ting com po nents of ma ter nal res -
pon ding, at least soon af ter par tu ri tion, whe reas high con cen tra tions that
might mo del chro nic stress may simply de rail ma ter nal ca pa bi li ties. Fi nally, 
in con trast to the ef fects in new mot her rats, the ma ter nal beha vior, es pe -
cially pup-lic king in vir gin ani mals in du ced through con ti nuous con tact
with fos ter pups, is en han ced by adre na lec tomy and dis rup ted by cor ti cos -
te ro ne re pla ce ment, in di ca ting that the effects of the adrenal system on
mothering depends on hormone dose, the timing of the manipulation and
the parity of the animal (Rees et al., 2004).

Humans
Si mi larly, wo men with hig her sa li vary cor ti sol con cen tra tions dis play lon -
ger du ra tions of af fec ti ve touch with their in fants (Fle ming et al., 1997).
Imme dia tely af ter par tu ri tion, mot hers with hig her plas ma con cen tra tions
of ba se li ne cor ti sol ten ded to dis play more con tact ap proach res pon ses to -
wards their nur sing in fants (Alman za-Se pul ve da et al., 2020). More re -
cently, a po si ti ve re la tions hip bet ween cor ti sol con cen tra tions (pre par tum
and post par tum) across a dya dic in te rac tion and in ten sity of af fec tio na te
beha viors was also found in young pri mi pa rous mot hers (in their early 20s)
but not in mul ti pa rous mot hers. Cor ti sol is also po si ti vely as so cia ted with
new mot hers’ at trac tion to in fant cues (Fle ming et al.,1997).

In terms of dis cri mi na te one’s own ver sus ot her in fants’ odors on a
T-shirt, as op po sed to at trac tion to in fant cues, the cor ti sol-pa rity ef fects
are re ver sed. Mul ti pa rous mot hers with hig her cor ti sol show sig ni fi cantly
hig her ac cu racy sco res, whe reas ac cu racy sco res and cor ti sol con cen tra -
tions were un re la ted in pri mi pa rous mot hers (Fle ming et al.,1997). It may
be that for in di vi dual re cog ni tion, prior ex pe rien ce with in fants per mits
mot hers to learn about the spe ci fic fea tu res of neo na tes. In that case, cor ti -
sol in the early post par tum pe riod en han ces ma ter nal at ten tion to the most
mea ning ful fea tu res of in fant sti mu li. In con trast to nearly post par tum, by
6 months post par tum the re la tion bet ween cor ti sol and ma ter nal sen si ti vity 
is an in ver se one. For ins tan ce, in one study that ex plo red the in te rac ti ve ef -
fect of mot hers’ early life ex pe rien ces and cor ti sol at 6 months post par tum
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on exe cu ti ve func tion and ma ter nal sen si ti vity, Gon za lez et al, (2012) re port 
that a more ne ga ti ve early ex pe rien ce was as so cia ted with both hig her le vels 
of diur nal cor ti sol at 6 months and with poorer performance on the spatial
working memory task. These, in turn, were associated with one another
and with lower maternal sensitivity.

A role for al te red HPA axis and cor ti sol func tion in post par tum an xiety
and post par tum di sor ders has also been pro po sed, with con se quen ces for
mot he ring (Brum mel te and Ga lea, 2016). Although de pres si ve-like symp-
toms can be pro du ced in a rat mo del through exo ge nous cor ti cos te ro ne, in
hu man mot hers the re la tions hip bet ween cir cu la ting cor ti sol and post par -
tum men tal health still re mains am bi guous. Some stu dies mea su ring cor ti -
sol across preg nancy through the early post par tum pe riod re port an as so -
cia tion bet ween hypo cor ti so le mia and post par tum an xiety and de pres sion,
whe reas ot hers re port an as so cia tion bet ween hyper cor ti so le mia and post -
par tum af fec ti ve di sor ders; and yet ot hers re port no sig ni fi cant as so cia tion
bet ween the two (Brum mel te and Ga lea, 2016). Clearly, the se as so cia tions
sug gest that in ad di tion to po ten tially af fec ting exe cu ti ve func tion, ot her
ways ele va ted cor ti sol could im pact mot he ring at 6 months and la ter is
through af fec ting mot hers’ le vels of an xiety and de pres sion. Fi nally, as in di -
ca ted above when discussing the changes in executive function and those
effects on mothering, cortisol changes may also be implicated.

Oxytocin and genetics
Rats
OT is a neu ro pep ti de hor mo ne in vol ved in par tu ri tion and milk let-down
across all mam mals (Jo nas and Wood si de, 2016). Estro gen en han ces OT re -
cep tor (OTR) bin ding in the me dial preop tic area (MPOA), a brain re gion
cri ti cal to ma ter nal beha viour across mam mals (Pe der sen, 1997; Young et
al., 1998). Cen tral ad mi nis tra tion of OT sti mu la tes ma ter nal beha viour, in
vir gin rats whi le OTR bloc kers re du ce ma ter nal beha viour (Fahr bach et al.,
1985; Pe der sen et al., 1994). Mo reo ver, in di vi dual dif fe ren ces in spe ci fic
forms of ma ter nal beha viour, such as pup lic king/groo ming (LG), co rre la te
with OTR ex pres sion in the MPOA; and in tra ce re bral in fu sion of an OTR
an ta go nist eli mi na tes in di vi dual dif fe ren ces in pup LG among lac ta ting
rats (Cham pag ne et al., 2001).

Humans
OT is also clo sely re la ted to hu man mot he ring and ot her af fi lia ti ve re la -
tions hips (Feld man and Ba ker mans-Kra nen burg, 2017; Gal bally et al., 2011). 
OT le vels in the first tri mes ter pre dict the ex pres sion of ma ter nal beha viour
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and coor di na tion with in fant sta te (Feld man et al., 2007). OT seems to be
mostly as so cia ted with on set of ma ter nal beha vior, ‘ma ter nal mo ti va tion’
and warmth, and li kely of grea test di rect re le van ce in the early sta ges of ma -
ter nal res pon ding when clo se con tact beha viours pre do mi na te and nur sing 
may still be oc cu rring (Jo nas et al., 2013). OT may also be re la ted to mot hers’
de pres sion af ter birth, alt hough the re la tions hip bet ween OT and de pres -
sion seems to de pend on gen der and ti ming of the de pres sion. For ins tan ce, 
low OT preg nancy le vels re la te to the de ve lop ment of post par tum de pres -
sion (Jo nas et al., 2013). In a dif fe rent po pu la tion of non-mot hers, plas ma
OT le vels are hig her in pa tients with ma jor de pres sion than in healthy con -
trols (Par ker et al., 2010).

Very few stu dies have ex plo red the as so cia tion bet ween ge ne tics wit hin
the OT system and mot he ring and they are pre do mi nantly hu man stu dies
(Ba ker mans-Kra nen burg and van IJzen doorn, 2008; Jo nas et al., 2013; Mi le -
va-Seitz et al., 2013). Hen ce, we know more about the role of OT physio logy
in mot he ring from the ani mal work and about OT ge ne tics and mot he ring
from hu man stu dies. Among new hu man mot hers, evi den ce shows that the
pre sen ce of a C alle le on the OT gene is as so cia ted with hig her stress-in du -
ced an xiety and lo wer emo tio nal well-being (Mi le va-Seitz et al., 2013). Va -
ria tions in OT-re la ted ge nes mo du la te both non-post par tum de pres sion
and an xiety and pos sibly, ma ter nal mood and sen si ti vity in mot her-in fant
in te rac tions (Mi le va-Seitz et al., 2013). Ge ne tic va ria tions wit hin the OT
system also in te ract with mot hers’ own child hood ex pe rien ces of ad ver se
rea ring and cu rrent stres sors to in fluen ce mot he ring, the se ef fects are
often mediated through alterations in mothers’ affective state (Mileva-Seitz 
et al., 2013).

Summary
As we hope the se exem plars illus tra te, the re is a sub stan tial and ever-gro -
wing li te ra tu re on beha vio ral and physio lo gi cal me cha nisms re gu la ting
ma ter nal beha vior in both the ani mal and hu man re search and fin dings in
each do main have in for med the ques tions as ked and stu dies done in the ot -
her do main. This is not to say that the out co mes for non hu man ani mals
(rats in this case) and hu mans are the same, but their res pec ti ve analy ses
fruit fully ex plo re si mi lar ques tions; al beit using qui te dif fe rent met ho do lo -
gies. Stu dies of beha vior- of an xiety, cog ni tion, per cep tion and their role in
the ex pres sion of mot he ring have en han ced our un ders tan ding of ma ter nal 
beha vior in rats as well as in hu mans. Si mi larly, stu dies of hor mo nes, the
brain and ge ne tics in both the ani mal mo dels and hu mans con tri bu te to our 
un ders tan ding of mot he ring both as well. Fi nally, in ter ge ne ra tio nal ef fects
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apply to both, whe re early and pro xi mal ex pe rien ces by the mot her im pact
the (F1) offspring and theirs, in turn. Whi le hu mans are not rats, they sha re
many mam ma lian cha rac te ris tics. Ho we ver, to bet ter un ders tand which
are uni ver sal mam ma lian re gu la tors of ma ter nal beha vior and which me -
cha nisms are uni que to hu man mot he ring, we need to ex plo re si mi lar ques -
tions in many more mam ma lian spe cies than we have in this short chapter.
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Introduction
Preclinical Research in Sexual Medicine
Ba sic pre cli ni cal re search uses ani mal mo dels of hu man beha vior or di sea se 
sta tes to ge ne ra te in for ma tion that is in ten ded ul ti ma tely to be ne fit pa -
tients, in form cli ni cians, and im pro ve healt hca re (Sung et al., 2003; Lean et
al., 2008). The pro cess to trans fer ba sic re search fin dings to cli ni cal set tings
and the com mu nity may be di vi ded into dif fe rent trans la tio nal pha ses; i.e.
from 1) the la bo ra tory to hu mans; 2) cli ni cal scien ce to rou ti ne prac ti ce; and
3) real-life pro ce du res to cost-ef fec ti ve re com men da tions and so lu tions
(Sung et al., 2003; Lean; 2008). Each of the se pha ses com pri ses dif fe rent
pro fes sio nal dis ci pli nes, met hods, study po pu la tions, ins ti tu tions, net -
works, fun ding bo dies, and re gu la tory units, that should pro mo te trans la -
tio nal me di ci ne ba sed on pro per non-bia sed evi den ce (Sung et al., 2003).

Although this pro cess ge ne rally is con si de red from “bench to bed si de”
as it mo ves for ward, trans la tio nal re search in se xual me di ci ne should be
con si de red a bi di rec tio nal dyna mic pro cess, whe re fin dings in cli ni cal
prac ti ce or health care systems are, in turn, in ten ded to (re ver sely) ex ci te in -
ves ti ga ti ve ba sic scien ce ac ti vi ties (Ho mer-Van nia sin kam and Tsui, 2012;
Lieb man and Ma rin co la, 2012; Ma rin co la, 2003; van der Laan and Boe nink,
2012). An im por tant ini tial de ci sion in ad dres sing a cli ni cal pro blem in an
ex pe ri men tal set ting is the se lec tion of a va lid mo del that co rres ponds to
the hu man con di tion in etio logy, pat hoph ysio logy, sympto ma to logy, and
res pon se to the ra peu tic in ter ven tions (Var ga et al., 2010). Re ver se trans la -
tio nal re search then ser ves se ve ral pur po ses to feed-back, eva lua te, and de -
ve lop 1) a mo del’s sui ta bi lity for re search, 2) me cha nis tic evi den ce for a pro -
cess or in ter ven tion, and 3) ad van ces and res tart of for ward trans la tion for
ad ja cent dis co ve ries (Ho mer-Van nia sin kam and Tsui, 2012; Lieb man and
Ma rin co la, 2012; Ma rin co la, 2003; van der Laan and Boe nink, 2012). Thus,
trans la tio nal medical research can be viewed as comprising an interaction
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of many disciplines and different procedures that span several levels of
analysis.

Homologies, anal o gies, va lidi ties, and practicalities. A prac ti cal con -
sid er ation to any pre clin i cal model is how well it pre dicts a clin i cal out come. 
Tra di tion ally, it has been per ceived that the “closer” a mam mal is to hu -
mans, e.g. non-hu man pri mates, the better the cor re la tion to hu man func -
tions or dis ease pro cesses (Denayer et al., 2014; Sams-Dodd, 2006a). This
may be true for pathophysiological mech a nisms of en vi ron men tal or spon -
ta ne ously oc cur ring dis eases in hu mans that sim i larly oc cur in other mam -
mals, but prob a bly less so for sim u lated (ar ti fi cial) dis eases that are caused
by var i ous in duc ers or other in ter ven tions (Sams-Dodd, 2006a). How ever,
the no tion of an ideal spe cies for translational re search that is based on
phylo gen etic re la tion ships may, if a de fined pro cess is well char ac ter ized
af ter ex plo ra tion in sev eral spe cies, be an un nec es sary con straint for com -
par i sons to hu mans (Preuss, 2000). In stead, un der stand ing and fur ther
char ac ter iza tion of cross-spe cies com mon al i ties to hu mans should leave
fo cus to the pro cess stud ied, and al low for con sid er ations of cost, ef fec tive -
ness, con ve nience.

The con cept of face va li dity in vol ves a con si de ra tion of how the mo del is 
ana lo gous or ho mo lo gous to the hu man con di tion (De na yer et al., 2014;
Sams-Dodd, 2006a). In se xual arou sal, pe ni le and cli to ral erec tion are
exam ples of a com po nent of se xual res pon se that in many mam mals sha re
sub stan tial physio lo gi cal and bio che mi cal sub stra tes, and for which met -
hods exist that can be used to as sess ho mo lo gous end points (Anders son,
2011; Christ and Lue, 2003; Giu lia no et al., 2010). Si mi larly, fe ma le pre co pu -
la tory so li ci ta tions are also con ser ved among dif fe rent mam ma lian spe cies, 
in clu ding hu mans, alt hough they are pre sen ted dif fe rently bet ween spe -
cies. The re fo re, know led ge of par ti cu lar spe cies-re la ted beha viors and
physio logy is cru cial for com pa ri sons to be made to hu mans (Bar nett et al.,
2006; Giu lia no et al., 2010; Pfaus et al., 2003; 2012). Homologies and
analogies of human and rat behavior are shown in Figure 1.
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Fi gu re 1: Incen ti ve se quen ces for hu man and rat se xual beha vior (mo di fied from Pfaus et
al., 2003). The beha vio ral stream mo ves from left to right, through ap pe ti ti ve, pre co pu la -
tory, and con sum ma tory pha ses of beha vior. This con forms to the mo ve ment of ani mals
from dis tal to pro xi mal to in te rac ti ve with res pect to se xual in cen ti ves. Se xual ex ci te ment
can ma ni fest it self in lear ned or un lear ned beha viors, whe reas pre pa ra tory beha viors are
lear ned res pon ses that ani mals must make in or der to ac qui re the in cen ti ve (e.g., ope rant
beha viors, pur suit, pre fe ren ce etc.). Re cog ni zing which res pon ses oc cupy which parts of
the beha vio ral stream allows re sear chers to com pa re beha viors that ap pear dif fe rent
among dif fe rent spe cies, but that ac com plish a si mi lar mo ti va tio nal end point. Such beha -
viors in one spe cies (e.g., rat) may then ser ve as mo dels of ana lo gous beha viors in hu mans.
The pre dic ti ve va li dity of such mo dels is en han ced when drugs or ot her treat ments mo dify
the beha vior of both spe cies the same way, sug ges ting that a com mon neu ral system for
tho se beha viors has been con ser ved. OLRs = or gasm like res pon ses. CLS = cli to ral sti mu la -
tion. VCS = va gi no cer vi cal sti mu la tion.

The re la tion of di sea se me cha nisms in an ani mal mo del ver sus the co -
rres pon ding hu man di sea se, i.e. cons truct va li dity, is im por tant to re flect
upon in stu dies with e.g. pat hoph ysio lo gi cal or the ra peu tic end point mea -
su res (Sams-Dodd, 2006a). The con cept of pre dic ti ve va li dity con cerns
whet her the ana lo gous or ho mo lo gous beha vior or physio lo gi cal system can 
be per tur bed in a way that pre dicts a si mi lar ef fect in hu mans, and whet her
such a per tur bed beha vior or system can be res to red by a par ti cu lar treat -
ment re gi men (e.g., a physio lo gi cal, phar ma co lo gi cal, and/or beha vio ral in -
ter ven tion; De na yer et al., 2014; Sams-Dodd, 2006a).

Re gar ding se xual beha vior, all or ga nisms that en ga ge in se xual beha -
vior sha re a com mon set of prin ci ples and end-points that de fi ne the beha -
vior, along with par ti cu lar ex ci ta tory and in hi bi tory neu ral me cha nisms
that make it suc cess ful (Pfaus, 2009). First, we must be able to res pond to
hor mo nal and neu ro che mi cal chan ges that sig nal our own se xual de si re
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and arou sal. This abi lity un der lies our mo ment-to-mo ment le vel of se xual
arou sa bi lity (as con cei ved by Wha len, 1966, see be low), and de fi nes a lar ge
part of the in ter nal sta te that is com monly re fe rred to as “sex dri ve”. The rest 
re qui res a com plex mix of ins tinct, lear ning, and feed back; a neu ral or ga ni -
za tion that allows us to in te ract with ex ter nal se xual sti mu li and part ners.
We must be able to iden tify ex ter nal sti mu li that pre dict whe re po ten tial sex 
part ners can be found, to seek out, so li cit, court, or ot her wi se work to ob tain 
sex part ners, dis tin guish ex ter nal cues and beha vio ral pat terns of po ten tial
sex part ners from tho se that are not se xually re cep ti ve, and to pur sue sex
part ners once se xual con tact has been made. Neu ral me cha nisms exist that
allow se xual res pon ding to be co me ha bi tual or au to ma ted with prac ti ce. Si -
mi larly, neu ral me cha nisms exist that allow the sti mu la tion re cei ved du -
ring se xual con tact to be per cei ved as re war ding. Such re ward al ters sub se -
quent beha vior, for exam ple, by con tri bu ting to the for ma tion of pre fe ren -
ces for sa lient sti mu li as so cia ted with po si ti ve se xual rein for ce ment (Pfaus
et al., 2012). Many of the se as pects of se xual res pon ding go well be yond the
tra di tio nal fo cus on co pu la tion or ge ni tal re fle xes, but they have im por tant
im pli ca tions as mo dels of de si re and plea su re. The use of the “right” mo del
(i.e., one that has both face and pre dic ti ve va li dity for the se xual func tion
and/or dysfunc tion in ques tion) is thus a cri ti cal con si de ra tion in any trans -
la tion of know led ge from pre cli ni cal la bo ra tory mo dels to real hu mans in a
cli ni cal si tua tion. Thus, pre dic ti ve va li dity is de pen dent on si mi la ri ties bet -
ween both the di sea se me cha nisms and the bio lo gi cal, pat hoph ysio lo gi cal,
or phar ma co lo gi cal func tions in the ani mal mo del that per tain to the cli ni -
cal si tua tion in hu mans (De na yer et al., 2014; Dot hel et al., 2013; Eve ritt,
2014; Sams-Dodd, 2006b). As men tio ned abo ve, the trans la tio nal process
should be considered bi-directional. Reverse translation from clinical
findings to animal models not only forms a basis for in-depth mechanistic
investigations, but should also be used to refine a model to improve its
predictivity (Denayer et al., 2014; Dothel et al., 2013).

Some ba rriers have been iden ti fied for trans la tion of new know led ge
from the la bo ra tory to tests and eva lua tion in hu man sub jects, and for
trans fer of cli ni cal evi den ce to na tio nal health de ci sion ma king (Sung et al.,
2003). The se ba rriers re flect dif fe ren ces in hu man re sour ces and prac ti ce,
dis cor dant met ho do lo gies or re gu la tions, and fi nan cial li mi ta tions or in te -
rests. Con cerns of a ge ne ral de cli ne in suc cess ra tes for drugs du ring de ve -
lop ment from pre cli ni cal to cli ni cal set tings (des pi te evi den ce of po ten tial
ef fi cacy in ex pe ri men tal mo dels) dis cou ra ge sub se quent pre cli ni cal tes -
ting, as does com plex ex tra po la tion of dis co ve ries from some ani mal mo -
dels to hu mans (De na yer, 2014; Eve ritt, 2015; Lin der, 2007; Mo rri son et al.,
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2015; Pe rel et al., 2006; Sung et al., 2003). This lat ter point is es pe cially
concerning when the preclinical model examined is not a valid choice for
the human clinical endpoint.

Three si tua tions ser ve as exam ples for con si de ra tion of the se ideas.
First, des pi te the fact that fe ma le Ja pa ne se ma ca ques form sta ble same-sex
part ners hips du ring the bree ding sea son, and that they en ga ge in ex ten si ve
cli to ral con tact with one anot her (Va sey, 2002), this is li kely not a mo del of
fe ma le ho mo se xua lity as hu mans un ders tand it as a self-con cept. This be co -
mes a “le vel of analy sis” is sue: do fe ma le Ja pa ne se ma ca ques con si der them -
sel ves “gay” or “bi”? And how would we ever know? Ho we ver, if the cli to ral
sti mu la tion (CLS) is plea su ra ble, does it ser ve to rein for ce the par ti cu lar se -
xual beha vior in both ma ca ques and hu mans, re gard less of the cons cious
term used to des cri be it? If so, then CLS as a plea su re-ba sed sti mu lus can be
used as a tool to un ders tand its hu man coun ter part. Se cond, the lor do sis re -
flex in fe ma le rats and ot her spe cies is af fec ted by brain le sions, hor mo nal
or phar ma co lo gi cal ma ni pu la tions, and en vi ron men tal con di tions in ways
that do not pre dict ef fects on “se xual re cep ti vity” in wo men. Indeed, hu man 
fe ma les do not show a “lor do sis” pos tu re that is dri ven by es tra diol. So li ci ta -
tions, on the ot her hand, alt hough they in vol ve mo tor mo ve ments that dif -
fer wi dely bet ween spe cies, are af fec ted by phar ma co lo gi cal ma ni pu la tions
that af fect wo men’s se xual de si re in a si mi lar man ner bet ween spe cies.
Thus, lor do sis should not be used as an ex clu si ve la bo ra tory mo del from
which “de si re” can be ex tra po la ted unam bi guously, even if a drug might
have in hi bi tory or ex ci ta tory ef fects on both lor do sis and so li ci ta tions. Fi -
nally, pe ni le erec tion and the in tro mis sion la tency in male rats are highly
co rre la ted. If a drug or con di tion di mi nis hes the abi lity of male rats to gain
pe ni le erec tion, it will ne ces sa rily in crea se the time it ta kes for male rats to
gain va gi nal in tro mis sion or pe ne tra tion. Thus, use of the in tro mis sion la -
tency as a mea su re of male se xual “mo ti va tion” or “de si re” is not necessarily
valid because it may well reflect an effect on genital sexual arousal alone.
Use of the mount latency, on the other hand, is more a measure of the
“desire” to engage in copulation even if the male does not have an erection.

The beha vio ral mo dels that have been most in for ma ti ve for pre cli ni cal
trans la tio nal re search in se xual me di ci ne ad dress se xual arou sal, de si re, or -
gasm/plea su re, in hi bi tion, and ge ni tal pain in rats and mice. Ro dent spe -
cies are cost-ef fi cient, pro vi de high through-put (i.e., mul ti ple ani mals can
be tes ted at the same time), and re qui re ba sic main te nan ce in a la bo ra tory
ani mal co lony with en vi ron men tal en rich ment. The se xual beha vior of rats
and mice con form ge ne rally to the 4-pha ses of the hu man se xual res pon se
cycle (Mas ters and John son, 1966; Moll, 1908), all of which are cons trai ned
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by the in ter play of ex ci ta tory and in hi bi tory neu ral systems (Ban croft and
Jans sen, 2000; Pe rel man, 2006; Pfaus, 2009). Mo dels of both un con di tio ned 
and con di tio ned se xual beha vior have been ge ne ra ted on the ba sis of more
sop his ti ca ted tes ting con di tions that uti li ze pa cing cham bers that allow the
fe ma les to ini tia te and pace the rate of co pu la tion, open fields part ner pre -
fe ren ce tests that allow fe ma les or ma les to choo se to co pu la te with two po -
ten tial part ners, one of which is pre fe rred on the ba sis of se xual re ward lear -
ning, and con di tio ned pla ce pre fe ren ce (CPP) pa ra digms that allow
researchers to determine which aspects of copulation or sensory
stimulation induces a sexual reward state. Such chambers are shown in
Figure 2.

Fi gu re 2. Left: Bi le vel and uni le vel pa cing cham bers used for con di tio ning of part ner or pla -
ce pre fe ren ces (adap ted from Pfaus et al., 2015 with per mis sion). Pa cing cham bers allow the 
fe ma le to re gu la te co pu la tory con tact with the male by eit her run ning from le vel to le vel
(top) or by dar ting through small ho les in a di vi der that are big enough to allow the fe ma le to 
pass through, but too small to allow the male to pass through (bot tom). In the bi le vel pa cing
cham bers, fe ma les make a head wi se orien ta tion to the male (upper left pa nel), then hop
over him ex po sing their ano ge ni tal area (top right pa nel). Fem ales then run away, for cing
the male to cha se them (bot tom left pa nel), af ter which they run to the ori gi nal le vel and as -
su me a lor do sis crouch, allo wing the male to mount with in tro mis sion (bot tom right pa nel). 
Si mi larly, in uni le vel pa cing cham bers fe ma les can pass through the hole into the ma le’s
side (top left and right pa nels) and so li cit an in tro mis sion (bot tom left pa nel), then exit the
ma le’s side (bot tom right pa nel). Each of the se se quen ces de pict the ini tia tion and ter mi na -
tion of a co pu la tory bout by the fe ma le. Right top: Open fields used for tes ting con di tio ned
part ner pre fe ren ces and CEP (from Pfaus et al., 2015). To test CEP, a male is pla ced into the
open field with two fe ma les, one scen ted or jac ke ted and the ot her uns cen ted or un jac ke ted. 
The male can then co pu la te freely with eit her one. To test part ner pre fe ren ces in fe ma les, a
fe ma le is pla ced with two tet he red ma les, one scen ted or jac ke ted, and the ot her uns cen ted
or un jac ke ted. Ma les are tet he red to avoid their ten dency to hudd le to get her. Fe ma les com -
pe te, so they can re main un tet he red. Right bot tom: Appa ra tus used to con di tion and test
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pla ce pre fe ren ces af ter se xual re ward trai ning (from Pa re des and Vaz quez, 1999). After a re -
qui si te amount of co pu la tory sti mu la tion, a fe ma le or male is pla ced on one side of the box
(usually the light side as this is typi cally not their na tu rally pre fe rred side). This is con tras -
ted wit hout sti mu la tion, af ter which the fe ma le or male is pla ced into the na tu rally pre fe -
rred (e.g., dark) side. If the co pu la tory sti mu la tion in du ces a re ward sta te, then on a fi nal
test, af ter the ani mal is pla ced into the midd le com part ment, it will move to the side with
cues that pre dict the re ward sta te and spend more time the re com pa red to the other side.

Models of Sexual Arousal
Physio lo gi cal se xual arou sal in hu mans and ani mals can be de fi ned as in -
crea sed au to no mic ac ti va tion that pre pa res the body for se xual ac ti vity.
This in clu des both sympat he tic blood flow from the heart to stria ted and
smooth mus cle that par ti ci pa te in se xual res pon ses and pa rasy mpat he tic
ac ti va tion of ge ni tal and erec ti le tis sues, in par ti cu lar the cli to ris, la bia, va -
gi nal epit he lium, and pe nis, to keep the tis sues en gor ged. Se xual arou sal
also in clu des a cen tral com po nent that in crea ses neu ral “tone” or pre pa red -
ness to res pond to se xual in cen ti ves. This lat ter con cept was de fi ned as
“arou sa bi lity” by Wha len (1966), and may form around an in tri ca te in te rac -
tion of hor mo ne pri ming and no ra dre ner gic ac ti vity in dif fe rent re gions of
the brain. Both pe rip he ral and cen tral arou sal may be de tec ted as part of the 
per cep tion of sub jec ti ve se xual arou sal, and both clearly lead to chan ges in
res pon si ve ness in ge ni tal tis sues and con trol cer tain co pu la tory res pon ses,
such as the la tency to or gasm or eja cu la tion (with shor ter la ten cies in di ca -
ting an in crea se in arousal).

Male sex ual arousal. Among the mea sures of sex ual arousal, erec tion
has been con sid ered as the in di ca tor of au to nomic arousal in males, both in
men and rats (Sachs, 2007), and a high cor re la tion of this gen i tal re sponse
with sub jec tive arousal seems to ex ist in men (Chivers et al., 2010). There is a 
con sid er able de gree of sim i lar ity be tween male rats and men in terms of
the neu ro ana tomi cal, neuroendocrine, and neurochemical reg u la tion of
penile erec tion and ejac u la tion (Andersson, 2011; Giuliani, 2011; Meisel and
Sachs, 1994; Rosen and Sachs, 2000, for com pre hen sive re views). Penile
erec tion is the con clu sion of in te grated neurovascular pro cesses that in -
volve the cen tral ner vous sys tem and pe riph eral nerves, and en do the lial
and smooth mus cle cells of the penile ar ter ies and the erec tile tis sue
(Andersson, 2011).

Fun da men tally, neu ro ge nic and en dot he lial sti mu li shift the to nus of
pe ni le vas cu lar smooth mus cle from con trac ti le to re la xant sta tes and in -
crea se ar te rial in flow and si nu soi dal com plian ce whe re af ter the in cre men -
ting en gor ge ment ac ti va tes the veno-oc clu si ve me cha nism to achie ve erec -
tion of the pe nis (Anders son, 2011; Giu lia no, 2011). Exten si ve re search sug -
gests that re gu la tory me cha nisms of pe ni le erec tion ex hi bit sub stan tial
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physio lo gi cal, bio che mi cal, and phar ma co lo gi cal ho mo lo gies among mam -
ma lian spe cies, incl. hu mans (Anders son 2011; Christ and Lue, 2003; Giu lia -
no et al., 2010; Gratz ke et al., 2010). As exam ple, hu man, mon key, rab bit,
dog, rat, and mou se cor pus ca ver no sum tis sue that is pre con trac ted to si -
mu la te pe ni le flac ci dity, res pond si mi larly via neu ro nal and en dot he lial sig -
nals with re le vant ni tric oxi de (NO)-de pen dent re la xant “erec tion-si mu la -
ting” res pon ses (Hed lund et al., 1995; 1999; 2000; Igna rro et al., 1990; Kim et
al., 1991; Oka mu ra et al., 1998). Accor dingly, a cru cial role for the NO-path -
way in pe ni le erec tion has been cha rac te ri zed in vivo du ring erec tions in va -
rious ani mals (Aya ji ki et al., 2009; Bur nett et al.,1996; Holm quist et al., 1991;
Mills et al., 1992; Tri go-Ro cha et al., 1993). Furt her mo re, si mi lar to hu mans,
se ve ral mam mals display in aging or due to various diseases signs of
erectile dysfunction and tissue alterations of important regulatory path-
ways of erection (Giuliano et al., 2010).

Intra ca ver nous pres su re (ICP) re gis tra tions were ini tially per for med in 
lar ger ani mals such as bulls, goats, dogs, and mon keys, pro bably mainly due 
to their lar ger ana tomy (Bec ket et al., 1972; Le wis et al., 1968; Lue et al., 1983;
Pu rohit and Bec kett 1976). La ter, in fa vor of ea sier hand ling and fas ter pro -
ces sing with lo wer costs, cats, rab bits and ro dents were in tro du ced for ICP
re cor dings (Hellstrom et al., 1992; Holm quist et al., 1991; Mills et al., 1992; Se -
zen et al., 2000; Steers et al., 1988). In agree ment to fin dings in ani mal mo -
dels, re cor dings of ICP in hu mans have been co rre la ted to tu mes cen ce and
erec tions (Lue et al., 1995; Rehman et al., 1999).

Drug-in duced penile erec tion. Stud ies us ing com pounds that act at
var i ous re cep tors have been per formed to clar ify the role of cer tain
neurophysiological sig nals in sex ual func tions and some of these agents
may be men tioned as “stan dard drugs” in mod els of erec tion (Andersson,
2011). One such drug is apomorphine, a non-se lec tive do pa mine re cep tor
ag o nist, that in creases the in ci dence of penile erec tions in rats
(Benassi-Benelli et al., 1979). The com pound was later shown to in duce erec -
tions also in mice, mon keys, and hu mans (Lal et al., 1984; Pomerantz, 1990;
Poncelet et al., 1994; Rampin et al., 2003; Segreaves et al., 1991). Apomor -
phine was put for ward for clin i cal tri als, and al though its ef fi cacy was dis -
cour ag ing in re la tion to pe riph eral-act ing drugs (Moll and Brown, 2011), it
re mains as an op tion for treat ing erec tile dys func tion in pa tients that can -
not take phosphodiesterase 5 in hib i tors (Bur nett et al., 2018). Still, spe -
cies-sim i lar i ties in cen tral do pa mine-re cep tor me di ated reg u la tory func -
tions of penile erec tion and ex pe ri ence with apomorphine in sex ual med i -
cal re search sup ports its use in mod els of erec tile neurophysiology, patho-
phys i ol ogy, and phar ma col ogy. Apomorphine acts at supraspinal and spi -
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nal re gions of the CNS to in duce erec tions (Chen et al., 1997; Giuliano et al.,
2002; Melis et al., 1987; 2022). In an es the tized rats, apomorphine mi croin -
jected into the PVN, or by in tra ve nous or sub cu ta ne ous route in duces erec -
tions de picted as in creases in ICP (Chen et al 1999; Giuliano et al., 2002;
Matsumoto et al., 2005; Mizusawa et al., 2002). Sim i larly, apomorphine in -
duces erec tions re corded as ICP re sponses in awake rats (Andersson et al.,
1999; Bernabe et al., 1999; Hedlund et al., 2005; Ischizuka et al., 2002;
Matsumoto et al., 2005). It should be noted that the path ways tar geted by
apomorphine in the CNS are likely in volved in reg u la tion also of other uro -
gen i tal func tions as the drug is re ported to in duce blad der over ac tivi ty and
to pro mote ejac u la tion and sem i nal emis sion in rats, and to re duce post
ejac u la tory la ten cies in mon keys (Andersson, 2003; Napoli-Farris et al.,
1984; Paglietti et al., 1978; Pehek et al., 1989; Pehrson and Andersson, 2003;
Pomerantz, 1992).

Cen tral me la no cor tin re cep tor-me dia ted sig nals are in vol ved in se xual
func tions and pe ni le erec tion in va rious spe cies, e.g., rats, rab bits, cats,
dogs, mon keys, and hu mans (King et al., 2007). Clas si cally, the en do ge nous
a-me la nocy te sti mu la ting hor mo ne (a-MSH) was re por ted to in du ce erec -
tions and la ter, proe rec ti le ef fects of synthe tic a-MSH ana lo gues such as
me la no tan II and its pri mary me ta bo li te bre me la no ti de have been eva lua -
ted in dif fe rent ani mal mo dels and in hu mans (Dia mond et al., 2004; Do no -
van, 1978; Dorr et al., 1996; Mo li noff et al. 2003; Pfaus et al., 2007; Ro sen et
al., 2004; Wes sels et al., 1998). In rats, a-MSH or me la no tan II si mi larly in -
du ce erec tions that have been re cor ded as ICP res pon ses in anesthetized or
awake rats (Giuliano et al., 2005; 2006; Mizusawa et al., 2002).

Oxyto cin is a pep ti de that has been ex ten si vely used in mo dels for the
study of erec tion and oxy to cin sig nals have been well cha rac te ri zed in spi -
nal and su pras pi nal path ways that re gu la te pe ni le erec tion (Anders son,
2011). Ho we ver, even if it is ack now led ged that this pep ti de has an im por -
tant role for erec tion in ro dents, it is not es ta blis hed if oxy to cin has the
same re le van ce in hu mans (Anders son, 2011; Beh nia et al., 2014; Bu rri et al.,
2008). Com pa red to pla ce bo, in tra na sal ad mi nis tra tion of oxy to cin was re -
por ted not to have any ef fect on the abi lity to achieve erections in healthy
men (Behnia et al., 2014).

In sum mary, do pa mi ner gic path ways and MC re cep tor sig nals ap pear
to ex hi bit com mo na li ties in erec ti le func tion of va rious mam mals and hu -
mans. Com pounds such as apo morp hi ne, a-MSH, me la no tan II, or bre me -
la no ti de, may be con si de red re le vant re fe ren ce drugs for the study of penile
erection.
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“Psychogenic” erections
Male rats ex po sed to inac ces si ble es trous fe ma les show pe ni le erec tions
(Sachs et al., 1994), a phe no me non that is also ob ser ved in pri ma tes like the
chim pan zees and rhe sus mon keys (Nad ler and Bart lett, 1997; Po me rantz,
1990). The se non con tact erec tions (NCEs) are pre su med to re flect se xual
arou sal (Nad ler and Bart lett, 1997; Sachs, 2000) and the re fo re could ser ve as
a mo del to study the neu ro bio logy of hu man male se xual arou sal (Niel sen et
al., 2011). In sup port of this idea, ra pid ef fects of an dro gen re cep tor ac ti va -
tion in the me dial amy gda la were found to play an im por tant role in the ex -
pres sion of NCE, in vol ving the se ef fects in male rat se xual arou sal (Bialy et
al., 2011) and the amy gda la is among the brain re gions con sis tently ac ti va -
ted du ring male se xual arou sal in hu mans, as de ter mi ned by fMRI stu dies.
Mo reo ver, con cu rrent ac ti va tion of this brain re gion and the in su la by se -
xual cues and pe ni le tur gi dity was pro po sed to re flect the emo tio nal com po -
nent of se xual arou sal (Kuhn and Ga lli nat, 2011). Pe ni le erec tions evo ked by
es trous fe ma le odors, in the ab sen ce of fe ma le rats, have also been con si de -
red to re flect male se xual arou sal (Niel sen et al., 2011). Using NCE as a mo del 
of se xual arou sal, it was es ta blis hed that sil de na fil (Via gra®), used wi dely
used to treat erec ti le dysfunc tion in hu mans, has not only pe rip he ral ac -
tions, but fa ci li ta tes se xual arou sal by ac ting in the cen tral ner vous system,
en han cing do pa mi ner gic and se ro to ner gic trans mis sion in the nu cleus ac -
cum bens (NAc) and me dial preop tic area (mPOA) (Kyrat sas et al., 2013).
The se data sug gest that the NCE mo del is use ful to study the cen tral com po -
nent of se xual arousal.

Penile reflex tests
In typi cal pe ni le re flex tests, male rats are pla ced su pi ne in a tube with their
pe ni le sheaths held back and the pe nis re trac ted. The pe nis then shows a
cha rac te ris tic pat tern of tu mes cen ce and de tu mes cen ce ac com pa nied by
“quick flips” (qui vers fo llo wing full erec tion) and “cups” (a fla ring of the
glans pe nis thought to be ana lo gous to eja cu la tion). La tency to erec tion and
the fre quency of the se dif fe rent re fle xes are coun ted fo llo wing an ex pe ri -
men tal treat ment, (e.g., syste mic or cen tral drug ad mi nis tra tion, brain le -
sions, or le sions of dif fe rent ner ves that in ner va te the pel vic gan glia). Many
treat ments that en han ce pe ni le erec tion in men (e.g., sil de na fil, apo morp -
hi ne, pros ta glan din E1, oxy to cin, a2-adre ner gic re cep tor an ta go nists like
yohim bi ne, ida zo xan and imi lo xan, and va so di la tors that act through NO
sub stra tes, such as ni trogl yce ri ne, so dium ni tro prus si de, and lin si do mi ne)
en han ce pe ni le erec tion in rats (re vie wed in McKen na, 1999; Mei sel and
Sachs, 1994). Erec ti le res pon ses to the se drugs are also stu died by mo ni to -
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ring in tra ca ver no sal pres su re with elec tro des (e.g., Anders son et al., 1999;
Ber na be et al., 1999). Con ver sely, drugs that re du ce se xual arou sal in men,
e.g., do pa mi ne an ta go nists such as ha lo pe ri dol (Crens haw and Gold berg,
1996), also re du ce pe ni le re fle xes in rats (Pehek et al., 1988). Ho we ver, se lec -
ti ve ac ti va tion of dif fe rent do pa mi ne re cep tors in the mPOA al ters au to no -
mic arou sal dif fe rently, with se lec ti ve ago nist ac tions on D1 re cep tors
fa ci li ta ting erec tions and in hi bi ting se mi nal emis sions in male rats, and se -
lec ti ve ac tions on D2 re cep tors ha ving the op po si te ef fect (Hull et al., 1989).
This sug gests that the erec to ge nic ac tions of apo morp hi ne in rats oc cur
through its bin ding to D2 re cep tors in this or ot her brain regions.

Conditioned sexual arousal in the male
Con tex tual cues that are al ways as so cia ted with se xual plea su re or re ward,
drug re ward, or stress, can in du ce more vi go rous co pu la tory beha vior in
male rats. This has been shown in pla ces as so cia ted with morp hi ne re ward
(Mit chell and Ste wart, 1990) and in the in duc tion of a so ma to sen sory fe tish
whe re a ro dent tet he ring jac ket is worn du ring a male rat’s first se xual ex pe -
rien ces to eja cu la tion (Pfaus et al., 2013). In the lat ter study, ma les trai ned to 
co pu la te whi le wea ring the jac ket sho wed de fi cits in co pu la tory mea su res
of arou sal (e.g., in crea ses in in tro mis sion and eja cu la tion la ten cies, de crea -
sed num ber of eja cu la tions) with the jac ket off re la ti ve to ma les with the jac -
ket on (Fi gu re 3). Pe ni le re fle xes are also more li kely to oc cur in cham bers
pre viously as so cia ted with the eja cu la tory re ward sta te in male rats (Sachs
and Ga ri ne llo, 1978).

Fe male sex ual arousal. In creased gen i tal blood flow dur ing nor mal
arousal in women causes clitoral tu mes cence and a lu bri ca tion-swell ing re -
sponse of the lower third of the va gina pro duc ing fluid transudations
through the vag i nal wall (Traish, 1999). The pe riph eral mod els of fe male sex -
ual re sponses in volve mon i tor ing changes in clitoral blood flow, vag i nal se -
cre tions, tem per a ture, and blood flow, as well as mon i tor ing smooth and
stri ated mus cle con trac tions of the va gina, uterus, anal sphincter and pel vic 
floor mus cles (Giraldi et al., 2013; Munarriz, 2003). The fe male gen i tal tract
is innervated by adrenergic, cholinergic, peptidergic, and NO synthase-
con tain ing nerves. An i mal stud ies in rats and rab bits have shown the pres -
ence of vasoactive in tes ti nal polypeptide (VIP), ni tric ox ide synthase (NOS;
pro duc ing NO), neuropeptide Y (NPY), calcitonin gene-re lated pep tide
(CGRP), sub stance P (SP), as in males (Giraldi et al., 2013; Munarriz, 2003;
Giuliano et al., 2010). Nerve branches of the pudendal nerve form the dor sal
clitoral nerve have a sim i lar func tion to the dor sal nerve of the pe nis and ev -
i dence for en do the lial and neuronal NO path ways have been doc u mented
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(Musicki et al., 2010; Olivier et al., 2014; Tajkarimi and Bur nett, 2011). How -
ever, in clin i cal stud ies, sildenafil did not im prove sex ual func tion or sig nif -
i cantly in crease clitoral engorgement in women with fe male sex ual arousal
dis or der (Al ex an der et al., 2011; Leddy et al., 2012). In cell cul tures from hu -
man and rab bit vag i nal smooth mus cle, stud ies of the sig nal transduction
mol e cules cy clic adenosine monophosphate (cAMP) and cy clic guanosine
monophosphate (cGMP) sug gest that these sig nal transduction path ways
are of im por tance for reg u la tion of vag i nal smooth mus cle tone (Traish,
1999). Fur ther more, a re cent study showed that cAMP/PDE4 sys tem may be
of sim i lar func tional im por tance as the NO/cGMP/PDE5 path way for
neurovascular gen i tal re sponses of the fe male rat (Castiglione et al., 2013).
Stim u la tion of the pel vic nerve in anaesthetised fe male rats (Giuliano et al.,
2001a; Vachon et al., 2000) rab bits (Munarriz et al., 2003) and as well in dogs 
(Angulo et al., 2001) has been shown to in crease vag i nal blood flow, clitoral
ICP, vag i nal wall pres sure, vag i nal length and blood flow, and de creases
vag i nal luminal pres sure.

Fi gu re 3. Top: Ro dent tet he ring jac ket used to con di tion se xual arou sal in Long-Evans male
rats. Bot tom: Mean num ber of con di tio ned le vel chan ges, in tro mis sion la tency, num ber of
in tro mis sions, and eja cu la tion la tency (+SEM) of male rats trai ned with or wit hout the jac -
ket (con di tio ning group, jac ket off or jac ket on). Data are ta ken from the fi nal test in which
ma les from both con di tio ning groups eit her did not wear the jac ket (whi te bars) or did wear 
the jac ket (black bars). Mo di fied with per mis sion (Pfaus et al., 2013).
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Models of Sexual “Desire”
Cli ni cians and mo ti va tio nal theo rists ali ke view de si re as dis tinct from
arou sal in both ani mals and hu mans. This dis tinc tion ge ne rally re flects
blood flow to the ge ni tals and erec ti le tis sues (which peo ple may or may not
be cons ciously awa re of) ver sus “psycho lo gi cal” se xual in te rest in which in -
di vi duals “want” or “cra ve” sex (with wan ting and cra ving de fi ned here as in
Ro bin son and Be rrid ge, 1993, for drugs of abu se). This has been main tai ned
for de ca des in sub se quent in car na tions of the DSM and ICD that ca te go ri ze 
se xual arou sal di sor der (SAD) dis tinct from hypoac ti ve se xual de si re di sor -
der (HSDD). Ho we ver, in prac ti ce de si re may well be in for med or even con -
fir med by the pre sen ce of au to no mic and cen tral res pon ses that de fi ne
arou sal, and peo ple of ten re gard de si re and arou sal as parts of one anot her,
des pi te being gi ven dis tinct de fi ni tions (e.g., Bas son, 2002; Sa rin et al.,
2013; To le da no and Pfaus, 2006). This has led to con tro versy in the cu rrent
DSM-5 (2013), which views di sor ders of se xual arou sal and in te rest in wo -
men as blen ded phe no me na (ca lled fe ma le se xual in te rest and arou sal di -
sor der, or FSIAD), but lea ve them dis tinct for men. Di sor ders of se xual
de si re can stem from eit her a lack of suf fi cient ex ci ta tion in res pon se to se -
xual cues, ove ra bun dan ce of in hi bi tion in res pon se to such cues, or a mix of
the two (Ban croft and Jans sen, 2000; Pfaus, 2009; Sa rin et al., 2013).

Se xual de si re has been furt her sub di vi ded theo re ti cally into “spon ta -
neous” ver sus “re cep ti ve” forms (Bas son, 2003). The for mer is re mi nis cent
of ol der con cepts of “dri ve” (e.g., Hull, 1943), and is thought to oc cur as an
emer gent pro perty of in ter nal events (e.g., hor mo ne ac tions) that sud denly
crea te a cons cious rea li za tion of being “horny”, wit hout any ob vious ex ter -
nal cue or in cen ti ve ac ting as a trig ger for the res pon se. The lat ter is more
ob viously re la ted to un con di tio ned or con di tio ned cues that are se xually-re -
le vant ac ting as the trig ger(s) (Geor gia dis et al., 2012), and to more mo dern
con cepts of in cen ti ve mo ti va tion (e.g., Bin dra, 1959; Toa tes, 1988; 2014). In
hu mans, un con di tio ned se xual sti mu li in clu de ge ni tal tac ti le sti mu la tion
and vi sual/au di tory se xual sti mu li, alt hough some stu dies sug gest that che -
mo sen sory sig nals like phe ro mo nes are in vol ved in hu man se xual at trac -
tion (Lub ke and Pause, 2015). In rats the un con di tio ned se xual sti mu li in -
clu de phe ro mo nes, odors, and au di tory vo ca li za tions (Pfaus et al., 2012).
Ani mal stu dies sug gest that se xual de si re (se xual in cen ti ve mo ti va tion) is
sti mu la ted by do pa mi ne and me la no cor tins in both me so lim bic and in cer -
tohy pot ha la mic cir cuits, se xual at trac tion by oxy to cin in the hypot ha la mus
and lim bic system, and se xual arou sal by no ra dre na li ne in hypot ha la mic,
lim bic and cor ti cal re gions (Pfaus, 2009). In hu mans, vi sual se xual sti mu la -
tion ac ti va tes dif fe rent brain re gions in clu ding the ven tral stria tum (me so -
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lim bic cir cuit), amy gda la and an te rior cin gu la te cor tex (lim bic system) and
or bi to fron tal cor tex (cor ti cal re gions) (Childress et al., 2008), and the re-
sponse to sexual incentive stimuli depends critically on mesolimbic
dopamine activity (Georgiadis et al., 2012; Oei et al., 2012), as it does in
rodents and virtually all other vertebrates.

Stimulation of sexual desire
Se xual de si re re qui res the coor di na ted ac tions of the hypot ha la mus, lim bic
system, and cor tex, wit hin which do pa mi ne, me la no cor tins, and oxy to cin
play key ro les in its sti mu la tion in both ma les and fe ma les. Se xual de si re in
ma les of a va riety of spe cies pro du ces beha vio ral ac ti va tion that can be ex -
pres sed in terms of fa ci li ta ted mo tor ac ti vity (e.g., nose po kes through a
wire-mesh screen, le vel chan ges in a bi le vel cham ber, maze run ning and
part ner pre fe ren ce) and ope rant res pon ses made in an ti ci pa tion of the arri -
val of a se xually re cep ti ve fe ma le or a sti mu lus (e.g., odor or vi sual cue) as so -
cia ted with se xual re ward. De si re can also be ex pres sed in the wi lling ness to 
pur sue a se xually re cep ti ve fe ma le and the speed with which the male en ga -
ges in co pu la tory ac ti vity af ter it has been so li ci ted by the fe ma le. Fe ma les
show si mi lar and com ple men tary res pon ses that can be ta ken as mea su res
of de si re. At least three im por tant beha viors have emer ged in ani mal mo -
dels of fe ma le de si re: ap proa ches, so li ci ta tions, and the in hi bi tion of re jec -
tion res pon ses. Use of ani mal mo dels allows re sear chers to fo cus on
phar ma co lo gi cal and mo le cu lar me cha nisms of ac tion for the se beha vio ral
phenomena.

As men tio ned abo ve, the re are se ve ral com pounds and for mu la tions
eit her ap pro ved or cu rrently in cli ni cal trials for the treat ment of
HSDD/FSIAD. Fli ban se rin was the first drug ap pro ved by the US FDA in
2016 for the treat ment of HSDD in pre me no pau sal wo men un der the tra de
name Addyi®. It is a mi xed ago nist/an ta go nist at 5-HT1A and 5-HT2A re cep -
tors, and its phar ma co logy and beha vio ral ef fects have been exa mi ned in fe -
ma le rats. The drug in crea ses so li ci ta tions in OVX fe ma le rats main tai ned
on es tra diol and pro ges te ro ne or es tra diol alo ne (Fi gu re 4), but only af ter
ap pro xi ma tely 21 days of daily ad mi nis tra tion (Ge lez et al., 2013). This time
cour se coin ci des with a de crea se in se ro to nin in the pre fron tal cor tex, along 
with in crea ses in no ra dre na li ne and do pa mi ne in the me dial pre fron tal
cor tex, and do pa mi ne in the mPOA (Allers et al., 2010). Chro nic treat ment
with fli ban se rin also re sul ted in Fos ac ti va tion of the NAc, mPOA, arcuate
nucleus, ventral tegmental area, locus coeruleus, and lateral paragiganto-
cellularis (Gelez et al., 2013).
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Fi gu re 4. Chro nic ef fects of fli ban se rin (Addyi®) on so li cit ations, hops and darts, re jec tion
res pon ses, and the num ber of in tro mis sions re cei ved in OVX Long-Evans rats pri med with
es tra diol ben zoa te alo ne. Fli ban se rin (0. 15, or 45 mg/kg) was ad mi nis te red sc daily and
tests con duc ted at 7-day in ter vals. Data are means + SEMs. From (Gelez et al., 2013), with
per mis sion.

The MC4 re cep tor ago nist bre me la no ti de was the se cond drug ap pro -
ved by the US FDA for the treat ment of HSDD in pre me no pau sal wo men in
2019 un der the tra de name Vylee si®. It was tes ted ex ten si vely in both fe ma le 
and male rats to es ta blish its beha vio ral ef fects and me cha nisms of ac tion
(Pfaus et al., 2003; 2007). Acu te syste mic (sc) ad mi nis tra tion of bre me la no -
ti de to OVX fe ma le rats pro du ces a dra ma tic in crea se in ap proa ches and so -
li ci ta tions, and a de crea se in re jec tion res pon ses, re gard less of whet her
they have been pri med with estradiol and progesterone or estradiol alone
(Figure 5).
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Fi gu re 5. Top: Effects of acu te sc in jec tions of bre me la no ti de on so li ci ta tions, pa cing, and
lor do sis in OVX Long-Evans rats pri med with es tra diol ben zoa te and pro ges te ro ne (E+P) or 
es tra diol ben zoa te alo ne (E alo ne). Bot tom (left to right): Effects of 200 µg/kg on ex tra ce llu -
lar con cen tra tions of do pa mi ne in the mPOA. Effects of in fu sions to the mPOA on so li ci ta -
tions, pa cing, and lor do sis (fa ci li ta tion of so li ci ta tions was re ver sed by sc in jec tions of the
se lec ti ve MC4 an ta go nist HS014). Fa ci li ta tion of so li ci ta tions by bre me la no ti de re ver sed by
a D1, but not D2, re cep tor an ta go nist. Data are means + SEMs. From Pfaus et al., (2007) with 
per mis sion.

The drug also in crea ses erec tions (both spon ta neous and non con tact)
and con di tio ned le vel chan ges in male rats (Fi gu re 6).

Fi gu re 6. Effects of acu te sc in jec tions of bre me la no ti de on con di tio ned le vel chan ges (LC),
eja cu la tion la ten cies (EL), num ber of in tro mis sions (NI), and num ber of eja cu la tions (NE)
in se xually ex pe rien ced Long-Evans male rats du ring a 30-min test. Data are means + SEMs
(N=12 ma les/dose). Unpu blis hed.
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 It works through ac tions on MC4 re cep tors in the mPOA, which leads to 
a se lec ti ve re lea se of do pa mi ne, which in turn acts on D1 re cep tors to ac ti va -
te ap pe ti ti ve se xual res pon ses along with erec tions. It can in du ce the se ef -
fects by di rect in fu sions to the mPOA, and the ef fects are re ver sed by co-ad -
mi nis tra tion of HS014, an MC4 re cep tor an ta go nist, but also by ad mi nis tra -
tion of a D1, but not D2, do pa mi ne re cep tor an ta go nist (Pfaus et al., 2007).
The drug also ac ti va tes Fos pro tein (as a mar ker of neu ro nal ac ti va tion) wit -
hin the nu cleus ac cum bens, mPOA (Fi gu re 7), la te ral hypot ha la mus, ba so la -
te ral amy gda la, and ven tral teg men tal area (Pfaus et al., 2007).

Fi gu re 7. Top: Induc tion of Fos pro tein in the mPOA by acu te sc in jec tions of sa li ne or bre -
me la no ti de. Bot tom: Re la ti ve in duc tion of Fos pro tein by acu te sc in jec tions of bre me la no -
ti de wit hin the mPOA, ven tral teg men tal area (VTA), nu cleus ac cum bens (NAc), pre fron tal
cor tex (PFC), ba so la te ral amy gda la (BLA), and ven tro me dial hypot ha la mus (VMH) in OVX
fe ma le rats pri med with E+P. From (Pfaus et al., 2007), with per mis sion.

Although bre me la no ti de had an ex ce llent sa fety pro fi le in both rats and
hu mans, a con cern of the re gu la tory agen cies was whet her its use to treat
HSDD in wo men might lead to hyper se xua lity and con co mi tant des ta bi li -
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za tion of es ta blis hed re la tions hips. Bre me la no ti de was then tes ted in fe ma -
le rats using the con di tio ned part ner pre fe ren ce pa ra digm. Fe ma les were
trai ned to as so cia te a scen ted male with re war ding pa ced co pu la tion. Then,
on a fi nal test, fe ma les were in jec ted with bre me la no ti de or sa li ne and pla -
ced into an open field with two tet he red ma les, one scen ted and the ot her
uns cen ted, and allo wed to co pu la te freely for 30 min. Instead of ran dom co -
pu la tion with both ma les, fe ma les in jec ted with bre me la no ti de so li ci ted
and co pu la ted sig ni fi cantly more with their pre fe rred (scen ted) male re la ti -
ve to the sa li ne-in jec ted fe ma les (Fi gu re 8). Bre me la no ti de re mains the only 
com pound whe re the “proof of con cept” was es ta blis hed first in rats be fo re
hu man cli ni cal trials commenced.

Fi gu re 8. Acu te ef fect of sc in jec tions of sa li ne or bre me la no ti de (200 µg/kg) on the num ber
of so li ci ta tions made by fe ma les to ward their pre fe rred (scen ted) ver sus non pre fe rred
(uns cen ted) ma les. Data are means + SEMs. Unpu blis hed.

More com pounds are cu rrently in cli ni cal trials for low de si re in wo -
men. The se in clu de Lybri do® (a com bi na tion of tes tos te ro ne and sil de na fil)
and Lybri dos® (a com bi na tion of tes tos te ro ne and bus pi ro ne), both of
which re qui re a de lay of ap pro xi ma tely 4 hrs for tes tos te ro ne to pri me neu -
ro che mi cal systems suf fi ciently for the com bi na tion to in crea se se xual de si -
re and in te rest in wo men vie wing ero tic vi sual sti mu li (Bloe mers et al., 2013; 
Poels et al., 2013; 2014; Tui ten et al., 2001; van Rooij et al., 2013; 2015). Lybri -
do® is di rec ted to wo men with a more “bot tom-up” pro blem whe re arou sal
may not re gis ter suf fi ciently to in fluen ce de si re, whe reas Lybri dos® is di rec -
ted to wo men with too much “top-down” in hi bi tion of de si re (pre su mably
by in crea sed se ro to ner gic ac ti va tion of exe cu ti ve func tion). In OVX rats
pri med with sub-thres hold do ses of EB and a nor mal dose of P (to pro du ce
low-to-mo de ra te se xual res pon ding), acu te syste mic treat ment with tes tos -
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te ro ne pro pi o nate (TP, 4 hr be fo re tests) and the PDE-5I var de na fil (Snoe -
ren et al., 2011) 1 hr be fo re the test in crea sed pre co pu la tory hops and darts
(pro xi ma te so li ci ta tions) and lor do sis quo tients sig ni fi cantly re la ti ve to TP
alo ne or the drugs alo ne. Intra ce re bro ven tri cu lar (icv) administration of
vardenafil had no effect, indicating that an increase in genital blood flow
was a critical feature of the drug effect in combination with TP.

Other com pounds cu rrently in cli ni cal trials for HSDD in clu de Lo rexys® 
(a mix tu re of bu pro pion and tra zo do ne) and a pep ti de ca lled BP-101.
Although tra zo do ne has not been exa mi ned to date in fe ma le rats, acu te bu -
pro pion ad mi nis te red sc to hor mo nally pri med fe ma les in crea sed the num -
ber of eja cu la tions male rats achie ved with them, sug ges ting a pos si ble in -
crea se in at trac ti vity (Ló pez et al., 2007). Sub se quently, Ven tu ra-Aqui no
and Fer nán dez-Guas ti (2013) found that chro nic, 14-day ip ad mi nis tra tion
of bu pro pion in crea sed pro xi mal so li ci ta tions (hops and darts) and
ear-wig gling, in OVX rats pri med with EB alo ne, in di ca ting an in crea se in
both at trac ti vity and se xual mo ti va tion. Acu te in tra na sal in fu sions of
BP-101 in crea sed both so li ci ta tions and lor do sis in OVX rats pri med with
EB alo ne. Like bre me la no ti de, this ef fect was also in du ced by in fu sions
directly to the mPOA, but not by infusions to the olfactory bulbs, VMH, or
VTA (Andreev-Andrievskiy et al., 2017).

In se xually ex pe rien ced ma les, treat ments such as the pre sen ta tion of a
new fe ma le for each eja cu la tory se ries (sti mu la ting the “Coo lid ge ef fect”) or
syste mic ad mi nis tra tion of low-to-mo de ra te do ses of sympat ho mi me tic
drugs such as co cai ne can in crea se the num ber of in tro mis sions and eja cu -
la tions and de crea se the la tency to ini tia tion co pu la tion (Pfaus et al., 1990).
The do pa mi ne re cep tor ago nist apo morp hi ne also in crea ses con di tio ned
le vel chan ges in male rats (Pfaus and Phi llips, 1991; Pfaus, 2009). As no ted
abo ve, in crea ses in con di tio ned le vel chan ges have been ob ser ved in male
rats fo llo wing bre me la no ti de. Ta ken to get her with the apo morp hi ne data,
it is li kely that in crea sed conditioned level changes is induced by
augmented dopamine turnover in the mPOA and NAc.

In hib ited sex ual de sire. As men tioned above, in the DSM-5, HSDD was
split into male HSDD for males and FSIAD for fe males. Male HSDD is de -
fined as “per sis tently or re cur rently de fi cient (or ab sent) sex ual/ erotic
thoughts or fan ta sies and de sire for sex ual ac tiv ity” of which sev eral sub -
types are de scribed. The life long HSDD sub type im plies, by def i ni tion, that
low or no sex ual de sire has al ways been pres ent, a con di tion re sem bling the
so-called non-cop u lat ing (NC) rat. This is a subpopulation of males that can
be found in all rat strains and sev eral other mam ma lian spe cies (Clark and
Galef, 2000; Har ding et al., 2010). The males are oth er wise healthy but will
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not cop u late de spite re peated ex po sure to sex u ally re cep tive fe males (An -
der son, 1936). NC males have in tact erec tile and ejac u la tory func tions
(Stefanick and Davidson, 1987) and do not show any ste roid hor mone def i -
cits (Whalen et al.,1961).

The re are se ve ral ways to trans form the se se xually-im pai red ma les into
se xually com pe tent co pu la tors. One is by the ap pli ca tion of un pre dic ted,
low-le vel foots hock (the “Dud-to-Stud” phe no me non; Crow ley et al., 1973).
Pre su mably foots hock ac ti va tes both au to no mic and cen tral arou sal sta tes,
which in turn fo cus the ma le’s at ten tion on sa lient se xual cues of the fe ma le
part ner. Co pu la tion can also be sti mu la ted in the NC male by phar ma co lo -
gi cal treat ments that eit her in hi bit en do ge nous opioid systems (e.g., the
opioid an ta go nist na lo xo ne; Pfaus and Wil kins, 1995) or that sti mu la ting
the en do can na bi noid system with the en do ge nous li gand anan da mi de
(Can se co-Alba and Ro drí guez-Man zo, 2013). Anan da mi de-in du ced co pu la -
tion in NC ma les can be a long-term ef fect, when a se xual in te rac tion ta kes
pla ce un der the in fluen ce of this treat ment (Can se co-Alba and Ro drí -
guez-Man zo, 2019a). The se re sults point to the exis ten ce of brain me cha -
nisms that in hi bit se xual arou sal and at ten tion to un con di tio ned in cen ti ve
cues. Inte res tingly, NC ma les have re du ced es tro gen re cep tor den sity in
their mPOA (Clark et al.,1985) and in crea sed en kep ha lin con tent in the
hypot ha la mus (Ro drí guez-Man zo et al., 2002) re la ti ve to ma les that co pu la -
te (Clark et al., 1985). This rat po pu la tion re pre sents one “na tu ral” mo del for
the study of the neu ro bio lo gi cal ba ses of in hi bi ted se xual de si re and as such, 
po ten tially use ful for the un ders tan ding of hu man male li fe long HSDD.
Indeed, a con tro lled cli ni cal trial re cently sho wed that se xual in hi bi tion is
reduced by sexual arousal both in men and women, an effect that might be
involved in de sire – or drug – driven engagement in sexual risk behavior
(Imhoff and Schmidt, 2014; Pfaus et al., 2010).

Sex ual re frac to ri ness and in hib ited de sire. An other im por tant ob ser -
va tion is that if sex u ally com pe tent male rats are al lowed to cop u late to sex -
ual ex haus tion, the ma jor ity of the males will not cop u late for the next 48
hours (Rodríguez-Manzo and Fernández-Guasti, 1994) and re quire a 15 day- 
pe riod of sex ual rest to re cover their ini tial sex ual ca pac ity (Rodríguez-
Manzo et al., 2011). This phe nom e non has been used as an an i mal model to
study the neurobiological mech a nisms un der ly ing the trig ger ing and
main te nance of a sex ual in hi bi tion that prob a bly rep re sents an adap tive
mech a nism de vel oped to pro tect the in di vid ual from po ten tial dis ad van -
tages of pro longed en gage ment in sex ual ac tiv ity (Bancroft, 1999). This in -
hi bi tion is due to neurochemical events and brain plas tic changes trig gered
by re peated ejac u la tion within a short pe riod (Rodríguez-Manzo et al., 2011;
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Ro dríguez-Manzo, 2015) and the mesolimbic do pa mine sys tem ap pears to
be one of the main brain re gions ex pe ri enc ing these plas tic changes
(Fiorino et al., 1997; Garduño-Gutiérrez et al., 2013b; 2013c; Rodríguez-
Manzo et al., 2021).

Sev eral of the drugs that can partly or fully re verse this in hib i tory state,
in ter act di rectly or in di rectly with this sys tem, which ap pears to be a fi nal
com mon path way for sa ti ety re ver sal (Pfaus, 2009; Rodríguez-Manzo,
1999). Par tic u larly, the glu ta mate re cep tor an tag o nists ketamine, MPEP
and CNQX (which re duce glutamatergic trans mis sion by block ing NMDA,
AMPA and mGluR5 re cep tors, re spec tively) (Rodríguez-Manzo, 2015), the
opioid re cep tor an tag o nists naloxone and naltrexone (which block the
bind ing of en dog e nous opioids) (Rodríguez-Manzo and Fernández-Guasti, 
1995a; Garduño-Gutiérrez et al., 2013a; Garduño-Gutiérrez et al., 2013c), the
endocannabinoids anandamide and 2-AG, both CB1 cannabinoid re cep tor
lig ands which in hibit GABA and glu ta mate re lease (Fig ure 9; Canseco-Alba
and Rodríguez-Manzo, 2014; Canseco-Alba and Rodríguez-Manzo, 2019b),
the GABA-A re cep tor an tag o nist bicuculline (Rodríguez-Manzo and Can-
seco-Alba, 2017), the non spe cific do pa mine re cep tor ag o nist apomorphine
and the D1-like do pa mine re cep tor ag o nist SKF38393 (both ac ti vat ing
D1-like do pa mine re cep tors) (Guadarrama-Bazante et al., 2014) have been
shown, or are can di dates, to act at the mesolimbic sys tem to re verse sa ti a tion
(Fig ure 10; Garduño-Gutiérrez et al., 2013b; 2013c; Canseco-Alba and
Rodríguez-Manzo, 2016; Rodríguez-Manzo and Canseco-Alba, 2017;
Guadarrama- Bazante and Rodríguez-Manzo, 2019).

In ad di tion, the a2-adre ner gic re cep tor an ta go nist yohim bi ne (which
in crea ses no ra dre ner gic tone) in te racts with do pa mi ne to re ver se sa tia tion
(Ro drí guez-Man zo, 1999) and the 5-HT1A re cep tor ago nist 8-OH-DPAT
(which de crea ses se ro to nin re lea se) re qui res in tact no ra dre ner gic trans -
mis sion to re ver se this in hi bi tory sta te (Rodríguez-Manzo and Fernández-
Guasti, 1995b).

Be sides, in males that re ceived naloxone or the cannabinoid CB1 re cep -
tor an tag o nist AM251 dur ing the cop u la tion to sa ti ety pro cess, the trig ger -
ing of the sex ual in hib i tory state was pre vented (Garduño-Gutiérrez et al.,
2013a; Canseco-Alba and Rodríguez-Manzo, 2014). AM251 also pre vented
the sex ual in hib i tory state when in fused di rectly into the VTA (González-
Mo rales and Rodríguez-Manzo, 2020). This sug gests that sex ual sa ti ety or
re frac to ri ness in duces a state of in hib ited de sire to en gage in sex ual ac tiv ity 
and could be stud ied from the stand point of phar ma co log i cal or be hav ioral
treat ments that pre vent or re verse this in hi bi tion.
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Fig ure 9. Re ver sal of sex ual sa ti ety by the endocannabinoids anandamide (AEA) and 2-AG.
Top: In crease in the pro por tion of sex u ally sa ti ated males show ing ejac u la tion (E) and re -
sum ing cop u la tion af ter ejac u la tion (CR) in re sponse to the acute ip in jec tion of dif fer ent
doses of AEA or 2-AG com pared to ve hi cle in jected con trol an i mals (C). Bot tom: AEA di rect
in fu sion into the ven tral tegmental area (VTA) also re verses the sex ual in hi bi tion of the sex -
u ally sa ti ated rats as com pared to ve hi cle. From Canseco-Alba and Rodríguez-Manzo, 2014;
2016; 2019b with per mis sion.

Fe ma le rats show a si mi lar kind of re frac tory sta te in du ced by lar ge
amounts of va gi no cer vi cal sti mu la tion (VCS) du ring co pu la tion or ma nual
sti mu la tion with a glass rod (Pfaus et al., 2000). Appe ti ti ve se xual beha viors
like so li ci ta tion are the most sen si ti ve to in hi bi tion by tho se treat ments,
and as the in ten sity of the in hi bi tion pro gres ses, fe ma les dis play in crea ses
in pa cing and de fen si ve beha viors and a de crea se in high-in ten sity lor do sis. 
The in hi bi tion has been tra ced to the ac ti va tion of glu ta ma te neu rons in the
ven tro la te ral VMH that are in hi bi ted by es tra diol and fa ci li ta ted by VCS
(Geor ges cu and Pfaus, 2006a; 2006b; Geor ges cu et al., 2012; 2009; 2014; Kow 
et al., 1985). Inte res tingly, syste mic ad mi nis tra tion of drugs like bre me la no -
ti de, that sti mu la te se xual de si re in fe ma le rats, also in hi bit an elec troph -
ysio lo gi cal glu ta ma te sig na tu re in the ven tro la te ral VMH (Booth et al.,
2010).
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Fig ure 10. Re ver sal of sex ual sa ti ety at the mesolimbic sys tem. Top: Phar ma co log i cal treat -
ments re vers ing sex ual sa ti ety when di rectly in fused into the ven tral tegmental area (VTA)
or the nu cleus accumbens (NAc). Bot tom: Re ver sal of sex ual sa ti ety by the sys temic in jec -
tion of an ef fec tive dose of AEA or 2-AG (ac ti vat ing CB1 cannabinoid re cep tors), is blocked
by coadministration of a low dose of the do pa mine re cep tor an tag o nist haloperidol, ev i -
denc ing the in ter ac tion with the dopaminergic trans mis sion in their ef fects. From
Canseco-Alba and Rodríguez-Manzo, 2019b.

Con di tioned in hi bi tion of sex ual de sire. In hi bi tion can also be in duced
in both fe male and male rats by stim uli as so ci ated with sex ual nonre in -
force ment or nonreward. In one par a digm (Kippin et al., 1998; 2001), sex u -
ally nonreceptive fe male rats were scented with a neu tral ol fac tory cue (al -
mond or lemon odor). Males re ceived 10 se quen tial tri als each with sex u ally
re cep tive fe males (un scented) and nonreceptive fe males (scented) ev ery 48
hrs dur ing the mid dle third of their dark cir ca dian cy cle. Al though most
males at tempted to mount the nonreceptive fe males on the first trial, their
at tempts were met with in tense re jec tion re sponses and fight ing, which
thwarted their at tempts. By the 5th or 6th tri als, males were no lon ger at -
tempt ing to cop u late with the nonreceptive fe males. A fi nal test was con -
ducted in a large open field with two sex u ally re cep tive fe males, one scented 
and the other un scented. De spite both fe males be ing sex u ally re cep tive and
dis play ing so lic i ta tions and in ter cep tions, the males avoided the scented
fe males and mounted, in tro mit ted, and ejac u lated pref er en tially with the
un scented fe males. This “frus tra tion”-in duced in hi bi tion re lated to the
odor could be disinhibited by a low dose of al co hol or co caine (Pfaus et al.,
2010).
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A si mi lar in hi bi tion was in du ced in ma les by the opioid re cep tor an ta -
go nist drug na lo xo ne (Ismail et al., 2006). In tho se stu dies, ma les were gi -
ven ac cess to se xually re cep ti ve fe ma les scen ted with al mond odor. Prior to
ac cess, half the ma les were in jec ted with na lo xo ne or sa li ne. The ma les re -
cei ved the op po si te or der of as so cia tion with se xually re cep ti ve uns cen ted
fe ma les. The se trials were done in se quen ce for a to tal of 10 trials in each
con di tion. On the fi nal test, ma les were pla ced into an open field with two
se xually re cep ti ve fe ma les, one scen ted and the ot her uns cen ted. As with
frus tra tion, ma les that re cei ved ac cess to scen ted fe ma les du ring na lo xo ne,
avoi ded scen ted females during the final test and copulated preferentially
with the unscented females.

 Con ver sely, ma les that re cei ved na lo xo ne du ring trials with uns cen ted
fe ma les avoi ded uns cen ted fe ma les du ring the fi nal test and co pu la ted pre -
fe ren tially with the scen ted fe ma les. Na lo xo ne in fu sed di rectly into the
mPOA of ma les du ring co pu la tion with scen ted fe ma les in du ced this ef fect,
whe reas ma les in fu sed with na lo xo ne to the NAc sho wed no pre fe ren ce at
all (Quin ta na-Zu ni no et al., 2019). Thus, frus tra tion or non re ward in du ced
by bloc king opioid re ward cen ters (e.g., in the mPOA and/or NAc) leads to
an in hi bi tory sta te as so cia ted with the odor and con co mi tant avoi dan ce of
females bearing the odor despite their solicitations and sexual receptivity.

The same re la tions hip bet ween frus tra tion and non re ward also works
for fe ma les. Frus tra tion can be in du ced in fe ma le rats by ap plying cli to ral
sti mu la tion (CLS) with a paint brush in the pre sen ce of an inac ces si ble male 
scen ted with al mond behind a wire-mesh screen (Pa ra da et al., 2011). Fe ma -
les ac ti vely so li cit the scen ted male fo llo wing CLS but are not able to make
con tact or have their so li ci ta tions reac ted to by ac ti ve pur suit. Four days la -
ter fe ma les re cei ve ac cess to an uns cen ted se xually vi go rous male in the
same cham ber but with the wire mesh ba rrier re mo ved so that she can co -
pu la te freely. On a fi nal open field test with two se xually vi go rous ma les, the
fe ma le avoids the scen ted male and so li cits and ta kes eja cu la tions pre fe ren -
tially from the uns cen ted male. As in ma les, na lo xo ne treat ment du ring
con di tio ning in du ces a sta te of se xual non re ward. Fe ma les trea ted with na -
lo xo ne prior to pa ced co pu la tion with scen ted ma les dis play few, if any, so li -
ci ta tions, low le vel lor do sis, and ac ti ve rejection responses by the 6th or 7th
conditioning trial, despite being fully primed with estradiol and proges-
terone.

On the fi nal open field test with two se xually vi go rous ma les, one scen -
ted and the ot her uns cen ted, fe ma les pre viously trea ted with na lo xo ne so li -
cit and re cei ve eja cu la tions from the uns cen ted male re la ti ve to the scen ted
male. Fe ma les trea ted with sa li ne du ring pa ced co pu la tory con di tio ning
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with scen ted ma les so li cit and re cei ve eja cu la tions pre fe ren tially from the
scen ted ma les (Co ria-Avi la et al., 2008). In fact, na lo xo ne-trea ted fe ma les
that co pu la te with uns cen ted ma les even tually dis play se xual re jec tion res -
pon ses to ward uns cen ted ma les that ap pear to be a per ma nent res pon se to
tho se ma les when the fe ma les are swit ched to sa li ne and des pi te their full
pri ming with es tra diol and pro ges te ro ne. Although pre vious stu dies have
suc cess fully uti li zed OVX rats pri med with low le vels of es tra diol as a mo del
of low de si re, it may well be the case that ac qui red in hi bi tion through non -
re ward in fully pri med fe ma les may cons ti tu te a more eco lo gi cally va lid
model of hypoactive sexual desire in premenopausal women that do not
have concomitant decreases in circulating hormone levels.

Models of Ejaculation, Orgasm, and Sexual Pleasure
In the 4-sta ge mo dels of hu man se xual res pon se, or gasm re pre sents the
apex of se xual res pon se and is des cri bed as a “re lea se” of se xual ten sion re -
sul ting in a “re so lu tion” of re frac to ri ness. Although in men, or gasm is typi -
cally re gar ded as synony mous with eja cu la tion, the re are ca ses of ejacula-
tion wit hout or gasm and or gasm wit hout eja cu la tion (Row land et al., 2010). 
As no ted abo ve, eja cu la tion in ma les of ot her mam ma lian spe cies re sem bles 
that of hu man ma les, and is typi cally fo llo wed by an ab so lu te and re la ti ve re -
frac tory pe riod. The spi nal me cha nisms that con trol se xual cli max (which is 
ex pe rien ced in the brain as or gasm) is si mi lar in ma les and fe ma les
(McKen na, 2001). Orgasms have been more dif fi cult to study in wo men (Le -
vin, 2004), alt hough the re are physio lo gi cal res pon ses such as va gi nal “ten -
ting,” and cha rac te ris tic pel vic floor mus cle res pon ses (Boh len et al., 1982)
and uro ge ni tal (UG) and cer vi co-ute ri ne (Sha fik) re fle xes that ac com pany
or gasm in wo men (Pfaus et al., 2016; Sha fik et al., 2009).

The si tua tion is si mi lar in la bo ra tory ani mals. Eja cu la tion oc curs in vir -
tually all male mam mals and is ac com pa nied by very ob vious beha vio ral
pat terns that make it easy to dis tin guish from ot her co pu la tory beha viors.
In con trast, or gasm-like res pon ses have been des cri bed for some fe ma le
ma ca que spe cies (Gold foot et al., 1980; Slob et al., 1986; Troi si and Ca ro si,
1998), but have yet to be ade qua tely exa mi ned in fe ma les of ot her spe cies.
This is due, in part, to a ge ne ral lack of ob vious beha vio ral res pon ses that
could be con si de red ana lo gous to tho se that oc cur in wo men. Ho we ver, or -
gasm-like res pon ses oc cur in fe ma le rats and can be dis tin guis hed on the
ba sis of ultrasonic vocalization patterns (Gerson et al., 2019a) in response to 
CLS.
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Ejaculatory reflexes
The ureth ro ge ni tal re flex is a mo del system that allows the study of se xual
re fle xes, par ti cu larly eja cu la tion, in anaest he si zed, spi nally-tran sec ted rats
(McKen na et al., 1991). In this mo del, the eja cu la tory res pon se is eli ci ted by
the me cha ni cal dis ten tion of the ureth ra with sa li ne in jec tion, (mi mic king
the de po si tion of se mi nal se cre tions into the pos te rior ureth ra), whi le oc -
clu ding the pe ni le mea tus. This sti mu lus trig gers a rhythmic mo tor pat tern
in all ge ni tal mus cles su rroun ding the male ge ni tal tract, con tro lled by a spi -
nal pat tern ge ne ra tor lo ca ted at the lum bo sa cral spi nal cord (Carro-Juárez
et al., 2003). Eja cu la tory pat terns, si mi lar to tho se of ma les have been iden -
ti fied in hu man and non-hu man fe ma le pri ma tes, as well as in fe ma le rats
(Emery and Sachs, 1975; Mar son et al., 2003), which ex hi bit an eja cu la tory
rhythmic mo tor pat tern in dis tin guis ha ble from the one re gis te red in male
rats (Ca rro-Juá rez and Ro drí guez-Man zo, 2006). This mo del system has
been used to evi den ce the spi nal ef fects of chro nic treat ment with dif fe rent
an ti de pres sants on the eja cu la tory res pon se (Hue letl-Soto et al., 2010; 2012;  
2014).

Models of anorgasmia or delayed ejaculation
In male rats, acu te treat ment with the se lec ti ve se ro to nin reup ta ke in hi bi -
tor (SSRI) fluo xe ti ne (FLU) dose-de pen dently de lays eja cu la tion and in -
crea ses the to tal num ber of mounts be fo re eja cu la tion and leng thens the
post-eja cu la tory re frac tory pe riod (Vega Ma tuszcyk et al., 1998b; Yells et al.,
1994).

Furt her mo re, male rats that were chro ni cally ad mi nis te red FLU at 10 or
20 mg/kg sho wed fe wer eja cu la tions and a de crea se in mea su res of se xual
mo ti va tion re la ti ve to ba se li ne (Can tor et al., 1998; Yells et al., 1994). In fe ma -
le rats, FLU de crea sed the mo ti va tion to in te ract with a se xual part ner,
quan ti fied by the num ber of nose-po kes per for med to gain ac cess to a male
coun ter part (Uphou se et al., 2015). Also, FLU-trea ted fe ma les sho wed a de -
crea se in the mag ni tu de of the lor do sis re flex, num ber of hops and darts,
and so li ci ta tions (Gon zá lez Cau te la et al., 2021; Vega Ma tuszcyk et al.,
1998a). Be cau se the ef fect of SSRIs in rats suc cess fully mi mics two of the
most pro mi nent symptoms of se xual dysfunc tion ob ser ved among hu mans
(anor gas mia and de crea sed se xual de si re), rats have been used as pre cli ni -
cal mo dels to de li nea te both the ba sic neu rop har ma co logy of SSRI ef fects
on se xual beha vior, and as proof of con cept in tes ting po ten tial treat ments
(Du la wa et al., 2004). Le sions of the nu cleus pa ra gi gan to ce llu la ris in ma les
(which con tains se ro to nin neu rons that project from the brainstem to

From Animal Models to Humans

176



spinal cord) reversed the effects of FLU on ejaculation (Yang et al., 2013;
Yells et al., 1994).

As with NC rats, some are also sex ual slug gish and show a con sis tent
pat tern of long ejac u la tion la ten cies (Pattij et al., 2005). In this model of nat -
u rally oc cur ring de layed ejac u la tion, a va ri ety of drugs have been re ported
to fa cil i tate ejac u la tion. Among them, the dopaminergic drugs L-DOPA and 
apomorphine (Tagliamonte et al., 1974), SND-919 and sildenafil (Giuliani et
al., 2002), the ß-adrenoceptor ag o nist clenbuterol (Benelli et al., 1990), and
the 5-HT1A re cep tor agonists 8-OH-DPAT and buspirone (Pattij et al., 2005;
Chan et al., 2008). The sex u ally slug gish rat can be a use ful model for the
study of de layed ejac u la tion if the se lec tion of this subpopulation in cludes
only an i mals in which the oc cur rence of ejac u la tion, al though de layed, is
ver i fied. Even though the DSM-5 def i ni tion of de layed ejac u la tion in hu -
mans in cludes both in hib ited and re tarded ejac u la tion, the neurobiological
bases for in hib ited ejac u la tion might be dis tinct from those un der ly ing pro -
longed ejac u la tion la ten cies. Off-la bel pharmacotherapies used for de layed
ejac u la tion in clude drugs that fa cil i tate ejac u la tion by stim u lat ing cen tral
dopaminergic or oxytocinergic mech a nisms, by block ing cen tral seroton-
ergic trans mis sion or by act ing at pe riph eral adrenergic mech a nisms. The
ma jor ity of these drugs have lim ited ef fi cacy and/or ex hibit sig nif i cant
side-ef fects (McMahon, 2014). Re cently, it was re ported that acute in jec tion
of very low doses of the endocannabinoid anandamide (a ret ro grade mes -
sen ger mod u lat ing the re lease of neurotransmitters from nerve end ings)
spe cif i cally re stores the ejac u la tory thresh old of slug gish rats by re duc ing
pre-ejac u la tory in tro mis sion num ber (the amount of stim u la tion) and ejac -
u la tion la tency (time needed to achieve ejac u la tion) val ues to those of nor -
mal sex u ally ex pe ri enced rats (Rodríguez-Manzo and Canseco-Alba, 2015).
This spec i fic ity sug gests that this com pound might be use ful to treat life -
long de layed ejac u la tion in men. Anandamide’s ef fects might in volve the di -
rect or in di rect sup pres sion of the re lease of neurotransmitters aug ment -
ing the ejac u la tory thresh old of slug gish rats, as has been ob served for its
abil ity to re verse sex ual ex haus tion.

Models of premature ejaculation
Pre ma tu re eja cu la tion (PE) is the most com mon male se xual dysfunc tion.
PE can be clas si fied as pri mary (li fe long) or se con dary (ac qui red) when it
de ve lops af ter a pe riod of nor mal con trol of eja cu la tion. Intra va gi nal eja cu -
la tion la tency time in men fo llows a con ti nuum with po si ti vely ske wed dis -
tri bu tion (i.e., the mean is su pe rior to the me dian) (Wal din ger et al., 2005).
Accor dingly, the re are men who have short eja cu la tion la tency time re fe -
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rred to as PE, ot hers de la yed eja cu la tion, and a last ca te gory (the lar gest
one) of men who eja cu la te in a ran ge of “nor mal” eja cu la tion time. Inte res -
tingly, a si mi lar dis tri bu tion of eja cu la tion la tency has been des cri bed in
male rats (Pat tij et al., 2005), thus gi ving the op por tu nity to use a re le vant
ani mal mo del for pre cli ni cal re sear ches. In prac ti ce, se xually ex pe rien ced
male rats are ca te go ri zed ac cor ding to their eja cu la tory per for man ce (num -
ber and la tency of eja cu la tions) mea su red du ring a stan dar di zed co pu la tory 
test.

Furt her in ves ti ga tions in ra pid eja cu la ting rats led to the iden ti fi ca tion
of a neu ro bio lo gi cal sub stra te for the va ria bi lity in eja cu la tory per for man -
ce. It was shown, using the im me dia te early gene c-Fos le vel of ex pres sion
as a mar ker of neu ro nal ac ti vity, that ra pidly eja cu la ting rats dis pla yed in -
crea sed ac ti vity in the brain net work in vol ved in the con trol of eja cu la tion
(Cle ment et al., 2012; Pat tij et al., 2005). In ad di tion, res pon se of the spi nal
ge ne ra tor of eja cu la tion to sti mu la tion was re por ted ac ce le ra ted in ra pidly
eja cu la ting rats (Borg dorff et al., 2009). Ho we ver, the cau sal link bet ween
eja cu la tory per for man ce and ac ti vity in the va rious com po nents of the
brain and spi nal path ways of eja cu la tion re mains to be cla ri fied. The pre -
dic ta bi lity of the rat mo del of pre ma tu re eja cu la tion was re cently sup por ted 
by a phar ma co lo gi cal study sho wing that da po xe ti ne, the first re gis te red
treat ment of PE, ‘nor mal ized’ ejaculatory be hav ior (most notably ejacu-
lation of the first latency) in rapidly ejaculating rats (Clement et al., 2012).

The eja cu la tion dis tri bu tion theory es ta blis hes that the in tra va gi nal eja -
cu la tory la tency time (IELT) in men con sists of a bio lo gi cal con ti nuum, with 
men with pre ma tu re eja cu la tion be lon ging to the left ex tre me of the IELT
cur ve (Wal din ger, 2002). The bio lo gi cal va ria bi lity in the eja cu la tory beha -
vior of male rats was des cri bed and eja cu la tion la tency (EL) was found to fo -
llow a Gaus sian dis tri bu tion, with ra pid and slug gish eja cu la ting rats re pre -
sen ted at each of its ends (Pat tij et al., 2005). This si mi la rity led them to pro -
po se that male rats at the ex tre mes of the eja cu la tory spec trum might be
used as ani mal mo dels for the study of hu man premature or delayed
ejaculatory disorders (Waldinger and Olivier, 2005).

Behavioral models of sexual pleasure
Se xual sti mu la tion to eja cu la tion and or gasm in du ces a plea su ra ble (re war -
ding) sta te that is con tin gent on par ti cu lar beha viors that lead to it (ope -
rants) and con tex tual and part ner-re la ted cues that pre dict it through
Pav lo vian con di tio ning (Pfaus et al., 2012; Quin ta na et al., 2022). Rats, for
exam ple, learn to run ma zes (Wha len, 1961), nose-poke or press bars (Eve -
ritt and Sta cey, 1987; Eve ritt et al., 1987; Eve ritt, 1990; Fitz pa trick et al., 1971;
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Jen kins and Bec ker, 2003; Uphou se et al., 2015; Wood son and Ba llei ne,
2002) for ac cess to co pu la tion with sex part ners. Se xual re ward can also be
as ses sed using the con di tio ned pla ce pre fe ren ce (CPP) or con di tio ned part -
ner pre fe ren ce pa ra digms. For both ope rant and Pav lo vian pa ra digms, eja -
cu la tion is cri ti cal for re ward in ma les, whe reas in fe ma les, their abi lity to
ini tia te and con trol or ‘pa ce” the rate of co pu la tion with is cri ti cal for re ward 
(re vie wed in Pfaus et al., 2012). Indeed, CLS ap plied with a fine paint brush
to fe ma le rats in a man ner that mi mics pa ced co pu la tion is ca pa ble of in du -
cing CPP (Pa ra da et al., 2010) and cli to ral anest he sia dis rupts the pat tern of
pa ced co pu la tion (Pa ra da et al., 2014). In ma les, eja cu la tion in du ces the re -
lea se of en do ge nous opioids in the brain (Coo len et al., 2004; Szech tman et
al.,1981), and treat ment with the opioid re cep tor an ta go nist na lo xo ne or
nal tre xo ne, but not do pa mi ne re cep tor an ta go nists, du ring trai ning blocks
the con di tio ning of both place– and part ner–re lated cues (Bur kett et al.,
2011; Ismail et al., 2009). Li ke wi se, na lo xo ne treat ment du ring pa ced co pu -
la tion trials blocks the con di tio ning of both place– and partner–related cues 
(Co ria-Avi la et al., 2007; Pa re des and Mar ti nez, 2001). In fact, na lo xo ne
treat ment du ring a fe ma le rat’s first se xual ex pe rien ces in du ces a po wer ful
in hi bi tion of so li ci ta tions and lor do sis and pro mo tes de fen si ve res pon ses
with ma les, des pi te hor mo nal pri ming that should in du ce a full com ple -
ment of se xual res pon ding (Pfaus et al., 2012). This pat tern of beha vior lasts
long af ter na lo xo ne treat ment ter mi na tes, and may cons ti tu te a more eco -
lo gi cally va lid mo del of in hi bi ted se xual de si re in pre me no pau sal wo men
wit hout dis rup ted le vels of circulating ovarian steroids.

Models of Sexual Pain
Al though gen i tal pain dis or ders like vulvodynia, clitorodynia, per sis tent
gen i tal arousal dis or der/genitopelvic dysesthesia, and priapism af fect mil -
lions of peo ple, very few be hav ioral mod els of these dis or ders ex ist in an i -
mals. Gen i tal pain has been in duced in fe male mice by in jec tions of
inflammogens like zymosan A or l-carrageenan (2%) into gen i tal re gions
and com pared with in jec tions to nongenital ar eas like the hindpaw, tail, or
cheek (Farmer et al., 2014). Sex ual be hav ior was sig nif i cantly re duced in
fully primed fe male mice ex pe ri enc ing pain (in all com bi na tions). How -
ever, male mice sim i larly treated dis played un im peded sex ual mo ti va tion.
The pain-in duced dec re ments in fe male sex ual be hav ior and mo ti va tion
could be re stored by the an al ge sic drug pregabalin, and the de sire-en hanc -
ing drugs apomorphine and melanotan-II.

CLS in fe ma le rats is ge ne rally re war ding when ap plied ma nually with a
soft, na tu ral fi ber paint brush in a man ner that mi mics the dis tri bu ted ti -
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ming of CLS that are nor mally “pa ced” or re gu la ted du ring co pu la tion with
a male (Pa ra da et al., 2010). Ho we ver, paint brus hes with synthe tic fi bers are 
prickly and can irri ta te the cli to ris. This in du ces po wer ful re jec tion res pon -
ses and aver si ve vo ca li za tions, and ge ne ra li zes to a na tu ral fi ber paint brush 
or any ob ject that the ex pe ri men ter uses to at tempt to touch the cli to ris.
The se re jec tion res pon ses oc cur des pi te the fe ma les being fully pri med with 
es tra diol and pro ges te ro ne (Ger son et al., 2019b). The se behaviors could be
utilized as an expectancy model of clitorodynia in the rat.

Summary
The ad vent of sil de na fil he ral ded in a “third se xual re vo lu tion” of in for ma -
tion about the physio logy of se xual beha vior. But even prior to this, sop his ti -
ca ted beha vio ral pa ra digms were being de ve lo ped to op ti mi ze the re cord-
ing of se xual res pon ses in ro dents and ot her spe cies and the abi lity to ob ser -
ve more ap pe ti ti ve as pects of se xual in te rac tion in both fe ma les and ma les
(Erski ne, 1985; McClin tock, 1984; Men del son and Gor zal ka, 1987; Pfaus et
al., 1990; Pfaus et al., 1999). The use of the CPP pa ra digm sho wed that both
male and fe ma le rats found par ti cu lar types of se xual sti mu la tion re war -
ding (Agmo and Be ren feld, 1990; Mar tí nez and Pa re des, 2001; Pa re des and
Alon so, 1997; Pa re des and Vaz quez, 1999). The ad di tion of part ner pre fe ren -
ce pa ra digms hel ped to re veal the neu ro che mi cal sub stra tes of se xual re -
ward and how they are re la ted to the sti mu la tion of se xual de si re and
arou sal. Thus, the in no va ti ve use of the se beha vio ral pa ra digms of fers re -
sear chers the op por tu nity to co llect pre cli ni cal data that have a high de gree
of pre dic ti ve va li dity to hu man se xual res pon ses, and that trans la te – li te -
rally – from the bench to the bedside.
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Introduction
Accor ding to Mal hi and Mann (2018), ma jor de pres si ve di sor der (MDD) is a
glo bal pu blic health is sue that im pacts the li ves of mi llions of in di vi duals,
re sul ting in sub stan tial di sa bi lity and re du ced qua lity of life. Des pi te the de -
ve lop ment of va rious ca te go ries of an ti de pres sant me di ca tions, a sig ni fi -
cant num ber of pa tients fail to res pond ef fec ti vely to treat ment, un der-
scor ing the need for new the ra peu tic op tions. In this chap ter, we will briefly 
dis cuss two ani mal mo dels used with suc cess to iden tify po ten tially help ful
an ti de pres sant me di ca tions: the for ced swim test (FST) and the chro nic
mild stress (CMS) mo dels.

Forced swim test
Description
The for ced swim test (FST), ini tially de ve lo ped by Por solt et al. in 1977, is a
beha vio ral ex pe ri ment wi dely used to screen the an ti de pres sant po ten tial
of drugs. A rat or mou se is pla ced in si de a Ple xi glass® cylin dri cal tank (40 to
46 cm height, 18 to 20 cm dia me ter for rats; 24 cm height, 13 cm dia me ter for
mice) from which it can not es ca pe (Por solt et al., 1977; Cryan et al., 2005).
The tank is fi lled with wa ter up to a cer tain height so that ani mals can not
touch the bot tom of the cylin der (ori gi nally 15 cm for rats, but la ter mo di fied 
to 30 cm; 10 to 15 cm for mice, de pen ding on the ani mal’s size) (Por solt et al.,
2001; Cryan et al., 2005). The wa ter tem pe ra tu re is usually 22 to 25 °C, but
some have used 30 °C to pre vent hypot her mia.

As ori gi nally des cri bed, the FST for rats con sists of two ses sions. The
first (pre test) lasts for 15 mi nu tes, whi le the se cond (the test it self) ta kes pla -
ce 24 h af ter the first and lasts only 5 mi nu tes. Du ring the pre test, the ani mal 
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usually shows mar ked ac ti vity by swim ming and at temp ting to climb out of
the tank. Ho we ver, af ter se ve ral mi nu tes it fi nally stops trying to es ca pe,
and re mains es sen tially im mo bi le, only ma king the ne ces sary mo ve ments
to stay floa ting. This im mo bi lity has been in ter pre ted as “beha vio ral des -
pair” or “lo we red mood” due to an ines ca pa ble si tua tion (Por solt et al., 1977;
Cryan et al., 2005). The ro dent strain used strongly in fluen ces ba se li ne im -
mo bi lity (Cryan et al., 2005). The first ses sion aims to en su re that the rats
will adopt an im mo bi le beha vior in the se cond ses sion, thus fa ci li ta ting the
eva lua tion of the ef fects of pu tati ve an ti de pres sant drugs (Por solt et al.,
1977; Cryan et al., 2005). The sus pec ted an ti de pres sant drugs are ad mi nis te -
red sub-acu tely (23.5, 5.0, and 1.0 h) be fo re the test ses sion (Por solt et al.,
1977 & 2001; Cryan et al., 2005). Ho we ver, de pen ding on the par ti cu lar ob -
jec ti ves, some re sear chers have omit ted the pre test ses sion and ap plied the
an ti de pres sants in an acu te (<12 h) or chro nic (days) sche du le be fo re the
sin gle (test) ses sion (Bou rin et al., 2004; Ro drí guez-Lan da et al., 2007;
D’Aqui la et al., 2010; Li et al., 2013). For mice, the FST con sists of a sin gle
6-mi nu te ses sion, in which the first 2 mi nu tes are the pre test, while the last
4 min are used to obtain the test measurements (Porsolt et al., 2001). As in
rats, mice receive drug treatments before the FST.

Analysis and interpretation of behavioral changes in the FST
Usually, the ex pe ri ments are vi deo ta ped for la ter sco ring by a per son blin -
ded to the treat ment used in each ani mal. In the mo di fied ver sion of the FST 
(wa ter depth = 25 cm), the pe riod of ac ti ve mo tion in vol ving es ca pe stra te -
gies (swim ming, clim bing), as well as the im mo bi lity (floa ting) time, are re -
cor ded (Cryan et al., 2005). The pre vious ap pli ca tion of an ti de pres sants
ma kes ani mals sub jec ted to ines ca pa ble stress move more than tho se ani -
mals in the con trol group, thus spen ding less time im mo bi le. A com pa ri son
of ti mes spent swim ming, clim bing, or being im mo bi le is made bet ween
the trea ted and con trol ani mals. Subs tan ces that yield a po si ti ve res pon se
may un der go ad di tio nal tests be fo re being used cli ni cally.

Drugs that in du ce a re duc tion in the im mo bi lity time (and thus in crea -
se the swim ming or clim bing time) in the test ses sion are the ones that may
even tually turn out to be an ti de pres sants in the cli ni cal set ting. Of cour se,
drugs that in crea se ove rall mo bi lity may re sult in fal se po si ti ves in the FST
(Cryan et al., 2005). For this rea son, the FST should be pre ce ded by the open
field test (OFT), which allows the mea su re ment of drug-in du ced chan ges in
ge ne ral lo co mo tion. The re fo re, the drug of in te rest is re gar ded as a po ten -
tial an ti de pres sant only if it re du ces im mo bi lity and in crea ses swim ming or 
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clim bing of the ro dent in the FST whi le it re du ces or does not change
locomotion in the OFT (Cryan et al., 2005; Hao et al., 2019).

The FST va li dity is sus tai ned by the lear ned hel pless ness theory, which
sta tes that ani mals de ve lop a ma la dap ti ve pas si ve ness when sub jec ted to an 
un con tro lla ble stress ful si tua tion (Will ner, 1986). The cri ti cal fac tor for de -
ve lo ping lear ned hel pless ness is the lack of con trol that sub jects have on
avoi ding the aver si ve con di tion rat her than the stress ful sti mu lus it self
(Will ner, 1986). This idea is en dor sed by the classic triadic experimental
design:

1. A group re cei ves the aver si ve sti mu lus but can fi nish this con di tion by
per for ming a task.

2. A se cond group (lin ked to the first group) re cei ves the same aver si ve sti -
mu lus but does not have con trol over it.

3. A third group does not re cei ve any aver si ve sti mu lus.
In this pa ra digm, about two-thirds of the ani mals in the se cond group

cea se their at tempts to es ca pe from the aver si ve sti mu lus; that is, they de ve -
lop lear ned hel pless ness, whi le ani mals of the first group do not (Will ner,
1986). Thus, in the FST, the un con tro lla bi lity is gi ven by the in ca pa city of the
ani mals to escape from the water tank.

Construct validity of the FST
The cons truct va li dity of a mo del de pends on the de mons tra tion that it has
high ho mo logy with the di sor der that it in tends to re pre sent, pro vi ding em -
pi ri cal evi den ce that the theo re ti cal foun da tions of the cons truct are the
same or very si mi lar to tho se of the pat ho logy (Will ner, 1986; van der Staay,
2006).

In the case of the FST, the cons truct va li dity is the wea kest of all cri te ria
be cau se the si tua tion of ines ca pa ble stress that trig gers the im mo bi lity of
the ani mal bears poor re sem blan ce with the stress ful si tua tions that usually
pre ce de the epi so des of ma jor de pres si ve di sor der (MDD). Although many
pro ces ses un derl ying the etio logy of MDD re main unk nown, the re is strong 
evi den ce that the on set of de pres si ve cri ses is sig ni fi cantly as so cia ted with
the prior oc cu rren ce of life events that pro du ce acu te or chro nic stress
(Ham men et al., 2009; Ho resh and Ian cu, 2010). For exam ple, a study of
twin wo men (mo nozy go tic and dizy go tic) found that two-thirds of ma jor
de pres si ve events oc cu rring in one of the pair of mo nozy go tic twins sig ni fi -
cantly as so cia ted (odds ra tio 3.58) with ha ving ex pe rien ced wit hin the same
month any of 11 types of per so nal stress ful life events, some of them un con -
tro lla ble (e.g., as sault, di vor ce/se pa ra tion, fi nan cial pro blems, job loss)
(Kend ler et al., 1999). Thus, alt hough it is im pos si ble to know the cog ni ti ve
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mea ning (e.g., the fee lings) that a ro dent as signs to its sub jec ti ve ex pe rien -
ce du ring the FST (Will ner, 1986; Com mons et al., 2017), the in crea se of im -
mo bi lity du ring the se cond ses sion (test) could in deed be con cep tua li zed as
a mea su re of the “des pair beha vior”, re sul ting from the lack of con trol over
the cau se of the acu te stress ex pe rien ced during the pretest, which would be 
equivalent to the uncontrollable acute stressful events that precede MDD in
humans (Kendler et al., 1999).

From the abo ve, it emer ges that the ines ca pa ble stress ful si tua tion ex -
pe rien ced by ro dents in the FST is not pre ci sely ho mo lo gous to the acu te
stress ful events (some of them una voi da ble) that usually pre ce de the de ve -
lop ment of de pres sion in hu mans; ho we ver, im mo bi lity could re pre sent an
ele ment that par tially sup ports the cons truct va li dity of the FST as an ani -
mal mo del of MDD, as oc curs with ot her animal models of depression
(Willner, 2016).

Face validity of the FST
For an ani mal mo del to have high face va li dity, it must clo sely re sem ble the
di sor der it in tends to re pre sent in terms of its etio logy and pat hoph ysio lo -
gi cal me cha nisms, par ti cu larly its sympto ma to logy (Will ner, 1986; van der
Staay, 2006). Ho we ver, alt hough the re are cri te ria to diag no se MDD in hu -
mans ba sed on the pre sen ce and du ra tion of spe ci fic symptoms (DSM-V,
Ame ri can Psychia tric Asso cia tion, 2013), know led ge about its cau ses and
the brain me cha nisms in vol ved in its de ve lop ment is still li mi ted (Cryan et
al., 2005).

Furt her mo re, many of the symptoms of MDD have a sub jec ti ve com po -
nent that can only be ex pres sed ver bally (e.g., ex ces si ve fee lings of sad ness,
wort hless ness, or guilt) (Com mons et al., 2017). The abo ve has been the
main obs ta cle for de ve lo ping an ani mal mo del that has high face va li dity
with MDD. In the par ti cu lar case of the FST, the main draw back is the in ter -
pre ta tion of ro dent im mo bi lity du ring the test, which was ini tially con cei -
ved as a ma ni fes ta tion of “lo we red mood” (Por solt et al., 1977), and sub se -
quently trans la ted as a “de pres si ve-like sta te” (de Kloet and Mo len dijk,
2016). In con trast, ot her re sear chers con tend that the im mo bi lity ob ser ved
in the FST is me rely a pas si ve co ping stra tegy in reac tion to an ines ca pa ble
stres sor, which crea tes un cer tainty in the in ter pre ta tion of this beha vior
(Kloet and Mo len dijk, 2016; Com mons et al., 2017). Ho we ver, alt hough see -
mingly op po sed, the se pos tu res about what the FST is mo de ling could be
com ple men tary. Thus, the re is evi den ce that in di vi duals fa cing con si de ra -
ble stress re port mar ked de pres si ve symptoms, and this is sig ni fi cantly as -
so cia ted with a grea ter pro pen sity to adopt pas si ve stress co ping stra te gies
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(give up ef forts to achie ve goals, des pair, or with draw) than ac ti ve co ping
stra te gies (plan ning the re so lu tion of a pro blem, or ta king an ac ti ve beha -
vior to deal with a stres sor) (Chou et al., 2011; Orze chows ka et al., 2013). Also, 
pas si ve co ping stra te gies (e.g., hel pless ness, re sig na tion) for stress ma na -
ge ment have been sig ni fi cantly as so cia ted with grea ter MDD se ve rity in
hu man sub jects (Dra peau et al., 2017; Ho lu bo va et al., 2017). Hen ce, the im -
mo bi lity of ro dents in the FST could be re gar ded as a pas si ve co ping stra -
tegy (Cryan et al., 2005), which bears some re sem blan ce to “psycho mo tor
retardation (observable by others)” or to “fatigue and loss of energy”, which
are among the nine symptoms listed in the DSM-V for the diagnosis of
MDD (American Psychiatric Association, 2013).

On the ot her hand, swim ming and clim bing could be vie wed as ac ti ve
co ping stra te gies to fight the stress ful si tua tion (Cryan et al., 2005), li kely
in di ca ting that the des pair-like sta te has sub si ded or has not emer ged yet.
Si mi larly, peo ple who use ac ti ve co ping stra te gies re port less se ve re de pres -
si ve symptoms (Chou et al., 2011). Even so, the FST does not fully comply
with the face va li dity cri te ria sin ce it does not re pro du ce the sad ness and
an he do nia ex pe rien ced by hu man sub jects (Com mons et al., 2017), which
are the pri mary symptoms con si de red for diag no sing MDD (DSM-V). Ho -
we ver, as van der Staay (2006) has sta ted, more than the poor face validity of 
a model is needed to nullify its usefulness.

Predictive validity of the FST
It is said that a mo del has pre dic ti ve va li dity when it al ways yields a re sult
con sis tent with the ex pec ted per for man ce in the si tua tion it in tends to mo -
del (Will ner, 1986; van der Staay, 2006). In the case of the FST, pre dic ti ve va -
li dity would re fer to the an ti ci pa tion that the in crea se in the im mo bi lity of
the ro dents would be trig ge red not only by the ina bi lity to es ca pe from a
stress ful aver si ve si tua tion (pre test) but also by ex pe ri men tal ma ni pu la -
tions that mi mic the neu roen do cri ne chan ges that oc cur du ring high-stress 
si tua tions. Thus, in both hu mans and ro dents, ex po su re to stress ful si tua -
tions pro du ces ac ti va tion of the hypot ha la mic-pi tui tary-adre nal (HPA)
axis, which usually re turns to its ba sal sta te af ter re sol ving the stress ful con -
tin gency (Du dek et al., 2021). Ho we ver, when this does not oc cur, HPA
hype rac ti vity is ma ni fes ted, and could con tri bu te to the de ve lop ment of
MDD in sus cep ti ble in di vi duals (Du dek et al., 2021). In line with the abo ve,
the re is evi den ce that two-thirds of pa tients with MDD have ele va ted plas -
ma le vels of glu co cor ti coids (GC) and that the re is also a sub group with lo -
wer con cen tra tions and mil der de pres si ve symptoms (Du dek et al., 2021). 
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In ro dents ex po sed to the FST, in crea sed im mo bi lity du ring the se cond
swim ming ses sion (test) is lin ked to HPA hype rac ti vity sin ce prior adre na -
lec tomy pre vents it from oc cu rring (de Kloet et al., 2016). Furt her mo re, in
adre na lec to mi zed ani mals, the in crea se in im mo bi lity du ring the test can
be res to red if they re cei ve treat ment with the en do ge nous GC cor ti cos te ro -
ne or a synthe tic one (de xa met ha so ne) im me dia tely af ter the pre test. The
ef fect of GCs is spe ci fic sin ce it is bloc ked with an anti-glu co cor ti coid (de
Kloet et al., 2016). Alto get her, the abo ve evidence supports the phenomeno-
log i cal prediction validity of the FST.

Ho we ver, what has con tri bu ted most to sup port the pre dic ti ve va li dity
of the FST is its abi lity to co rrectly iden tify the the ra peu tic po ten tial of va -
rious me di ca tions for MDD, and even of non-phar ma co lo gi cal treat ments
that are ef fec ti ve in drug-re frac tory de pres sion, such as elec tro con vul si ve
shock (Por solt et al., 1977) and va gus ner ve sti mu la tion (Cun ning ham et al.,
2008; Shin et al., 2019). All the se treat ments have the com mon abi lity to pre -
vent the in crea se in the im mo bi lity of ro dents du ring the FST test ses sion.
Ne vert he less, fal se po si ti ves can also oc cur be cau se drugs that in crea se ge -
ne ral mo ti lity in ani mals (e.g., amp he ta mi nes) also re du ce im mo bi lity in
the FST (Por solt et al., 1977), so it is ne ces sary to as sess whet her can di da te
an ti de pres sant drugs increase general locomotor activity in the OFT prior
to performing the FST.

Anti de pres sant drugs who se pri mary me cha nism of ac tion is the in hi -
bi tion of se ro to nin (5-hydroxytrypta mi ne, 5-HT) and/or no re pi neph ri ne
(NE) reup ta ke (in clu ding va rious tricy clic com pounds), and that were used
to treat pa tients with MDD for se ve ral de ca des be fo re the ad vent of the FST,
were la ter shown to re du ce the im mo bi lity time of ro dents in this test. The
abo ve laid the foun da tions to pro po se the FST as a met hod with pre dic ti ve
va li dity to iden tify new com pounds with an ti de pres sant po ten tial (Por solt
et al., 1977; Almei da et al., 2020). Sin ce then, the pre dic ti ve va li dity of the
FST has been con fir med by the an ti ci pa ted iden ti fi ca tion of se ve ral drugs
ca pa ble of re du cing im mo bi lity in ro dents that la ter sho wed their ef fi cacy
as an ti de pres sants in pha se II and III cli ni cal trials, and sub se quently led to
their ap pro val for the ra peu tic use in se ve ral coun tries, as described in the
next section, which summarizes the effects of these compounds on the FST
performed in rats.
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Successful cases of the predictive validity of the FST to identify
new antidepressant drugs
Antidepressants that act through monoamine reuptake inhibition
Levomilnacipran
Le vo mil na ci pran is the le vo ro ta tory enan tio mer of mil na ci pran, which acts
as a dual NE and 5-HT reup ta ke in hi bi tor (McIntyre, 2017). Be fo re its ap pro -
val for cli ni cal use, its an ti de pres sant po ten tial was pre dic ted using the FST
in rats (Ré né ric and Luc ki, 1998). Thus, the sub a cu te ad mi nis tra tion of the
ra ce mic mix tu re mil na ci pran (3 do ses along 24 h) pro du ced a re duc tion of
im mo bi lity and an in crea se in clim bing, wit hout chan ges in swim ming,
whi le chro nic do sa ge (16 days) in crea sed clim bing and swim ming and re du -
ced im mo bi lity. Ré né ric and Luc ki (1998), re por ted that the de crea se in im -
mo bi lity du ring FST fo llo wing each treat ment re gi me was not a re sult of a
ge ne ral in crea se in mo ti lity, as both sche mes cau sed a re duc tion in lo co mo -
tion du ring the open field test. La ter, pha se III, ran do mi zed, dou ble-blind,
pla ce bo-con tro lled stu dies pu blis hed in 2013 and 2014 sho wed that treat -
ment with le vo mil na ci pran for 8-11 weeks was su pe rior to pla ce bo for im -
pro ving de pres si ve symptoms and func tio nal im pair ment (McIntyre, 2017). 
Con si de ring the se data, the FDA-USA gran ted ap pro val of le vo mil na ci pran
for the ma na ge ment of MDD in 2013 (Dear dorff and Gross berg, 2014). Sub -
se quently, in 2015, Health Ca na da also ap pro ved the drug for this pur po se
(McIntyre, 2017).

Vilazodone
Vi la zo do ne acts as a se lec ti ve se ro to nin reup ta ke in hi bi tor (SSRI) and a par -
tial ago nist at 5-HT1A re cep tors (Ka lia et al., 2011; McIntyre, 2017). The FST
pre dic ted its an ti de pres sant po ten tial in ad van ce of cli ni cal trials. Thus, the
rats trea ted with the dose of 1 mg/kg dis pla yed a de crea se in im mo bi lity and 
an in crea se in swim ming, which is a beha vio ral out co me typi cal of ot her
SSRIs (Page et al., 2002). Two ran do mi zed, dou ble-blind, pla ce bo-con tro -
lled trials pu blis hed in 2009 and 2010 sho wed the an ti de pres sant ef fi cacy of
vi la zo do ne (Ka lia et al., 2011), and in 2011 the USA-FDA ap pro ved its use for
the treat ment of MDD (Ka lia et al., 2011), whi le Health Ca na da ap pro ved it
in 2015 (McIntyre, 2017).

Vortioxetine
Vor tio xe ti ne is a mul ti mo dal drug, ac ting as an SSRI, a 5-HT1B re cep tor
par tial ago nist, a 5-HT1A re cep tor ago nist, and a 5-HT7 and 5-HT1D re cep -
tor an ta go nist (Li et al., 2013; McIntyre, 2017). Its an ti de pres sant ef fect was
va li da ted in the FST using a mo del of de pres si ve-like beha vior in du ced by
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pro ges te ro ne with dra wal in fe ma le rats. Vor tio xe ti ne treat ment (10 mg/kg)
ad mi nis te red in acu te (3 daily do ses) or chro nic (14 days, eit her p.o. or i.p.)
re du ced the im mo bi lity of fe ma le rats (Li et al., 2013). Se ve ral dou ble-blind,
pla ce bo-con tro lled, pha se III cli ni cal trials pu blis hed in 2012 con fir med its
ef fec ti ve ness in ma jor de pres sion, and in 2014 vor tio xe ti ne was ap pro ved in 
Ca na da for the treat ment of MDD (McIntyre, 2017).

Antidepressants that do not act through monoamine reuptake
inhibition
Agomelatine
The an ti de pres sant ac tion of ago me la ti ne was pre dic ted by the FST in rats,
in which acu te or chro nic do ses, ad mi nis te red eit her in the mor ning or eve -
ning, cau sed a re duc tion of im mo bi lity (Bou rin et al., 2004); this ef fect was
la ter con fir med and ex ten ded by sho wing that ago me la ti ne also aug ments
swim ming (Can po lat et al., 2016). Pre cli ni cal stu dies in di ca te that the an ti -
de pres sant ac tion of ago me la ti ne is no vel sin ce the syner gis tic in te rac tion
of two me cha nisms li kely me dia tes it: sti mu la tion of MT1 and MT2 me la to -
nin re cep tors and bloc ka ge of 5-HT2C se ro to ner gic re cep tors (Po po li, 2009;
de Bo di nat et al., 2010). The an ti de pres sant po ten tial of ago me la ti ne was
ma ni fes ted in ot her ro dent mo dels of de pres sion. Also, bet ween 2006 and
2010, se ve ral pla ce bo-con tro lled cli ni cal trials con fir med its ef fec ti ve ness in 
ma jor de pres sion, pro vi ding evi den ce that it could also be ef fi ca cious for
pre ven ting re lap ses (Car ney et al., 2010). Thus, ago me la ti ne was ap pro ved
in 2009 by the Eu ro pean Me di ci nes Agency for trea ting sub jects with MDD
in the Eu ro pean Union (de Bo di nat et al., 2010); si mi larly, in 2010, the The -
ra peu tic Goods Admi nis tra tion of Aus tra lia ap pro ved it for the treat ment of 
ma jor de pres sion in adults, in clu ding pre ven tion of re lap se (Aus tra lian Go -
vern ment, 2010).

Allopregnanolone
Allo preg ne no lo ne, a neu ros te roid that exerts a po si ti ve allos te ric mo du la -
tion of the GABA-A re cep tor (Almei da et al., 2020), is anot her drug who se
an ti de pres sant po ten tial was pre dic ted in the FST, re du cing im mo bi lity
and in crea sing swim ming in rats (Ro drí guez-Lan da et al., 2007; D’Aqui la et
al., 2010). The se ob ser va tions, along with sub stan tial, ad di tio nal pre cli ni cal
evi den ce in ot her ro dent mo dels of de pres sion (Almei da et al., 2020) led to
the cli ni cal eva lua tion of an in tra ve nous for mu la tion na med bre xa no lo ne,
con sis ting of a mix tu re of allo preg ne no lo ne plus a so lu bi li zing agent (sul fo -
buty let her-ß-cyclo dex trin) (Scott, 2019). The ef fi cacy of bre xa no lo ne for the
treat ment of post par tum de pres sion (PPD) was es ta blis hed in pha se II cli -
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ni cal trials (2015-2106) and then en te red pha se III pla ce bo-con tro lled trials,
du ring which it re cei ved ap pro val from the FDA-USA to treat PPD (Scott,
2019).

Esketamine
Eske ta mi ne is the ac ti ve iso mer of ke ta mi ne, a non-com pe ti ti ve
N-methyl-D-as par ta te re cep tor an ta go nist (Sa lahu deen et al., 2020). The
an ti de pres sant po ten tial of its ra ce mic mix tu re, ke ta mi ne, was pre dic ted
by its abi lity to re du ce the im mo bi lity of rats in the FST af ter re cei ving a sin -
gle dose of 25 mg/kg, ap plied 24 or 1 h ear lier (Gi gliuc ci et al., 2013). The ef fi -
cacy of es ke ta mi ne for the treat ment of MMD re sis tant to ot her
an ti de pres sants was es ta blis hed in dou ble-blind, pla ce bo-con tro lled, pha se
II (2014-2016) and pha se III (2015-2021) cli ni cal trials (Sa lahu deen et al.,
2020). In 2019, in tra na sal es ke ta mi ne for pa tients with an ti de pres sant-re -
sis tant MDD re cei ved ap pro val from the FDA-USA (Sa lahu deen et al.,
2020).

Conclusion about the FST
Des pi te its li mi ta tions in its cons truct and face va li dity cha rac te ris tics, the -
re is broad con sen sus that the main ad van ta ge of the FST is its high va li dity
to pre dict the the ra peu tic ef fi cacy of an ti de pres sant treat ments (Cryan et
al., 2005; de Kloet et al., 2016; Com mons et al., 2017; Hao et al., 2019). In ad di -
tion, when the mo di fied pro to col is used, it allows dis cri mi na ting bet ween
drugs who se me cha nism is through eit her se ro to ner gic or no ra dre ner gic
trans mis sion (Cryan et al., 2005). Lastly, it is an eco no mi cal pro ce du re with
high re pro du ci bi lity bet ween la bo ra to ries (Cryan et al., 2005; Hao et al.,
2019).

The chronic mild stress (CMS) model
The chro nic mild stress (CMS; also re fe rred to as chro nic un pre dic ta ble, va -
ria ble, or in ter mit tent stress) mo del is one of the most used ex pe ri men tal
ap proa ches in ro dents to in ves ti ga te the pat hoph ysio logy of MDD, and pos -
sibly the most va lid met hod for the pre cli ni cal in ves ti ga tion of an ti de pres -
sant-like ef fects (Will ner, 2016).

The first ex per i ments, by Katz and col leagues in the early 1980s in rats,
were based on clin i cal and pre clin i cal re search re gard ing the eti ol ogy of de -
pres sion, and in volved the ro ta tion of stress ors ap plied over 21 days (Katz,
1981). Willner and col leagues later mod i fied these pro ce dures in the late 1980s 
by re duc ing the se ver ity of the de pri va tion stress ors but pro long ing their du -
ra tion and mak ing them un pre dict able. The lat ter re sulted in the orig i nal
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CMS par a digm to as sess novel pharmacotherapeutic agents with po ten tial
an ti de pres sant ef fi cacy (Strekalova et al., 2011). Thus, the CMS model pro to -
col is an es tab lished, rel e vant model, for in duc ing be hav ioral symp toms com -
monly as so ci ated with clin i cal de pres sion. It in volves the re peated ex po sure
of an i mals to an ar ray of un pre dict able mild stress ors (most fre quent com po -
nents are sum ma rized in Willner, 2016, Ta ble 4), such as pe ri ods of food and
wa ter de pri va tion, wet bed ding, in ver sion of the light/dark cy cle, forced
swim ming in cold wa ter, so cial iso la tion, cage tilt ing, phys i cal re straint in a
tube, stro bo scopic light ing, changes of cage mates, and other sim i larly in noc -
u ous ma nip u la tions over a sus tained pe riod (rang ing from 10 days to 8
weeks). These mild stress ors cause an anhedonic-like be hav ior (de crease in
re spon sive ness to re wards) in rats or mice.

The most com mon mea su re used to track the ef fects of the CMS mo del
is a de crea se in the con sump tion of a pa la ta ble (1–2%) su cro se or sac cha rin
so lu tion, which the chro nic ad mi nis tra tion of an ti de pres sant drugs re ver -
ses. Fi nally, once a he do nic de fi cit has been es ta blis hed, the ad mi nis tra tion
of chro nic treat ments or their vehi cles be gins and con ti nues throug hout
the stress pe riod (Willner, 2016), as illustrated in Figure 1.

Fi gu re 1. CMS mo del. Exam ple of a chro nic mild stress (CMS) ex pe ri men tal de sign. Ani -
mals are ex po sed to a se ries of mild stres sors over a pe riod of five weeks. The su cro se pre fe -
ren ce test (SPT) is con duc ted on days -1, +21, and +35 to as sess an he do nic beha vior. Du ring
the fi nal 14 days of the mo del, chro nic treat ment (Treat) with po ten tial an ti de pres sant
drugs is ad mi nis te red, whi le con trol ani mals re cei ve the vehi cle (Veh).

Although the end point of this mo del is fo cu sed ex clu si vely on su cro se
in ta ke and pre fe ren ce, it is worth men tio ning that the re are com ple men -
tary in vivo pre cli ni cal tests that are not in them sel ves suf fi cient to un veil
the an ti de pres sant-like ef fect of a no vel drug, but when used in con junc tion 
with the CMS mo del in crea se the chan ces for a suc cess ful pre dic tion of
their antidepressant efficacy.
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The se tests re fer mainly to the FST and the open field test (OFT). The lat -
ter beha vio ral ex pe ri ment mea su res spon ta neous lo co mo tor ac ti vity in ro -
dents pla ced in si de a trans pa rent acr ylic en clo su re field for a spe ci fic
amount of time (Fe yis sa et al., 2017). In ad di tion to an he do nia-like im pair -
ments in tests of re war ded beha vior, the ef fects of CMS in clu de a re duc tion
of lo co mo tion in the OFT du ring the rat’s ac ti ve pe riod (Gor ka et al., 1996),
an ef fect re ver sed with an ti de pres sant drugs (Will ner, 1997). In this res pect, 
psycho mo tor agi ta tion or re tar da tion symptoms have been re por ted in hu -
mans with MDD, which is a far more com plex beha vior than a sim ple de -
crea se in lo co mo tor ac ti vity. Ho we ver, Will ner (1997) sug gests that: “a rat
ex po sed to CMS could, in prin ci ple, le gi ti ma tely at tract a DSM-IV diag no sis 
of eit her ma jor de pres si ve di sor der or ma jor de pres si ve di sor der with me -
lan cho lic fea tu res” (Will ner, 1997). Ne vert he less, hyper lo co mo tion has also
been re por ted in the OFT in res pon se to mild threats af ter rats were sub ject
to a chro nic un pre dic ta ble stress (CUS) mo del (Se quei ra-Cor de ro et al.,
2019). On the ot her hand, the FST, as al ready men tio ned in this chap ter, is a
beha vio ral ex pe ri ment used to de ter mi ne the ef fi cacy of pros pec ti ve an ti -
de pres sant drugs. The end point is im mo bi lity, which is in ter pre ted as a
mea su re of “beha vio ral des pair” or free zing in res pon se to an ines ca pa ble
stres sor, such as for ced swim ming (Krish nan and Nest ler, 2010). In this
sen se, ot her beha vio ral pa ra me ters have re cently been pro po sed as more re -
lia ble beha vio ral mar kers of chro nic stress, par ti cu larly in ju ve ni le rats,
such as hyper lo co mo tion in du ced by mild threats (e.g., in the OFT) or high
im mo bi lity levels in the FST (Brenes et al., 2008; Sequeira-Cordero et al.,
2019). Thus, we propose that the implementation of the FST and OFT as
complementary tests to the CMS model may contribute to avoiding false
positives.

Construct validity
In CMS mo del trials, ro dents are ex po sed to a va riety of una voi da ble mild
stres sors for a pro lon ged pe riod, which in tends to emu la te the long-las ting
and stress ful ad ver se life events that in hu mans have been sig ni fi cantly as -
so cia ted with the fu tu re de ve lop ment of MDD epi so des (Ham men et al.,
2009). Hen ce, the cons truct va li dity of the CMS mo del is ba sed on the pos si -
ble si mi la rity of psycho lo gi cal pro ces ses trig ge red by un con tro lla ble stres -
sors that lead to an al te red res pon si ve ness to re war ding events (Will ner,
2016), and spe ci fi cally in its ca pa city to in du ce an he do nia, a core symptom
of the me lan cho lic sub type of MDD (Ame ri can Psychia tric Asso cia tion,
2013; Will ner, 2016). Anhe do nia is de fi ned as a de crea sed abi lity to ex pe -
rien ce plea su re, and is the key cha rac te ris tic of me lan cho lia; the re fo re, the
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CMS mo del as su mes that su cro se drin king is a valid mea sure of sen si tiv ity
to re ward, and that it trig gers a gen er al ized de crease of it rather than a spe -
cific ef fect on res pon ses to sweet tas tes (Will ner, 1997). In ro dents, this an -
he do nic-like beha vior is mo ni to red by mea su ring the re la ti ve pre fe ren ce
for pa la ta ble re wards, such as a di lu te su cro se so lu tion. As no ted by Krish -
nan and Nest ler (2010), the typi cal met hod for de ter mi ning su cro se pre fe -
ren ce (%) is cal cu la ted as [su cro se so lu tion in ta ke (ml)/to tal fluid in ta ke
(ml)] x100]. Hen ce, the he do nic de fi cit might be con si de red a pri mary fea -
tu re to be ad dres sed in pre cli ni cal models of depression.

Accor ding to prior re search con duc ted by Mus cat et al. (1988) and Will -
ner et al. (1987), it has been de mons tra ted that the CMS does not in du ce any
non-spe ci fic al te ra tions in the con sump tion of plain wa ter, and its im pact
can only be ob ser ved in pre fe ren ce tests in vol ving sin gle-bott le or two-bott -
le (su cro se-wa ter) con di tions. In the case of the lat ter, when 1% su cro se is
ad ded to plain wa ter, the in ta ke of con trol sub jects in crea ses, whi le that of
CMS sub jects does not. Be si des, this an he do nic-like beha vior was la ter sup -
por ted by ad di tio nal re search eva lua ting ot her mea su res of re ward and he -
do nic im pacts, such as con di tio ned pla ce pre fe ren ce, brain sti mu la tion re -
ward, and do pa mi ner gic release in response to rewarding stimuli (Hill et
al., 2012; Willner, 2005).

Face Validity
As has al ready been men tio ned, the CMS mo del of fers a rea lis tic si mu la tion
of the etio logy of a ma jor de pres si ve epi so de, even one with me lan cho lic
fea tu res, be cau se of its rea so na ble ap pro xi ma tion to the stres ses of daily
life. In ad di tion to mo de ling an he do nia, ani mals sub jec ted to CMS de ve lop
ot her rea lis tic beha vio ral chan ges akin to tho se ma ni fes ted du ring ma jor
de pres sion epi so des in hu mans (sum ma ri zed in Will ner, 1997, Ta ble 1). For
ins tan ce, whi le in hu mans a ma jor de pres sion epi so de lasts for at least two
weeks, the ef fects per sist for up to 3 months in the CMS mo del. Also, in hu -
mans, it has been es ta blis hed that a mar kedly di mi nis hed in te rest and plea -
su re as a core symptom is equi va lent to de crea ses in the per for man ce of
mo ti va ted beha viors (se xual, ag gres si ve, and in ves ti ga ti ve), whe reas, in
ani mals, this co rres ponds to de crea sed res pon ses to re wards (D’Aqui la et
al., 1994). In ad di tion, sig ni fi cant weight loss in hu mans and a re la ti ve
weight loss (a slo wer rate of weight gain, typi cally of around 5%) in ani mals
have been re por ted (Will ner, 1997). Mo reo ver, CMS stu dies have shown
psycho mo tor agi ta tion or re tar da tion and the pre sen ce of fa ti gue or loss of
energy in hu mans, whi le in ani mals de crea sed lo co mo tor ac ti vity and “ac ti -
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ve wa king” in the EEG du ring the dark pha se have been re por ted (Chee ta et
al., 1997).

Fur ther more, an i mals ex posed to the CMS model de velop other phys i o -
logic changes that cor re spond to those of ma jor de pres sion, as well as spe cific 
char ac ter is tics of mel an cho lia. For ex am ple, in creased ac tiv ity in the hy po -
thal a mus-pi tu itary-ad re nal (HPA) axis, in clud ing ad re nal hy per tro phy (Mus -
cat and Willner, 1992) and corticosterone hypersecretion (Ayensu et al., 1995).
Im pair ments in the im mune sys tem have also been de tected, in clud ing an in -
crease in se rum com ple ment (Ayensu et al., 1995), de creases in thy mus weight 
and nat u ral killer cell ac tiv ity, and al tered T-cell re ac tiv ity to sev eral mitogens
(Kubera et al., 1998). Also, dis rupted sleep pat terns oc cur, such as di ur nal vari -
a tions that are worse at the start of the dark (ac tive) phase (D’Aquila et al.,
1997), and a phase ad vance of cir ca dian rhythms. More over, many re ports
dem on strate CMS-in duced cog ni tive im pair ments and anxiogenesis in var i -
ous tests, such as spa tial learn ing (Song et al., 2006) and novel ob ject rec og ni -
tion (Orsetti et al., 2007). All these im pair ments are re versed by chronic an ti -
de pres sant treat ment (Willner, 2016). Like wise, a vol ume re duc tion of the
hip po cam pus has been ob served in the CMS model and in ma jor de pres sion
(Camp bell et al., 2004), and this mor pho log i cal change is also as so ci ated with
CMS-in duced anhedonia (Delgado y Palacios et al., 2011).

Addi tio nally, con cer ning an ti de pres sant drug treat ments, Will ner’s
(1992) four key as pects for the face va li dity of the CMS mo del may be poin -
ted out. Firstly, treat ment with an ti de pres sant drugs does not com men ce
un til an he do nia has been es ta blis hed; thus, the mo del de mons tra tes the re -
ver sal of this con di tion by an ti de pres sants rat her than their proph ylac tic ef -
fects. Se condly, stress con ti nues du ring the treat ment pe riod, si mi lar to
what hap pens in the cli ni cal si tua tion, sin ce, usually, the re would not be an
abrupt chan ge in the pa tient’s cir cums tan ces as so cia ted with the on set of
treat ment. Thirdly, the time cour se of re co very (3-5 weeks) co rres ponds clo -
sely to that ob ser ved in the cli nic. Fourthly, no chan ges are seen in con trol
ani mals, co rres pon ding to the fai lu re of antidepressants to elevate mood in
non-depressed volunteers (Willner et al., 1992).

Predictive Validity
The tes ted an ti de pres sant drugs usually re qui re 3-4 weeks of treat ment to
re ver se an he do nia-like beha vior in ani mals ex po sed to CMS, but do not al -
ter re war ded beha vior in non-stres sed con trol ani mals (Will ner, 1997). No -
wa days, a wide ran ge of an ti de pres sant agents re ver se an he do nia-like
beha viors in the CMS mo del. For exam ple, tricy clics such as imi pra mi ne,
de si pra mi ne, and ami tript yli ne at low to mo de ra te do ses (e.g., 5–10 mg/kg
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per day) (Will ner et al., 1987), the spe ci fic 5-HT reup ta ke in hi bi tors (SSRIs)
fluo xe ti ne, flu vo xa mi ne and ci ta lo pram (Mus cat et al., 1992), the spe ci fic NA 
reup ta ke in hi bi tor ma pro ti li ne (Mus cat et al., 1992), the mo noa mi ne oxi da -
se in hi bi tor mo clo be mi de (Mo reau et al., 1993), the an ti ma nic agent lit hium
(Slu zews ka and Szcza wins ka, 1996), and the aty pi cal an ti de pres sant mian -
se rin (Chee ta et al., 1994). Also, elec tro con vul si ve shock res to red nor mal res -
pon si ve ness to re ward in ani mals ex po sed to CMS af ter one week of treat-
ment (Mo reau et al., 1995).

Antidepressant drugs whose efficacy was predicted in the CMS
model
His to ri cally, in vivo mo dels have been wi dely used as part of the ne ces sary
pre cli ni cal tests nee ded to in ves ti ga te the ef fi cacy of no vel an ti de pres sant
drugs in ten ded for MDD treat ment. As such, the CMS beha vio ral mo del is a
va lua ble as set for pur suing drug dis co very re search at the pre cli ni cal le vel
as an aid to con firm the ef fec ti ve ness of con ven tio nal an ti de pres sants and
to iden tify no vel agents for the treat ment of MDD. In or der to sup port the
pre dic ti ve va li dity of the CMS mo del and high light the im por tan ce of its use 
for its trans la tion into cli ni cal use, ta ble 1 shows some stu dies about the
most re cent an ti de pres sant drugs who se ef fi cacy was pre dic ted in the CMS
mo del be fo re ap pro val for the treat ment of MDD.

Table 1. Drugs whose antidepressant potential
was predicted by the CMS model.

Antidepressant Reference CMS duration
(days)

Species Year of approval

Milnacipran (Papp et al.,
2004)

35 Rat 2009 (FDA)

Agomelatine (Papp et al., 2003) 63 Rat 2009 (European
Union)

Ketamine
(i.e., Esketamine)

(Papp et al., 2017) 35 Rat 2019 (FDA)

Milnacipran
The 5-week CMS mo del cau sed a de crea se in the res pon si ve ness of male
Wis tar rats to re war ding sti mu li with a 1% su cro se so lu tion. The de fi cit in
su cro se con sump tion in stres sed ani mals was re ver sed by chro nic ad mi nis -
tra tion of mil na ci pran (10 and 30 mg/kg i.p.), a dual 5-HT and NE reup ta ke
in hi bi tor (SNRI) with pro ven cli ni cal ef fi cacy in MDD (Papp et al., 2004).
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Agomelatine
The 9-week CMS mo del in male Wis tar rats allo wed as ses sing the ef fects of
the me la to nin ago nist and se lec ti ve 5-HT2C an ta go nist ago me la ti ne
(S20098) com pa red with me la to nin, imi pra mi ne, and fluo xe ti ne. The CMS
cau sed a gra dual de crea se in 1% su cro se so lu tion con sump tion, which was
re ver sed by ago me la ti ne (10 and 50 mg/kg i.p.). The ad mi nis tra tion of ago -
me la ti ne sug ges ted that its an ti de pres sant-like ac ti vity de pends on some
com bi na tion of its me la to nin ago nist and 5-HT2C an ta go nist pro per ties
(Papp et al., 2003).

Ketamine
The 5-week CMS mo del in male Wis tar rats cau sed a sig ni fi cant de crea se in
the con sump tion of 1% su cro se so lu tion af ter two weeks of stress ex po su re,
which was re ver sed by ke ta mi ne (5 and 10 mg/kg i.p.) with no drug ef fects
on su cro se in ta ke in con trol ani mals. The re fo re, this study shows an an ti de -
pres sant-like ef fect of ke ta mi ne and a pro cog ni ti ve ef fect in the CMS mo del
(Papp et al., 2017).

Summary
The CMS model is now a valu able tool for in ves ti gat ing the neurobiological,
be hav ioral, and hor monal changes un der ly ing the psychopathological
mech a nisms as so ci ated with stress. The sim i lar ity of the neurobiological
mech a nisms be tween the CMS model and the ma jor de pres sive dis or der in
hu mans sug gests that it has a high translational po ten tial to iden tify clin i -
cally ef fi ca cious an ti de pres sants. How ever, con tin ued re search with a com -
ple men tary and im proved bat tery of be hav ioral tests eval u at ing dif fer ent
do mains of CMS-in duced func tional im pair ment may have greater
translational po ten tial as this pre clin i cal area of re search ex pands and ma -
tures.
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XI

Breaking an old heresy:
Connecting animal and human
behavioral neuroscience research

María Cruz Rodríguez del Cerro
Barry R. Komisaruk

Introduction
What do we mean by “her esy”? When we were both stu dents, in de pen dently 
we were told that we should NEVER ask how re search in ani mals can be ap -
plied to hu mans, be cau se re search in ani mals is “pure” ba sic re search and
should be per for med for its own sake. The rea son is that if we ask for its re le -
van ce to hu mans, it di mi nis hes the va lue of ba sic re search, which is im por -
tant to un ders tand “how things work in the or ga nism in which it is stu died”. 
What was of fen si ve to our men tors then was our as king of re search on ani -
mal beha vior, “how does this apply to hu mans, and what is the prac ti cal ap -
pli ca tion of the re search?” Prob a bly a pre fe ra ble way of as king, which we
now re cog ni ze, would have been “What do you see as the im pli ca tions of the
re search?”

Whi le our ques tio ning, as stu dents, of how re search in ani mal beha vior
could in form hu man physio logy or beha vior was then con si de red “her esy”,
to day the at ti tu de is com ple tely dif fe rent. In fact, in grant ap pli ca tions to
the NIH or NSF we are now re qui red to sta te the re le van ce of our pro po sed
re search in ani mals to the “hu man con di tion.”. When we were dis cus sing
for mu la ting our joint chap ter, we men tio ned to each ot her the se ve re cri ti -
cism that we each re cei ved when we were stu dents– the same whet her in
Spain or in the US –when we as ked our men tors whether their research
could be relevant to humans.

From our ex pe rien ce with Car los Be yer and our for mer stu dents, who
are now our co llea gues, in Me xi co, we thought the at ti tu de in Me xi co was al -
ways open to con si de ring the link bet ween ani mal and hu man re search and
me cha nisms, and that may be our Me xi can co llea gues might not have had a
si mi lar ex pe rien ce to ours. But we both did have si mi lar ex pe rien ce in being 
af fec ted by the at ti tu de of pro fes sio nal scien tists to ward ani mal and hu man 
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re search, des pi te our gro wing up in two difference cultures, in Spain or the
United States.

Two neuroscientists evolved similarly in two different countries
and cultures
Cruz: Gro wing up in Spain: What do you want to be when you grow up?

That was the typi cal ques tion that an adult as ked a child. When I was a
litt le girl, I al ways ans we red: “a wri ter”. My ans wer al ways soun ded like an
unu sual and even pe dan tic res pon se for a 7-year-old girl. This res pon se was
ba sed on my se venth birt hday gift from my fat her, the book “Gu lli ver´s tra -
vels”. I felt so ama zed with this rea ding. I was trans por ted to Li lli put land or
the op po si te giant land of Brob ding nag. My dis co very was that through
books, I could tra vel to a world of fan tasy, and any rea ding thri lled me to
crea te my own ta les. Sin ce then, my cu rio sity grew with every book I read,
and my ques tio ning on dif fe rent doubts ari sing from them. And, here I am,
wri ting many years la ter on a to pic that is pos sibly one of the most con tro -
ver sial is sues in scien ce: ba sic vs. ap plied scien ce. Yes, the re has been a ra di -
cal chan ge in the neu ros cien ce pa ra digm con cept in the last 40-50 years on
the extrapolation from animal research to human studies.

As we in tro du ced abo ve, the most wi des pread con ven tion was that ba -
sic ani mal ex pe ri men tal ap proach was to tally in de pen dent of any pos si ble
re la tions hip with hu man re search. The most ge ne ral sta te ment was that ba -
sic scien ce was ex pe ri men tal and to tally done in ani mals, and that its aim
was the sear ching of the truth it self with no di rect ap pli ca tions, just for
sear ching wha te ver neu ro bio lo gi cal me cha nisms in the neu ros cien ce ex pe -
ri men tal ap proach un der lies the life phe no me non. Thus, this “sear ching for 
truth” ba sed on the hypot he sis-dri ven scien ti fic met hod, in vol ves so met -
hing very cri ti cal, which is the pos si bi lity of re pli ca tion of any re sults ob tai -
ned through this scien ti fic met hod. At the same time, this con cep tual
key-re pli ca tion of the re sults of any ex pe ri ment done, no mat ter whe re or
by whom, allo wed to the who le scien ti fic com mu nity to be able to com mu ni -
ca te and be open, the reby ma king pos si ble the ad van ce in scien ti fic know -
led ge ac ces si ble throug hout the world and sha ring scien ti fic ad van ces. This
was the main prin ci ple in the way neu ros cien ce-re la ted re search func tio -
ned in the last cen tury. But let me fo llow with my own scien ti fic life ex pe -
rien ce, since it can be an example of the significant changes that this
classical approach has changed throughout the past approximately 50
years.
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My earliest experience in basic science
My very first ex pe rien ce as a “neu ros cien tist” was when as a stu dent, I star -
ted to as sist in the re search line of “Sex dif fe ren ces in Lear ning” of my dear
and ne ver for got ten pro fes sor, J.A.I. Ca rro bles at the Au to no mous Uni ver -
sity of Ma drid. He was stud ying the pos si ble sex dif fe ren ces in the well-es -
ta blis hed phe no me non of the ef fects of par tial rein for ce ment on the
ex tinc tion pro cess (Del Ce rro, 1978). This pa ra digm of ani mal lear ning stu -
dies re fe rred to the ob ser va tion that rats have a ma jor re sis tan ce to ex tinc -
tion of a lear ned res pon se af ter a par tial rein for ment lear ning pro gram, in
com pa ri son with rats un der a con ti nuous rein for ce ment sche du le. In ot her
words, rats con ti nue res pon ding lon ger on the ex tinc tion pro cess-no re -
ward pe riod if the ac qui si tion pro gram was ba sed on a par tial rein for ce -
ment sche du le – ran dom (yes/no…) re ward– than tho se ani mals with a
con ti nuous rein for ce ment pat tern (yes/yes/yes…). The re sults of the se ex -
pe ri ments were my own gra dua tion ex pe ri men tal work known as a Te si na
(litt le the sis). The fi nal data de mons tra ted that the re are dif fe ren ces bet -
ween male and fe ma le rats, sin ce fe ma le rats show more re sis tan ce than
ma les to ex tinc tion of a lear ned task af ter a par tial rein for ce ment lear ning
pro gram. The se re sults star ted me on the path of what we are trying to de ve -
lop in this book and chap ter, i.e., to trans fer our ani mal ex pe ri men tal data
to hu man stu dies: Does it mean that wo men have a more po wer ful lear ning
pro cess with a par tial rein for ce ment trial than men? Is it fea si ble and ap -
pro pria te to use ani mal re sults for ad dres sing human problems?

I took this path on the ba sis of dif fe rent si tua tions, se mi nars, pu blic de -
fen se of my Te si na, and tal king with co llea gues. I al ways felt trap ped to
think about the trans la tion of my lab re sults to un ders tand hu man beha -
vior, but that it was not ac cep ta ble, ac cor ding to my men tor and ort ho dox
ani mal lear ning ex perts at that time, at least in Spain’s schools of psycho -
logy and me di ci ne. The same is sue aro se shortly af ter ward du ring my doc -
to ral fe llows hip, when I tried to apply my re search fin dings to some ques -
tions re la ted to hu man brain and beha vior; my men tors took the se ideas as
com ple tely mis ta ken. I al ways re cei ved the same ad vi ce: … “You should
think about your hypot he sis and ex pe ri men tal de sign as the search for the
truth”. So, the “man tra” that I heard when I tried to in ter pret be yond my re -
search fin dings, dis cus sion and con clu sions was: “We are doing ba sic scien -
ce and we are loo king for res pon ding to our wor king hypot he sis, no more.
We are fo llo wing just the truth of what we want to know via the scien ti fic
met hod”. The se re com men da tions were ba sed mainly on the Ma rio Bun ge
analy sis of phi lo sophy of scien ce. Du ring this time, the 1980´s, the work of
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Mario Bunge was critical for the new scientific approach in Spanish
psychology.

Accor ding to Bun ge, scien ti fic know led ge des cri bes facts just as they
are, pro du cing new facts, and it is pos si ble to ex plain them by loo king for
the me cha nisms that pro du ce them. Bun ge ca lled this con cept as “Cien cia
Fác ti ca” (Fac tual Scien ce; Bun ge, 1985). This idea has al ways been im prin ted 
on my mind and my en ti re re search ca reer. Actually, I think that was good
for my scien ti fic trai ning. Pos sibly hu man ex tra po la tion, es pe cially in the
beha vio ral neu ros cien ces, nee ded tho se “pure” ba ses in or der to crea te a
scien ti fi cally ri go rous fra me work in which we can work sub se quently using 
a theo re ti cal ap proach. Anot her idea that has been not only in my mind but
also im prin ted in many of my aca de mic works, be longs to the “fat her of
neu ros cien ce”, San tia go Ra món y Ca jal, and shows the emo tio nal part of
our work. “In scien ce, as in life, the fruit al ways co mes af ter love.” Yes, love
and pas sion for our job in the lab and tea ching, even for our way of
communicating our results to the scientific community and society, is
essential.

This very first ex pe rien ce in the la bo ra tory was for me a dif fi cult way of
fa cing my fu tu re de di ca tion to beha vio ral neu ros cien ce. First of all, I had to
read and learn – in Eng lish – prac ti cally the com ple te ra tio na le of the cu -
rrent re search line. Even though my spo ken En glish wasn’t too bad, my rea -
ding and writ ten En glish was far from an ac cep ta ble le vel. This type of re -
qui re ment in our scien ti fic field is so met hing that En glish spea kers do not
have to face. Se cond, my star ting in the daily work in the la bo ra tory and bio -
te rium made me feel like a sla ve of the ex pe ri ment´s agen da, be cau se no
wee kends or ho li days exist for our ex pe ri men tal rats. Ho we ver, very soon I
be ca me ad jus ted and com for ta ble with the re qui re ments I had to deal with,
such as the hand ling of the ani mals, or the trials sche du le, even du ring wee -
kends. I must say that I had some ad van ta ge in com pa ri son with my lab ma -
tes sin ce I was a “country girl”, so fa mi liar with ani mal care, whe reas they
felt trau ma ti zed by the rat ma na ge ment ex pe rien ce. As a re sult of my first
ex pe rien ce in an ani mal lear ning lab, I knew that this would be my field in
psycho logy and not any ot her field more commonly chosen by most of the
psychology students, such as clinical, organizational, or social psychology.

The la bo ra tory was lo ca ted in the me di cal school of the Au to no mous
Uni ver sity of Ma drid (UAM), and the re I met pro fes sor Gui lla món (Anto -
nio), who had re cently arri ved from Oxford Uni ver sity af ter a stay at the Jef -
frey Gray la bo ra tory. This mee ting sho wed me the path that I wan ted to
take, to study the neu ro bio lo gi cal ba sis of lear ning. Anto nio was re crui ting
stu dents in te res ted in this spe ci fic area, and he of fe red me entry into his
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newly-for med la bo ra tory. The re were just three stu dents in clu ding me,
San tia go Se go via and Azu ce na Va len cia, we all continued academic life
being good friends and colleagues.

The se star ting years were in ten se in work and a huge num ber of grant
ap pli ca tions. To day it seems to me like a dream, that which we were able to
ac com plish by our young ent hu sias tic strength and pus hing illu sions of our
psycho bio lo gi cal aims. After a de ca de we were the well-known “Gui lla món
group from UAM and UNED”, with an im por tant body of data pu blis hed on
the study of the sex dif fe ren ces in a mul tisy nap tic neu ral system – the vo me -
ro na sal sys tem – and we be gan stud ying the trans la tion of the se se xually di -
morp hic neu ral system in rat model be hav ior (Segovia et al., 1982; Del Cerro
et al., 1986)).

From Molecular to Molar research: ions to behavior
Du ring the pe riod of my star ting in ba sic scien ce work du ring the last de ca -
des of the 20th cen tury, mo le cu lar re search was, in some way, more ap pre -
cia ted than mo lar or beha vio ral re search. This was one of the rea sons that
some neu ros cien tists were very cri ti cal of, and un de res ti ma ted, beha vio ral
stu dies using ani mal mo dels. The ad van ces in mo le cu lar pro ce du res and
tech ni ques in neu ros cien ce, such as mo le cu lar or ce llu lar ones, high per for -
man ce li quid chro ma to graphy (HPLC), ca pi llary elec trop ho re sis (CE), or
ima ging tech ni ques, in clu ding fluo res cen ce, func tio nal mag ne tic re so nan -
ce ima ging (fMRI), po si tron emis sion to mo graphy (PET) and mass spec tro -
metry (MS) were, in part, the “switch on” of this neu ros cien ti fic pres su re. By 
con trast, the com ple xi ties of beha vio ral pat terns and beha vio ral pa ra digms
were not as clear, re lia ble, and re pli ca ble as the stu dies per for med using the
new, dif fe rent, sop his ti ca ted mo le cu lar pro ce du res. Con se quently, a new
in ter dis ci pli nary era star ted in this pe riod, which has been suc cess fully fo -
llo wed to day. A good exam ple of this is some of our own re cent stu dies in
which ge ne ti cists, neu roim mu no lo gists, phar ma co lo gists and ot hers are
wor king on our re search pro jects in la bo ra to ries in Spain as well as in the
USA.

I want to point out some de tails re la ted to the way things have chan ged
in aca de mic fil ters in Spain, such as the de fen se of the doc to ral dis ser ta tion. 
When I de fen ded my dis ser ta tion, I had an im por tant body of data that I
wan ted to pu blish. Ho we ver, I was for bid den to do it be cau se at that time
–the 1980's – it was not per mit ted to pu blish any re sult prior to the fi nal dis -
ser ta tion de fen se. To day, it is just the op po si te: a doc to ral dis ser ta tion re -
qui res at least two pu blis hed par tial re sults; otherwise, it is not permissible
to defend it.
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My doc to ral dis ser ta tion was my real first con tact with a mo le cu lar ap -
proach to the study of the ner vous system. I was for tu na te to study with one
of the best ex pe ri men tal neu roen do cri no lo gists of Spain in the 20th cen -
tury, Dr. Fran cis co Esco bar del Rey and his wife, Dra. Ga brie la Mo rrea le.
They were res pon si ble for in tro du cing a new test pro to col in new born ba -
bies for de tec ting thyroid func tion, pre ven ting the in ci den ce of hypoth yroi -
dism and the in tro duc tion of io di de salt in diet in Spain among ot her im -
por tant con tri bu tions. UNICEF took the Esco bar and Mo rrea le thyroid
func tion test in new borns and in tro du ced it all over the world. Furt her mo -
re, the WHO fo llo wed with the re com men da tion of in crea sing the con -
sump tion of iodide salt from 20% in 1990 to 70% in developed countries
(OMS, 1999).

My to pic fo cu sed on how early thyroi dec tomy could dif fe ren tially af fect
ma les or fe ma les in terms of neu ro trans mit ter dis tri bu tion in the brain.
The re sults were im por tant and they sho wed that neo na tal thyroi dec tomy
pro du ces se lec ti ve chan ges in re cep tor den sity for GABA, and for 5-HT; it
in crea sed re cep tors in ce re be llum and stria tum and de crea sed re cep tors in
vi sual cor tex (Del Ce rro, 1984). Prior to my doc to ral dis ser ta tion, the group
that I be lon ged to, Anto nio Gui lla món la bo ra tory in the School of Me di ci ne
of UAM, had dis co ve red some se xually di morp hic pat terns in an in te res ting 
neu ral system re la ted to the modulation of reproductive behavior – the
vomeronasal system (VNS).

Sexual differentiation of the brain was the framework of our
research line
After my doc to ral dis ser ta tion re cei ved the gra de of Cum Lau de and
Extraor di nary Award, 1984, I wan ted to pro gress from my mo le cu lar stu dies 
to beha vio ral ones. Sin ce the ad van ces in the group re search line were very
suc cess ful, Anto nio sug ges ted that I choo se a beha vior pat tern re la ted to
the neu ral con trol of VNS that may show beha vior pat terns that dif fer bet -
ween ma les and fe ma les. That led to my first en coun ter with Jay Ro sen -
blatt’s ex ce llent re search on ma ter nal beha vior in rats. Eu re ka!!! That was
my reac tion when I saw Jay’s well-known Scien ce pu bli ca tion (Ro sen blatt,
1967). This study es ta blis hed the non hor mo nal ba sis for ma ter nal beha vior
in the rat by de mons tra ting that any con di tion of a rat, non preg nant in tact,
ova riec to mi zed, hypoph ysec to mi zed, and even in tact and cas tra ted ma les
were all able to ex press the main com po nents of ma ter nal beha vior af ter
con ti nuous ex po su re to young fos ter pups. The se fin dings pro vi ded evi den -
ce that all rats have a ba sic le vel of ma ter nal res pon si ve ness that is in de pen -
dent of hor mo nal con di tion. This pu bli ca tion and ot hers (Ro sen blatt, 1980;
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1983 &1989) dro ve me to ini tia te the pa ren tal beha vior (PB) re search line in
our la bo ra tory by stud ying the pos si ble re la tion of this com plex re pro duc ti -
ve beha vior to our pre viously well-es ta blis hed se xually-di morp hic mo del,
the VNS. This re search trig ge red a sub stan tial se ries of stu dies and pu bli ca -
tions that led to the ap proach about which I am most ent hu sias tic: the epi -
ge ne tic basis of PB.

In re la tion to my first stud ies, I de cided to study how the sex ual dif fer -
ences found in the VNS of the rat, by our re search group, can be trans lated
into the sex dif fer ences found in PB, start ing from the most pe riph eral i.e.,
the vomeronasal or gan, cen trally to the ac ces sory ol fac tory bulbs (AOB), the
bed nu cleus of the ac ces sory ol fac tory tract (BAOT) and the me dial preoptic
area (MPOA) (Del Cerro et al,1991; Izquierdo et al, 1992; Segovia and
Guillamón, 1996; Segovia et al., 1996). These stud ies pro vided ev i dence that
the greater num ber and vol ume of neu rons in these vomeronasal struc tures 
in males in hib ited the fe male-like ma ter nal pat terns, since our ex per i men -
tally-in duced re duc tion in num ber and vol ume fa cil i tated the on set of ma -
ter nal pat terns in males (Izquierdo et al., 1992, Carretero et al., 2003). Stud -
ies by oth ers were con sis tent with our find ings, show ing an in hib i tory role
of the vomeronasal in put on ma ter nal be hav ioral pat terns (Flem ing et
al.1979, Malenfant et al.,1991). From these stud ies, we es tab lished the the o -
ret i cal frame work for the PB-in hib i tory role of the “su per nu mer ary neu -
rons” in the VNS (Del Cerro, 1998; Segovia and Guillamón, 1993; Segovia et
al., 1999). Through this model of VNS-re lated sex ual dif fer en ti a tion we have
been able to un der stand the role and be hav ioral trans la tion of the or ga ni za -
tional ac tion of ste roids dur ing the perinatal pe riod in mam mals and the re -
lated sex dif fer ences in PB, sex ual be hav ior, sex u ally di mor phic, and learn -
ing par a digms (Claro et al.,1994; Numan et al.,1999; Segovia et al., 1999).

Neuroanatomical bases of sex differences in parental behavior
At that point, I nee ded to ac count for how the sex dif fe ren ces ob ser ved in
the VNS can un der lie the dif fe ren ces in beha vior. We be ca me pio neers in
the use of a neu ral system, the VNS, as a mo del to un ders tand se xual dif fe -
ren ces in brain and beha vior. The best ex pe ri men tal ap proach was to study
how the se xual di morp hism ob ser ved in the VNS is re flec ted in a se xually di -
morp hic beha vior such as pa ren tal beha vior (pa ter nal vs. ma ter nal) in
which this neu ral system is di rectly in vol ved. I star ted stud ying the im pli ca -
tion of sex dif fe ren ces in the BAOT for PB in male and fe ma le rats. I must
say that this study was my scien ti fic mi les to ne and the rea son for my con ti -
nuing scien ti fic ca reer…but why? Still to day, I vi vidly re mem ber my reac -
tion to the first male that I pla ced into the ex pe ri men tal cage; it ran ra pidly
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to re trie ve the first pup that was lo ca ted in the op po si te cor ner to the ma le’s
lo ca tion.

This first re trie val per for med by a male, and its short la tency, was te -
lling us that the bi la te ral elec troly tic le sions in the BAOT re sul ted in this ex -
pe ri men tal male sho wing a fe ma le-like beha vio ral pat tern, a non-ex pec ted
res pon se in a male coha bi ting with a pup. I felt so happy, but I had to react
quietly and con ti nue with the ex pe ri ment, alt hough I really wan ted to run
out of the ex per i men tal room and shout to my co llea gues IT WORKED!!!
Yes, our hypot he sis was sup por ted. Ba sed on the Gui lla món and Se go via
(1993) con cept of the in hi bi tory role of VNS on fe ma le-like beha vior, we con -
fir med this pre dic tion with our fin ding of an in hi bi tory role of BAOT on PB
in male rats (Izquierdo et al., 1992).

Fi gu re 1. Pa ren tal Beha vior si mi la ri ties in mam mals. The hu man fat her is my son Fran with
his own son, Fran jr.

As the only re sear cher in Spain at that time stud ying PB (Fi gu re 1), I ap -
plied for, and re cei ved, an Abroad Mo bi lity grant for full pro fes sors from
the Mi nis te rio de Edu ca ción, Spa nish go vern ment and a Ful bright Grant, to 
learn from, and co lla bo ra te with, Jay Ro sen blatt in the Insti tu te of Ani mal
Beha vior (IAB) at Rut gers Uni ver sity in Ne wark, New Jer sey, USA, in 1989.
This stay was really fruit ful in de ve lo ping my re search skills, and allo wed
me to see the dif fe ren ces bet ween the Spa nish and the Ame ri can ways of
doing re search. The ma jor dif fe ren ce was, for then, the easy way of brin ging 

From Animal Models to Humans

224



ex pe ri men tal ideas to the la bo ra tory in the Insti tu te of Ani mal Beha vior
ver sus the Spa nish uni ver sity system, which was much more bu reau ro cra -
tic and slow. Ho we ver, cu rrently I see a more com mon le vel of fil ters, some
of them ne ces sary, e.g., ani mal care, but ot hers in Spain still really hy per-
bu reau cratic, e.g., double or triple veterinarian and various committees´
requirements.

My stay at the IAB was not only im por tant in my ex pe ri men tal trai ning,
but ove rall, a full pro fes sio nal ex pe rien ce by which I learnt from ex ce llent
scien tist-co llea gues like Car los Be yer (Car los) and Barry R. Ko mi sa ruk
(Barry). They con ti nued with me as best men tors and friends for the up co -
ming years. Sadly, Car los left us as orp hans of his en ligh te ning in te lli gen ce
and eru di tion too soon. But his im print is with us fo re ver.

Fi gu re 2. Car los Be yer and the aut hors at Ba ra jas Ta cos in To dos San tos, Baja Ca li for nia
Sur, cir ca 2010

With Jay and Barry we de sig ned se ve ral ex pe ri ments to un ders tand the
neu ro-mo du la tory role of se ve ral vo me ro na sal struc tu res in na tu ral mot her 
and vir gin rats, un der dif fe rent hor mo nal and sti mu li con di tions. We as ked 
whet her the VNS system, with its ef fe rents to the me dial preop tic area
(MPOA), was ac ti va ted or not in the ma ter nal beha vior (MB) res pon se to -
ward pups. We found that in the MPOA, 14C-2-deoxy glu co se (2-DG) le vels,
mea su red au to ra dio grap hi cally, were hig her du ring na tu ral par tu ri tion
with con cu rrent ma ter nal beha vior than in non-preg nant non-ma ter nal
con trols, whe reas le vels in the VNS were lo wer in vir gin rats in du ced to
show ma ter nal beha vior by coha bi ta tion with young, than in con trol and
par tu rient rats. Prior stu dies re por ted that le sions of MPOA dis rupt ma ter -
nal beha vior, whe reas le sions of VNS struc tu res eli cit it, and that an in crea -
se in 2-DG le vels is in di ca ti ve of an in crea se in fi ring ac ti vity in neu ron ter -
mi nals. The se joint re sults pro vi ded evi den ce that ma ter nal beha vior can be
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in du ced by: 1) an in crea se in par tu ri tion-ge ne ra ted sen sory sti mu la tory in -
put to the MPOA in res pon se to the me cha no-sti mu la tion of the birth ca nal
that oc curs du ring par tu ri tion, and 2) a se pa ra te che mo sen sory vo me ro na -
sal path way who se ac ti vity is re du ced by coha bi ta tion with young, the reby
di sin hi bi ting ma ter nal beha vior (Del Ce rro et al., 1995). Fo llo wing the se re -
sults, we needed to go further, so we took the risk of combining two
procedures, the combination of which could provide important neural
activity information related to the expression of MB.

On the ba sis of evi den ce that 2-DG au to ra dio graphy in di ca tes ac ti vity
(in crea sed or de crea sed) at axo nal ter mi nals, whe reas c-fos im mu nocy to -
che mistry in di ca tes ac ti va tion (or not) of neu ro nal cell bo dies, we com bi -
ned the se tech ni ques in the same in di vi dual rats, eva lua ted in al ter na ting
ad ja cent his to lo gi cal brain sec tions, to as sess ex ci ta tory (in crea se in 2-DG
and c-fos ac ti vity in ad ja cent sec tions) and di sin hi bi tory (de crea se in 2-DG
but in crea se in c-fos ac ti vity in ad ja cent sec tions) synap tic re la tions in se -
lec ted si tes in fe ma le rats in which ma ter nal beha vior was eli ci ted by na tu -
ral par tu ri tion, sen si ti za tion (7-10-day coha bi ta tion with fos ter pups), or
hyste rec tomy. All in di vi duals in the se three groups ex pres sed ma ter nal
beha vior im me dia tely prior to re cei ving the 2-DG in jec tion. We found ele -
va tion (com pa red with con trols and non-ma ter nal vir gins) in both 2-DG
and c-fos ac ti vity in MPOA in the par tu rient and hyste rec to mi zed groups,
in di ca ting an in crea se in its in put and out put ac ti vity, i.e., an ex ci ta tory in -
te rac tion; as men tio ned abo ve, the MPOA was pre viously shown to be cri ti -
cal for ma ter nal beha vior. The sen si ti zed (co-ha bi ta tion) group sho wed a
de crea se in 2-DG ac ti vity of vo me ro na sal nu clei (BAOT and me dial amy gda -
la), re pli ca ting our pre vious study) plus an ele va tion in c-fos ac ti vity in the
al ter na ting sec tions. This com bi na tion in di ca ted di sin hi bi tion of the se nu -
clei, which were pre viously shown to mo du la te pup-re la ted che mos ti mu la -
tion-in du ced sen si ti za tion. Our fin dings de mons tra ted the fea si bi lity of
mea su ring 2-DG and c-fos ac ti vity jointly in ad ja cent sections of the same
brain, thereby providing evidence to distinguish between localized
excitation and disinhibition in VMS structures modulating MB expression
under different hormonal and stimuli conditions (Komisaruk et al., 2000).

Whi le my back ground was al ways ex pe ri men tal scien ce using the rat as
a re search mo del, I felt the need to jump to hu man stu dies. With Barry we
star ted some pre li mi nary hu man stu dies on PB ba sed on our ani mal re -
search and our hypot he sis on brain sex dif fe ren ces. The aim of our ap -
proach is to analy ze the ac ti vity of some brain areas re la ted to the res pon se
of re cent fat hers and mot hers ver sus non-mot hers or non-fat hers. The sti -
mu lus was a re cor ding of a baby crying (their own or ot her) ver sus whi te
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noi se. The res pon se was mea su red by func tio nal Mag ne tic Re so nan ce
(fMRI). Some of the most re le vant pre li mi nary re sults, not pu blis hed yet,
show dif fe ren ces in ac ti vity in the pa ra ven tri cu lar nu cleus re gion of the
hypot ha la mus in mot hers and their own baby crying in com pa ri son to fat -
hers. We need to con ti nue our stu dies trying to un ders tand the pos si ble me -
cha nisms re la ted to the oxy to cin (Oxy) in vol ve ment in these findings based
on the sex differences in Oxy levels and distribution (Marazziti et al., 2019).

The most re cent pu bli ca tions with Barry (Ko mi sa ruk and Del Ce rro,
2021 & 2022; Ko mi sa ruk et al, 2023) are theo re ti cal es says on the re le vant
role of plea su re in hu man well-being. We re vie wed the cri ti cal func tion of
sen sory sti mu la tion, pro prio cep tion, and fee lings on the way to plea su re,
ba sed on the evi den ce that their dis rup tion leads to pat ho lo gies. In Spain,
in our la bo ra tory of UNED plus ot her Spa nish aca de mic and health ins ti tu -
tions in co lla bo ra tion with ot hers from Ho lland and Ca na da, and my ad mi -
red co llea gue and friend, Anto nio, we are in vol ved in a re cently re ne wed
pro ject (PID2021-127547NB-C21, Mi nis te rio de Cien cia e Inno va ción, Go -
bier no de Espa ña) on a cu rrent and in te res ting to pic: Brain en dop he noty -
pes: ge ne tic and epi ge ne tic ef fects on trans gen der ado les cents, be fo re and
af ter the treat ment with pu berty bloc kers. The pro ject is pio nee ring in this
re search area, sin ce lon gi tu di nal stu dies be fo re and af ter the ef fect of treat -
ment with pu berty bloc king agents on the brain of trans gen der ado les cents
have not been un der ta ken pre viously. Once again, this ex pe ri men tal hu -
man ap proach is ba sed on our pre viously de ve lo ped ani mal (rat) mo dels of
fe mi ni za tion and mas cu li ni za tion (Gó mez et al., 2020). Our ani mal mo del
was the key to ac count for the fin dings we hypot he si ze to oc cur in the brain
of trans gen der ado les cents un der treat ment with pu berty bloc king agents.
As we said abo ve, neu ros cien ce ad van ce ment is sup por ted by in ter dis ci pli -
nary con ti nuous and fruit ful coo pe ra ti ve na tio nal and in ter na tio nal pro -
jects, as in this case of trans gen der teenagers. Thus, these approaches are a
paradigmatic example about the general topic of this book, i.e., the value of
animal experimental data toward understanding behavioral phenomena in 
humans.

From sexual dimorphism in parental behavior to effects of
perinatal stress: The role of epigenetic factors in the
neurobiological bases of behavior
We pu blis hed our ge ne ral fin dings on sex dif fe ren ces in VNS and its im pli -
ca tions in se xual di morp hism in MB con tro lled by or ga ni za tio nal ef fects of
pe ri na tal go na dal ste roids “mi lieu” in se ve ral re views (Del Ce rro, 1998; Se -
go via et al.,1999). Sub se quently, I came across some early pu bli ca tions from
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a Ger man group (Dörner and Staudt, 1969) that sho wed a pos si ble pre na tal
stress ef fect on the se xually di morp hic nu cleus of the hypot ha la mus. The
aut hors de ve lo ped a se ries of epi de mio lo gi cal stu dies in hu mans in di ca ting
a pre va len ce of ho mo se xua lity in men born du ring the se cond world war.
Post-mor tem neu roa na to mi cal analy sis using morp ho lo gi cal pa ra me ters
sho wed a low vo lu me of the se xually di morp hic nu clei of the hypot ha la mus
of the se men, with va lues si mi lar to tho se that are cha rac te ris tic of wo men
(Dörner et al., 1975). The se re sear chers re la ted this fin ding to the chro nic
stress that the men’s mot hers suf fe red du ring the bom bing at the end of the
war in some Ger man ci ties. This fin ding ins pi red me to ask: Is it pos si ble
that chro nic stress du ring ges ta tion can al ter de ve lop men tal neu roen do cri -
ne pat terns in the fe tu ses, which can af fect their sub se quent beha vio ral pat -
terns when adult? I was in cor po ra ting three main fac tors that un der lie
beha vio ral neu ros cien ce: brain, hor mo nes and beha vior. My re search on
this to pic has been per for med in rats. Part of the ra tio na le is ba sed on the
evi den ce that ma ter nal stress hor mo nes du ring ges ta tion can en ter the fe -
tal brain and im pair the de ve lop ment of the res pon se of the hypot ha la -
mic-pi tui tary-adre nal (HPA) axis to stress at maturity.

Other stu dies de mons tra ted that ex po su re to stress du ring preg nancy
pro du ces physio lo gi cal and beha vio ral al te ra tions in the offspring, dis rup -
ting their ma ter nal beha vior when adult (Wea ver et al, 2004). Some of our
most sig ni fi cant fin dings sho wed that stress ap plied to preg nant rats af -
fects not only the post par tum ex pres sion of ma ter nal care to ward their
pups, but also that when tho se pups de ve lop to adult hood, the ma ter nal care 
that they ex press is ab nor mal and di sor ga ni zed (Pé rez-Laso et al., 2008; Del
Ce rro et al., 2010). The se al te ra tions were not only ex pres sed in ma ter nal
beha vior, but also in morp ho lo gi cal, hor mo nal and im mu ne-his to che mi cal
pa ra me ters in vol ving AOB, adre no cor ti co trop hic hor mo ne (ACTH), tes tos -
te ro ne, es tra diol (E2) and c-fos. The se se ries of stu dies in rats pro vi de evi -
den ce that stress du ring the fi nal week of preg nancy exerts long-las ting ef -
fects on the ex pres sion of in du ced ma ter nal beha vior in the fe ma le
offspring when they are adult. Mo reo ver, the chan ges ob ser ved in their MB
are re la ted to al te ra tions in the de ve lop ment of the AOB, one of the se xually
di morp hic brain nu clei in vol ved in the con trol of MB, and the HPA en do cri -
ne axis (Del Ce rro et al., 2015). The se fin dings led me to the question: Are
these stress effects caused by the neurobiological changes or by the altered
maternal behavior per se, or both?

No te worthy is one of the most ci ted works by the group of Mi chael
Meany in rats (Fran cis et al., 1999), de mons tra ting that va ria tions in ma ter -
nal care in fluen ce the de ve lop ment of beha vio ral and en do cri ne res pon ses
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to stress in the offspring. In that study, a cross-fos te ring pro ce du re was
used to as cer tain whet her MB was res pon si ble for the fu tu re beha vio ral al -
te ra tions of the offspring when adult, ver sus ges ta tio nal stress ef fects. That
was pre ci sely my ques tion. Fran cis et al., (1999) re por ted not only an in -
fluen ce of ma ter nal beha vior on stress reac ti vity in the offspring, but the
sub se quent trans mis sion of such in di vi dual dif fe ren ces in ma ter nal beha -
vior from one ge ne ra tion of fe ma les to the next. In or der to study MB as an
in de pen dent va ria ble in our stress ex pe ri ments, we had to in tro du ce the
“cross-fos te ring” pro ce du re (i.e., adop tion), which con sists of the ex chan ge
of new born pups from stres sed mot hers to non-stres sed mot hers and vice
ver sa. With this met hod we could de ter mi ne whet her the ef fects seen in the
pups when they are adult, are re la ted to their pre na tal stress or al te red MB
that they re cei ved, or both. We found stri king re sults in our first such study
(Del Ce rro et al., 2010): The adop tion pro ce du re reversed the prenatal
stress-induced abnormal MB, without changing morphological and
hormonal stress-induced effects.

We found furt her ef fects of cross-fos te ring as fo llows. We pre viously
found that pre na tal stress eli mi na ted se xually di morp hic pat terns in brain
morp ho logy and MB. Fe ma le fe tu ses who se dams were ex po sed to stress
had an in crea sed BAOT neu ro nal po pu la tion si mi lar to the con trol male va -
lues, and they sho wed a sig ni fi cant re duc tion in MB. The op po si te morp ho -
lo gi cal va lues were found in males raised by their own stressed mothers.

Mo reo ver, pre na tally stres sed fe ma les sho wed lo wer le vels of E2 than
con trol fe ma le rats, plus high cor ti sol (Cpd B) and pro ges te ro ne (P) le vels.
Re mar ka ble to us was that our cross-fos te ring pro ce du re coun te rac ted the
beha vio ral stress ef fects wit hout chan ging the hor mo nal and morp ho lo gi -
cal al te ra tions. The se re sults de mons tra te how ma ter nal care can act as a
non-ge no mic beha vio ral fac tor in the trans mis sion of in di vi dual dif fe ren -
ces in the res pon se to stress across ge ne ra tions. Thus, an en vi ron men tal
ma ni pu la tion im po sed du ring early de ve lop ment. i.e., stress du ring ges ta -
tion, can al ter ma ter nal beha vior to ward the pups when they are born,
which, when they are adult, can af fect their pat tern of ma ter nal care trans -
mis sion and the MB of sub se quent ge ne ra tions. Ba sed on our stu dies on ef -
fects of pre na tal stress on hor mo nes, brain and ma ter nal beha vior, we de -
mons tra ted that en vi ron men tal fac tors, such as stress du ring cri ti cal pe -
riods of brain de ve lop ment, in te ract with the neu roen do cri ne system, in -
du cing per ma nent morp ho lo gi cal al te ra tions in brain struc tu res in vol ved
in the neu ral con trol of ma ter nal beha vior, en do cri ne dysfunc tions and,
the reby, chan ges in MB pat terns in fe ma le rats. Con se quently, pre na tal
stress exerts long-las ting ef fects on the ratio of these hormones in a
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direction opposite that observed after the early post-partum period in
female rats (Del Cerro, 2008, Pérez-Laso et al, 2013, 2015).

 In a sub se quent study (Del Ce rro et al., 2010), using a cross-fos te ring
de sign, we found that whi le all the neu ro-morp ho lo gi cal and hor mo nal al te -
ra tions cau sed by pre na tal stress were re pli ca ted, the most stri king new fin -
ding in this study was that po si ti ve ma ter nal care pro vi ded by non-stres sed
fos ter mot hers to ward pre na tally-stres sed pups pre ven ted the al te red MB,
in con trast to the al te red MB shown by the stres sed pups when adult, that
were rai sed by their own stres sed mot hers. Thus, we de mons tra ted the role
of ma ter nal care in ame lio ra ting and even pre ven ting pos si ble ne ga ti ve ef -
fects of epi ge ne tic fac tors, such as chro nic stress, on the beha vior of the
pups when they reach adult hood. Ba sed on the se fin dings, we con clu ded
that early lear ning pro ces ses do not only mo du la te, but they can even over -
co me, the bio lo gi cal de ter mi nants of the in di vi dual. In this way we of fer an
op ti mis tic vi sion of the old “na tu re-nur tu re” con tro versy, sin ce a beha vior
early in life, such as ma ter nal care, can coun te ract the pos si ble bio lo gi cal al -
te ra tions cau sed by an epi ge ne tic agent, such as stress, du ring brain de ve -
lop ment. Thus, ro dents may pro vi de a va lid and use ful mo del to un ders tand 
the ef fects of the un for tu na tely all-too-fre quent si tua tion of ges ta tio nal
stress oc cu rring du ring pre na tal brain de ve lop ment. It is cri ti cal to pay at -
ten tion to the ways in which pre na tal en vi ron men tal fac tors can affect
lifespan physiology and behavior – especially maternal be hav ior – that
ensures the survival of the species; is there any more crucial behavior?

Toward popular science experience
There is a time in our life when we stop and re flect about the sense of our
work and how it could con trib ute to mak ing a better world. This sounds,
per haps too am bi tious, but it is some thing that hap pened to me a few years
ago in a hum ble way. Af ter my stress stud ies and the high im pact that they
had in the sci en tific com mu nity (Del Cerro et al. 2010) on how MB per se can
coun ter act the neurobiological ef fects of ges ta tional stress…it was at the top 
10 in ResearchGate dur ing two con sec u tive years, 2010-2012…I needed to
in te grate find ings from the rat an i mal model with hu man neu ro sci ence re -
search, spe cif i cally, hu man at tach ment. I felt the ne ces sity of trans lat ing
my life time find ings and re flec tions that could be pos i tive for so ci ety. So I
wrote El Cerebro Afectivo (Fig ure 3), a pop u lar sci ence book which now is in
its sec ond edi tion and has been well-re ceived by the read ers. Some have
given me such en thu si as tic feed back that I feel en cour aged to con tinue
writ ing this way. The main theme of the book is shown in a few words in its
sub ti tle: “El afecto recibido du rante la gestación y la primera infancia
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modela nuestro cerebro y nuestro carácter”. This mes sage, “Love re ceived
dur ing ges ta tion and child hood shapes our brain and char ac ter” un der lies
the con tent of the dif fer ent chap ters. I am con vinced that this kind of work,
mak ing sci ence avail able for the gen eral pub lic, is nec es sary to coun ter act
the over whelm ing amount of false in for ma tion and “easy talk ers and me dia 
gu rus” who are ever-pres ent in our daily life.

Fi gu re 3. Dani, my grand son and me at Fe ria del Li bro de Ma drid sig ning au to graphs.

Du ring the last five years, my main ef fort has been to make avai la ble in
any way I could (or I was in vi ted to the me dia: na tio nal Spa nish TV chan -
nel-TVE, Tele-Ma drid, Tele-5, Ra dio Na cio nal, Ra dio 3, El País, El Mun do,
etc.), the im por tan ce of ex pres sing love to our chil dren du ring the “in ute -
rus” de ve lop men tal and post na tal pe riods. This can be ex pres sed by pa ying
at ten tion not only to the diet, and physi cal or re la xing exer ci ses pre-par -
tum, but es pe cially to the emo tio nal link from the mot her to ward her new -
born baby. This early pe riod in the life of the in di vi dual can be cri ti cal in the
sub se quent way of fa cing life events, re sul ting in a healthy adap ti ve per son
and, ho pe fully, ul ti ma tely in a more fair and pea ce ful so ciety. And now, let
me tell you so met hing im por tant to think about. Whi le all the se ideas are
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ba sed on my own re search, on the li te ra tu re, and ot her’s con clu sions, my
ideas are ba sed on the ex pe rien ce of my own pe ri na tal pe riod’s “nes ting
behavior” toward me by my parents, who gave me a childhood full of love
and ethical values.

Now at the be gin ning of the 21st cen tury, an eco no mic pers pec ti ve is
pre sent in neu ros cien ce, re sul ting from the ef fort of trans fe rring pro gress
ad van ce ment from ani mal mo dels to hu man stu dies. Ja mes J. Heck man is
lea ding this cu rrent re search in pa ren tal care and so cial well-being. My me -
dia mes sa ge is in com ple te agree ment with the cri ti cal mes sa ge from Heck -
man, who is the Henry Schultz Dis tin guis hed Ser vi ce Pro fes sor of Eco no -
mics at the Uni ver sity of Chica go, a No bel Me mo rial Pri ze win ner in eco no -
mics (2000), and an ex pert in the eco no mics of hu man de ve lop ment. Heck -
man has con duc ted va lua ble work with a con sor tium of eco no mists, de ve -
lop men tal psycho lo gists, so cio lo gists, sta tis ti cians and neu ros cien tists,
sho wing that qua lity of early child hood de ve lop ment hea vily in fluen ces
health, eco no mic and so cial out co mes for in di vi duals and so ciety at lar ge.
He has shown that the re are great eco no mic be ne fits to be gai ned by in ves -
ting in early child hood de ve lop ment (Heck man, 2007). For Heck man, the
cri ti cal time to sha pe pro duc ti vity is from birth to age five, when the brain
de ve lops ra pidly to build the foun da tion of cog ni ti ve and cha rac ter skills
ne ces sary for suc cess in school, health, ca reer and life. I be lie ve that the cri -
ti cal pe riod ac tually starts be fo re that – du ring ges ta tion. The re fo re, the in -
vest ment po li cies should start in at-risk fa mi lies or preg nant wo men even
du ring preg nancy in or der to over co me the pro blem that, ac cor ding to
Heck man, “… so ciety in vests too much mo ney in la ter de ve lop ment when it
is of ten too late to pro vi de great va lue”. Such po li cies would li kely pre vent
the cu rrent pro blem that chil dren from fa mi lies that are di sad van ta ged by
low eco no mic con di tions may fail to de ve lop cog ni ti ve and emo tio nal skills
that sup port their adap ti ve stra te gies to en vi ron men tal chan ges that
thereby create a disparity between poor and wealthy families. That is,
affection and love can play a significant role in overcoming some of the
deficiencies found in at-risk children despite low economic conditions.

Paying our “scientist social taxes” to society
As scien tists, I be lie ve that we have an im por tant res pon si bi lity to ward so -
ciety. We should con tri bu te the know led ge that we have gai ned in our ca -
reer that could be re le vant to the ad van ce ment of so lu tions that could
en su re a bet ter un ders tan ding and a bet ter life for peo ple. How can we do
this? Ba sic re search is ne ces sary to main tain scien ti fic ad van ce ment, whi le
ap pli ca tion of scien ti fic ad van ces to the hu man con di tion should be our ul -
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ti ma te pur po se. Go vern men tal and ot her so cie tal po li cies need our con tri -
bu tion, and we have to be at ten ti ve to take op por tu ni ties when pos si ble.
Equity among peo ple is es sen tial, so ap plying the best work in our scien ti fic
fields can be ins tru men tal to ward ma king pos si ble a bet ter life for all. As
scien tists we can con tri bu te to the 2030 agen da of the Uni ted Na tions sus -
tai na ble de ve lop ment goals (UNSDG), that in vol ve the mea ning of our own
re search and trans fe rring our know led ge to so ciety. Part of this task has to
be made through me dia re la tions hips that must be clear and ac ces si ble to
the non-spe cia li zed pu blic, whi le also ac cu ra te, ri go rous and fea si ble. We
need to con tri bu te to so ciety what I term “so cial ta xes”. That is, be cau se we
have de ve lo ped our re search thanks to pu blic and/or pri va te funds, we must 
“pay back” with the use ful fruit of our la bor. This is a task that ma kes us feel
that our life has mea ning to hu man de ve lop ment, even if in a mo dest way.

Du ring the COVID pan de mic, the work of scien tists throug hout the
world was cru cial, ena bling the most ra pid crea tion ever of a vac ci ne
against a new pan de mic di sea se. This is a good exam ple of how scien ce can
con tri bu te to a bet ter life for all. We need to un ders tand that equity is the
best way of ma king life bet ter for all hu mans. This is the ma jor goal for the
ad van ce of science: Equity among All.

Growing up in the United States
Barry: Be gin nings: How I got in te res ted in the brain and beha vior
As an un der gra dua te at CCNY (Co lle ge of the City of New York), I had the
op por tu nity to vo lun teer as a re search as sis tant in the De part ment of Ani -
mal Beha vior on the 5th floor of the Ame ri can Mu seum of Na tu ral His tory
(AMNH). My men tor was Prof. Ethel To bach. The pro ject she as sig ned to me 
was to count fe cal bo lu ses in the “open field test” as a mea su re of stress in
rats. I once as ked Ethel how this re search could be ap plied to hu mans. This
in cu rred Ethel's wrath! She said we do re search in or der to un ders tand the
me cha nisms un derl ying beha vior in na tu re, not to un ders tand their ap pli -
ca tion to hu mans. It is pure ba sic re search and not to be con fu sed with ap -
plied re search. This at ti tu de was sha red by ot hers wor king in the
De part ment. Applied re search was con si de red to be a tri vial ver sion of pure
ba sic re search. I ini tially in cor po ra ted this at ti tu de as I pro gres sed in my
aca de mic ca reer. Ethel ad vi sed me to take a cour se at CCNY with Danny
Lehr man, who had done his doc to ral re search at the same de part ment at
the AMNH. So as a se nior at CCNY, I took Danny's cour se in Struc tu re and
Func tion of the Orga nism. I lo ved his lec tu res. They were vi vid and in tri -
guing and stuck with me. One day he men tio ned re cent re search by Ha rris
et al (1958) & Lisk (1960), who im plan ted crystals of es tro gen into the brain
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of ova riec to mi zed cats and rats, res pec ti vely, and the reby in du ced se xual
re cep ti vity. At the end of Danny's lec tu re, I went up to him and as ked, how
could a crystal of a hor mo ne in one small re gion of the brain in du ce such a
com plex beha vior pat tern? He said how would you like to study that ques -
tion as my doc to ral stu dent? It was an of fer I couldn't re fu se. Danny, who
was a vi si ting pro fes sor at CCNY for the cour se, had just foun ded the Insti -
tu te of Ani mal Beha vior (IAB) at Rut gers Uni ver sity in Ne wark, New Jer sey,
across the Hud son Ri ver from CCNY, which is in Man hat tan. Danny had re -
cently found that in jec tion of pro ges te ro ne in ring do ves could in du ce their
egg-in cu ba tion beha vior, and as a be gin ning doc to ral stu dent, I as sis ted
two ad van ced doc to ral stu dents, She li Wor tis and Phil Brody, in re pea ting
that study. I ob ser ved that pro ges te ro ne not only in du ced in cu ba tion beha -
vior, but also bloc ked court ship bow-cooing in the male doves.

So, my doc to ral dis ser ta tion re search, which I even tually pu blis hed (Ko -
mi sa ruk, 1967), be ca me im plan ting pro ges te ro ne crystals in the ring dove
brain to see if it would in du ce in cu ba tion and in hi bit court ship and if so,
whe re in the brain. I vi si ted Bob Lisk at Prin ce ton, newly ap poin ted af ter his 
doc to ral dis ser ta tion at Har vard, who kindly taught me how to make crysta -
lli ne hor mo ne brain im plants and how to do ste reo ta xic sur gery, and I vi si -
ted Eli za beth Crosby at Uni ver sity of Mi chi gan, who was in her 90s, who
kindly and pa tiently taught me to iden tify the brain nu clei in the ring dove
ba sed on her pio nee ring work on bird brain (Kap pers et al., 1938). Ha ving
con vin ced myself that hor mo nes can act on the brain to in fluen ce re pro duc -
ti ve beha vior, I wan ted to know what the hormones do to the neurons that
generate the behavior.

My early discovery that set me on the path to the present
The only per son in the USA stud ying hor mo nal ef fects on neu ro nal ac ti vity
was Char les Saw yer at the Uni ver sity of Ca li for nia, Los Ange les (UCLA). I
got an NIH fe llows hip to do my post doc to ral trai ning with him. At the time,
Saw yer's re search was fo cu sed on iden tif ying the neu rons that pro du ce
pseu do preg nancy in rats in res pon se to ar ti fi cial va gi nal sti mu la tion, which 
mi mics the ef fects of ste ri le ma ting. And Saw yer was also stud ying the feed -
back ef fects of pro ges te ro ne, which is pro du ced in pseu do preg nancy, on ac -
ti vity of in di vi dual neu rons in the brain. It was in Saw yer's la bo ra tory that I
met Car los Be yer, who was also in post doc to ral trai ning with Saw yer. In my
doc to ral dis ser ta tion, I had ac tually ci ted a then-re cent study of Car los' on
lim bic system sti mu la tion in du cing oxy to cin se cre tion (Be yer et al, 1961),
and when I men tio ned that to Car los, we con nec ted; I be lie ve that ini tial en -
coun ter was ins tru men tal in es ta blis hing our de ca des-long brot herly co lla -
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bo ra tion and ex chan ge pro gram, which con nec ted me to this day with his
won der ful stu dents and in ves ti ga tors and fa mi lies of Mexico.

Be fo re I had left Rut gers for my post doc at UCLA, Danny Lehr man pro -
mi sed me a fa culty po si tion at the Insti tu te of Ani mal Beha vior af ter my
post doc, so again, it was an of fer I couldn't re fu se. After my re turn to the
Insti tu te, one of Danny's in vi ted se mi nar spea kers was Ja mes Olds. Olds
said that he had de ve lo ped a met hod of re cor ding the ac ti vity of in di vi dual
neu rons in awa ke rats. He com men ted to me that he was trai ning the rats
using ope rant con di tio ning to iden tify neu rons in vol ved in me mory. He la -
men ted that they were in ope rant con di tio ning bo xes and no body was ob -
ser ving their beha vior. Would I like to ob ser ve his rats and try to see whet -
her the re is some co rre la tion bet ween the rats' beha vior and neu ro nal ac ti -
vity in their hip po cam pus, cor tex, hypot ha la mus or any of the ot her of his
elec tro de im plan ta tion si tes? It was anot her of fer I couldn't re fu se, so I
went to his la bo ra tory at the Uni ver sity of Mi chi gan in the sum mer of 1967.
In Olds la bo ra tory, in the short space of a few weeks, I made two discoveries
that changed my career trajectory to the present day.

In or der to re cord the ac ti vity of small po pu la tions of neu rons, Olds was
using 62.5 mi cron-dia me ter nich ro me wire as the elec tro des. In or der to co -
rre la te the ac ti vity of the neu rons with the rat's beha vior, the neu ro nal sig -
nals were am pli fied to headp ho nes, so I could lis ten to the neu ro nal ac tion
po ten tial ac ti vity whi le wat ching the rats. I was struck by hea ring ra pid
rhythmi cal bursts of neu ro nal ac ti vity in the hip po cam pal elec tro des, so -
met hing like a train of sounds like “chug–chug–chug–chug...”. Tim ing the
trains of bursts of ac ti vity, I rea li zed that the bursts were oc cu rring about 7
ti mes per se cond. Wat ching the rats, it be ca me clear that the bursts of neu -
ro nal ac ti vity were pre ci sely synchro ni zed with the rhythmi cal back and
forth mo ve ment of the vi bris sae (whis kers). Wat ching the tho rax, I rea li zed
that the res pi ra tion was rhythmi cal in synchrony with the vi bris sa sweeps.
Then I rea li zed that 7 per se cond is the rate of the hip po cam pal the ta
rhythm, and the hip po cam pus is a main com po nent of the rhi nen cep ha -
lic/ol fac tory system, which must be involved in the rhythmical inhalation
sniffs of the rat during its exploratory behavior.

So, I was seeing a pre ci se neu ro nal co rre la te of a beha vio ral mo ve ment!
Then the rats star ted drin king. The re was a mo ve ment ar ti fact, but it sho -
wed that the rats were lic king the wa ter tube at about 7 licks per se cond. I
gave the rats some chow, and when they nib bled on it, the mo ve ment ar ti -
fact was also at about 7 chews per se cond. Was the re a sin gle pa ce ma ker that 
dri ves the ex plo ra tory snif fing/vi bris sa whis king, lic king, and che wing, all
at the same, EEG the ta rhythm rate? This sud den rea li za tion was an ex ci -
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ting mo ment. I con ti nued analy zing the se phe no me na for years af ter this
ini tial dis co very (e.g., Ko mi sa ruk and Olds, 1968; Komisaruk, 1970; Semba
and Komisaruk, 1978 & 1984).

In ad di tion to ob ser ving the spon ta neous ac ti vity of the rats and trying
to co rre la te their beha vior with their neu ro nal ac ti vity, I tried as many dif fe -
rent sen sory sti mu li as I could think of, in or der to see if I could ob ser ve any
neu ro nal ac ti vity re la ted to the sti mu li or the rats' res pon ses to the sti mu li.
In ad di tion to milk, wa ter, coo kies, cho co la te, ham bur ger, vi ne gar, and any -
thing else I could find, I also tried va gi nal sti mu la tion with a 1cc syrin ge
plun ger, as we had used in Saw yer's la bo ra tory at UCLA to ac ti va te the pseu -
do preg nancy re flex in anest he ti zed rats. But now, in the awa ke rats in Olds'
la bo ra tory, when I ap plied the va gi nal sti mu la tion, the rats be ca me im mo -
bi li zed. I ap plied flank/pe ri neum sti mu la tion to see if lor do sis would have
an ef fect on any of the neu ron po pu la tions, and to my sur pri se, when I ap -
plied the flank/pe ri neum sti mu la tion whi le the rats were im mo bi li zed, they 
all sho wed an in ten se lor do sis res pon se. My first thought was that their es -
trous cycles were synchro ni zed and that they were all in proes trus. So, I took 
their va gi nal smears, but the smears sho wed all dif fe rent sta ges of their es -
trous cycle; some rats sho wed in ten se lor do sis to flank-pe ri neum pal pa tion
du ring the va gi nal sti mu la tion even if they were in me tes trus or dies trus.
My next thought was that the mul ti ple im plan ted elec tro des in the brain
had da ma ged the neo cor tex; Frank Beach (1944) had de mons tra ted a di sin -
hi bi tion of the lor do sis res pon se af ter cor ti cal da ma ge. When I re tur ned to
my own lab at Rut gers, I tried the same va gi nal sti mu la tion on in tact rats,
no elec tro des im plan ted in the brain, at dif fe rent sta ges of the es trous cycle,
and again, they all sho wed lor do sis in res pon se to the com bi ned va gi nal sti -
mu la tion plus the flank/perineum stimulation, even in ovariectomized rats
without estrogen treat ment. This observation also led to a series of studies
over the next years, starting with Komisaruk and Diakow (1973).

Knut Lars son came to the IAB as a vi si ting pro fes sor and soon af ter he
arri ved, I had the op por tu nity to show him the two ef fects of va gi nal sti mu -
la tion – in du ced im mo bi li za tion and lor do sis fa ci li ta tion. Knut was im pres -
sed with both ef fects. We were dis cus sing the im mo bi li za tion and its pos si -
ble sig ni fi can ce as we were lea ving the buil ding one early eve ning, and in
the ele va tor, I as ked Knut what he thought would hap pen if du ring the im -
mo bi li za tion, we pin ched a foot. Would the im mo bi li za tion block the leg
with dra wal re flex? He said let's see. So, we sta yed in the ele va tor, took it
back ups tairs, got a rat, did the va gi nal sti mu la tion, got the im mo bi li za tion, 
pin ched the foot, and...no leg with dra wal res pon se! We re pea ted it in se ve -
ral more rats right then and the re. Same ef fect in all: the leg with dra wal re -
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flex was com ple tely bloc ked. We did some more re la ted stu dies of the ef fect, 
wro te up the re sults in one day, sub mit ted to Brain Research, and it was
published immediately – my fastest paper! (Komisaruk and Larsson, 1971).

My ques tion then was: is it just a mo tor in hi bi tion – a pa raly sis, or does
the rat not feel the (to hu mans) pain ful foot pinch, or both? So, I em bar ked
on se ve ral stu dies to see if the va gi no cer vi cal sti mu la tion bloc ked pain. We
re cor ded sin gle neu ron res pon ses in sen sory tha la mus to no xious and in -
no cuous sti mu la tion. The va gi no cer vi cal sti mu la tion at te nua ted the res -
pon se to pin ching limbs (pain ful), but not to gently brus hing the fur (in no -
cuous), even in the same individual neurons (Komisaruk and Wallman,
1977).

To sol ve the pro blem of whet her the va gi no cer vi cal in hi bi tion of the
with dra wal res pon se to foot pinch was due to a true pain bloc ka ge or to just
pa raly sis, I re crui ted a co llea gue, Prof. Edna Ross, who had then re cently
com ple ted her doc to ral dis ser ta tion on ope rant con di tio ning in rats. First,
we sus pen ded each rat in a sling near a le ver, and trai ned it to press the le ver 
that tur ned off a con ti nuous mild shock de li ve red to the skin of the back.
Then, ins tead of tur ning off the shock when the rat pres sed the le ver, we
kept the shock on for an ex ten ded pe riod, and the rats soon ex tin guis hed
the le ver pres sing res pon se. Then we left the shock on, but ap plied va gi no -
cer vi cal sti mu la tion con cu rrently. The rats soon lear ned to press the le ver
again, even though the shock re mai ned on, and con ti nued the va gi no cer vi -
cal sti mu la tion for a few se conds un til the shock was tur ned off con cu -
rrently. Thus, du ring the skin shock, the rats per for med the bar press res -
pon se, which pro vi ded them with va gi no cer vi cal sti mu la tion, and did so,
be fo re the va gi no cer vi cal sti mu la tion pro du ced im mo bi li za tion. Thus, we
con clu ded that va gi no cer vi cal sti mu la tion pro vi ded a be ne fit to the rat in
the face of ines ca pa ble skin shock, i.e., pro bably pro vi ded anal ge sia. The
rats did not press the le ver for the va gi no cer vi cal stimulation in the absence
of the skin shock, indicating that the vaginal stimulation was not in itself
“re ward ing” (Ross et al, 1979).

Du ring sub se quent years, we per for med func tio nal neu roa na to mi cal,
neu ro nal re cor ding, beha vio ral, and phar ma co lo gi cal stu dies in brain and
spi nal cord of rats, with Car los and many fa culty and stu dents of Me xi co. In
1989, Prof. Ma ria Cruz Ro dri guez del Ce rro (“Cruz”) first vi si ted the IAB at
Rut gers at the in vi ta tion of Prof. Jay Ro sen blatt, who was the Insti tu te Di -
rec tor. We co lla bo ra ted on two stu dies on brain ac ti vity du ring in du ced ma -
ter nal beha vior in rats, first using 2-DG au to ra dio graphy, which shows in -
crea ses or de crea ses in axon ter mi nal ac ti vity, and sub se quently ad ding
c-fos im mu nohis to che mistry that shows only in crea ses in cell body ac ti vity
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when the re le vant neu rons are ac ti ve. Cruz pre viously re por ted that le sions
of the bed nu cleus of the ac ces sory ol fac tory tract (BAOT) of the vo me ro na -
sal system in du ced ma ter nal beha vior in vir gin rats (Del Ce rro, 1998). In our
co lla bo ra tion, con sis tent with that finding, 2-DG activity in BAOT was
reduced in rats that initiated maternal behavior (Del Cerro et al, 1995).

In our sub se quent co lla bo ra ti ve study, we found that not only did the
2-DG ac ti vity show a re duc tion in BAOT ac ti vity upon ini tia tion of ma ter nal 
beha vior, but the re was an in crea se in c-fos ac ti vity in the BAOT in al ter na te
brain sec tions in the same in di vi dual rats (Ko mi sa ruk et al, 2000). Thus, we
con clu ded that the BAOT in put di sin hi bits the BAOT out put, which is con -
sis tent with the role of the vo me ro na sal system in triggering maternal
behavior.

A crucial factor: Setting up the Mexico-New Jersey exchange
program
Du ring the same years, Car los Be yer, who was a vi si ting pro fes sor at Rut -
gers, and I, with the help of Hugo Aré chi ga of CINVESTAV and fun ding
from Nor man Sa muels, Pro vost of Rut gers-Ne wark, set up an ex chan ge
pro gram bet ween UNAM in Me xi co City and Rut gers Uni ver sity in Ne wark, 
NJ. The ex chan ge pro gram even tually came to in clu de Ma rio Caba (Caba et
al, 1998; Be yer et al, 1991), Anna-Ma ria Ló pez-Co lo mé et al, (1990) and with
Be yer et al, 1992; and (Peggy) McCarthy et al, 1991), Ra fael Cue va-Ro lón, Liz -
beth Gó mez and Ju lio Mu ñoz (1995, 1996; San so ne et al, 1997), Oscar Gon za -
lez-Flo res, (Be yer et al, 1989), Por fi rio Go mo ra, to get her with Be yer et al
(1988) and with Ga brie la Gon za lez-Ma ris cal, Car los and Oscar Gon zá -
lez-Flo res (Go mo ra et al, 1994, 2020), Ga brie la Mo ra lí (Mo ra lí et al, 1989),
Anna-Ma ria Lo pez-Co lo mé with Ma rio Caba (Be yer et al, 1992; McCarthy et
al, 1989, 1990), Jor ge Man zo-De nes with Rosa-Angé li ca Lu cio, Mar ga ri ta
Mar ti nez-Go mez and Pa blo Pa che co (Man zo-De nes et al, 1989), Mar ga ri ta
Mar ti nez-Go mez with Pa blo Pa che co, Lau ra Oli va-Za ra te, Ro sa rio Chi ri no,
and Jor ge Man zo-De nes (Mar ti nez-Go mez, 1988, 1988a,1992), Pa blo Pa che -
co with Mar ga ri ta Mar ti nez-Go mez, Lau ra Oli va-Za ra te and Be verly Whip -
ple (Pa che co et al, 1989; Whip ple, 1989), and Yo lan da San do val (San do val et
al, 1988).

 Addi tio nal stu dies with Car los in clu ded Be yer and Ko mi sa ruk (1971,
1971a, 2009), Be yer et al (1985), Ko mi sa ruk and Be yer (1972), Ko mi sa ruk et al
(2008, 2009), Gon za lez-Did di et al, 1972), (Da vid) Mas ters et al (1993),
McCarthy et al (1989), and (Lo well) Ro berts et al (1985, & 1986). More re cently 
we have con ti nued pu blis hing with Por fi rio Gó mo ra-Arra ti, Oscar-Gon za -
les-Flo res et al (2019), and Rosa Angé li ca, Por fi rio Gó mo ra-Arra ti, and Oscar 
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Gon za lez-Flo res (Agui lar-Pe rez et al, 2020). Others who par ti ci pa ted in the
ex chan ge pro gram in clu ded Por fi rio Ca rri llo, Ramón Eguibar, Alonso
Fernandez, and Maria Elena Hernandez.

Why research on humans became necessary
I rea li zed that the only way I could know for sure whet her va gi nal sti mu la -
tion bloc ked pain was to ask wo men! So, I de ci ded that I would have to learn
how to do re search on hu mans. I fi gu red that I should start with an in no -
cuous pro ject. Ba sed on my prior rhythmi city study in rats, I won de red
whet her physio lo gi cal fin ger tre mor in hu mans, which oc curs at around
10-12Hz could be synchro ni zed with the alp ha rhythm, which is cha rac te ri -
zed by the same rate ran ge. So, I pro po sed that study to the Rut gers IRB. It
was ap pro ved and, sin ce I was the only per son on the Ne wark Cam pus of
Rut gers (the main cam pus is in New Bruns wick, NJ) to apply to per form hu -
man re search, I was as ked to join the uni ver sity-wide IRB. I fi gu red that this 
was a good op por tu nity to es ta blish a re pu ta tion for being et hi cal and ca re -
ful, prior to ap plying for IRB ap pro val to do a pro ject on va gi nal self-sti mu -
la tion and pain thres holds in wo men. So, I was very di li gent as the Ne wark
Cam pus re pre sen ta ti ve on the Rut gers-wide IRB.

Then se ve ral chan ce events coa les ced. I went to the First World Se xo -
logy Con fe ren ce in Je ru sa lem in 1980. I met and be frien ded Ben ja min Gra -
ber the re, and Ju lian Da vid son men tio ned Be verly Whip ple's new idea
about the G-spot in his pre sen ta tion. When I re tur ned home af ter the Con -
fe ren ce, I had a let ter from Be verly Whip ple as king for my re prints on va gi -
nal sti mu la tion pro du ced pain bloc ka ge in the rats, and I saw that she was
on the Glou ces ter County Co lle ge Nur sing fa culty in Sout hern New Jer sey. I
was tea ching a cour se in Hu man Se xua lity, so I took the op por tu nity to in vi -
te Be verly to give a guest lec tu re in my cour se. She ac cep ted and came to Ne -
wark…with a body guard! After her lec tu re, Be verly told me that she wan ted
to get a PhD, so I in vi ted her to apply to Rut gers, and for her dis ser ta tion re -
search, she could study whet her va gi nal self-sti mu la tion would block pain
in wo men. She could study the wo men whom she stu died for her then-re -
cently co-aut ho red book, the G-spot (La das et al, 1982). Be verly agreed to
apply to our doc to ral pro gram in Psycho logy. The re was a lot of he si tancy on 
the part of the Psycho logy de part ment fa culty, con cer ned that Be verly
would be a pu bli city mag net be cau se of her new book and would not be a se -
rious stu dent. Ho we ver, Be verly pro ved to be se rious, de di ca ted, mo ti va ted, 
highly or ga ni zed and ef fi cient, earned straight A's in the doctoral courses,
and ultimately earned her doctoral degree in record time (2.5 years) for the
department.
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When she star ted in our doc to ral pro gram, I ini tia ted my IRB ap pli ca -
tion to study the ef fect of va gi nal self-sti mu la tion on pain thres holds. I as -
ked Ben ja min Gra ber for a sam ple of his IRB ap pli ca tions to do re search on
hu mans and he gra ciously sent me one of his ap pli ca tions, which I used to
mo del my ap pli ca tion. To my sur pri se and de light, our IRB ap pro ved my ap -
pli ca tion. Be fo re star ting the re search, I sent a copy of my IRB ap pli ca tion to 
our Pro vost to alert him to what I was pro po sing and to know if the re was
any pro blem with it. He for war ded my ap pli ca tion to the Rut gers le gal de -
part ment. Their con clu sion and his was that aca de mic free dom was the cri -
ti cal fac tor and hen ce I was free to per form the re search. Ho we ver, a de le ga -
tion of Psycho logy De part ment fa culty mem bers ap pea led to Jay Ro sen blatt
(we fa culty vo ted Jay as the Di rec tor af ter Danny Lehr man died unex pec -
tedly and sud denly in 1972). Tho se fa culty com plai ned that re search on hu -
mans would be inap pro pria te in the Insti tu te of Ani mal Beha vior and
would give it a bad name. Jay dis mis sed their com plaint on the ba sis that it
would in ter fe re with my aca de mic free dom. Then Be verly and I pro cee ded
with the pro ject. We found that, in deed, va gi nal self-stimulation signifi-
cantly and markedly elevated the pain threshold in women (Whipple &
Komisaruk, 1985 & 1988).

Why coordinating my research on animals and humans became
necessary
I was in tri gued by the fin ding that a “sim ple” pres sure sti mu lus in the va gi -
na could pro du ce a pro found in hi bi tion of pain. Which ner ve(s) con vey(s)
the pain-bloc king sti mu lus? With Tif fany Cun ning ham, a vi si ting sum mer
un der gra dua te who, as the daugh ter of Wi no na, who was the IAB Se cre tary, 
I had known sin ce she was 7 when she pla yed with my lab ring do ves. We
stu died in di ca tors of pain bloc ka ge in rats by sur gi cally tran sec ting the
three known pairs of ner ves that we had shown pre viously to in ner va te the
ge ni tal tract – the pu den dal, pel vic, and hypo gas tric (Pe ters et al, 1987). We
found that tran sec ting both pel vic ner ves al most com ple tely pre ven ted va -
gi no cer vi cal sti mu la tion from bloc king two types of res pon se to no xious
sti mu la tion – the tail flick res pon se to a hot fo cu sed light beam and the vo -
ca li za tion res pon se to tail shock (Cun ning ham et al, 1991). That fin ding led
to two ques tions: what is(are) the neu ro trans mit ter(s) in the pel vic ner ve
that pro du ce the pain bloc ka ge, and does pel vic ner ve sti mu la tion block
pain in wo men? To ad dress the first ques tion, with beha vio ral bio che mist
Alan Gint zler at SUNY Down sta te Me di cal Cen ter in Brooklyn, NY, we per -
for med va gi no cer vi cal sti mu la tion in rats whi le su per fu sing the spi nal
cord, and analy zed the con tent of the su per fu sa te, using im mu no che mistry 
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to test for va soac ti ve in tes ti nal pep ti de (VIP), which had been re por ted by
deG roat (1987) to be re lea sed in res pon se to uri nary blad der dis ten tion,
which is also in ner va ted by the pel vic nerve.

We found that VIP was in deed re lea sed in sig ni fi cant amounts by the
va gi no cer vi cal sti mu la tion (Ko mi sa ruk, et al, 1989). With Cindy Ba nas, who
was my re search as sis tant, we then in jec ted VIP into the in trat he cal spa ce
su rroun ding the spi nal cord in awa ke rats and found a sig ni fi cant pain
bloc ka ge (Ko mi sa ruk et al, 1989a). My co llea gue in the Che mistry de part -
ment, Frank Jor dan, sug ges ted that we frag ment the VIP enz yma ti cally to
as cer tain the cri ti cal pain-bloc king com po nent. So, we in cu ba ted ho mo ge -
na tes of rat spi nal cord with VIP and, using HPLC, we analy zed the ami no
acid con tent of the 5 frag ments that re sul ted (Bar ba to et al, 1987). Then we
had the frag ments synthe si zed and tes ted each of them by in jec ting each
into the spi nal cord in trat he cal spa ce. We found that a par ti cu lar frag ment,
the 11-28 ami no acid se quen ce, was sig ni fi cantly more po tent than the pa -
rent com pound, VIP. So, we ap plied for, and even tually, 2 years la ter af ter
back-and-forth with the U.S. pa tent of fi ce, re cei ved a patent for the
pain-blocking action of the VIP 11-28 peptide fragment (Komisaruk and
Jordan, 1995).

The puzzling finding that unexpectedly led me to study the brain
activity during orgasm
In or der to test whet her the pel vic ner ve me dia tes the pain-bloc king ac tion
of va gi nal/cer vi cal self-sti mu la tion in wo men, a good way to do that was to
study the ef fects of bloc king the pel vic or ot her ge ni tal sen sory ner ves' ac -
cess to the brain. So, with Be verly and spi nal cord physia trist, Mar ca Lee
Sips ki, I ob tai ned IRB ap pro val to study wo men with com ple te spi nal cord
in jury at dif fe rent le vels that would se lec ti vely block the ac cess of the pu -
den dal, pel vic, and hypo gas tric ner ves' ac cess to the brain. As a means of es -
ta blis hing the ef fect of bloc king all ge ni tal sen sory in put to the brain, I
in clu ded the con di tion of a high le vel of com ple te spi nal cord in jury, at or
abo ve the tho ra cic-10 spi nal cord le vel, ex pec ting that the ef fect of va gi nal
or cer vi cal self-sti mu la tion would be com ple tely bloc ked. To my great sur -
pri se, and that of my co lla bo ra tors, the five wo men in that group ac tually
sho wed the hig hest va gi nal self-sti mu la tion-in du ced ele va tion of the pain
thres hold, mea su red at the fin gers. In ad di tion, they said that they could
feel the sti mu la tion, which was a great sur pri se to them sel ves, be cau se their 
health care pro vi ders had told them that af ter their spi nal cord in jury, their
sex life was over, and sin ce then, they ne ver tried va gi nal or cer vi cal sti mu la -
tion (Whip ple et al, 1996 & 1996a; Ko mi sa ruk et al, 1997).
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 In ad di tion, the se wo men said that alt hough they had no sen sa tion be -
low the le vel of their in jury, ne vert he less, they did have mens trual dis com -
fort. To check the pos si bi lity that the wo men's spi nal cord was not com ple -
tely se ve red, we analy zed MRIs of the re gion of their in jury. Mar ca Lee could
not be lie ve our fin dings and thin king that so met hing must be wrong with
our met hods, she aban do ned the pro ject. My ra dio lo gist co llea gue from the
me di cal school, Andrew Kal nin, con fir med that the spi nal cords were, in
fact, se ve red. I thought that the only pos si ble way for the wo men to be able
to res pond to the va gi nal or cer vi cal self-sti mu la tion was via the va gus ner -
ve, which is the 10th cra nial ner ve that cour ses through the neck, tho rax,
and ab do men, bypas sing the spi nal cord. The clas si cal con cept of the va gus
ner ve is that it does not pro ject as far as the pel vic re gion. Ho we ver, at that
time the re was one re cent study in rats, in which a ner ve tra cer (hor se ra dish 
pe ro xi da se) was in jec ted into the cer vix and it la be led the sen sory (no do se)
gan glion of the va gus ner ve (Orte ga-Vi lla lo bos et al, 1990). In or der to test
the pos si ble ge ni tal sen sory func tio na lity of the va gus ner ve in rats, with my 
stu dents, we per for med a study in which I sur gi cally re mo ved a segment of
the spinal cord at the mid-thoracic level and tested for brain-mediated
responses to vaginocervical stimulation.

We found that the pu pil di la ta tion res pon se to va gi no cer vi cal sti mu la -
tion, which we pre viously des cri bed (Szech tman et al, 1985), was clearly still
pre sent af ter the spi nal cord tran sec tion. Then I cut the va gus ner ves in the -
se spi nal cord-tran sec ted rats; that pro ce du re did then abo lish the pu pil di -
la ta tion res pon se to the va gi no cer vi cal sti mu la tion. Furt her mo re, the pu pi -
llary light re flex to a light sho ne in the eye re mai ned in tact (Cue va-Ro lón et
al, 1996), in di ca ting that the pu pil was still func tio nal. To test the role of the
va gus sti mu la tion furt her, we elec tri cally sti mu la ted the cut cen tral end of
the va gus ner ves and found an immediate, marked dilatation of the pupils
(Bianca and Komisaruk, 2007).

I then fi gu red that the only way I could de ter mi ne for sure whet her the
va gus ner ves con ve yed va gi nal or cer vi cal af fe rent ac ti vity to the brain in
wo men would be to as cer tain whet her the sti mu la tion would ac ti va te the
sen sory pro jec tion site of the va gus ner ves, i.e., the nu cleus of the so li tary
tract (NTS: nu cleus trac tus so li ta rii) in the me du lla oblon ga ta, in the lo wer
brains tem. This would re qui re brain ima ging. For tui tously, I was in vi ted to
pre sent a pa per at a spi nal cord in jury con fe ren ce at Wake Fo rest Uni ver sity 
in North Ca ro li na. I pre sen ted my fin dings on the anal ge sic ef fect of va gi nal 
or cer vi cal self-sti mu la tion in the wo men with com ple te spi nal cord in jury
and men tio ned the ob vious need to test the pos si ble role of the va gus. The
or ga ni zer of the con fe ren ce, John Ke yes, in vi ted me to co lla bo ra te with him
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using the PET (Po si tron Emis sion To mo graphy) fa ci lity at the Uni ver sity, of 
which he was the di rec tor, to test the hypot he sis… Anot her of fer I couldn’t
re fu se. I ob tai ned a grant to do the study and star ted by tes ting an able-bo -
died wo man to de ve lop the met ho do logy (Whip ple and Ko mi sa ruk, 2002).
Be fo re we could pro ceed with the pro ject, John in for med me, sadly and
shoc kingly, that he had de ve lo ped re ti nal de ge ne ra tion, was going blind,
and was for ced to re ti re. He was re pla ced by a wo man di rec tor of the fa ci lity
who in for med me, through her staff, that the re was no way she was going to
permit us to proceed with a study of vaginal self-stimulation at what was
now “her” Southern Baptist hospital PET facility. So that was the end of our
PET study.

But about a year la ter, at a neu ros cien ce se mi nar at Rut gers-Ne wark, at -
ten ded by some fa culty mem bers from the fMRI (func tio nal Mag ne tic Re so -
nan ce Ima ging) fa ci lity at the nearby me di cal school, UMDNJ (Uni ver sity of 
Me di ci ne and Den tistry of New Jer sey), Kris ti ne Mo sier, a mem ber of their
Den tistry de part ment men tio ned that she was stud ying swa llo wing mo ve -
ments in pa tients af ter can cer sur gery, by analy zing brains tem fMRI ac ti -
vity. I told her about my va gus-brains tem hypot he sis, and she of fe red to co -
lla bo ra te using the fMRI fa ci lity. That is how I fi nally got to study whet her
va gi nal or cer vi cal self-sti mu la tion in wo men with high-le vel com ple te spi -
nal cord in jury would show ac ti va tion of the NTS. Sin ce the re was no fMRI
at las of the lo wer brains tem, we had to per form a study to lo ca te the NTS. I
fi gu red the best way was to trian gu la te on the NTS by func tio nally lo ca ting
the su rroun ding cra nial ner ve nu clei, and also by ac ti va ting the NTS by a
known sen sory mo da lity, i.e., gus ta tion, as Nor gren and Leo nard (1971) had
shown in rats. The NTS is su rroun ded by the fa cial, tri ge mi nal, and hypo -
glos sal cra nial ner ve nu clei that con trol fa cial mo ve ment, res pond to sen -
sory sti mu la tion of the face, and con trol ton gue mo ve ment, res pec ti vely.
So, in or der to ac ti va te the co rres pon ding cra nial ner ve nu clei that su -
rround, and the reby de li nea te the lo ca tion of the NTS, I as ked our able-bo -
died par ti ci pants to smi le and puc ker, tap their face, and press their ton gue
to the roof of their mouth. Tho se pro ce du res did, in deed, ac ti va te the spe ci -
fic brains tem re gions co rres pon ding to the lo ca tion of the res pec ti ve cra -
nial ner ve nu clei ba sed on their ana to mi cal lo ca tion. In or der to ac ti va te the
NTS by gus ta tion, I made a sau ce of su gar, salt, le mon jui ce and mus tard,
which the scan par ti ci pants drew into their mouth via a long fle xi ble tube.
Then they ap plied va gi nal or cer vi cal self-sti mu la tion. The re gion of the
brains tem ac ti va ted by the tas ting sau ce was su rroun ded by the ac ti va tion
of the ot her three cra nial ner ve nu clei, and the va gi nal/cer vi cal self-sti mu la -
tion ac ti va ted the re gion di rectly be low the re gion ac ti va ted by the tas ting
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sau ce. We ve ri fied the lo ca tion of the cra nial ner ve nu clei in co lla bo ra tion
with Lasz lo Za borszky, an ex pert in hu man neu roa na tomy, in our Rut gers
Cen ter for Mo le cu lar and Beha vio ral Neu ros cien ce. This pro vi ded the lo ca -
tion of the va gi nal/cer vi cal sen sory in put, which we then used to as cer tain
that all five of the wo men with the com ple te spi nal cord in jury did, in fact,
show ac ti va tion of the NTS in res pon se to their vaginal and cervical
self-stimulation (Komisaruk et al, 2002). In the course of their self-stim u la -
tion, 3 of the 5 women reported that they experienced orgasms. Thus, we
were able to identify brain regions activated by orgasm in women – the first
evidence of this phenomenon (Komisaruk et al, 2004).

With doc to ral stu dents Nan Wise and Ele ni Fran gos, we sub se quently
per for med an ex ten si ve study in able-bo died wo men on the brain re gions
ac ti va ted by or gasm, and map ping the brain re gions ac ti va ted by cli to ral,
va gi nal or cer vi cal self-sti mu la tion. We found, to my sur pri se, that nip ple
self-sti mu la tion also ac ti va ted the same brain re gion, i.e., the pa ra cen tral
lo bu le, as did the ge ni tal self-sti mu la tion (Ko mi sa ruk et al, 2011). We have
sub se quently iden ti fied the brain re gions ac ti va ted du ring or gasm in
able-bo died men (Allen et al, 2020). The si mi la ri ties in brain re gions ac ti va -
ted du ring or gasm bet ween wo men and men, stu dies per for med in co lla bo -
ra tion with Ka chi na Allen, who was doing a post doc to ra te with us, seem to
be grea ter than the dif fe ren ces. In men, we are now seeing the on set of in hi -
bi tion occurring during, and continuing after, orgasm most likely related to 
the refractory period.

My unexpected entry into studying sexual pathologies
In 2009, San dra Lei blum of the Rut gers Uni ver sity Me di cal School con tac -
ted me, ha ving lear ned of my fMRI ge ni tal system map ping. She had cha -
rac te ri zed a con di tion that she ter med, Per sis tent Se xual Arou sal
Syndro me (PSAS), in which wo men ex pe rien ced in ten se, un wan ted ge ni tal
sen sa tions, which some des cri bed as an in ten se itch that they couldn’t
scratch, or being on the ver ge of or gasm for pro lon ged pe riods wit hout re -
lief by se xual sti mu la tion, which could even make the fee lings more dis tur -
bingly in ten se (Lei blum and Nat han, 2001). San dra de ci ded to chan ge the
name of the syndro me to Per sis tent Ge ni tal Arou sal Di sor der (PGAD) in re -
cog ni tion that the wo men did not feel that the dis tres sing symptoms were
“sex ual” (Leiblum, 2006). She as ked me to test whet her we could de tect
brain ac ti vity co rre la tes of the con di tion. San dra and I star ted to do some
re cor dings, but tra gi cally, she had a te rri ble fall whi le bicy cle ri ding, hit her
head, fell into a coma, and died soon af ter ward. I didn't have the heart to
con ti nue our study. Shortly af ter wards, Wal ter Fan burg, a psychia trist,
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pho ned me, ha ving heard of our work with PGAD, and told me that his wife
had the con di tion, which he be lie ved was cau sed by a Tar lov cyst pro du cing
pel vic va so con ges tion. I had ne ver heard of a Tar lov cyst, so I loo ked it up,
and found that Tar lov cysts typi cally form as a “blis ter” on the Sa cral 2-4 ner -
ve roots in the spi nal ca nal (Tar lov, 1932). I rea li zed that of cour se, the se are
the ner ve roots of the pu den dal and pel vic ner ves, which con vey ge ni tal sen -
sa tion. The cyst could irri ta te the ner ves, the reby ge ne ra ting the PGAD
symptoms. To test this hypot he sis, I got IRB ap pro val to con tact wo men in a
PGAD sup port group to ask if they had MRIs of their sa cral re gion that they
would be wi lling to send to me on CDs. I as ked Huey-Jen Lee, the Chief of
Neu ro ra dio logy in our me di cal school, if he would be wi lling to re view the
MRIs with me, and he agreed. By chan ce, he had al ready pu blis hed a pa per
clai ming that he found Tar lov cysts in about 1% of 700 pa tients who had
come to his fa ci lity for com plaints of back and leg pain. As I star ted to re cei -
ve MRI CDs from the wo men in the PGAD sup port group, and brought them 
to Huey-Jen, one af ter anot her had at least one Tar lov cyst. After about 8
such MRIs in suc ces sion, he said he had ne ver seen so many Tar lov cysts in
his en ti re ca reer! More MRI CDs came in and we saw more Tar lov cysts, un -
til we ta llied 12 ca ses of Tar lov cysts in the first 18 wo men. At that point, we
de ci ded to pu blish the fin dings (Ko mi sa ruk and Lee, 2012) in the Jour nal of
Se xual Me di ci ne (JSM)). About a year la ter, Irwin Gold stein, the Edi -
tor-in-Chief of JSM, pho ned me and said a young male pa tient of his has
symptoms of in ten se pain upon erec tion, and could it pos sibly be re la ted to
a Tar lov cyst? I said pos sibly, so he arran ged an MRI. When we re vie wed
tho se MRI ima ges, we ob ser ved 4 lar ge Tar lov cysts (Gold stein et al, 2017).
The young man had the Tar lov cysts trea ted sur gi cally by Frank Fei gen -
baum, who spe cia li zed in the sur gery mainly for back pro blems, and his
pain ful erec tions sub si ded gra dually over the next 13 months un til they
were com ple tely pain-free. Sub se quent to our 2012 pa per, Fei gen baum and
Boo ne (2015) pu blis hed their re sults of per for ming sur gery on Tar lov cysts
in 11 wo men with PGAD, in whom they re por ted that 8 were en ti rely free of
symptoms post-sur gi cally and anot her 2 had significant relief.

The se ex pe rien ces in du ced Irwin Gold stein to ob tain MRIs in the wo -
men and men who were PGAD pa tients in his Se xual Me di ci ne fa ci lity at
Alva ra do Hos pi tal in San Die go, CA. He con tac ted me to re view the MRIs.
Irwin also en lis ted the as sis tan ce of Choll Kim, an ort ho pe dic spi ne sur geon 
at the Spi ne Cen ter af fi lia ted with the hos pi tal. To get her, via weekly vi deo
con fe ren ces, we analy zed the MRIs jointly. We found many ca ses of Tar lov
cysts in the pa tients, both wo men and men. Choll star ted to per form sur -
gery on the Tar lov cysts in some of the ca ses, with great suc cess at alle via -
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ting the PGAD symptoms. Ho we ver, we were also seeing a sub stan tial num -
ber of pa tients who com plai ned of the symptoms of PGAD but we found no
evi den ce of Tar lov cysts. I men tio ned that it see med to me that their MRIs
sho wed what loo ked like one or two bul ging in ter ver te bral discs that could
be im pac ting the ner ve roots in the cau da equi na. Choll was skep ti cal, but
was wi lling to try an epi du ral in jec tion of anest he tic at the site of the bul -
ging disc(s) to test whether it would alleviate the symptoms temporarily for
the duration of the anesthetic.

The first wo man on whom he per for med that pro ce du re had im me dia te 
re lief of her PGAD symptoms. Choll's spe cialty is mi ni mally-in va si ve in ter -
ver te bral disc sur gery using la ser and suc tion un der CT-X-ray gui dan ce to
re mo ve the bul ging disc tis sue. In ca ses of a bul ging disc, the gel-like core
(pul po sus) of the disc leaks out through the torn tough ou ter ring (the an nu -
lus) of the disc, a con di tion ter med “an nu lar tear”. As it is a “for eign” pro -
tein, it pro du ces in flam ma tion of the dura ma ter and dif fu ses onto some of
the ner ve roots that com pri se the cau da equi na con tai ning the ge ni tal sen -
sory ner ve roots (sa cral roots 2-4). We have now seen more than 20 such ca -
ses, with which Choll has about a 70% rate of cli ni cally sig ni fi cant alle via tion 
of the PGAD symptoms as a re sult of his mi ni mally in va si ve en dos co pic sur -
gery. Be fo re such de ci sion to per form the sur gery, we use a spe ci fic “al go -
rithm” that we de ve lo ped that en tails ex ten si ve se quen tial tes ting to as cer -
tain whet her the PGAD symptoms could be due to lo cal ge ni tal pat ho logy
per se (e.g., va gi nal in fec tion) or some ot her fac tor (e.g., com pres sion of the
pu den dal ner ve in the pe ri neum). In the al go rithm, stan dard gyne co lo gi cal
exa mi na tion, lo cal sur fa ce anest he tic ad mi nis tra tion on the ge ni tals, neu -
ro ge ni tal re flex tes ting, and pu den dal ner ve block if in di ca ted, are first per -
for med to as sess for pos si ble pe rip he ral ge ni tal pat ho logy. If the pain and
dis com fort of the PGAD symptoms per sist af ter all tho se pro ce du res, then
Choll per forms the epi du ral anest he tic injection. If that procedure alle-
viates the symptoms temporarily for the duration of the anesthetic effect,
then he proceeds with the disc surgery (Goldstein et al, 2021).

This brings us to the pre sent. We are seeing a com bi na tion of symptoms 
that ac com pany the PGAD symptoms; they in clu de va gi nal and cer vi cal
pain, blad der and rec tal dis com fort and pain, even um bi li cus (belly-but ton)
pain, and back and leg pain. The com bi na tion of pu den dal, pel vic, and scia -
tic ner ves con vey sen sa tion from the se body re gions, and all three ner ves
en ter the sa crum at le vels 2 and 3 and con ver ge in the sa cral roots that are
in clu ded in the cau da equi na. The ner ve roots for med by the se ner ves can all 
be irri ta ted by the bul ging in ter ver te bral discs with an nu lar tear, and the
symptoms are alle via ted by the disc sur gery. Many of the se wo men and men 
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have for years been trea ted un suc cess fully by their health care pro vi ders,
who have fo cu sed on the pe rip he ral or gans, fin ding no pat ho logy the re. It is
clear that the sen sory ner ve roots con ve ying the sen sa tions from the pe rip -
he ral or gans can be irri ta ted whe re they pass up in the cau da equi na to ward
the spi nal cord in the spi nal ca nal. Many health care pro vid ers – gyne co lo -
gists and uro lo gists among them – tell us that it ne ver oc cu rred to them that
ge ni tal pain could be due to non-ge ni tal pat ho logy at si tes that are re mo te
from the ge ni tals...they were ne ver re qui red to study neu ro logy! We tell
them that it is a kind of ge ni tal “sci at ica”. That, they un ders tand – that a pin -
ched ner ve at its en tran ce to the spi ne can pro du ce a sen sa tion per cei ved as
ori gi na ting in the foot or leg. Little by little, our understanding is increasing 
of the role of the nerves, spinal cord, and brain in genital processes and
pathologies.

Most re cently, Cruz and I have dis cus sed the pos si ble neu ral ba ses of
cog ni ti ve as pects of se xual fee lings, and how the neu rons of the brain could
ge ne ra te such com plex ef fects, rat her than just the re gions of the brain ac ti -
va ted du ring se xual res pon se and or gasm; we co lla bo ra ted on wri ting two
theo re ti cal ar ti cles, spe cu la ting on pos si ble un derl ying me cha nisms in clu -
ding or gasm and pain (Komisaruk and del Cerro, 2021 & 2022).

My main lesson learned: follow my findings, not my hypothesis
So, my first ex pe rien ce of being in ti mi da ted for as king Ethel To bach how
our ba sic re search on ani mals could be ap pli ca ble to the hu man con di tion
has been re dee med af ter my de ca des of re search. What star ted out as ba sic
re search on how a hor mo ne crystal in one part of the brain could “turn on” a
com plex beha vior pat tern, led to my pain re search, that led to my brain ima -
ging re search in hu mans, that led to my cu rrent co lla bo ra ti ve work that is
eli mi na ting ge ni tal pain in wo men and men. As Noel Kim points out in his
chap ter in this book, you really ne ver know how “ba sic” re search may lead to
prac ti ce that is of im me dia te and di rect be ne fit to hu man kind. I had no idea 
whe re pos si ble ans wers to each ques tion that I as ked would lead. One really
ne ver knows. But I have found in my ex pe rien ce that if so met hing looks in -
con gruent, stran ge, unex pec ted, puzz ling...and keeps crop ping up in my
study, it is pro bably more im por tant to try to un ders tand that – it is rea lity –
than to stick with my ini tial hypot he sis. Unders tan ding the ba ses for rea lity
is the goal and po wer of scien ce; bio lo gi cal rea lity is a mi ra cle. If through
our re search, we are able to de cip her some litt le bit of rea lity, we feel like we
have a hand le on the uni ver se. If through our re search, we can fi gu re out so -
met hing, we un ders tand it! What a gra tif ying fee ling…all the bet ter if in
some way it ac tually helps people!
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Introduction
Au tism spec trum di sor der (ASD) re pre sents a set of beha vio ral pat terns ap -
pea ring in child hood that do not co rres pond with the known typi cal de ve -
lop ment. Such beha viors ap pear af ter mo di fi ca tions in the growth and
ma tu ra tion of se ve ral struc tu res in the brain. The worl dwi de ele va ted num -
ber of chil dren in the spec trum made ASD a cha llen ging con cern for scien ce 
and so ciety be cau se it re mains for life and the neu ro de ve lop men tal com ple -
xity of the di sor der slows down the in no va tion of new the ra peu tic ap proa -
ches. Although re search in hu mans gi ves ap pro pria te know led ge, the
ad van ce to date also de pends on se ve ral re search de signs using non-hu man 
mo dels of au tism.

Ani mal mo dels are re le vant to com prehend hu man di sor ders like au -
tism. Although hu man-ani mal dif fe ren ces exist, it is es sen tial to no ti ce that
si mi la ri ties exist, allo wing pro per trans la tio nal ef forts ran ging from beha -
vior to neu ro bio logy. In our ex pe rien ce, ani mal mo dels streng then any ap -
proach we can de sign to be ne fit peo ple with ASD. Thus, our vi sion is that
trans la tio nal work is a must when stud ying di sor ders with the con fi den ce
that its pro per practice will result in more robust knowledge.

Autism Spectrum Disorder in Humans
The re is only one way to diag no se ASD, i.e., beha vio ral ob ser va tion. Neit her
la bo ra tory test nor brain EEG, or any ot her lab test, is help ful to de ter mi ne
whet her a child is in the spec trum. Thus, when as king about what au tism is,
we must con si der the set of beha vio ral pa ra me ters that ex hi bit eye-cat ching 
dif fe ren ces. The word au tism ori gi na ted from the Greek au tos, mea ning
self, in tro du ced by Eu gen Bleu ler in 1912 (Kuhn and Cahn, 2004) to in di ca te
the self-iso la tion from so cial con tact ob ser ved in ASD chil dren. To date, this 
is still one of the cri ti cal beha viors to re cog ni ze au tism, but now we know

255



that the core of ASD is a triad of beha viors. In ad di tion to so cial iso la tion,
chil dren dis play al te ra tions in lan gua ge and mo ve ment, in clu ding ste reoty -
ped mo ve ments (Lai et al., 2014). Ho we ver, the spec trum re fers to ot her
beha viors ex pres sed by chil dren, in clu ding hype rac ti vity, sleep pro blems,
gas troin tes ti nal al te ra tions, or ab nor mal fa cial ex pres sions (Co le man and
Gill berg, 2012; Man zo, 2019).

Data on au tism pre va len ce show that 1 in 44 chil dren (Cen ter for Di sea -
se Con trol and Pre ven tion) or 1 in 100 chil dren (World Health Orga ni za -
tion) dis play au tis tic beha viors, which in di ca tes a se ve re pro blem worl dwi -
de be cau se it oc curs in every so ciety. One hun dred years af ter Bleu ler, the
de tai led analy sis fi nally agreed to name the set of beha viors as Au tism Spec -
trum Di sor der (ASD) pu blis hed in the fifth edi tion of the Diag nos tic and
Sta tis ti cal Ma nual of Men tal Di sor ders (Ame ri can Psychia tric Asso cia tion,
2013). ASD beha viors re sult from brain al te ra tions cha rac te ri zed by mo di fi -
ca tions in neu rons, neu ro trans mis sion, and cir cuits in the cen tral ner vous
system. The etio logy of such chan ges came from ge ne tic, epi ge ne tic, or en -
vi ron men tal fac tors (Yoon et al., 2020). Mu ta tions in dif fe rent ge nes are
res pon si ble for the ap pea ran ce of au tis tic beha viors (Muh le et al., 2004),
with many ge nes found in chro mo so me 7 (Ashley-Koch et al., 1999). Epi ge -
ne tic me cha nisms, which re gu la te gene ex pres sion and chro ma tin, also
play an es sen tial role in ASD (Waye and Cheng, 2018). Furt her mo re, en vi -
ron men tal fac tors such as vi ral in fec tions, zinc de fi ciency, valproate
exposure, or pollution also play an essential role in triggering autism (Waye
and Cheng, 2018; Yoon et al., 2020).

Neu roi ma ging stu dies show that mo di fi ca tions in the brain of au tis tic
sub jects can com pri se se ve ral re gions, in clu ding the amy gda la, the hip po -
cam pus, the ba sal gan glia, and the who le cor tex (Man zo, 2019). Thus, ASD
beha viors seem to de pend on the al te red re gion. The size of the amy gda la
in crea ses, which is re la ted to an xiety and ag gres si ve ness. The hip po cam pus 
shows re du ced con nec ti vity with dif fe rent cor tex areas, which af fects the
me mory pro cess (Coo per et al., 2017). The cau da te and pu tamen nu clei at
the ba sal gan glia are en lar ged; the nu cleus ac cum bens shows hypo reac ti -
vity to plea sant sti mu li, the glo bus pa lli dus shows an in crea se in its cur va tu -
re, and the substantia nigra show failures in the expression of the Auts2
gene (Manzo, 2019).

The fron tal cor tex is in vol ved in func tions of at ten tion, emo tions, and
so cial in te rac tion, and such beha viors are mo di fied when their con vo lu tion
fol ding is de fec ti ve in ASD (Nor dahl et al., 2007); the left tem po ral cor tex
shows re du ced ac ti vity in ASD, which ex plains the al te ra tion of lan gua ge
(Eyler et al., 2012); and the cor tex of the pa rie tal and oc ci pi tal re gions are
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thin ner in ASD; hen ce it seems that it un der lie chan ges in the vi sion pro ces -
ses to iden tify sce nes or to track ob jects in mo ve ment (Ro bert son et al.,
2014). Furt her mo re, anot her struc tu re, the ce re be llum, has a uni que role
un derl ying ASD be cau se it is one of the re gions with the most sig ni fi cant
and ex pec ted chan ges in the au tis tic brain. Ce re be llar mo di fi ca tions can
ran ge from cytoar chi tec tu re, as a de crea sed num ber of Pur kin je neu rons, to 
hypo pla sia and al te ra tions in the con nec ti vity of hig her struc tu res such as
the pre fron tal cor tex (Bel mon te et al., 2004). Also, along with the oli va com -
plex, the ce re be llum seems to un der lie sound sen si ti vity because its
function is also related to auditory processing (Monje-Reyna et al., 2019;
Ida-Eto et al., 2017).

In ad di tion to the cen tral ner vous system, the com ple xity of the gas -
troin tes ti nal tract is now con si de red anot her area un derl ying ASD beha -
viors. The mi cro bio me and the en te ric ner vous system are two cri ti cal re -
gions under intense research.

Some au thors re gard the microbiome as a hu man or gan. How ever, its
com po si tion de pends on a wide va ri ety of mi cro or gan isms liv ing in our gut
(Baquero and Nombela, 2012), some of them with the pe cu liar ity of be ing
trans ferred from mother to off spring (Schei et al., 2017). This com plex or ga -
ni za tion of the microbiome ex ists in all mam mals, sig nif i cantly im pact ing
the sub ject’s phys i ol ogy, in clud ing neu ral de vel op ment (Barko et al., 2018).
Be cause ASD is a neurodevelopmental dis or der, the role of the microbiome is
un der in ten sive re search. Chil dren with au tism fre quently suf fer gas tro in -
tes ti nal dis com fort, in clud ing con sti pa tion, di ar rhea, and acid re flux. All of
them seem to be di rectly re lated to the dis or der (Buie, 2015), which has stim u -
lated the in no va tion of ther a pies for ASD fo cused on the microbiome as
probiotics ad min is tra tion or fe cal microbiota trans plant (Yang et al., 2018).

The en te ric ner vous system is the dis tinc ti ve set of more than 100 mi -
llion neu rons and glia found in the gas troin tes ti nal tract ser ving just for its
func tion (Rao and Gers hon, 2018). The se ner ve cells have clo se in te rac tions
with the mi cro bio me and show bi di rec tio nal com mu ni ca tion with the
brain (Ma yer et al., 2015). They can re gu la te the physio logy of the gut wit -
hout in puts from the spi nal cord or the brain, and its al te ra tions un der lie
dif fe rent neu ro lo gi cal di sor ders, in clu ding ASD (Rao and Gers hon, 2016).
The know led ge about the en te ric ner vous system is scar ce, but to date, re -
search in di ca tes that we should view the role of enteric neurons in the
development and therapy for autism.
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Autism in Animal Models
Does au tism oc cur in ani mals? The ans wer is un cer tain be cau se we ig no re if 
au tism does not exist in ani mals or are not awa re of this, per haps be cau se
they do not sur vi ve in the wild. Wha te ver the ex pla na tion, scien ce found a
way to de ve lop ani mal mo dels for ASD and se ve ral ot her di sor ders in la bo -
ra to ries. The fact is that scien ti fic know led ge of al te ra tions un derl ying se -
ve ral hu man di sor ders and di sea ses is streng the ned by using ani mal
mo dels. Although mo dels lack to re pre sent the who le set of al te ra tions ob -
ser ved in hu mans, they are help ful be cau se they ex hi bit some worthy fea tu -
res of the di sea se that un doub tedly in crea se our com prehen sion. For
exam ple, in stud ying the neu ral ba sis of ASD, ani mal mo dels are of great va -
lue. Thus as far as scien ti fic in for ma tion on this to pic is co ming into view,
the num ber of ani mal mo dels is cons tantly in crea sing.

The ef fect of he re di tary cha llen ges is of great con cern in the etio logy of
au tism. Stu dies in hu man twins show a sig ni fi cant im pact of ge ne tics on
ASD (Tick et al., 2016), and it is known that mu ta tions in se ve ral ge nes at dif -
fe rent chro mo so mes un der lie the ex pres sion of ASD beha viors (Muh le et
al., 2004); the re fo re, it is high ligh ted the im por tan ce of un ders tan ding au -
tism ge ne tics for cli ni cal prac ti ce (Vors tman et al., 2017). Accor dingly, many 
mo dels of mu ta tions in ani mals have been de ve lo ped to help in crea se
know led ge in this field. For exam ple, a re mar ka ble group of pro teins known 
as neu ro li gins is at ta ched to the postsynap tic neu ron mem bra ne and in te -
ract with presy nap tic pro teins to allow a pro per synap tic trans mis sion
(Chan da et al., 2017). The fa mily of neu ro li gins is co ded in five dif fe rent ge -
nes, and each pro tein could be re la ted to an ex ci ta tory (Dang et al., 2018) or
in hi bi tory synap se (Va ro queaux et al., 2004). Some mu ta tions in the se -
quen ce of neu ro li gins link to ASD (Jaco et al., 2008); hen ce se ve ral mice mo -
dels of neu ro li gins mu ta tions have been de ve lo ped for stud ying ASD (Tro -
bia ni et al., 2020). To date, such mo dels help un ders tand the role of the se
pro teins in the ex pres sion of au tis tic beha viors (Ja ra mi llo et al., 2014). Like
neu ro li gins, ot her ro dent mo dels are used to study ge nes involved in
neurogenesis, migration, morphogenesis, and synaptogenesis in the
different layers of the cerebral cortex (Garcia-Forn et al., 2020).

Other ap proa ches are mo de ling ASD in mam mals using te ra to gens
such as val proic acid. They have been use ful in de ter mi ning the hyper con -
nec ti vity of the rat brain cor tex (Ri nal di et al., 2007 & 2008), which in crea ses 
the lo cal con nec tion but de crea ses the strength in ex ci ta bi lity re sul ting in
hyper reac tions. A si mi lar ef fect of ASD has been des cri bed in the amy gda la
and the en ti re lim bic system (Mar kram et al., 2008). Anot her key re gion
analy zed in mu ri ne mo dels of au tism is the ce re be llum be cau se it is one of
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the most af fec ted areas in hu man ASD (Cour ches ne, 1997). Ani mal mo dels
have shown ab nor mal ar chi tec tu re and loss of Pur kin je neu rons (Hamp son
and Blatt, 2015) and alteration in androgen receptors (Perez-Pouchoulen et
al., 2016).

In the zebrafish, a non-mam ma lian ver te brate ASD model, mu ta tions
in the chd8 gene are as so ci ated with en larged prosencephalon and
metencephalon and gas tro in tes ti nal al ter ations, as ob served in hu mans
(Bernier et al., 2014). Fur ther more, the macro an a tom i cal char ac ter is tics in
au tis tic hu mans, such as the in crease of the brain vol ume in the first year of
life and the con cur rent mo lec u lar al ter ations, pro duce ab nor mal so cial be -
hav ior that is also ex hib ited by the zebrafish ASD model (Zim mer mann et
al., 2015).

Inver te bra tes are also help ful ani mal mo dels of ASD. For exam ple, stu -
dies in ne ma to des have con tri bu ted to un ders tan ding the role of neu ro li -
gins (Raws thor ne et al., 2020), an dro gens (Gá mez-Del-Estal et al., 2014),
and al te ra tions in the GABAer gic system (Schmeis ser and Par ker, 2018) and
se ro to ner gic and do pa mi ner gic systems (Izquier do et al., 2013). Furt her -
mo re, ne ma to des are of great va lue in un ders tan ding the role of ge nes in
the al te red so cial behavior in autism (Rawsthorne et al., 2021).

Animals to humans: the translational challenge
In any field of bio me di cal re search, a fun da men tal pur po se is to trans la te
new know led ge ob tai ned from ani mal re search for pro per use in hu man
health (Fon ta na ro sa and DeAn ge lis, 2002). This ef fort is sub di vi ded into T1
and T2 tasks, the for mer des cri bed as “the trans fer of new un ders tan dings
of di sea se me cha nisms gai ned in the la bo ra tory into the de ve lop ment of
new met hods for diag no sis, the rapy, and pre ven tion and their first tes ting
in hu mans” and the lat ter des cri bed as “the trans la tion of re sults from cli ni -
cal stu dies into every day cli ni cal prac ti ce and health de ci sion ma king”
(Woolf, 2008). The se two steps are es sen tial to link ba sic re search in ani mal
mo dels to a mas si ve use in the hu man health system.

The path way to pro cu re ani mal mo dels of au tism goes from ma ni pu la -
ting ge nes to the use of te ra to gens, and all the se mo dels are pre cious pa ra -
digms for un ders tan ding the di sor der in hu mans. Not with stan ding, trans -
la tio nal evi den ce is an over com plex challen ge. Ho we ver, the known ca ses of 
au tism in chil dren af ter ex po su re to te ra to gens in-ute ro (val proic acid, et -
ha nol, tha li do mi de, and mi so pros tol) allo wed us to un ders tand the ge ne tics 
of au tism (Du four-Rain fray et al., 2011) and also allo wed to de ve lop ani mal
mo dels be cau se it is pos si ble to find pa ra lle lisms bet ween hu mans and ani -
mals (Arndt et al., 2005). This pa ra lle lism is re pre sen ted in the com plex
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known as mi rror neu rons in beha vio ral neu roph ysio logy. The group of Gia -
co mo Riz zo lat ti found that in mon keys some neu rons at the pre mo tor cor -
tex dis char ge du ring mo ve ments of gras ping, hol ding, and tea ring with the
hand and that tho se neu rons also dis char ge when the mon key just ob ser ves
the mo ve ments exe cu ted even by a hu man hand (Pe lle gri no et al., 1992). The
same kind of neu rons was also re por ted in hu mans and na med mi rror neu -
rons as they trig ger imi ta tion beha vior (Ia co bo ni and Da pret to, 2006). The
who le story of mi rror neu rons can be read in a fas ci na ting pa per from the
same group, whe re they in di ca te how the im pair ment of mi rror neu rons
could re sult in au tis tic behaviors (Rizzolatti and Fabbri-Destro, 2010). To
date, it is accepted that the mirror neurons system is crucial in un derstand -
ing the neurobiology of autism.

The trans la tio nal ef forts are not fo cu sed just on ge ne tic and te ra to ge nic 
mo dels. They also in clu de stu dies in groups of ani mals that ex hi bit spe ci fic
beha viors, such as tho se that by na tu re are so li tary in the wild. A list of se ve -
ral spe cies of so li tary mam mals is star ting now being used as mo dels to
analy ze the neu ral ba sis of re du ced so cial beha vior (Re ser, 2014) be cau se it
re pre sents one of the cri ti cal au tis tic beha viors. Thus, in stud ying ASD, we
still need more re search in ba sic scien ce and trans la tio nal ef forts. Not with -
stan ding, what we have lear ned in au tism is that trans la tion of know led ge
has been a bi di rec tio nal task, i.e., hu man ex pe rien ces allow the de ve lop -
ment of ani mal mo dels, which in turn allow a bet ter un ders tan ding and in -
no va tion of new the ra pies for hu mans in the spec trum. Whe re are we now?
to res pond, we can pa raph ra se the sen ten ce that John Len non sang to his
beau ti ful boy, “but I guess we’ll both just have to be patient, ‘cause it’s a long
way to go, a hard row to hoe.”

Summary
For se ve ral years our la bo ra tory was fo cu sed on ba sic scien ce for stud ying
the neu ro bio logy of se xual beha vior in rats. Still, ten years ago, our goal tur -
ned to fo cus on au tis tic beha viors. The de tour fo llo wed our awa re ness of the 
high au tism pre va len ce in chil dren, in the world and our com mu nity, and
we de ci ded to de ve lop re search for the be ne fit of ASD chil dren. The li te ra tu -
re taught us one cha rac te ris tic of the au tis tic brain, as it is en lar ged com pa -
red to typi cal de ve lo ping brains, with some re gions sho wing an in crea sed
num ber of neu rons (Ama ral et al., 2008); hen ce, it seems that, at least for au -
tism, not hing is mis sing in the brain. Then, we laun ched our re search line
by as king what we could do to chan ge the func tions of tho se neu rons, and
the core of our work con si de red two con cepts, brain plas ti city and en ri ched
en vi ron ment.
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The know led ge from beha vio ral neu ros cien ce stu dies has shown for a
long time the po tency of the brain to mo dify its struc tu re, func tion, neu ro -
che mistry, and synap tic or ga ni za tion in res pon se to ex pe rien ce, all of them
to evo ke more ef fec ti ve or adap ted beha viors. Brain plas ti city is the con cept
that en cir cles the ex pe rien ce-in du ced brain chan ges (Kolb and Whis haw,
1998). On the ot her hand, one of the best sti mu li to in du ce brain plas ti city is
an en ri ched en vi ron ment, de fi ned as an en vi ron ment that sti mu la tes sen se
or gans and pro mo tes sub jects’ physi cal ac ti vity (Sale et al., 2009). The re fo -
re, in res pon ding to the “what we can do” ques tion, we first de ci ded to in -
crea se the body mo ve ments of chil dren with au tism not to see brain plas ti -
city but to see instead if this enriched stimulation impact cognition and
behavior.

A se ries of ex pe ri ments sti mu la ted body mo ve ments in chil dren with
au tism. First, we took ad van ta ge of the high in te rest that au tis tic chil dren
show for elec tro nic screens and used a vi deo con so le to in crea se mo ve -
ments with vir tual sports (Cres po et al., 2016). After a year of a con tro lled
pro gram of vir tual sports, we found that chil dren sho wed more mo tor abi li -
ties and in crea sed lan gua ge, so cial in te rac tions, and bet ter ex pres sion of
emo tions. An im por tant fin ding in this study is that girls ac qui red abi li ties
fas ter than boys. Thus, furt her work con fir med that both se xes have si mi lar
po ten cies to in crea se ca pa bi li ties. Ho we ver, girls al ways learn more quickly
than boys, which must be considered in treating autism.

In anot her set of ex pe ri ments, we used au di tory sti mu la tion and analy -
sis at dif fe rent le vels in a rat mo del of au tism and ASD chil dren (Mon je-Rey -
na et al., 2019; Nu ñez-Arcos et al., 2020). In both spe cies, we used Mo zart’s
So na ta K448 at a vo lu me of 70 de ci bels. In rats, we found that mu si cal sti -
mu la tion ac ti va ted can na bi noid re cep tors in the ce re be llum, whi le in chil -
dren we ob ser ved sta bi lity in heart rate and systo lic pres su re. Although it is
not pos si ble to ex plain both fin dings, it is clear that a trans la tio nal ef fort is
nee ded to de cip her how they are con nec ted. Ho we ver, a key to pic is that
using the same met ho do logy in basic and applied science is a must trans-
lational task.

Our ex pe rien ce tells us that it is pos si ble to carry out both ba sic and ap -
plied re search that helps to un ders tand au tism and to de ve lop new the ra -
peu tic ap proa ches, no mat ter that we do not have ac cess to the la test tech -
no lo gies, that is de si ra ble. Also, li mi ted bud gets de ce le ra te the po tency to
de sign new stra te gies and do not sti mu la te more trans la tio nal pro ce du res.
Ho we ver, all of us must go on; the cause is worthy.
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Sexual and maternal motivation:
the challenge of their study in
animals and humans

Marisela Hernández González 
Miguel Ángel Guevara Pérez

Introduction
In our quest to iden tify and un ders tand our beha vior, bio logy, and health,
hu mans have em plo yed ani mal mo dels in re search for over two mi llen nia.
It is pre ci sely the ques tion “why do we beha ve in a cer tain way?” that has
pro mo ted the de ve lop ment of the psycho lo gi cal as pects of ani mal re search.
Nu me rous dis co ve ries in neu roph ysio logy ba sed on ani mal mo dels have
for med an in te gral part of the de ve lop ment of hu man know led ge with great 
trans la tio nal re le van ce. Ho we ver, the con ti nued ad van ce ment of non-in va -
si ve tech no lo gies and met ho do lo gies has led many re sear chers to ques tion
whet her ani mal ex pe ri ments still have a pla ce in beha vio ral psycho logy and
neu ros cien ce. If this is de ba ta ble in re la tion to beha vior, it is even more so
in terms of neu roph ysio lo gi cal pro ces ses, such as mo ti va tion, that are dif fi -
cult to as sess in ani mals and then com pa re to humans.

 Wit hout doubt, the ana to mi cal in sights gai ned through stu dies using
ani mal mo dels have pro vi ded the ba sis for a bet ter un ders tan ding of the
neu ral sub stra tes of mo ti va tio nal pro ces ses. Indeed, the com plex ana to mi -
cal or ga ni za tion of the re ward system and the to po grap hi cal or de ring of its
cor ti cal and sub cor ti cal con nec tions could not have been ob ser ved in such
de tail wit hout the tech ni que of neu roa na to mi cal path way tra cing in ani -
mals. Ho we ver, the re is jus ti fi ca tion for the re luc tan ce to ac cept this ap -
proach when it co mes to com pa ri sons with hu mans be cau se en vi ron men -
tal, so cial, cul tu ral and edu ca tio nal fac tors all play ma jor ro les in the mol -
ding of behavior, and they are difficult or almost impossible to replicate in
animal models.

Lar gely for this rea son the study of mo ti va tion in ani mal mo dels has
con sis ted in ap plying beha vio ral eva lua tion pa ra digms in vol ving as pects of
po si ti ve rein for ce ment using va rious types of re wards (food, drink, or he -
do nic re wards like se xual or ma ter nal in te rac tion). Se xual and ma ter nal
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beha viors are mo ti va ted and re war ding and con tain an im pli cit he do nic
com po nent. They oc cur in res pon se to the de tec tion and pro ces sing of sti -
mu li with se xual or ma ter nal con tent, in which the pre fron tal cor tex (PFC)
and its con nec tions to the amy gda la (Amy) and ot her struc tu res of the me -
so cor ti co lim bic do pa mi ner gic system (MCDS) play im por tant ro les in as -
sig ning the in cen ti ve value to stimuli that makes it possible to induce and
maintain motivational states.

Non-in va si ve neu roph ysio lo gi cal met ho do lo gies like func tio nal mag -
ne tic re so nan ce ima ging (fMRI) and elec troen cep ha lo graphy (EEG) have
allo wed re sear chers to study de grees of lo ca li za tion and func tio nal or ga ni -
za tion at the brain le vel and the cor ti cal ac ti vity as so cia ted with mo ti va ted
sta tes in hu mans. But the fi ner de tails, such as iden tif ying the ana to mi cal
struc tu res of spe ci fic path ways, would not have been pos si ble without the
use of animal models based, for example, on rats.

 Ba sed on the know led ge ob tai ned from EEG and beha vio ral stu dies
per for med with rats, we have been able to carry out a trans la tio nal ap proach 
by ap plying non-in va si ve tech ni ques and neu ropsycho lo gi cal ques tion nai -
res to hu mans to elu ci da te the brain func tio ning as so cia ted with se xual and 
ma ter nal mo ti va tion. This chap ter pre sents a com pi la tion of EEG re sults
that sup port the par ti ci pa tion of some struc tu res of the MCDS in the mo ti -
va tio nal pro ces ses of se xual and ma ter nal beha vior in rats, com ple men ted
with des crip tions of stu dies ca rried out with hu mans. It also elu ci da tes the
se ries of cha llen ges and dif fi cul ties that we faced as we sought to
implement, execute, and publish the cited works.

Sexual and maternal motivation, definitions and how they are
measured
The on set of se xual and ma ter nal in te rac tions bet ween in di vi duals re qui res 
se ve ral pha ses, in clu ding the de tec tion and per cep tion of the sti mu li, as sig -
ning in cen ti ve va lue to each one, and in du cing mo ti va tion. Ågmo (1999) de -
fi ned se xual mo ti va tion as “the pro cess that ma kes an ani mal search for
se xual con tact with anot her ani mal”. In a more ope ra tio nal form, Ågmo and 
Laan (2022), con cep tua li zed this as “res pon si vity to se xually-re le vant sti -
mu li”. In this or der of ideas, ma ter nal mo ti va tion can be de fi ned as the pro -
cess that ma kes a mot her search for ma ter nal con tact with her offspring
(her own or an alien one); thus, it pro mo tes nur tu ring beha viors (Her nán -
dez-Gon zá lez and Gue va ra, 2009). Se xual mo ti va tion in male rats is in du -
ced when a sui ta ble sti mu lus (e.g., a re cep ti ve fe ma le) is per cei ved as being
se xually-re le vant. Si mi larly, ma ter nal mo ti va tion is in du ced when a fe ma le
per cei ves an ade qua te sti mu lus; in the case of rats, a pup. Be cau se the se sti -
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mu li tend to in du ce ap proach beha viors, they are sco red as po si ti ve incen-
tives.

Re search on mo ti va ted beha viors has di vi ded them into two com po -
nents: ap pe ti ti ve and con sum ma tory (Eve ritt, 1990). The for mer in clu des
beha viors that bring one or ga nism into con tact with an at trac ti ve or de si -
red sti mu lus, ob ject, or goal, whi le the lat ter in vol ves beha viors per for med
af ter con tact has been made and that of ten re sult in achie ving a set goal.
Hen ce, the mo ti va ted sta tes that cha rac te ri ze se xual and ma ter nal mo ti va -
tion im pel in di vi duals to per form se xual or ma ter nal acts. In ge ne ral, ma ni -
fes ta tions of the ap pe ti ti ve com po nent have been ta ken as evi den ce of in -
crea sed mo ti va tion. Ta king this into con si de ra tion, the fo llo wing sec tion
describes the appetitive components of sexual and maternal behaviors in
rats and humans.

Sexual and maternal motivation in rats
Sex ual mo ti va tion in the male rat has been eval u ated both in-cop ula and
ex-cop ula. The pa ram e ters of sex ual mo ti va tion in-cop ula in clude at ten tion
to, and the pur suit of, the fe male, as well as mount ing and in tro mis sion la -
ten cies (for a re view, see Meisel and Sachs, 1994). For ex-cop ula eval u a tions,
par a digms like mazes, Skin ner boxes (Jowaisas et al., 1971; Everitt and
Stacey, 1987; Hernández-González et al., 2014), and con di tioned place pref -
er ence (Paredes et al., 1998; Ramírez-Rodríguez et al., 2017) have been used
to eval u ate sex ual mo ti va tion with out dis plays of di rect sex ual be hav ior.
Par a digms like the box used to mea sure sex ual in cen tive mo ti va tion have
also been very use ful in mea sur ing ex-cop ula mo ti va tion, since the time that
a male rat re mains in the area near an in ac ces si ble re cep tive fe male (a sex -
ual in cen tive stim u lus) in con trast to other stim uli (such as a non-re cep tive
fe male or a male) is a pa ram e ter of sex ual mo ti va tion. Be cause this pa ram e -
ter can be ob tained with out the in ter fer ence of other vari ables, such as
learn ing and mem ory pro cesses, some re search ers have pro posed that it
may be iso mor phic and ho mol o gous to the hu man con di tion (Ågmo, 1999;
Ågmo et al., 2004).

Sachs (2007) sus tained that there is a clear dis tinc tion be tween sex ual
mo ti va tion and sex ual arousal and pos ited that penile erec tion is the gold
in dex of the lat ter con di tion, but not all re search ers in the field agree (Ågmo
2011). This phe nom e non is eas ily ob served in non-cop u la tory male rats that
pres ent non-con tact erec tions in the pres ence of a re cep tive fe male but
make no at tempt to cop u late (Portillo and Paredes, 2019). Sim i larly, males
may be sex u ally mo ti vated and en gage in be hav ior di rected to ward re cep -
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tive fe males, but are in ca pa ble of achiev ing penile erec tion and, there- fore,
fail to cop u late.

Tur ning to ma ter nal mo ti va tion in rats, pa ra me ters such as nest-buil -
ding, pup re trie val, and pup lic king have been con si de red in di ca tors of this
type of mo ti va tion (Stern, 1996). As in the case of se xual mo ti va tion, pa ra -
digms such as Skin ner bo xes (Lee et al., 2000), open-field or ele va ted-plus
ma zes (Stern and Mac kin non., 1976; Fle ming et al., 1994), and the box de sig -
ned to mea su re ma ter nal in cen ti ve mo ti va tion have been used to study the
mo ti va tion of mot her rats to search for, and then stay close to, their pups.

Sexual and maternal motivation in humans
As in re search on mo ti va tion using ani mal mo dels, ex pe ri men tal rein for ce -
ment pa ra digms have been ap plied in hu mans, though with much grea ter
dif fi culty and sig ni fi cant et hi cal res tric tions. Tho se pa ra digms use mea su -
res like mo ne tary gain (Wil son and Daly, 2004) or the ob ser va tion of plea -
sant ima ges or vi deos (Amez cua-Gu tié rrez et al., 2020; Hernández-Gon-
zález et al., 2012, 2013). Unli ke ani mal mo dels, using se xual or ma ter nal re -
wards with hu mans is ra rely fea si ble, so only a few ap proa ches using clas sic
and ope rant con di tio ning have been ca rried out (for re views, see Pfaus et
al., 2001; Ge wirtz, 1976; Leu ner and Shors, 2006).

As a re sult, stu dies of se xual and ma ter nal mo ti va tion in hu mans have
ap plied sca les, ques tion nai res, and mea su re ments of ob jec ti ve pa ra me ters
(e.g., in di ca tors of ge ne ral arou sal) like res pi ra tion, pu pil di la ta tion, gal va -
nic skin res pon ses, or heart rate in res pon se to sti mu li with se xual (Cohen et 
al., 1985) or ma ter nal con tent (Ca sa no va et al., 1994; Brews ter et al., 1998). In
fact, most stu dies of se xual mo ti va tion or ac ti va tion in hu mans have used
vi sual and au di tory sti mu li with se xual mea ning (Sto le rú et al., 1999; Her -
nán dez-Gon zá lez et al., 2013; Ruíz-Díaz et al., 2012). The most ob jec ti ve
works have mea su red pe ni le tu mes cen ce sco res (strain gau ge mea su re -
ments) (Chi vers et al., 2010; Cohen et al., 1985; Arnow et al., 2002) that in clu -
de chan ges in pe ni le vo lu me or cir cum fe ren ce in men (for a re view, see Bar -
ker and Ho well, 1992) and va gi nal self-sti mu la tion (Ko mi sa ruk et al., 2004)
or vaginal lubrication in women in response to observing stimuli with
sexual meaning (Handy and Meston, 2020).

In the case of ma ter nal mo ti va tion, ex pe ri ments are of ten made du ring
di rect in te rac tion of mot hers with their ba bies (Cer van tes et al., 1992; Fle -
ming et al., 1997; Giar di no et al., 2008) by eva lua ting their beha vior and ans -
we ring va rious sca les, or using vi sual or au di tory sti mu li with ma ter nal-re -
la ted con tent (Ca sa no va et al., 1994; Brews ter et al., 1998; Pé rez-Her nán dez
et al., 2017; Hi dal go-Agui rre et al., 2020; Sandoval-Carrillo et al., 2020).
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The neural substrate of motivation
It is well known that mo ti vated be hav iors oc cur spon ta ne ously in re sponse
to spe cific ex ter nal sen sory stim uli. In or der for a sub ject to de tect a stim u -
lus as sex u ally or ma ter nally at trac tive, an ap pro pri ate in ter nal state is re -
quired (i.e., ad e quate neu ral func tion al ity and hor monal and neurotrans-
mitter lev els), one that pro motes an aware ness of in cen tive stim uli. This
also re quires ad e quate pro cess ing of stim uli with sex ual or ma ter nal mean -
ing that will al low the in di vid ual to as sign in cen tive value and per ceive a
stim u lus as re ward ing. The role of the me dial preoptic area in as sign ing in -
cen tive value to stim uli and per form ing sex ual be hav iors has been broadly
de scribed in rats (Liu et al., 1997; Hurtazo and Paredes, 2005; Hurtazo et al.,
2008). Other stud ies, in clud ing some per formed in our lab o ra tory, have
dem on strated the par tic i pa tion of limbic-prefrontal cir cuits in clud ing,
mainly, the re cip ro cal pro jec tions be tween the PFC and Amy, in pro cess ing
that en tails ac quir ing the in cen tive value of stim uli. The PFC and Amy
are two ce re bral struc tures that form part of the mesocorticolimbic
dopaminergic sys tem (MCDS) and hence, the re ward sys tem, which is con -
sid ered the piv otal sub strate for re ward ing and mo ti va tional states
(Berridge and Kringelbach, 2015; for a more de tailed de scrip tion of the neu -
ral net works in volved in sex ual be hav ior, see the re view by LeMöene and
Ågmo, 2019). Based on those ap proaches, our first ex per i ments fo cused on
char ac ter iz ing the electroencephalographic func tion ing of the PFC dur ing
the mo ti va tional and consummatory phases of cop u la tory in ter ac tion in
rats. Sub se quently, we stud ied other ar eas of the MCDS dur ing more spe -
cific tasks of sex ual and ma ter nal in cen tive mo ti va tion.

A brief review of EEG activity
An elec tro en ceph a lo gram (EEG) is de fined as a mix ture of rhyth mic si nu -
soi dal-like fluc tu a tions in volt age gen er ated by the brain that, it has been
sug gested, rep re sent the global ac tiv ity of neu rons lo cated in the cor tex and
subcortical struc tures. The quan ti ta tive anal y sis of EEG re cord ings is a use -
ful tool that has al lowed re search ers to re late changes in brain elec tri cal ac -
tiv ity to spe cific be hav ioral sit u a tions and/or ex per i men tal ma nip u la tions.
By ap ply ing Fast Fou rier Trans for ma tion (FFT), EEG sig nals can be di vided
into fre quency bands. In the case of rats, EEG re cord ings are di vided into
three prin ci pal bands: delta (0.5-3.5 Hz), slow theta (4-7.5 Hz) and fast theta
(8-12 Hz), and fast fre quen cies (above 12 Hz), while in hu mans five main
bands have been de scribed: delta (0.5-3.5 Hz), theta (4-7.5 Hz), al pha (8-12.5
Hz), beta (13-25 Hz), and gamma (25-50 Hz). These bands have been as so ci -
ated with cer tain phys i o log i cal or be hav ioral states (Berger, 1929 cited in
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Andreassi, 2000). Spe cif i cally, the theta band is a fre quency range that, as
sev eral works on both rats and hu mans have re ported, shows a prev a lence
dur ing re laxed and mo ti vated states, as well as dur ing pro cesses of se lec tive 
at ten tion (Cer van tes et al., 1992; Kurtz and Adler, 1973). Three im por tant pa -
ram e ters can be cal cu lated from EEG re cord ings: Ab so lute Power (AP),
which is an in dex of the en ergy of the sig nal mea sured in µV; Rel a tive Power 
(RP), de fined as the pro por tional con tri bu tion of each band ex pressed as
a per cent age of to tal power; and electroencephalographic cor re la tion
(rEEG), an in dex of the de gree of sim i lar ity be tween the EEG ac tiv ity of two
brain struc tures (López da Silva, 1991; Shaw, 1984). Low cor re la tion re flects
higher func tional dif fer ences and vice versa, while high cor re la tion in di cates 
a more ho mo ge neous func tion ing be tween struc tures. Interhemispheric
cor re la tion is cal cu lated be tween struc tures in the right and left hemi -
sphere, while intrahemispheric cor re la tion is cal cu lated be tween struc -
tures in the same hemi sphere. rEEG is cal cu lated by ap ply ing Pearson
prod uct-mo ment cor re la tion co ef fi cients be tween suc ces sive am pli tude
val ues of EEG seg ments from two ce re bral re gions.

EEG studies in rats
Sexual motivation
In a first ex pe ri ment with male rats, we re cor ded EEG ac ti vity in the pre -
fron tal cor tex si mul ta neously with ac ce le ro me tric re cor ding of the pel vic
thrus ting that the rats per form as part of the co pu la tory res pon ses of moun -
ting, in tro mis sion, and eja cu la tion. Du ring ap proach beha viors (orien ta -
tion to, and per se cu tion of, the fe ma le rat, two in di ces of se xual
mo ti va tion), the PFC sho wed a lo wer AP of the fast fre quen cies but a hig her
AP of the the ta fre quen cies. Whi le the rats per for med pel vic thrus ting, in
con trast, the EEG bands analy zed (4-16, 18-24, and 26-32 Hz) sho wed a dis -
tinct pat tern. Tho se fin dings sug gest that the PFC ma ni fests cha rac te ris tic
func tio na li ties in re la tion to the mo ti va tio nal and mo tor com po nents of se -
xual beha vior, res pec ti vely (Her nán dez-Gon zá lez et al., 1998).

In anot her study, we de ter mi ned the cha rac te ris tic EEG pat terns of the
PFC du ring the ap proach beha vior to a re cep ti ve fe ma le in a T-maze. After a
male rat had per for med 1 or 2 in tro mis sions with a re cep ti ve fe ma le (to ge -
ne ra te a se xually-mo ti va ted sta te), it was pla ced in the start box of the
T-maze and two fe ma le rats, one re cep ti ve, the ot her one non-re cep ti ve,
were pla ced in the goal bo xes of each arm. Male rats wit hout pre vious in tro -
mis sions were used for the non-mo ti va ted con di tion. In that ex pe ri ment,
the se xually-mo ti va ted male rats sho wed a hig her mo ti va tion to en ga ge in
se xual beha vior in di ca ted by lo wer la ten cies and ti mes to reach the goal box
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whe re the re cep ti ve fe ma le had been pla ced, com pa red to the non-mo ti va -
ted ma les. This hig her se xual mo ti va tion was as so cia ted with a grea ter pre -
va len ce of slow fre quen cies (6-7 Hz) in the PFC and a hig her in ter pre fron tal
co rre la tion in that band whi le they re mai ned near the goal box with the re -
cep ti ve fe ma le. The se EEG chan ges in the PFC could be as so cia ted with va -
rious pro ces ses: the “mo ti va ted sta te” that re sul ted from the in tro mis sions
with the fe ma le be fo re en te ring the maze; spatial orientation and selection
of the goal; and processing of the odors and sounds emitted by the female
(Hernández-González et al., 2007).

In more re cent work, we cha rac te ri zed the EEG ac ti vity of ot her brain
struc tu res of the MCDS du ring se xual in cen ti ve mo ti va tion in male rats. In
ad di tion to the PFC, we have re cor ded ac ti va tion and de grees of cou pling
(or rEEG) among the PFC, nu cleus ac cum bens (NAcc), Amy, and ot her cor ti -
cal re gions, such as the pa rie tal cor tex, that par ti ci pa te in the at ten tion and
pro ces sing of in cen ti ve sti mu li. The se stu dies have con sis tently found a
pre va len ce of slow fre quen cies in the the ta ran ge du ring se xually-mo ti va -
ted sta tes. For exam ple, work by Do mín guez-Estra da (2019) sho wed that
whi le a se xually-mo ti va ted male rat re mai ned near a re cep ti ve fe ma le, an
in crea sed AP of the slow fre quen cies (7-12 Hz) in the left and right pre fron -
tal cor tex was ob ser ved. The pre va len ce of slow fre quen cies du ring se -
xually-mo ti va ted sta tes in male rats has been ob ser ved not only in the pre -
fron tal and pa rie tal cor ti ces but also in the Nacc, Amy, and ven tal teg men tal 
area (VTA) (Gue va ra et al., 2008). Inte res tingly, the re are re ports that the
elec tri cal func tio ning of the se areas can be al te red by se ve ral fac tors, in clu -
ding al cohol (Her nán dez-Gon zá lez et al., 2009, 2014), stress (Her nán -
dez-Gon zá lez et al., 2017, 2020, 2021; Her nán dez-Artea ga et al., 2020), and
sup pres sion of do pa mi ner gic in ner va tion from the VTA (Cor tes et al., 2019). 
Si mi larly, dis tinct de grees of cou pling, or rEEG, bet ween struc tu res in the
MCDS has been ob ser ved in re la tion to mo ti va tio nal states in both male
(Guevara et al., 2008; Domínguez-Estrada, 2019; Hernández-Arteaga et al.,
2020) and female rats (Hernández-González et al., 2009, 2016).

Maternal motivation
After se ve ral years of work on the func tio ning of struc tu res in the MCDS as -
so cia ted with se xual mo ti va tion in rats, we de ci ded to analy ze the func tio -
ning of this system du ring the mo ti va tio nal com po nents of the fe ma le rat’s
ma ter nal beha vior, sin ce this system is also in vol ved in the re war ding as -
pects of that type of beha vior. In a first study, we com pa red the func tio ning
of the PFC and VTA du ring mo ti va tio nal and mo to ri cally ac ti ve (pup re trie -
val, pup lic king) beha viors of rat dams (Her nán dez-Gon zá lez et al., 2005A).
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A sig ni fi cant in crea se was ob tai ned in the AP of the 8-11-Hz band du ring
pup re trie val com pa red to ba sal wal king beha vior, and du ring pup lic king
com pa red to fo re paw lic king, the lat ter a non-ma ter nal beha vior that has
equi va lent pos tu ral ad just ments and mo tor ele ments to tho se of pup lic -
king. Inte res tingly, when the mot her rats per for med con sum ma tory inac ti -
ve ma ter nal beha viors (i.e., low and high crou ching on the pups) no EEG
chan ges were de tec ted com pa red to the awa ke-quiet ba sal sta te. This in di -
ca ted the par ti ci pa tion of the PFC and VTA mainly in ma ni fes ta tions of the
ap pe ti ti ve ma ter nal beha viors of the female rat.

Con si de ring that the de tec tion and pro ces sing of odors chan ges in re la -
tion to the es trous cycle (Pie tras and Moul ton, 1974; Fle ming et al., 1989), in
anot her study we re por ted that du ring the sme lling of nest bed ding, lac ta -
ting rats pre sen ted a hig her RP of the 8-11 Hz band in the PFC and VTA com -
pa red to proes trus-es trus and dies trus rats, whi le du ring the sme lling of fe -
ma le bed ding, no sig ni fi cant dif fe ren ces were ob ser ved bet ween the se re -
pro duc ti ve sta tes (Her nán dez-Gon zá lez et al., 2005b). Tho se re sults led us
to pro po se that the slow fre quen cies ob ser ved du ring the sme lling of the
nest bed ding could be as so cia ted with the ade qua te in te gra tion of ol fac tory
sti mu li to mo du la te the mo ti va tio nal processes involved in expressing
maternal behavior in lactating rats.

The transition to studying sexual and maternal motivation in
humans
The tran si tion to stud ying the neu roph ysio lo gi cal pro ces ses in vol ved in se -
xual and ma ter nal mo ti va tion in hu mans pre sen ted nu me rous cha llen ges.
Although one of the aut hors had trai ning and ex pe rien ce in re cor ding and
analy zing EEG ac ti vity in hu mans, it was not un til a co llea gue psycho lo gist
was brought to our la bo ra tory that we ven tu red to de sign an ex pe ri men tal
pro to col for hu mans. The ob jec ti ve of our first study was to de ter mi ne the
EEG func tio ning of the PFC in young men whi le ob ser ving ero tic sti mu li.
One of our first con cerns was to fa mi lia ri ze our sel ves with in ter na tio nal et -
hi cal pro to cols for per for ming ex pe ri men tal re search with hu mans, and de -
ter mi ning if it was fea si ble to fo llow and apply tho se et hi cal spe ci fi ca tions
in our pro po sed pro to col. As a first step, we sub mit ted our re search pro to col 
for eva lua tion by our ins ti tu tio nal et hics com mit tee. That led to the emer -
gen ce of ot her con cerns, such as whe re to re cruit par ti ci pants for the ex pe -
ri ment? This was ne ver a pro blem in work with rats be cau se we simply had
our ins ti tu te’s ani mal care fa ci lity breed the rats we re qui red. For ob vious
rea sons, this pro ce du re could not be fo llo wed for re search with hu mans, so
we had to deal with the rea lity of nee ding to “con vin ce” po ten tial par ti ci -
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pants to agree to co lla bo ra te in ex pe ri ments even though they really had
not hing to gain by doing so. Other con cerns we had to re sol ve were of a
more tech ni cal na tu re: we nee ded a spe ci fic type of poly graph, a sui ta ble lo -
ca le for EEG re cor ding, and had to pur cha se the re qui red ins tru ments and
ma te rials, in clu ding neu ropsycho lo gi cal sca les, tests, and sti mu li for use in
the experiment.

We ma na ged to re sol ve all tho se pro blems and con cerns and con clu ded
our first ex pe ri ment in the study of se xual mo ti va tion in hu mans. But then
we fa ced the even more dif fi cult challen ge of com ple ting the steps re qui red
to pu blish the study. Du ring the pu bli ca tion pro cess we rea li zed that se ve ral 
as pects re qui red an ap proach dis tinct from the one fo llo wed for stu dies
using ani mal mo dels. 1) We had to ob tain sam ples lar ge enough to sa tisfy all 
our ex pe ri men tal con trols. That was not an easy task, but re qui red ex ten si -
ve in vi ta tions of fe red on so cial me dia, per so nal in qui ries, and even class -
room re cruit ment, es pe cially sin ce we did not have the re sour ces to in du ce
par ti ci pa tion by of fe ring a mo ne tary in cen ti ve. 2) The et hi cal as pects are
qui te dis tinct and must be ob ser ved strictly in all in te rac tions with par ti ci -
pants, from the first in ter view through to the pu bli ca tion of the ex pe ri ment
data. 3) A more spe ci fic point that de ri ved from the na tu re of our re search
was the need to high light the ad van ta ges of EEG re cor ding for the study of
brain func tions du ring mo ti va ted sta tes. Our early stu dies were of ten cha -
llen ged –even re jec ted– by re vie wers on the grounds that more sop his ti ca -
ted tech ni ques exis ted to study brain func tio ning, such as fMRI and po si -
tron emis sion to mo graphy (PET). Whi le the ad van ta ges of tho se tech ni ques 
can not be de nied, EEG re cor dings allow a more fle xi ble en vi ron ment for re -
cor ding and of fer outs tan ding tem po ral re so lu tion. It can be ar gued, in
fact, that the most sig ni fi cant ad van ta ge of the EEG ap proach is that it fa ci -
li ta tes fre quency analy sis sin ce the se re cor dings allow re sear chers to
decompose signals into the distinct frequencies that have been associated
with specific psychological processes (see above), and make broader
analyses than other recording techniques.

EEG studies in humans
The re sults of se ve ral stu dies in rats pro vi ded us with a ge ne ral view of the
pi vo tal role that the PFC and ot her re gions of the MCDS play in the pro ces -
sing of the in cen ti ve va lue of sti mu li with se xual or ma ter nal mea ning, so an 
ob vious ques tion aro se: how si mi lar is cor ti cal func tio ning du ring se xual
and ma ter nal mo ti va tion in rats to that of hu mans? Our at tempt to ans wer
this ques tion be gan with an ex ten si ve re view of the li te ra tu re, which re vea -
led that the ma jo rity of EEG stu dies had been con duc ted many years ear lier. 
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Tho se works had fo cu sed mainly on eva lua ting ce re bral res pon ses as so cia -
ted with or gasm or mas tur ba tion, in the case of se xual beha vior, or with di -
rect in te rac tion of mot hers with their ba bies, com ple men ted by in ter views
and per so nal re ports. With the arri val of ima ging tech ni ques, se ve ral stu -
dies re por ted func tio nal chan ges in res pon se to se xual and ma ter nal sti mu -
li, but very few used an ap proach ba sed on EEG re cor ding and fre quency
analy sis. The scar city of stu dies of this na tu re in the exis ting li te ra tu re mo -
ti va ted us to de ve lop the works we des cri be in the fo llo wing section.

Sexual motivation
Be fo re des cri bing some of the works we have pu blis hed on hu mans, it is im -
por tant to ex plain that mea su ring se xual mo ti va tion ba sed on a strict de fi -
ni tion –“that which dri ves in di vi duals to seek and ap proach a goal”– pro ved
to be very dif fi cult. For this rea son, va rious stu dies, in clu ding ours, have op -
ted to mea su re se xual arou sal as an in di rect in dex of se xual mo ti va tion. In
fact, the ex ce llent re view by Ågmo and Laan (2022) sta tes that “ef fec ti ve se -
xual mo ti va tion” is al ways a com bi na tion of se xual arou sal and ge ne ral
arou sal. Thus, the ob jec ti ve of our first study (Her nán dez-Gon zá lez et al.,
2013) was to de ter mi ne whet her se xual arou sal in young men is as so cia ted
with spe ci fic rEEG pat terns in vol ving the pre fron tal, pa rie tal, and tem po ral 
cor ti ces. In that ex pe ri ment we used a bat tery of pho to graphs that had been
tes ted in a pi lot group of young men who ans we red two sca les: the
Self-Assess ment Ma ni kin Sca le (SAM) (Brad ley and Lang, 1994), and the Se -
xual Arou sal Sca le (SAS), a Li kert-type sca le (length from 0-10 cm) which
shows ima ges that re pre sent non-erect to fully erect pe ni ses with va lues
that ran ge from 0 (erec tion to tally ab sent) to 10 (ma xi mum erec tion). Par ti -
ci pants in that pi lot study (men aged 18-26) used the first sca le to in di ca te
va len ce (plea sant or un plea sant) and ge ne ral arou sal (hig her or lo wer), and
the se cond to in di ca te the de gree of se xual arou sal they ex pe rien ced whi le
ob ser ving ima ges with ero tic vs. neu tral con tent whi le EEGs were being re -
cor ded from the pre fron tal and pa rie tal cor ti ces. As ex pec ted, when ex po -
sed to se xual sti mu li, par ti ci pants re por ted an ove rall ac ti va tion, pleasur-
able ex pe rien ce and a pe ni le erec tion. The se chan ges whe re as so cia ted with
a de crea se in brain con nec ti vity (rEEG) bet ween fron tal and pos te rior cor ti -
ces in fast fre quen cies (alp ha and beta bands). The se re sults sug gest a dis so -
cia tion bet ween the sen sory-pro ces sing areas (pa rie tal cor tex) and the
exe cu ti ve con trol systems that allows the cold, lo gi cal res pon ses (dor so la te -
ral prefrontal cortex).

In anot her study, one si mi lar to our pre vious work with rats, we found
that al cohol af fects cor ti cal func tio na lity (Her nán dez-Gon zá lez et al., 2012). 
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In fact, al cohol sup pres sed the pre fron tal EEG chan ges as so cia ted with wat -
ching ero tic vi sual sti mu li wit hout af fec ting se xual arou sal. This could be
as so cia ted with in ter fe ren ce in the ade qua te processing of visual erotic
stimuli.

It is well known that in ad di tion to the im por tant role that the pre fron -
tal cor tex plays in the pro ces sing of sti mu li with emo tio nal mea ning, this
cor ti cal area is also in vol ved in va rious cog ni ti ve pro ces ses, in clu ding plan -
ning, de ci sion-ma king, goal-set ting, in hi bi tion, and me mory, among ot -
hers (Go de froy et al., 1999; Fus ter, 2002). Ta king this as pect into ac count
and con si de ring that sti mu li with emo tio nal mea ning exert a dis trac tor ef -
fect du ring exe cu tion of cog ni ti ve tasks, we eva lua ted the cor ti cal func tio -
ning of se xually-arou sed young men whi le sol ving the To wer of Ha noi (TH)
task. We found that tho se sub jects pre sen ted a de crea sed co rre la tion bet -
ween pre fron tal areas with an in crea sed co rre la tion bet ween pa rie tal and
pre fron to tem po ral areas (Amez cua-Gu tié rrez et al., 2017). In a si mi lar
study, we com pa red the ef fect of ob ser ving three kinds of sti mu li with emo -
tio nal mea ning (ero tic, ag gres si ve, neu tral) on cor ti cal res pon ses du ring
exe cu tion of two cog ni ti ve tests, the Wis con sin Card-Sor ting Test (WCST)
and the TH. Only af ter ob ser va tion of sti mu li with se xual mea ning was a lo -
wer rEEG cou pling bet ween pre fron tal areas ob ser ved du ring exe cu tion of
the WCST, whi le a hig her rEEG was ob ser ved du ring exe cu tion of the TH.
Sin ce par ti ci pants re por ted a hig her sub jec ti ve de gree of pe ni le erec tion af -
ter wat ching ero tic vi deos, it is li kely that en han ced se xual arou sal was the
main cau se of this change. This suggest that such correlation patterns could 
be associated with cognitive strategies or functional adaptations while
participants are being sexually aroused.

Vi sual sti mu li with se xual con tent have been wi dely used in la bo ra tory
con di tions to in du ce sta tes of se xual arou sal in hu mans, but ot her types of
sti mu li have also been em plo yed; for exam ple, rea ding ero tic li te ra tu re
(e.g., Osborn and Po llack, 1977). Due to re ports that wo men per form this ac -
ti vity with grea ter fre quency than men, we ex plo red the va len ce and de gree
of se xual arou sal that young wo men re por ted to get her with the cor ti cal
func tio na lity re la ted to the rea ding of a se xually-ex pli cit text (Gue va ra et al., 
2018). Par ti ci pants ra ted the se xually-ex pli cit text as more plea su ra ble and,
using a mo di fied ver sion of the SAS sca le, re por ted hig her se xual arou sal
com pa red to rea ding an emo tio nally-neu tral text. The rea ding of the ero tic
text was as so cia ted with hig her ac ti va tion in tem po ral and pa rie tal areas
and to a lo wer rEEG bet ween pre fron tal and tem po ral areas. Tho se re sults
in di ca ted that whi le both he misp he res were ac ti va ted du ring rea ding of the 
ero tic texts, the func tio na lity of the pre fron tal and pa rie tal cor ti ces was in -
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de pen dent, so this may be a requirement for generating and maintaining
sexual arousal while women read texts with sexual content.

It has been pro posed that the as sign ing of in cen tive value to stim uli
with sex ual mean ing var ies de pend ing on sev eral fac tors, in clud ing sex ual
ori en ta tion. Stud ies have re ported, for ex am ple, that het ero sex ual men pre -
fer films with het ero sex ual con tent, but ho mo sex ual men rate het ero sex ual
stim uli as only mildly pleas ant (Mavissakalian et al., 1975). Re sults sug -
gested the par tic i pa tion of cog ni tive pro cesses that in duce pleas ant or un -
pleas ant sen sa tions (Hu et al., 2011) Thus, in a study pub lished in 2020, we
re ported that while watch ing an erotic het ero sex ual video, only het ero sex -
ual par tic i pants re ported a higher de gree of sex ual arousal (due to greater
penile erec tion). Both groups showed a de creased am pli tude of the al pha
band in the prefrontal and pa ri etal cor ti ces dur ing ob ser va tion of both the
erotic and neu tral vid eos, in di cat ing in creased at ten tion, while only dur ing
ob ser va tion of the erotic het ero sex ual video did the ho mo sex ual men show
an in creased am pli tude of the theta and fast bands in the prefrontal cor tex,
pos si bly re lated to the cog ni tive pro cess ing of the erotic stim u lus (Amezcua-
Gutiérrez et al., 2020).

Maternal motivation
As men tio ned abo ve, the de tec tion and as sig ning of in cen ti ve va lue to se -
xual and ma ter nal sti mu li va ries with dis tinct physio lo gi cal sta tes (nu lli pa -
rity, ges ta tion, lac ta tion, post par tum pe riod), as well as the life his tory of
par ti ci pants. In the case of res pon si vity to sti mu li emit ted by a baby, a hig -
her res pon se has been ob ser ved in pri mi pa rous lac ta ting mot hers com pa -
red to mul ti pa rous or vir gin wo men. In this re gard, some re ports in di ca te
that res pon si vity to sti mu li emit ted by a baby is si mi lar in bio lo gi cal (BM)
and adop ti ve mot hers (AM). Ta king the se as pects into ac count, we con duc -
ted an ex pe ri ment to de ter mi ne the EEG synchro ni za tion among pre fron -
tal, tem po ral, and pa rie tal cor ti ces in non-mot hers, BM, and AM whi le
lis te ning to re cor dings of ba bies’ cries. The BM had a lo wer rEEG bet ween
the pre fron tal and tem po ral cor ti ces whi le lis te ning that could be as so cia -
ted with lo wer con trol of the pre fron tal cor tex (cog ni ti ve pro cess) in the
tem po ral areas (emo tio nal pro cess). The AM had a grea ter EEG co rre la tion
bet ween cor ti cal areas in both he misp he res, pro bably in di ca ti ve of a grea ter 
mo du la tion of the af fec ti ve in for ma tion of the crying baby (Pé rez-Her nán -
dez et al., 2017).

Mot hers chan ge their reac ti vity to dif fe rent sen sory sti mu li, as du ring
the post par tum pe riod (PP) they be co me more sen si ble to baby re la ted sig -
nal and ot her type of sti mu li (such as se xual) gets re le ga ted, this be co mes
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evi dent not only by the chan ge on beha vior but also in brain ac ti vity. As
post par tum pe riod pro gres ses, reac ti vity to baby sig nal is main tai ned but
reac ti vity to se xual sti mu li is rees ta blis hed. The se chan ges are ac com pa nied 
by a re con fi gu ra tion in brain con nec ti vity, as co rre la tion is in crea sed al beit
among fe wer cor ti cal areas. This could be re la ted to ma ter nal ex pe rien ce es -
ta blish ment, and as such, op ti mal res pon se to in fant sig nals could be per -
form al beit with fe wer brain re sour ces and thus, responses to sexual stimuli 
gets heightened (Hidalgo-Aguirre et al., 2020).

Although a baby’s cries cons ti tu te one of the most sa lient sti mu li that
mo ti va te sen si ti ve ma ter nal beha viors, such as soot hing or fee ding, hu man
mot hers can per cei ve tho se cries in dif fe rent ways and they can evo ke di ver -
se reac tions, ran ging from fee lings of love for the baby to in fant abu se or ne -
glect. Attach ment theory pos tu la tes that in di vi duals de ve lop dif fe rent ways
of res pon ding to emo tio nal and cha llen ging si tua tions of at tach ment de -
pen ding on the de gree to which they trust their pa rents or ca re gi vers in
stress ful si tua tions. Wo men with se cu re at tach ment (SA) are bet ter able to
re gu la te emo tio nal de mands and more ca pa ble of res pon ding con tin gently
to at tach ment de mands than tho se who de ve lo ped in se cu re at tach ment
(IA) (Bowlby, 1969). Against this back ground, the aim of anot her of our stu -
dies was to com pa re the de gree of ac ti va tion and synchro ni za tion of the dif -
fe rent EEG fre quency bands bet ween the pre fron tal and pa rie tal cor ti ces in
mot hers with SA and IA whi le wat ching an au dio-vi sual sti mu lus of a baby
crying. The mot hers’ de grees of at tach ment were mea su red by the Adult
Attach ment Inter view (AAI). Whi le wat ching the crying vi deo, SA pre sen ted 
a cha rac te ris tic EEG ac ti va tion, mainly in the fast bands (alp ha and beta)
for the fron tal areas and a mix tu re of slow and fast fre quen cies (del ta and
gam ma) in the pa rie tal areas. As the SA can ade qua tely res pon se to the
baby´s sig nals, this changes in brain activity could be an indicator of higher
emotional regulation and attention when compared to the IA group
(Sandoval-Carrillo et al., 2020).

Preg nancy is one of the most im por tant pha ses of a wo man’s re pro duc -
ti ve cycle. It is cha rac te ri zed by neu roph ysio lo gi cal, emo tio nal, and cog ni ti -
ve chan ges. Nu me rous re ports in di ca te that cog ni ti ve chan ges oc cur du ring 
preg nancy and the post par tum pe riod, with me mory de fi cits being the
most com mon com plaint (Brett and Ba xen da le, 2001). Thus, in a study de -
ve lo ped by Alman za and cols. we cha rac te ri zed the EEG co rre la tions du ring 
per for man ce of two wor king me mory tasks (WM), one ver bal the ot her vi -
suos pa tial, in each tri mes ter of preg nancy (Alman za-Se púl ve da et al., 2018). 
Dis tinct pat terns of cor ti cal synchro ni za tion in each tri mes ter were ob ser -
ved de pen ding on the WM tasks that the wo men were as ked to sol ve. Thus,
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as preg nant wo men need to fo cus their at ten tion, the re sults could hint at
some adap ta ti ve mechanism in the brain to adequately adapt behavior,
such as when solving the WM tasks.

The res pon se wo men have to ward in fants ‘cues, as well as their cog ni ti -
ve pro ces sing, has been as so cia ted to re pro duc ti ve ex pe rien ce (pa rity) as it
can mo du la te ce re bral func tio ning (Bun der son et al., 2020). In fact, mul ti -
pa rous mot hers re cog ni ze and in ter pret a baby’s cries fas ter and more ef -
fec ti vely than first-time mot hers. Pé rez-Her nán dez et al. (2021) eva lua ted
wor king me mory (WM) in pri mi pa rous and mul ti pa rous mot hers and the
cor ti cal func tio na lity as so cia ted with this cog ni ti ve pro cess whi le they were
lis te ning to a dis trac tor sti mu lus. Du ring per for man ce of a WM task whi le
lis te ning to ba bies’ cries or a neu tral sound, the mul ti pa rous mot hers sol ved 
the cog ni ti ve task fas ter and pre sen ted a lo wer rEEG bet ween left pre fron -
tal and pa rie tal areas, as well as a hig her rEEG bet ween pa rie tal areas, com -
pa red to first-time mot hers. It is pro ba ble that the se dif fe rent de grees of co -
rre la tion bet ween pre fron tal and pa rie tal cor ti ces in mul ti pa rous mot hers
could re flect a ce re bral me cha nism that is re qui red to maintain better
memory and suppress the effect of the distractor stimuli, thus allowing
them to solve the WM task more efficiently.

Summary
The ex pe ri ments des cri bed abo ve, des pi te their li mi ta tions, have allo wed us 
to reach two main con clu sions that could be ap pli ca ble to both rats and hu -
mans. Du ring sta tes of se xual and ma ter nal mo ti va tion: 1) some MCDS
struc tu res pre sent a pre va len ce of slow fre quen cies; and 2) the co rre la tion
bet ween the pre fron tal and pos te rior cor ti ces va ries de pen ding on physio -
lo gi cal sta tes or cog ni ti ve pro ces sing. It is li kely that the se EEG chan ges
could be as so cia ted with grea ter at ten tion to the in cen ti ve sti mu li, mo du la -
tion of the af fec ti ve in for ma tion, or ce re bral stra te gies du ring cog ni ti ve
pro ces sing. To date, se ve ral works have sought to emu la te, or make equi va -
len cies bet ween, the beha viors and brain pro ces ses in vol ved in se xual and
ma ter nal mo ti va tion. They have rea ched im por tant con clu sions and re vea -
led many si mi la ri ties bet ween ani mals and hu mans (see Ågmo and Laan,
2022; Geor gia dis et al., 2012; Na tan et al., 2013). The re is a clear need for ad -
di tio nal stu dies that in cor po ra te mul ti ple fac tors –en vi ron men tal, so cial,
and lear ning-re la ted– to help elu ci da te how they act in con junc tion to in -
fluen ce the in duc tion and main te nan ce of se xual and ma ter nal mo ti va tion
in hu mans. Inte gra ti ve stu dies of this kind may well re veal no vel me cha -
nisms that have im por tant trans la tio nal re le van ce to human beings.
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Introduction
In re cent years, the ol fac tory system has been the ob ject of study due to its
im por tan ce in va rious physio lo gi cal pro ces ses. Smell is the sen sory system
that most ea sily ca rries in for ma tion to the brain, par ti cu larly to the lim bic
system. Its sti mu la tion can pro du ce ve ge ta ti ve, mo tor and psycho lo gi cal
res pon ses (Fuen tes et al., 2011). The res pon se that is pro du ced de pends on
the type of odor and its in ten sity. Some of its main func tions are: the choi ce
and in ta ke of nu trients, es ta blish ment of so cial re la tions hips, de tec tion of
po ten tially to xic and harm ful sub stan ces, iden ti fi ca tion of in di vi duals, etc.
Ho we ver, even when it has im por tant func tions, it con ti nues to be one of
the least known and stu died (Druc ker, 2005).

From an ana to mi cal and func tio nal point of view, the ol fac tory system
has se ve ral sub di vi sions: the main ol fac tory system, the ac ces sory or vo me -
ro na sal ol fac tory system (VNO), the tri ge mi nal system, the ter mi nal ner ve
(“cra nial ner ve 0”), and the sep tal or gan of ma se ra. Thus, it can be said that
the re is an ar chaic ol fac tory system, which is in char ge of the ba sic ol fac tory
re fle xes; then an an cient ol fac tory system, which pro vi des au to ma tic con -
trol for par tial lear ning of food in ta ke, as well as the re jec tion of to xic or un -
healthy foods; Fi nally, the re is a third way, a re cently iden ti fied system that
is res pon si ble for the cons cious per cep tion of smell (Fuentes et al., 2011;
Collado et al., 2014; Parra et al., 2016).

One of the most ac cep ted pro po sals is that sti mu la tion of the main ol -
fac tory system pro du ces cons cious res pon ses be cau se the in for ma tion pro -
jects pri ma rily to the ce re bral cor tex, whi le sti mu la tion of the ac ces sory ol -
fac tory system (vo me ro na sal or gan or Ja cob son's or gan) pro du ces un cons -
cious res pon ses, sin ce the in for ma tion pro jects to sub cor ti cal areas, pri ma -
rily lim bic (Fuen tes et al., 2011) From a physio lo gi cal point of view, the sen se
of smell and tas te are re la ted to each ot her and are part of a che mo sen sory
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system. Almost every thing we consider taste (95%) we detect with smell
(Saavedra et al, 2012).

Accessory or vomeronasal olfactory system
The vo me ro na sal or ac ces sory ol fac tory system (VNO) was des cri bed by
Lud vig Le vis Ja cob son, a Da nish ana to mist, who, in 1813, pro po sed that this
or gan ful fills sen sory func tions (Ze ller, 2007).

The pre sen ce of this or gan is well known in rep ti les, ho we ver, Ja cob son
also iden ti fied it in mam mals. Ana to mi cally, the vo me ro na sal or gan is lo ca -
ted in the an te rior third of the epit he lium of the na sal sep tum at the base of
the na sal ca vity (Fig.1) (Zeller, 2007).

The VNO has the ap pear ance of a tu bu lar struc ture, which is di vided by
the na sal sep tum. It is a chemosensory or gan clearly sep a rate from the na sal
cav ity in most am phib i ans, rep tiles, and non-pri mate mam mals. The lu men
is cres cent-shaped and is lined with re cep tor neu rons, in ad di tion to be ing
cov ered by fluid from the vomeronasal glands, lat eral to the lu men, there are
large blood ves sels innervated by the au to nomic ner vous sys tem, these per -
form vasodilation and vasoconstriction, to stim u late to the lu men (Keverne,
1999).

Fig 1. Sche ma tic re pre sen ta tion of the ana to mi cal po si tion of the VNO in sna kes

The or gan is co ve red by a bony or car ti la gi nous cap su le and goes
through a duct at the base of the nose. In car ni vo res and un gu la tes the re is a
con nec tion with the oral ca vity through the na so pa la ti ne duct. Throug hout
the base you can find stem cells. The sen sory epit he lium la yer can also be
seen, which in crea ses in vo lu me from birth to pu berty. Re cep tor neu rons
have api cal mi cro vi lli, un li ke the ci lia found in the main ol fac tory re cep tors,
and their axons uni te to form vo me ro na sal nerves (Fig. 1) (Keverne, 1999;
Jungblut, 2012).

The VNO is a che mo sen sory sub system found in the nose of most mam -
mals. That is pri ma rily res pon si ble for de tec ting phe ro mo nes and ot her
che mi cal sig nals that ini tia te in na te beha vio ral res pon ses. Vo me ro na sal
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neu rons are very si mi lar to the sen sory neu rons of the main ol fac tory epit -
he lium, they are also bi po lar and ex hi bit ci lia at one end, in which the so-ca -
lled vo me ro na sal re cep tors are ex pres sed (Du lac et al., 1995; Lo con to et al.,
2003); Fe rran do & Ga llus, 2013; Iba rra-So ria et al., 2014).

Fi gu re 2. Sche ma tic re pre sen ta tion of the main dif fe ren ces and si mi la ri ties bet ween SOP
and SOA neu rons and re cep tors. VNO neu rons are also hair cells and dis play their re cep tors
on den dri tes. Both types of re cep tors, both tho se of the VNO and tho se of the SOP, are me ta -
bo tro pic re cep tors, one of the main dif fe ren ces being that the VNO cells mainly send sen -
sory in for ma tion to the ac ces sory ol fac tory bulb (Fe rran do and Ga llus, 2013).

Even though the data is con tro ver sial, it is pro po sed that in te tra pods
the vo me ro na sal or gan spe cia li zes in de tec ting phe ro mo nes (Jung blut,
2012; Iba rra-So ria et al., 2014). Phe ro mo nes were des cri bed in the 1950s as
che mi cal sig na ling agents used for in tras pe ci fic com mu ni ca tion in in sects,
some four de ca des la ter vo me ro na sal re cep tors type 1 (V1R) and type 2
(V2R), as so cia ted with the VNO, were iden ti fied as phe ro mo ne re cep tor
mo le cu les. VRs are pre sent in amp hi bians, rep ti les and mam mals, whi le
birds and fish lack them. The VR1 and VR2 re cep tors are me ta bo tro pic re -
cep tors that ac ti va te Gs and G0 pro teins, sig nal trans duc tion is ac ti va ted
through phosp ho li pa se C, whi le most ol fac tory re cep tors ac ti va te sig nal
trans duc tion through adeny la te. cycla se-cAMP (Figs. 2 and 3) (Sil va and
Antu nes, 2017). The VNO ex pres ses sub fa mi lies of vo me ro na sal re cep tors
(VRs) in a cell-spe ci fic man ner as each neu ron can ex press dif fe rent num -
bers of VR re cep tors ran ging from just one or two to hun dreds of the se re -
cep tors, for exam ple, in ro dents (Lo con to et al,. 2003; Iba rra-So ria et al.,
2014).
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Fig 3. Sche ma tic re pre sen ta tion of the VR1 and VR2 re cep tors. On the left (a) a VR1 re cep tor
as so cia ted with a Gai2 pro tein. The G pro tein sub u nit is ac ti va ted by a vo la ti le che mi cal li -
gand. On the right (b), a VR2 re cep tor from sub fa mily C is co-ex pres sed with one from sub -
fa mily A, B or D. The se are as so cia ted with Ga0 pro teins and are in di vi dually or co llec ti vely
ac ti va ted by a pep ti de or pro tein li gand. One or more of the nine ma jor his to com pa ti bi lity
com plex (MHC) class 1b and b2-mi cro glo bu lin (B2M) pro teins are also ex pres sed in a sub set 
of the se neu rons. Both types of neu rons ad di tio nally ex press a tran sient re cep tor po ten tial
ion chan nel (TRPC2) and cal cium-ac ti va ted chlo ri de chan nels (CACC), which to get her de -
po la ri ze the cell (Ta ken from Iba rra-So ria et al., 2014)Axo nal pro jec tions

The vo me ro na sal axons, un li ke the axons from the main ol fac tory
system (SOP), pro ject to the ac ces sory ol fac tory bulb (SOA), from the re they
send pro jec tions to the midd le amy gda la (MeA), in turn the se pro jects mas -
si vely to the hypot ha la mus (Lo con to et al., 2003; Moreno et al., 2005).

It is qui te clear that the pro jec tions of the axons from the SOP and the
SOA have dif fe rent pro jec tions to wards the amy gda loid com plex, the se dif -
fe ren ces are ob ser ved in amp hi bians, rep ti les and mam mals, which sug -
gests clear dif fe ren ces in the physio lo gi cal and beha vio ral in fluen ces of
both systems (Sca lia et al., 1991; Hal pern and Mar tí nez-Mar cos, 2003; Hal -
pern and Zuri, 2005; Mo re no and Gon zá lez, 2006; Moreno and Gonzalez,
2007).

Some stu dies have shown that the VNO me dia tes a ran ge of beha viors
such as iden ti fi ca tion of in di vi duals, es ta blish ment of hie rar chies in so cial
or ga ni za tions, iden ti fi ca tion of kins hip, lo ca tion of prey in rep ti les, amp hi -
bians and uro dels, food pre fe ren ces, ge ne ra ting de fen si ve res pon ses trig -
ge red by de tec tion of in ters pe ci fic alarm sig nals, among ot hers (Gra ves and 
Hal pern, 1990; Alving and Kar dong, 1996; Placyk and Graves, 2002; Papes et
al., 2010).

The VNO also me dia tes se xual beha viors in clu ding mas cu li ne and ma -
ter nal ag gres si ve beha viors, se xual at trac tion, lor do sis, se lec ti ve ter mi na -
tion of preg nancy, as well as avoi dan ce and de fen si ve beha viors, this is at -
tri bu ted to the fact that sex phe ro mo nes can be de tec ted in mam mals, rep ti -
les and amp hi bians through the VNO. (Shi ne, 2003; Ke ver ne, 2004; Ki ku ya -
ma et al., 2002; Wirsig-Wiechmann et al., 2002).
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The abo ve is clear evi den ce of the link bet ween the VNO and the se xual
and re pro duc ti ve beha vior of va rious or ga nisms. Some of the stu dies that
sup port this hypot he sis are des cri bed below.

Mi chael et al., (1968) do cu men ted that oop ho rec to mi zed or ova riohy ste -
rec to mi zed Rhe sus mon keys lost their abi lity to se xually at tract ma les, sin ce
they lost the abi lity to emit the cha rac te ris tic body odor that they nor mally
emit when es tro gen le vels are hig her. When oop ho rec to mi zed fe ma les
were smea red with va gi nal fluids from fer ti le fe ma les, the abi lity to at tract
the op po si te sex was res to red. The se sub stan ces with phe ro mo ne ef fects
were ca lled co pu lins. When the se mon key phe ro mo nes were tes ted on the
breasts of ma tu re wo men, they did not have the same ef fect, mea ning that
the phe ro mo nes only work on individuals of the same species (Michael et
al., 1975; Cerda et al., 2000).

The sa li va of se xually ma tu re male pigs con tains two sex at trac tants,
which are pro du ced in the tes tes and trans por ted through the bloods tream
to the sub man di bu lar sa li vary glands, whe re they bind to a spe ci fic pro tein
ca lled phe ro ma xein. The sex at trac tants are the 5a-an dro ge nic ste roids, an -
dros te no ne (5a-an drost-16-en-3-one) and 5a-an dros te nol (5a-androst16-
en-3a-ol), anot her exam ple of a well-known “phe ro mo nal” che mi cal sig nal
is the ami no acid fe li ni ne (2-ami no- 7-hydroxy-5,5-di methyl-4-thiohep ta -
noic acid) in the urine of domestic cats (Castañeda et al, 2007).

Human accessory olfactory system
The exis ten ce of a hu man vo me ro na sal or gan has been ques tio ned, cu -
rrently, it is known, through the data ac cu mu la ted in dif fe rent in ves ti ga -
tions, that said or gan is pre sent in adult sub jects, is fully func tio nal, ac ti vely
par ti ci pa ting in the mo du la tion of the neu roen do cri ne axis and which has
pe rip he ral cells, lo ca ted in the VNO, ca pa ble of ac ting as phe ro mo ne re cep -
tors, ge ne ra ting a con nec tion with the hypot ha la mus and the lim bic sys-
tem, with the ca pa city to ge ne ra te beha vio ral chan ges in hu mans (Li liam et
al., 2012).

Sa rría-Eche ga ray et al., (2014), do cu men ted the pre sen ce of VNO in hu -
man pa tients ex plo red by ri gid si no na sal en dos copy, the se sub jects un der -
went ex trac tion of the na sal sep tum, la ter it was de ter mi ned that the se pa -
tients presented decreased libido.

Bor ga re lli, (2007) men tion that the hu man vo me ro na sal or gan shows
some dif fe ren ces in its struc tu re when com pa red to that of ot her mam mals. 
Some scien tists have pos tu la ted that the hu man vo me ro na sal or gan could
be in a small group of ner ve cells lo ca ted in the di vi ding sep tum of the nos -
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trils. Although it does not have a thick epit he lium like ot her spe cies, it does
have some cells that have been described as bipolar receptor neurons.

Bes li et al., (2004) iden ti fied the pre sen ce of VNO in 112 live sub jects and
in eight ca da vers. Other stu dies have do cu men ted the pre sen ce of VNO in
100% of study sub jects. The VNO has been iden ti fied in hu man em bryos, an
in te res ting fact is that its ner ve fi bers cons ti tu te a sub stra te for the mi gra -
tion of GnRH-se cre ting cells from the ol fac tory pla co de to the hypotha-
lamus (Zancanaro, 2014).

Two hu man ge nes have been des cri bed that are very si mi lar to tho se
res pon si ble for the synthe sis of re cep tor pro teins in the vo me ro na sal or gan
of rats, the pla ce whe re phe ro mo nes are at ta ched. In the mou se 364 ge nes
code for VR re cep tors, of which 190 have been iden ti fied as func tio nal, in
the rat 220 code for VR pro teins, of which 120 have func tions, in the dog 65
and 7 func tion, in hu mans they have been iden ti fied 117 and at least two are
known to be functional (Miras-Portugal, 2006).

Bes li et al., (2004) iden ti fied the pre sen ce of VNO in 112 live sub jects and
in eight ca da vers. Other stu dies have do cu men ted the pre sen ce of VNO in
100% of study sub jects. The VNO has been iden ti fied in hu man em bryos, an
in te res ting fact is that its ner ve fi bers cons ti tu te a sub stra te for the mi gra -
tion of GnRH-se cre ting cells from the ol fac tory pla co de to the
hypothalamus (Zancanaro, 2014).

Fi gu re 4. Struc tu re, ori gin and func tion of some phe ro mo nes (Ta ken from Mi ras-Por tu gal,
2006).

In stu dies with se cre tions from hu mans, the pre sen ce of some phe ro -
mo nes that seem to in fluen ce so cial and se xual beha vior has been des cri -
bed. The se have been iden ti fied at least in va gi nal and axi llary se cre tions.
Stu dies of the fatty acid com po si tion of hu man va gi nal fluids du ring the
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mens trual cycle show the exis ten ce of es tro gen-de ri ved che mi cals; They are
five short-chain vo la ti le fatty acids: pro pa noic acid, bu ta noic acid, methyl-
propanoic acid, methylbuty ric acid, and methylpen ta noic acid (Cur tis,
1971). As the va gi nal wall is de void of glands, it is li kely that the se acids come
from bac te ria that me ta bo li ze glyco gen to form lac tic acid and all ot her alip -
ha tic acids (Jun quei ra et al., 1977), which could be res pon si ble for the
synthe sis of the se phe ro mo nes. They have been ca lled co pu lins and they are
found in dif fe rent pro por tions, de pen ding on the pha se of the mens trual
cycle, in crea sing the con cen tra tion around the time of ovulation (Doty et
al., 1975; Preti, 1987; Muller-Schwarze, 2012).

The in vi si ble cloud of phe ro mo nes that wraps around the body “like a
se cond gar ment” is a po wer ful fac tor in sub li mi nal at trac tion that in crea ses 
li bi do and ac ti va tes se xual arou sal. In wo men, a re duc tion in the pro duc -
tion of che mi cally at trac ti ve sub stan ces in areas such as the va gi na, who se
phe ro mo ne load is very high, con tri bu ting to the typi cal “woman's aro ma”
of child bea ring age, can cau se a re duc tion in the self-per cep tion as ob ject of
de si re and less at trac tion of men. The re fo re, hor mo ne-de pen dent ol fac tory
mo di fi ca tions can con tri bu te bio lo gi cally and func tio nally in an im por tant
way to the variation of libido in the different phases of a woman's life
(Graziottin, 1998).

The aro ma of co pu lins is per cei ved at the le vel of the lim bic system, and
ap pears to have an ef fect that cau ses in crea sed do pa mi ne re lea se in the
brain (Voss hall, 2001; Wysoc ki et al., 2009).

The re are va rious re search pa pers in which at tempts have been made to
study the in ten sity and at trac ti ve ness of odors from va gi nal se cre tion du -
ring the pha ses of the mens trual cycle; in some, ques tion nai res have been
used to as sess the se cha rac te ris tics. The men were as ked to rate both qua li -
ties of odors from tam pons used at va rious pha ses of the mens trual cycle.
The re sults of some stu dies in di ca ted that in the preo vu la tory and ovu la tory
sta ges the odor was slightly wea ker than in the mens trual, early lu teal, and
late lu teal sta ges. The odor re lea sed by the wo man is in crea sed in the fer ti le
time. All this in di ca tes that the pha ses of the mens trual cycle in vol ve se cre -
tions of quan ti ta ti ve and per haps qua li ta ti ve com po si tion of odorous
chemical substances, perhaps with characteristics of pheromones.

Wo men, es pe cially if they are in a sta te of ovu la tion, se cre te sex phe ro -
mo nes that re lea se cer tain hor mo nes in the brain of men such as do pa mi ne
and se ro to nin that have an im pact on the ner vous and cir cu la tory systems.
Phe ro mo nes fre quently cau se an un cons cious arou sal sta te in young men
and adolescents (Doty et al., 1975).
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In 1999, the va gi nal fluids of the mens trual and ovu la tory pha se were
stu died, which, as pre viously men tio ned, had al ready been shown to vary in
co pu lin com po si tion, and the in fluen ce of the se sub stan ces on male beha -
vior was in ves ti ga ted. The synthe tic fluids and a pla ce bo fluid com po sed ex -
clu si vely of wa ter were pre sen ted to a sam ple of 60 men, ap plying the dou -
ble-blind met hod. The men were re qui red to re frain from smo king for 25
mi nu tes prior to the ex pe ri ment. In ad di tion, the study was ca rried out in
du pli ca te. To con trol the hor mo nal chan ges in du ced by co pu lins, sa li va
sam ples were ta ken be fo re and af ter the ex pe ri ment. Men were re qui red to
in ha le the sub mit ted sub stan ce and rate whet her they found the wo men in
the sub mit ted pho to graphs at trac ti ve. The typi cal fluid of the ovu la tory
pha se in du ced an in crea se in an dro gen se cre tion and al te red the cog ni ti ve
dis cri mi na tory ca pa city re gar ding fe ma le at trac ti ve ness. Men became less
demanding. This study demonstrates the pheromonal nature of copulins
(Filsinger, 1990; Borgarelli, 2007).

On the ot her hand, Osval do N. Maz za ca rried out an at trac ti ve ex pe ri -
men ta tion with co pu lins. Cot ton swabs were soa ked, first in va gi nal se cre -
tions for the im preg na tion of said co pu lins, and then in al cohol; ot her cot -
tons were im preg na ted only with al cohol. A group of vo lun teers were gi ven
to smell one or the ot her; the per cei ved odor was the same, of al cohol, for the 
swabs with or wit hout co pu lin. The re sults sho wed that, in the men who had 
sme lled the phe ro mo ne swab, tes tos te ro ne le vels in crea sed bet ween 100
and 150 per cent, com pa red to pre vious in for ma tion, Maz za cla ri fied that
this was true only for tho se vo lun teers who had in the vo me ro na sal or gan,
which de tects phe ro mo nes, in good con di tion, as some studies mention
that it is atrophied in many people (Stoddart, 2006).

Re gar ding men, se ve ral stu dies have ad dres sed the ac tions of the vo la ti -
le odo rous ste roid 4,16-an dros ta dien3-one (an dros ta die no ne), which is ex -
cre ted by swea ting in the axi llary re gion of men, to a les ser ex tent in wo -
men, the ap pli ca tion of an dros ta die no ne in the upper lip exer ted a sub tle
po si ti ve ef fect on mood in fe ma le sub jects, en han ced per cei ved Mas cu li nity 
Index of male fa ces in male sub jects, and in crea sed cortisol secretion in
females (Baum and Kellier, 2009).

In stu dies such as that of Ran ta la et al., (2006) they men tion that the re is 
a po si ti ve co rre la tion bet ween the le vel of sa li vary cor ti sol and at trac ti ve -
ness ra tings of men's T-shirts in all groups of wo men, or in anot her study
such as that of Thorn hill et al. al., (2003) says that the scent of re la ti vely
symme tri cal men is more at trac ti ve to wo men who have a regular ovulation
period.
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The vomeronasal organ and the major histocompatibility
complex
The ma jor his to com pa ti bi lity com plex (MHC) plays im por tant ro les in in -
ter ce llu lar re cog ni tion and dif fe ren tia tion bet ween self and fo reign. It is in -
vol ved in the de ve lop ment of both hu mo ral and cell-me dia ted im mu ne
res pon ses (Goldsby et al, 2004). The ma jor his to com pa ti bi lity com plex is lo -
ca ted on chro mo so me six in hu mans, it is made up of at least 4x106 base
pairs. In hu mans the se ge nes are ca lled hu man leu kocy te an ti gen or HLA
ge nes be cau se they were first dis co ve red by an ti ge nic dif fe ren ces bet ween
leu kocy tes from dif fe rent in di vi duals (Murphy et al, 2009).

The MHC has a non-clas si cal func tion, re la ted to ac ti va tion sig nals of
the sen sory neu rons of the ol fac tory system, the re fo re, it is pro po sed that it
has an im por tant par ti ci pa tion in the re gu la tion of ani mal and hu man
beha vior (Mi lins ki et al, 2013). Some of the works that sup port the abo ve are
tho se ca rried out by Du lac et al., (2003) who, af ter stud ying a sub po pu la tion
of neu rons in the VNO, iden ti fied the ex pres sion of two gene fa mi lies (M1
and M10) of the MHC. The M10 pro teins found in the VNO were dif fe rent in
struc tu re and func tion from si mi lar mo le cu les ex pres sed el sew he re in the
body, which com monly func tion on the sur fa ce of im mu ne cells to pre sent
fo reign pro teins to the im mu ne system in or der to ac ti va te the des truc tion
of in va ding pat ho gens. Tho se found in the VNO neu rons seem to have spe -
ci fic func tions re la ted to phe ro mo ne re cog ni tion; ap pa rently, the re is a po -
pu la tion of neu rons in which each one only ex pres ses the gene for one type
of phe ro mo ne re cep tor. Wit hin the VNO, the iden ti fied ge nes are ex pres sed 
only in V2R- po si ti ve VNO neu rons. Du lac et al., (2003), also men tio ned that
the M10 gene was only activated after birth, which suggested that M10 only
functions in the detection of pheromones in the adult individual.

Accor ding to Du lac et al., (2003), the M10 pro tein and its ac ces sory mo -
le cu le are ne ces sary for the phe ro mo ne re cep tor to reach the sur fa ce of the
neu ron, which is why they des cri bed them with “haperone” func tions. Du -
lac said the re cently dis co ve red MHC mo le cu le could have im por tant im pli -
ca tions for un ders tan ding the phe ro mo ne system. This as so cia tion opens
up all kinds of pos si bi li ties about the un ders tan ding of the phe ro mo ne de -
tec tion me cha nism, and how some body se cre tions of or ga nisms can mo -
du la te the beha vior of anot her organism, according to sex, genetic origin,
social status, etc.

Ba sed on the abo ve in for ma tion, in the area of Psycho bio logy of the Au -
to no mous Uni ver sity of the Sta te of Me xi co, we set out to study the in fluen -
ce of body odor of peo ple and non-hu man or ga nisms (pigs) on the choi ce of
a partner.

The importance of smell in mate selection in animals and humans

295



The stu dies are fo cu sed on con tri bu ting in for ma tion re la ted to the
func tio na lity of the hu man ac ces sory ol fac tory system. We did three ex pe ri -
men tal works, which are described below.

Sow (sus scrofa) pref er ence for males through preputial and
sal i vary se cre tions
In this work, our main ob jec ti ve was to de ter mi ne if in cap ti vity con di tions
the re is a pre fe ren ce of the sows to wards a par ti cu lar male, we co llec ted fo -
res kin and sa li vary se cre tions from four ma les of dif fe rent breeds and ex po -
sed them to 11 fe ma les of the same breeds to eva lua te if the fe ma le skews in
terms of time and fre quency her pre fe ren ce to wards any of them.

The most re le vant re sults were that the fe ma les of the “Lan dra ce”, “Du -
roc” and “Pie train” breeds (of pos si ble Eu ro pean ori gin) pre fe rred to sniff
the se cre tions of the male of the “York shi re” breed (of Asian ori gin) and the
fe ma les of the “York shire” breed pre fe rred the male of the “Duroc” breed.

The main re sults of this first study sho wed that fe ma les spent more
time snif fing se cre tions from the male of the breed to which they are less ge -
ne ti cally re la ted, as pre dic ted by MHC theory, whe re re la ted in di vi duals ex -
hi bit si mi lar odors and fe ma les tend to reject them.

Anot her pos si ble ex pla na tion for the se re sults is that fe ma les learn the
scent of their breed du ring the suc kling sta ge and the re fo re avoid said scent 
in adult hood. It is also pos si ble that we are ob ser ving a com bi ned ef fect,
whe re the fe ma le has not only lear ned to re cog ni ze in di vi duals of its own
race through im prin ting, but it is also li kely that it is also re cog ni zing ge ne -
ti cally more dis tant in di vi duals through the pro ducts of me ta bo lism of the
ma jor his to com pa ti bi lity complex (Carrillo-Castilla et al., 2020).

Male neurovegetative response to olfactory stimuli from vaginal
secretions at different stages of the menstrual cycle
Twel ve fe ma le stu dents from the Fa culty of Scien ces of the Au to no mous
Uni ver sity of the Sta te of Me xi co were se lec ted to par ti ci pa te in the study.
The in clu sion cri te ria were: age bet ween 18-25 years, re gu lar mens trual
cycle, not being un der hor mo nal con tra cep ti ve treat ment, not being breast -
fee ding, ha ving co rrectly fi lled out the in for med con sent ques tion nai re and 
ha ving gi ven their aut ho ri za tion to par ti ci pa te in the study. With the data
ob tai ned about the du ra tion and da tes of their mens trual cycle, a ca len dar
was made to be able to have an exact fo llow-up of the mens trual cycle of each 
wo man and in this way, to be able to group them ac cor ding to their da tes in
tho se that at the time of the ex pe ri men ta tion pre sen ted its fo lli cu lar, pe rio -
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vu la tory or lu teal sta ge. Each of the wo men was as ked to do na te va gi nal se -
cre tions.

Three sam ples of va gi nal se cre tion were ta ken from each wo man (one
per week), whe re ini tially they were in their fo lli cu lar sta ge, then in their pe -
rio vu la tory sta ge and fi nally in the lu teal pha se. Two re pe ti tions of each sta -
ge were ca rried out, that is, each wo man's do na tion was ca rried out for
approximately two months.

An in for ma ti ve ses sion was held in which they were ex plai ned how to
take the va gi nal se cre tions, a light rub should be done with a ste ri li zed swab
in the va gi nal ca nal. Each of the sam ples was sto red ins tantly in 1.5mL vial
tu bes con tai ning iso propyl al cohol. Each of the fresh sam ples was sto red
and la be led with the do nor's ini tial and sta ge at the time of do na tion to fa ci -
li ta te subsequent identification.

Experimentation with men
Here 33 men par ti ci pa ted, they were in di vi dually num be red from 1 to 33 and 
la ter or ga ni zed in groups of 5 or 6 to carry out the ex pe ri men ta tion.

The test was ca rried out in a la bo ra tory com ple tely iso la ted from ex ter -
nal noi se, in which the sub jects were pla ced com for tably sea ted with their
legs res ting on the floor and at the same time, they were gi ven clear ins truc -
tions to re main si lent du ring the en ti re pro ce du re. Each of the men was
con nec ted to the Bio feed back Cen ter® brand Bio feed back com pu ter, mo del
I-330C2+6ch with USE3 soft wa re, to mea su re neu ro ve ge ta ti ve res pon ses
(tem pe ra tu re, heart rate, res pi ra tory rate, skin con duc tan ce, and elec trom -
yo gram). The elec tro des were ins ta lled in spe ci fic areas such as the in dex,
midd le, and ring fin gers, wrists, tho rax, and fa cial mus cles ap pro xi ma tely
in the zygo ma ti cus ma jor and mi nor. In ad di tion, they were blind fol ded in
or der to mi ni mi ze al te ra tions in the res pon ses emit ted to the mo ment of
sti mu la tion. The first step for the ex pe ri men ta tion was to re cord a ba se li ne
with an ap pro xi ma te du ra tion of 1 mi nu te; this with the pur po se of ma king
pre-sti mu la tion com pa ri sons, ob ser ving the res pon ses emit ted by each
sub ject be fo re sub jec ting him to the sti mu lus. Once the ba se li ne was ob tai -
ned, the swabs were gi ven to smell with fresh sam ples of va gi nal se cre tions.
It should be men tio ned that a swab with wa ter was also used as a con trol.
The re fo re, each male was ran domly sub jec ted to the sti mu la tion of 3 or 4 se -
cre tions from dif fe rent wo men who were in the fo lli cu lar sta ge, 3 or 4 in the
ovulatory stage and 3 or 4 in the luteal stage, as well as the control swabs.
Recordings were made in sessions of approximately 15 minutes (Quintos-
Meneses, H.A., 2010).
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The main re sults of this study sho wed that the va lues of some of the vi tal 
signs chan ged when men were ex po sed to odors co ming from wo men in the 
pe rio vu la tory stage.

The elec trom yo gram and body tem pe ra tu re sho wed a sig ni fi cant in -
crea se in heart rate. The se re sults are re la ted with the re sults ob tai ned from
si mi lar stu dies with hu man phe ro mo nes (Gros ser et al., 2000 and Mon -
ti-Bloch et al., 1998), but dif fe ring on a par with what the se aut hors re port
about the res pon ses of res pi ra tory fre quency and elec tro der mal ac ti vity or
skin con duc tan ce, sin ce in their stu dies they re port a chan ge and/or in crea -
se of both res pon ses; meanw hi le in our study, we found for those vital signs
not significance. 

The elec trom yo grap hic res pon se mea su res the elec tri cal po ten tials that
ari se from the con cen tra tion or re la xa tion of mus cle fi bers, that is, it pro vi -
des in for ma tion on the ac ti vity of the mus cle or mus cle group on which the
elec tro des are pla ced (Con de and Me nén dez, 2002). In men, the as pect of
the mo tor ap pa ra tus that has to ex press emo tions be fo re dif fe rent sti mu li
are the der mal mus cles of the face ca lled fa cial mus cles. Although the mo ve -
ments and ges tu res of the who le body are im por tant in the ex pres sion of
many emo tions, the fa cial mus cles re pre sent a spe cial ap pa ra tus for this
func tion; the re fo re, this mo tor path way is ad ded to the lim bic system (Gra -
ziot tin, 1998). Gi ven the abo ve, this was the rea son why the elec tro des that
mea su red the elec trom yo grap hic res pon se in the par ti ci pants were pla ced
clo se to the fa cial mus cle area of the zygo ma ti cus mi nor. The elec trom yo -
grap hic res pon se is con si de red a phe no me non clo sely lin ked to the emo tio -
nal sta te of the in di vi dual. In this study, ob tai ning grea ter mus cle ten sion
du ring ol fac tory sti mu la tion, with the va gi nal se cre tions pre sen ted from
the three sta ges of the wo men's mens trual cycle, it means that a po si ti ve
reac tion of the au to no mic ner vous system was achie ved, due to the ge ne ra -
tion of high va lues in the re sults. This re sult coin ci des with pre viously pu -
blis hed re search whe re a re la tions hip with the dif fe rent le vels of muscle
activation and tension is affirmed, being that the greater the activation of
the nervous system, the greater the muscular tension (Contreras and
Juárez, 2003).

Car diac ac ti vity is the re cord that pre sents the most va ria tions in any si -
tua tion, whet her it is highly emo tio nally char ged, such as stress ful or an -
xious si tua tions, or in tho se in which the sub ject is re la xed (Con de and Me -
nén dez, 2002). Indeed, the re cords in the study show that this neu ro ve ge ta -
ti ve res pon se was the one that pre sen ted the hig hest va lues with ol fac tory
sti mu la tion when pre sen ting them with the swab con tai ning va gi nal se cre -
tions, this in com pa ri son with the ot her res pon ses mea su red, which could
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also in di ca te that the men felt, un cons ciously, an at trac tion to the aro ma
that was pre sen ted to them, pro ving once again the exis ten ce of a re la tions -
hip that in di ca tes that the grea ter the ac ti va tion of the au to no mic ner vous
system, the hig her the heart rate. The tem pe ra tu re was mea su red by sen -
sors pla ced on the fin gers. It in di ca tes the con trac tion or re la xa tion of the
smooth mus cles that su rround the blood ves sels, which de ter mi ne the
amount of blood that flows to the fin ger tips. When the se mus cles con tract,
the tem pe ra tu re is lo wer be cau se less blood flows to the fin gers. The in crea -
se in pe rip he ral tem pe ra tu re co rre la tes with the de crea se in ac ti va tion, and
the re fo re can ser ve as an in dex of the le vel of ge ne ral re la xa tion of the sub -
ject (Do sil and Gon zá lez, 2003). The study pre sents re cords of a lo wer tem -
pe ra tu re when the con trol swab was used, con trary to the re cords that mark
an in crea se in tem pe ra tu re with the swab con tai ning sam ples of va gi nal se -
cre tions, which could indicate that the stimulus with the latter produced in
males a state of relaxation that generated an increase in the values of this
neurovegetative response.

The three sta ges of the fe ma le mens trual cycle (fo lli cu lar sta ge, ovu la -
tory sta ge and lu teal sta ge) that were used in the study un doub tedly pro du -
ced an ac ti va tion of the au to no mic ner vous system, ge ne ra ting sig ni fi cant
res pon ses in the three afo re men tio ned neu ro ve ge ta ti ve res pon ses with an
in crea se in their re cor ded va lues; ho we ver, the re was a sta ge that stood out
abo ve the ot her two: the ovu la tory sta ge or, as re cor ded in the study, sta ge 2
of the cycle. As well re por ted, fe ma le va gi nal se cre tions con tain sub stan ces
ca lled co pu lins (Mi chael et al., 1968) with a quan ti ta ti ve and qua li ta ti ve
com po si tion of odo rous che mi cal sub stan ces that play the role of phe ro mo -
nes, and are found in dif fe rent proportions, depending on the phase or
stage of the menstrual cycle (Doty et al., 1975).

When a wo man's cycle is in her ovu la tory sta ge or clo se to it (Stod dart,
2006), the re is a hig her con cen tra tion of co pu lins or, put dif fe rently, of se -
xual phe ro mo nes, ca pa ble of achie ving a per cep tion of an aro ma at a le vel of
the lim bic system (Voss hall, 2001; Wysoc ki et al., 2009) which re lea ses cer -
tain hor mo nes in the male brain such as do pa mi ne and se ro to nin, con se -
quently ha ving a high im pact on the ner vous and circulatory systems (Doty
et al., 1975).

Ba sed on this work, it is sug ges ted to im ple ment or add to the met hod
the use of iso propyl al cohol for the con ser va tion of phe ro mo nes found in
va gi nal se cre tion, whi le at the same time dis gui sing the di rect aro ma of the
se cre tion as re por ted by Stod dart (2006) in the ex pe ri men ta tion ca rried out 
by Osval do N. Maz za. Li ke wi se, it is also sug ges ted to es ta blish a stan dard
time for when wo men per form va gi nal rub bing with the ste ri li zed swab,
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sin ce per haps the amount that was gi ven in fluen ced in some way that not
all of the neu ro ve ge ta ti ve responses that were expected were not generated
in the end.

Changes in the vegetative response of young university students
to exposure to axillary odoriferous stimuli from male athletes and 
non-athletes
In this study, Oso rio-Mer ca do (2020) found the res pon se of the au to no mic
ner vous system (heart rate, mean ar te rial pres su re, res pi ra tory rate, and
tem pe ra tu re) of a group of young uni ver sity stu dents when ex po sed to axi -
llary odo ri fe rous sti mu li from male ath le tes (Type A) and non-ath le te ma les
(Type B) was eva lua ted. which were ex po sed to cot ton shirts that the men
used for a cer tain pe riod of time. The re sults sho wed sig ni fi cant dif fe ren ces
in odor pre fe ren ce. The se data lead us to spe cu la te that the odor pre fe ren ce
found in this study is that wo men feel more at trac ted to the odor pro du ced
by men who exer ci se as part of their daily rou ti ne; ac cor ding to Alcá zar
(2011) hor mo nal con cen tra tions are hig her in ath le tes than in se den tary
sub jects, which may be due to physi cal ac ti vity; Accor ding to this and with
the re sults we can say that the wo men cho se the male ath le tes be cau se of the 
grea ter hor mo nal load that they pre sent and gi ven this the smell they per -
cei ved from them is more plea sant ac cor ding to Ran ta la (2006) wo men pre -
fer the body odor from symme tri cal men and odor from men with
im mu no com pe tent ge noty pes.

A sig ni fi cant dif fe ren ce in body tem pe ra tu re was found when wo men
were gi ven the Type B odo rant sti mu lus to smell com pa red to when wo men
were at rest, Gros ser (2000) show a sig ni fi cant in crea se in tem pe ra tu re
when hu mans are ex po sed to the Andros ta die no ne phe ro mo ne. We found a 
sig ni fi cant dif fe ren ce in the re sults of heart rate, they tell us that the re is a
sig ni fi cant va ria tion in heart rate when wo men are ex po sed to Type A odo -
ri fe rous sti mu li, ac cor ding to Guz mán (2004) phe ro mo nes, when ac ti va -
ting the VNO, ef fects ap pear au to no mic in crea se in heart rate and in crea se
in alp ha wa ves. For the va lues found for res pi ra tory rate and mean ar te rial
pres su re, no sig ni fi cant dif fe ren ces were found, but in the va lues ob ser ved
in Ta ble 1, we can see that if the re are chan ges in the va lues when the wo men 
are in the ba sal sta te and when they are sti mu la ted by odors, ob ser ving the
mean ar te rial pres su re data, we can get an idea that when wo men sniff the
shirt with the type A odor they suf fer ob ser va ble chan ges, in the same way
when the respiratory rate was measured, changes were observed in this
when women aspire the odoriferous stimuli of both men.
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Summary
With the re sults ob tai ned in this study, we can come to the idea that the ol -
fac tory system, and in par ti cu lar the vo me ro na sal or gan in hu mans, have
an im por tant role in se xual se lec tion in hu mans, and that not only se xual se -
lec tion in hu mans is de ter mi ned by fac tors such as: physi cal at trac ti ve ness,
whe re tall, ath le tic men are ge ne rally pre fe rred, with a waist-hip ra tio of 0.9
and a symme tri cal body, with fa cial cha rac te ris tics such as abo ve- ave ra ge
eye size, pro mi nent jaws, bone and fa cial symmetry (Her nán dez-Ló pez and 
Cer da-Mo li na, 2012).

On the ot her hand, Gram mer (2005) says phe ro mo nes have the po ten -
tial to in fluen ce hu man beha vior and physio logy; and that ol fac tory/phe ro -
mo nal cues pro foundly in fluen ce neu roen do cri ne func tio ning and re gu la te 
a wide va riety of so cial beha viors in clu ding se xual in te rac tions, par ent-
child re la tions hips among ot hers (Ke ller et al. 2009); it can be said that body
odor can pro vi de sig ni fi cant sig nals about the ge ne tic qua lity of a po ten tial
se xual part ner, reproductive status and health (Havlicek et al, 2005).

Physio lo gi cally, it is pos si ble that cor ti sol has a di rect or in di rect link via
adre na li ne to apo cri ne sweat gland ac ti vity that may have ef fects on the at -
trac ti ve ness of body odor. In ad di tion, sweat me ta bo lism by com men sal
mi cro bes may cau se odor of the in di vi dual that is more plea sant de pen ding
on the rate of swea ting (Ran ta la et al, 2006) and evo lu tio na rily, im mu no -
sup pres si ve hor mo nes are said to be es sen tial for the pro duc tion of good
qua lity sperm and thus sper ma to zoa may be less susceptible to autoim -
mune attacks (Skau and Folstad, 2004).

It was found a sig ni fi cant dif fe ren ce in the wo man´s pre fe ren ces with
the male ath le tes; the wo men felt more at trac ted to them. It is as su med that
the se ma les have hig her im mu ne qua lity. The qua li ta ti ve evi den ce in di ca te
it is be cau se of the amount of hor mo nes, the re fo re, we can say the wo men
se lect that odors with a dif fe rent MHC. As men tio ned by Guz mán (2004)
the re is a cer tain de gree of cer tainty that ste roid phe ro mo nes are mo du la -
ting the ac ti vity of the hypothalamic-pituitary axis through the VNO.

This would ex plain the sen sa tion that is ex pe rien ced du ring the at trac -
tion pro cess, and which co llo quially trans la tes into ex pres sions such as “my
heart jum ped” or “even my breath stop ped”, which would speak of the par ti -
ci pa tion of the hypot ha la mic pi tui tary axis and the system au to no mic, with
con se quent chan ges in heart and respiratory rates.

Due to the lack of in for ma tion, this ex pe ri men ta tion allows us to add as
a new re port, the re sults ob tai ned for the neu ro ve ge ta ti ve res pon ses of
heart rate and body tem pe ra tu re, re gis te ring chan ges and even an in crea se
con si de red suc cess ful during olfactory stimulation.

The importance of smell in mate selection in animals and humans

301



References

Alving, W. R., & Kardong, K. V. (1996). The
role of the vomeronasal organ in rattlesnake
(Crotalus viridis oreganus) predatory behavior.
Brain, Behavior and Evolution, 48(3), 165- 172. 
https://doi.org/10.1159/000113195

Baum. J. M., & Kelliher. R. K. (2009)
Complementary Roles of the Main and
Accessory Olfactory Systems in Mammalian
Mate Recognition. Annu. Rev. Physiol.
https://doi.org/10.1146/annurev.physiol.0109
08.163137.

Besli, R., Saylam, C., Veral, A., Karl, B., &
Ozek, C. (2004). The existence of the
vomeronasal organ in human beings. Journal
of Craniofacial Surgery, 15(5), 730-735.

https://10.1097/00001665-200409000-00006

Borgarelli, M. P. (2007). Aporte para el
conocimiento anatomo-funcional del órgano 
vomeronasal humano y su probable
relación con la conducta socio-sexual. Rev.
Argentina de Clínica Neuropsiquiátrica, 16.

Carrillo-Castilla, P., G.I. García-López., N.S.
Gómez-Torres., Venebra-Muñoz, A., and
Aguilera-Reyes, U. 2020. Elección diferencial
de secreciones prepuciales y salivales de
machos por un grupo de cerdas (Sus scrofa).
Rev. Vet. Arg. Vol. XXXVII. No 391. 1-20.

Cerda, M. A. L., Mondragón, C. R. & Díaz, S.
V. (2000). Comunicación química en
primates. Salud Mental. 23 (6): 25-32.
https://www.redalyc.org/articulo.oa?id=5826
2304.

Cingi, C., Altundað, A., & Koçak, Ý. (2013).
Vomeronasal Organ. In Nasal Physiology
and Pathophysiology of Nasal Disorders (pp.
469-473). Springer, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-37250-6_33

Collado, M. G., Rodríguez, C. R., Milian, D.
F., & Rodríguez, O. P. (2014). Nervio
ignorado: nervio craneal cero. Revista
Información Científica, 88(6), 1165-1173.
https://www.redalyc.org/articulo.oa?id=55175
7253020

Conde, P. M. & Menéndez, B. F. J. (2002).
Revisión sobre las técnicas de Biofeedback y
sus aplicaciones. Acción Psicológica. 2:
165-181.
https://revistas.uned.es/index.php/accionpsic
ologica/article/view/550/487

Contreras, F. & Juárez, F. (2003). Efecto del
incremento en el número de señales de
biofeedback-EMG sobre el control muscular
en la hemiplejia. International Journal of
Clinical and Health Psychology. 3(2): 301-312.
https://www.redalyc.org/articulo.oa?id=33730
206

Curtis, R. F., Ballantine, J. A., Keverne, E. B.,
Bonsall, R. W., & Michael, R. P. (1971).
Biological Sciences: Identification of Primate 
Sexual Pheromones and the Properties of
Synthetic Attractants. Nature, 232(5310),
396-398. https://doi.org/10.1038/232396a0

Dosil, J. & González, M. (2003). Técnicas de
biofeedbak aplicadas a la psicología del
deporte. Taller invitado al IX Congreso
Nacional de Psicología del Deporte, León 12-
15 abril.

Doty, R.L., Ford, M., Preti, G. & Huggins, G.
R. (1975). Changes in the intensity and
pleasantness of human vaginal odors during
the menstrual cycle. Science; 190: 1316- 1317.
https://10.1126/science.1239080

Dulac, (2), 195-206. https://
10.1016/0092-8674(95)90161-2

Dulac, C., & Torello, A. T. (2003). Molecular
detection of pheromone signals in
mammals: from genes to behaviour. Nature
Reviews Neuroscience, 4(7), 551-562.
https://doi.org/10.1038/nrn1140

Ferrando, S., & Gallus, L. (2013). Is the
olfactory system of cartilaginous fishes a
vomeronasal system? Frontiers in
neuroanatomy, 7, 37.
https://doi.org/10.3389/fnana.2013.00037

Filsinger, E. E., Braun, J. J., & Monte, W. C.
(1990). Sex differences in response to the
odor of alpha androstenone. Perceptual and
motor skills, 70(1), 216-218.
https://doi.org/10.2466/pms.1990.70.1.216

Fuentes, A., Fresno, M. J., Santander, H.,
Valenzuela, S., Gutiérrez, M. F., & Miralles,
R. (2011). Sensopercepción olfatoria: una
revisión. Revista médica de Chile, 139(3),
362-367.
http://dx.doi.org/10.4067/S0034-98872011000
300013.

Goldsby, A. R., Kindt. J. T., Osborne, A. B., &
Kuby, J. (2004). Inmunología. (5a ed.) México.
Mac Graw Hill Interamericana.

From Animal Models to Humans

302



Grammer, K., Fink, B., & Neave, N. (2005)
Human pheromones and sexual attraction.
European Journal of Obstetrics &
Gynecology and Reproductive Biology.
https://doi.org/10.1016/j.ejogrb.2004.08.010.

Graves, B. M., & Halpern, M. (1990). Roles of
vomeronasal organ chemoreception in
tongue flicking, exploratory and feeding
behaviour of the lizard, Chalcides ocellatus.
Animal Behaviour, 39(4), 692-698.
https://doi.org/10.1016/S0003-3472(05)80380-X

Graziottin, A. (1998). The biological basis of
female sexuality. International Clinical
Psychopharmacology. 13(6): 15-22.
https://doi.org/10.1097/00004850-199807006-
00004Grosser, B.K., Monti-Bloch, L.,
Jennings-White, C., & Berliner, D.L. (2000)
Behavioral and electrophysiological effects of
androstadienone, a human pheromone.
Psychoneuroendocrinology; 25:289-99.
https://doi.org/10.1016/S0306-4530(99)00056-6

Guzmán, G. R. (2004) ¿Cuál es papel de las
feromonas en la conducta sexual humana?
Revista Facultad de Medicina UNAM Vol. 47
No. 1. México.
https://revistas.unam.mx/index.php/rfm/arti
cle/view/12768

Halpern, M., & Martínez-Marcos, A. (2003).
Structure and function of the vomeronasal
system: an update. Prog Neurobiol 70:
245-318. https://doi.org/10.1016/S0301-
0082(03)00103-5

Halpern, M., Daniels, Y., & Zuri, I. (2005).
The role of the vomeronasal system in food
preferences of the gray short-tailed opossum,
Monodelphis doméstica. Nutr Metab (Lond) 2: 6.
https://doi.org/10.1186/1743-7075-2-6

Havlicek, J., Roberts, C. S., & Flegr. J. (2005)
Women´s preference for dominant male
odour: effects of menstrual cycle and
raltionship status. Biology Letters.
https://doi.org/10.1098/rsbl.2005.0332

Hernández-López. E.L., & Cerda-Molina. A.
L. (2012) La selección sexual en humanos.
Salud Ment. Vol.35 No.5 México.
https://www.scielo.org.mx/scielo.php?script
=sci_arttext&pid=S0185- 33252012000500007

Ibarra-Soria, X., Levitin, M. O., & Logan, D.
W. (2014). The genomic basis of
vomeronasal- mediated behaviour.
Mammalian genome, 25(1), 75-86.
https://doi.org/10.1007/s00335- 013-9463-1

Jungblut, L. D. (2012). El sistema olfatorio y
vomeronasal en larvas de anfibios anuros y su
participación en la detección de estímulos
químicos en el ambiente (Doctoral
dissertation, Universidad de Buenos Aires.
Facultad de Ciencias Exactas y Naturales).

Junqueira, L., Carneiro, J. & Contopoulos, A.
(1977). Histología Básica. 2ª. California Lange
Medical Publications. p. 446.

Keller, M., Baum, M. J., Brock, O., Brennan,
P. A., & Bakker, J. (2009) The main and the
accessory olfactory systems interact in the
control of mate recognition and sexual
behavior. Behavioural Brain Research.
ELSEVIER.
https://doi.org/10.1016/j.bbr.2009.01.020

Keverne, E. B. (1999). The vomeronasal
organ. Science, 286(5440), 716-720.
https://doi.org/10.1126/science.286.5440.716.

Kikuyama, S., Yamamoto, K., Iwata, T., &
Toyoda, F. (2002). Peptide and protein
pheromones in amphibians. Comparative
Biochemistry and Physiology Part B:
Biochemistry and Molecular Biology, 132(1),
69-74.
https://doi.org/10.1016/S1096-4959(01)00534-6

Liberles, S. D. (2014). Mammalian
pheromones. Annual review of physiology,
76, 151.
https://doi.org/10.1146/annurev-physiol-02111
3-170334

Liliam, B. H., Hector, B. P., & Odalys, V. N.
(2012, October). Morphophysiology of the
vomeronasal organ as an accessory olfactory
system in humans. In First Virtual Congress
of Morphological Sciences.
http://www.morfovirtual2012.sld.cu/index.p
hp/morfovirtual/2012/paper/viewPaper/300/
474

Loconto, J., Papes, F., Chang, E., Stowers, L.,
Jones, E. P., Takada, T., & Dulac, C. (2003).
Functional expression of murine V2R
pheromone receptors involves selective
association with the M10 and M1 families of
MHC class Ib molecules. Cell, 112(5), 607-
618.https://doi.org/10.1016/S0092-8674(03)001
53-3

Michael, R. P. & Wellegala, J. (1968). Ovarian
hormones and the sexual behavior of the
female Rhesus monkey (Macaca mulatta),
under lab conditions. Journal of Endocrinoly.
41: 407-420.
https://doi.org/10.1677/joe.0.0410407

The importance of smell in mate selection in animals and humans

303



Michael, R. P., Bonsall, R. W. & Kutner, M.
(1975). Volatile fatty acids, “copulins”, in
Human Vaginal Secretions.
Psychoneuroendocrinology. 1(2): 153-163.
https://doi.org/10.1016/0306-4530(75)90007-4

Milinski, M., Croy, I., Hummel, T., & Boehm.
T. (2013) Major histocompatibility complex
peptide ligands as olfactory cues in human
body odour assessment. Proceedings of the
Royal Society B: Biological Sciences.
https://doi.org/10.1098/rspb.2012.2889

Miras Portugal, M. T. (2006). Receptores de
feromonas de mamíferos: supervivencia y
sexualidad. An. R. Acad. Farm, 489-517.
Recuperado de:
https://dialnet.unirioja.es/servlet/articulo?co
digo=2214721

Monti-Bloch, L., Diaz-Sanchez, V.,
Jennings-White, C., & Berliner, D. L. (1998).
Modulation of serum testosterone and
autonomic function through stimulation of
the male human vomeronasal organ (VNO)
with pregna-4, 20-diene-3, 6-dione. The
Journal of steroid biochemistry and
molecular biology, 65(1-6), 237-242.
https://doi.org/10.1016/S0960-
0760(98)00025-9

Moreno, N., & Gonzalez, A. (2006). The
common organization of the amygdaloid
complex in tetrapods: new concepts based on 
developmental, hodological and
neurochemical data in anuran amphibians.
Prog Neurobiol 78: 61-90.
https://doi.org/10.1016/j.pneurobio.2005.12.005

Moreno, N., & Gonzalez, A. (2007).
Evolution of the amygdaloid complex in
vertebrates, with special reference to the
anamnio-amniotic transition. J Anat 211:
151-63.
https://doi.org/10.1111/j.1469-7580.2007.00780.x

Moreno, N., Morona, R., López, J.M., Muñoz,
M., & González, A. (2005). Lateral and medial
amygdala of anuran amphibians and their
relation to olfactory and vomeronasal
information. Brain Res Bull 66: 332-6.
https://doi.org/10.1016/j.brainresbull.2005.05.
017

Muller-Schwarze, D. (Ed.). (2012). Chemical
signals in vertebrates. Springer Science &
Business Media.

Murphy, K., Travers, P., & Walport, M.
(2009) Inmunobiología de Janeway. (7a ed.)
México. Mc Graw Hill.

Osorio-Mercado, L. H. (2020). Cambios en la
respuesta vegetativa de jóvenes
universitarias ante la exposición a estímulos
odoríferos axilares provenientes de varones
deportistas y no deportistas. Tesis de
licenciatura. Universidad Autónoma del
Estado de México.

Papes, F., Logan, D. W., & Stowers, L.
(2010). The vomeronasal organ mediates
interspecies defensive behaviors through
detection of protein pheromone homologs.
Cell, 141(4), 692-
703.https://doi.org/10.1016/j.cell.2010.03.037

Parra, J. E. D., Ríos, J. B., & García, J. F. V.
(2016). El nervio craneal cero (nervio
terminal): una visión interdisciplinaria entre
la neuroanatomía y la neurofisiología.
Archivos de Medicina (Manizales), 16(1),
178-182.
https://doi.org/10.30554/archmed.16.1.271.2016

Placyk, J. S., & Graves, B. M. (2002). Prey
detection by vomeronasal chemoreception in
a plethodontid salamander. Journal of
Chemical Ecology, 28(5), 1017-1036.
https://doi.org/10.1023/A:1015213918739

Preti, G., Cutler, W. B., Christensen, C. M.,
Lawley, H., Huggins, G. R. and Garcia, C. R.
(1987). Human axillary extracts: Analysis of
compounds from samples which influence
menstrual timing. Journal of Chemical
Ecology. 13(4): 717-731.
https://doi.org/10.1007/BF01020154

Quintos-Meneses, H. A.2010. Respuesta
neurovegetativa masculina ante estímulos
olfatorios de secreciones vaginales de
diferentes etapas del ciclo menstrual. Tesis
de licenciatura. Universidad Autónoma del
Estado de México.

Rantala, J. M., Erikksson, P. C. J., Vainikka,
A., & Kortet, R. (2006) Male steroid
hormones and female preference for male
body odor. Evolution and Human Behavior.
ELSEVIER.
https://doi.org/10.1016/j.evolhumbehav.2005.1
1.002

Saavedra, M. O., Fragoso, G. K., Tapia, L. C.
A., Rivero, H. M., & Bolaina, M.E. (2012) El
sistema olfatorio: el sentido de los olores.
Revista de divulgación científica y
tecnológica de la universidad veracruzana.
Volumen XXV. No. 2. México.

From Animal Models to Humans

304



Sarría-Echegaray, P. L., Artigas-Sapiaín, C.
E., Rama-López, J., & Tomás-Barberán, M.
D. (2014). Órgano vomeronasal: Estudio
anatómico de prevalencia y su función.
Revista de otorrinolaringología y cirugía de cabeza 
y cuello, 74(2), 115-122.
http://dx.doi.org/10.4067/S0718-48162014000
200005

Scalia, F., Gallousis, G., & Roca, S. (1991).
Differential projections of the main and
accessory olfactory bulb in the frog. Journal
of comparative neurology, 305(3), 443-461.
https://doi.org/10.1002/cne.903050308

Shine, R. (2003). Reproductive strategies in
snakes. Proceedings of the Royal Society.
https://doi.org/10.1098/rspb.2002.2307

Silva, L., & Antunes, A. (2017). Vomeronasal
receptors in vertebrates and the evolution of
pheromone detection. Annual review of
animal biosciences, 5, 353-370.
https://doi.org/10.1146/annurev-animal-0225
16-022801

Skau, P. A., & Folstad, I. (2004). Does
immunity regulate ejaculate quality and
fertility in humans? Behavioural Ecology.
https://doi.org/10.1093/beheco/ari004

Stoddart, D. M. (2006). The Scented Ape: The 
Biology and Culture of Human Odour.
Cambridge University Press. Tasmania. pp.
10-17.

Thornhill. R., & Gangestad. W. S. (2006)
Facial sexual dimorphism, developmental
stability, and susceptibility to disease in men
and women. Evolution and Human Behavior. 
https://doi.org/10.1016/j.evolhumbehav.2005.
06.001

Vosshall, L. B. (2001). How the brain Sees
Smells. Developmental Cell. 1: 1-
20.https://doi.org/10.1016/S1534-5807(01)0007
8-8

Wirsig-Wiechmann, C. R., Houck, L. D.,
Feldhoff, P. W., & Feldhoff, R. C. (2002).
Pheromonal activation of vomeronasal
neurons in plethodontid salamanders. Brain
Research, 952(2), 335-344.
https://doi.org/10.1016/S0006-8993(02)03369-3

Wysocki, C. J. & Preti, G. (2009). Human
Pheromones: What´s Purported, What´s
Supported. Journal of Taste and Smell
Research. 1-21.

Zancanaro, C. (2014). Vomeronasal Organ.
Neurobiology of chemical communication.
EDITORIAL.???

Zeller, F. L. (2007). Anatomía normal y
frecuencia del órgano vomeronasal de
Jacobson (OVN) en fetos humanos. Revista
Argentina de Urología, 72(1), 17

The importance of smell in mate selection in animals and humans

305





XV

Lactation in humans: the long path
from animal studies to
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Introduction
The most im por tant cha rac te ris tic of class Mam ma lia is the pro duc tion of
milk from mam mary glands in the mot her to nou rish their young. We, as
mam mals, are very fa mi liar with this im por tant re pro duc ti ve pro cess in na -
tu re and con si der that this is the pro per, na tu ral way to feed new borns af ter
birth. Ho we ver, at the same time, many from our spe cies con si der this is
right “for ani mals”, as we were not mam mals! As we will see in this chap ter
this is due to a ge ne ral lack of edu ca tion on breast fee ding be ne fits for the
offspring and the mot her, in the ge ne ral po pu la tion and even in health pro -
fes sio nals. Be si des the re are se ve ral so cial and go vern men tal ba rriers that
co llec ti vely im pact on the es ta blish ment of a suc cess ful breast fee ding. Due
to the im por tan ce of breast fee ding for the nou rish ment, health, and bet ter
de ve lop ment of the young af ter years of stud ying ma ter nal beha vior and
lac ta tion in la bo ra tory ani mal mo dels we de ci ded to fo cus on ma ter nal lac -
ta tion in our spe cies. It had been a fas ci na ting jour ney full of new re search
op por tu ni ties, with an ad di tio nal ad van ta ge to ba sic re search: it is in hu -
mans. Unfor tu na tely, fre quency of breast fee ding in Mé xi co is low and dif -
fe rent fee ding prac ti ces for new borns and in fants, dif fe rent than breast-
milk, are in crea sing dra ma ti cally with im por tant ne ga ti ve con se quen ces.
Lack of breast fee ding is as so cia ted to se ve ral health pro blems in clu ding in -
fec tions and hig her pro ba bi lity to de ve lop se ve ral co mor bi di ties. In fact, in
pa ra llel to the low fre quency of breast fee ding Mé xi co is one of the world
cham pions in over weight, obe sity and dia be tes. As we will see, this line of
re search has a great so cial im pact be cau se breast fee ding is the ba sis of a
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bet ter health for the in fant with long las ting ef fects in adults. But the jour -
ney of this trans la tio nal re search be gun around 30 years ago.

Everything starts with the rabbit
Rab bits are unu sual among mam mals. Unli ke ro dent and hu man new borns 
which suck milk se ve ral ti mes du ring the day and night, rab bit does nur se
their pups only one time every 24 hours. Eit her in the wild and in la bo ra tory
con di tions af ter par tu ri tion the mot her lea ves pups in the nest and re turn
around 24 hours la ter for a few mi nu tes. Du ring this short time, she only
nur ses their pups and does not en ga ge in ma ter nal beha viors as lic king and
re trie ving as in ot her mam mals. Du ring this mo ment pups en ga ge in a
com pe ti tion for the nip ples to suck milk. After wards she lea ves the nest and
pups re mains mostly quies cent most part of the time. Ho we ver around 21
hours la ter, three hours be fo re the next vi sit of their mot her they stea dily in -
crea se their ac ti vity and at mot her arri val they show strong lo co mo tor beha -
vior and par ti cu lar vo ca li za tions. This in crea se in alert ness is na med food
an ti ci pa tory ac ti vity (FAA), which is a phe no me non also stu died in adult ro -
dents. But as ro dents eat se ve ral ti mes du ring their ac ti ve pe riod, they need
to be food de pri ved and then fed one time in 24 hours. This in vol ves se ve ral
ma ni pu la tions and stress for the sub jects. In sharp con trast rab bit pups na -
tu rally eat just one time in 24 hours. For this rea son, they are con si de red a
more na tu ral mo del to study FAA phe no me non (Caba et al., 2008). Once
sub jects learn that food is avai la ble every day at the same hour for just a
short pe riod of time, they de ve lop FAA even whet her food it is not avai la ble
for at least two days. This is a very in te res ted phe no me non. It had been pro -
po sed that FAA is con tro lled by a pu tati ve os ci lla tor con tro lled by food. But
to date the lo cus of the pos si ble os ci lla tor had not been iden ti fied eit her in
the ner vous system or in pe rip he ral or gans (Caba 2021; Mistlberger 2020).
Anot her pro po sal is that the re is an in ter play of os ci lla tors bet ween the ner -
vous system and pe rip he ral or gans. On this sen se re cent re search from our
la bo ra tory pro po sed a pos si ble im por tant link bet ween the brain and or -
gans in ner va ted by the au to no mic system. A par ti cu lar group of oxy to cin
pro du cing cells in a sub re gion of the cau dal part of the hypot ha la mic pa ra -
ven tri cu lar nu cleus are ac ti va ted at the time of FAA. The se cells are in a re -
gion of pre gan glio nic cells of the au to no mic ner vous system that pro ject to
pe rip he ral or gans as the li ver and adre nal glands. This fin ding sug gests that 
the se cells could be part of the os ci lla tory net work bet ween brain and the
pe rip hery that sus tain FAA (Caba et al., 2021a; Caba et al., 2021b). This pro -
po sal rein for ces the idea that FAA is con tro lled by an os ci lla tory net work.
Mo reo ver, the mot her also seems to have a si mi lar os ci lla tory me cha nism
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with cir ca dian pe rio di city. Be fo re their re turn to nur sing every 24 h the
mot her also has an in crea se in lo co mo tor beha vior and the re is an in crea se
in ac ti va tion of some brain re gions. Of note we found that the re is an ac ti va -
tion of the me so lim bic system and ot her areas re la ted to mo ti va tion and re -
ward be fo re nur sing (Agui rre et al., 2017; Huer ta et al., 2023). This sug gests
that she is mo ti va ted around every 24 h to vi sit their pups for nur sing. Spe ci -
fi cally, it had been pro po sed that du ring this time suc kling of the pups plays
a main role (Gon zá lez-Ma ris cal et al., 2013; Huer ta et al., 2023). A fas ci na -
ting story of clocks synchro ni za tion, by food in the pups and suc kling sti -
mu lus in the mot her, with cir ca dian pe rio di city. Milk is at the cen ter of this
phe no me non.

The re search on this dyad model on ma ter nal be hav ior and lac ta tion
con tin ues. But sud denly a ques tion arose, which is the state of the art of ma -
ter nal be hav ior and lac ta tion stud ies in hu mans? How to study these top ics
in con sid er ing that ac a demic train ing in neurosciences usu ally fo cus on ba -
sic sci ence in lab o ra tory an i mal mod els. Be sides there are eth i cal im por tant 
is sues to do re search in hu mans. But what about to start with non-in va sive
meth ods of re search? As for ex am ple a cen sus about ma ter nal lac ta tion
prac tices and bar ri ers in our pop u la tion? Or per haps milk anal y sis? With
these ideas in mind, we de cided to en ter to this new fas ci nat ing line of re -
search. First, we will fo cus in one of the most mar vel ous biofluids in na ture:
milk. We will ex plore the com po si tion of this com plex fluid and their “flex i -
bil ity” across time and phys i o log i cal con di tion of the mother and child. Af -
ter we will fo cus on a cen sus about ma ter nal lac ta tion prac tices in Xalapa
city in México. Then we will de scribe some of our on go ing re search lines on
these top ics as well as in ed u ca tional pro grams about the im por tance and
ben e fits of breast feed ing for the young and the mother.

First was the egg
Although we are fa mi liar with lac ta tion in mam mals it is con si de red that
mam mary gland se cre tions evol ved in a group of synap sid rep ti les, con si de -
red mam ma lian an ces tors, around 250 mi llion years ago. The se ani mals lay
par chment-she lled eggs which dehy dra te fas ter than ri gid-she lled eggs of
birds. Then the se cre tion from their glands pro vi des them wa ter which was
ab sor bed through the shell to pre vent de sic ca tion, and it is pos si ble that
some ions and nu trients were also se cre ted and ab sor bed (Ofte dal, 2002).
Mam ma lian an ces tors la ying eggs? Yes, in deed this is not sur pri sing. Mo -
dern mo no tre mes as platy pus and echid na, both mam mals, lay and in cu ba -
te eggs and af ter hat ching, they nur se their im ma tu re young, not from
nip ples but through ope nings in their skin. But un li ke synap sids that se cre -
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te mostly wa ter from their glands, mo no tre mes as well as all mam mals se -
cre te, be si des wa ter, a com plex array of mo le cu les and cells, a bio fluid
known as milk, which was de ve lo ped du ring around 250 mi llion years of
evo lu tion. This evo lu tio nary pro cess be gan at the end of the Trias sic pe riod
and se ve ral morp ho lo gi cal, bio che mi cal, physio lo gi cal and beha vio ral
adap ta tions both in the mot her and in the young were de ve lo ped. As a re -
sult, a com plex fluid known as milk was pro du ced which is con si de red the
gold stan dard for in fant nutrition.

Milk, a complex biofluid
World Health Or ga ni za tion rec om mends that the new born must be fed
only with milk dur ing at least the first six months of age; noth ing else, like
wa ter, tea, etc. This is be cause milk it con tains all nu tri tive and nonnutritive 
nec es sary el e ments for the proper growth and de vel op ment of the new born
(Camacho-Mo rales et al., 2021). At birth, the hu man in fant it is im ma ture,
and their pri or ity is sur vival. Un like the gen eral be lief that milk con tain only 
nu tri ents like pro teins, fats and car bo hy drates, it is well known that milk
con tains a myr iad of im mu no log i cal fac tors, both mol e cules and cells to
help in fant sur vive dur ing this crit i cal pe riod af ter birth where he is ex -
posed to a myr iad of patho gens. These fac tors be long to ei ther cat e gory of
the macronutrients: Fats: long chain-fatty ac ids; Pro teins: lactoferrin,
lysozyme, Se cre tory IgA, a-Lactalbumin, osteopontin, am y lase and carbo-
hidrates: milk oli go sac cha rides, just to name a few mol e cules which con fer
pas sive and ac tive im mune pro tec tion of the ne o nate. Be sides, milk also
con tains growth fac tors and bi o log i cally ac tive cells as leu ko cytes, ep i the lial 
and stem cells. Also, in con trast to the old be lief that milk is ster ile, a com -
plex bal ance of probiotic bac te ria and other mi cro or gan isms, are se creted
by the breast, which col o nize the in fant’s gut. In re cent years non-codificant 
mi cro Ri bo nu cleic ac ids (miRNAs) were dis cov ered in milk and are cur -
rently stud ied. It had been pos tu lated that they par tic i pate in reg u la tion of
many im mu no log i cal and de vel op men tal pro cesses (Witkowska-Zimny
and Kaminska-El-Hassan, 2017; Fig. 1). Be sides their rich and com plex com -
po si tion milk also have some re mark able prop er ties. Their com po si tion
changes ac cord ing to the diet and phys i o log i cal con di tion of the mother
and in fant health sta tus (Camacho-Mo rales et al., 2021). These ad ap ta tions
are very im pres sive be cause im pli cates that milk can be “per son al ized” ac -
cord ing to in fant’s re quire ment. But even more, milk com po si tion also
changes across time, not only from colostrum upon par tu ri tion to ma ture
milk weeks and months later, but even more, it changes ac cord ing to the
time of day and night.
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Why newborn babies ask for milk during the night?
Rab bit pups eat, suck milk, just one time every 24 hours. That is enough for
around the first 15 days of age. Then their eyes are open, and be si des milk,
they start to con su me so lid food mostly du ring their ac ti vity pe riod. But the
hu man baby af ter birth begs for food cons tantly du ring day and night.
Why? Why the system is not as ef fec ti ve as that of rab bit pups? This is an im -
por tant is sue which had re cei ved scar ce at ten tion and the ans wer it is
clearly on sight. Du ring their de ve lop ment in the womb, the fe tus was ex po -
sed to daily chan ges in the mot her. All the me ta bo li tes, hor mo nes, tem pe ra -
tu re, beha vior in the mot her and in our en ti re spe cies have cyclic chan ges
every day and night, known as cir ca dian rhythms. Then the de ve lop ment of
the baby en sued un der a rhythm mi lleu du ring around nine months. Sud -
denly this rhythmic en vi ron ment is in te rrup ted by par tu ri tion. But na tu re
crea tes the per fect sub sti tu te: rhythmic breast milk.

All we know that milk has nu tri ti ve com pounds, i.e., it is food. Few know 
that milk also have im mu no lo gi cal com po nents, as men tio ned abo ve,
which are cru cial for their sur vi val par ti cu larly du ring the first months of
life when their im mu ne system it is im ma tu re. But in ge ne ral, the po pu la -
tion does not know that milk com po nents also have rhythmic chan ges.
Indeed, it has cir ca dian rhythms (Caba-Flo res et al., 2022b). The se rhythms
are daily chan ges im po sed by our diur nal ac ti vity pat tern which is synchro -
ni zed by the sun’s light every day. Then af ter de li very the baby ask for food,
in this case milk, day and night, yes, but ask for “cir ca dian milk”. Re cently
the re is great in te rest in chro no nu tri tion, the scien ce of how tem po ral ea -
ting pat terns, the me ta bo lism and the cir ca dian clock in te racts and af fect
the hu man health (Fla na gan et al., 2021). Re cently this to pic is re cei ving at -
ten tion in re la tion to breast milk be cau se it had been de mons tra ted that has
important benefits and clinical applications for infant’s health.

Sev eral hor mones, as glucocorticoids, melatonin (MEL), and leptin,
among oth ers, had been dis cov ered in milk and they have cir ca dian vari a -
tions. For ex am ple, glucocorticoids, as cortisol (CORT), in crease in the early 
morn ing and de crease later in the day. In sharp con trast the hor mone MEL
is se creted only dur ing the night. In adults it is con sid ered that the cy clic
pat tern of these two hor mones com mu ni cate “time of day” to the body. Spe -
cif i cally, they are re lated to ac tiv ity dur ing the day and rest dur ing the night. 
Sev eral other mol e cules also had been ex plored. The hor mone leptin
reaches high est lev els dur ing the night whereas lipids are higher dur ing the
day and lower dur ing the night. These com pounds cir cu late in the blood
plasma then are trans ferred to milk in the mother’s breast, and are in gested
by the new born. On this way the ne o nate con tin ues to re ceive time cues
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from the mother through milk. For this rea son, the in fant awakes dur ing
the night, in gest milk and con tinue sleep ing. Many other com po nents as
aminoacids and nu cleo tides had cir ca dian vari a tions and their changes had 
been tested on in fants. Lev els of the aminoacidic tryptophan in crease in the
night and are higher at around 04:00, h then lev els de crease dur ing the last
part of the night and dur ing the day, reach ing low est lev els in the eve ning,
to then in crease again in the night. This pat tern is main tained dur ing sev -
eral months in colostrum, tran si tional and ma ture milk. In re la tion to nu -
cleo tides, adenosine 5’monophosphate (5’AMP), guanosine 5’phosphate
and uridine 5’phosphate (5’UMP) had higher lev els at night. In con sid er ing
the higher in crease of tryptophan and nu cleo tides dur ing the night they
were added to milk for mu las and ce re als fed by in fants at night time, and
they sig nif i cantly im proved sleep qual ity (Cubero et al., 2007, 2009). Among 
the many other nu tri tional and non-nu tri tional com pounds with cir ca dian
rhythms in milk some are very in trigu ing. 2-arachidonoyl glyc erol (2-AG)
con cen tra tions is higher dur ing the tran si tion be tween day and night. This
lipid is a cannabinoid, an en dog e nous sub stance sim i lar to prod ucts from
the Can na bis sativa plant, com monly known as mar i huana. In con sid er ing
the role of these com pounds in hun ger and hedonic states in adults it is pos -
si ble that they could play sim i lar ac tions in the baby. Ex per i ments in lab o ra -
tory an i mals dem on strate that 2-AG it is es sen tial for the nor mal de vel op -
ment of the mouth mus cles as the ad min is tra tion of a 2-AG an tag o nist on
postnatal day one in mice, dis rupt de vel op ment of those mus cles and the
pups are un able to suck milk and die of star va tion (Fride, 2004). To date
noth ing it is known about the phys i o log i cal ac tion of 2-AG in the hu man ne -
o nate but in con sid er ing the above ev i dence it is pos si ble that 2-AG may play 
an im por tant role. An other sub stance also found in hu man milk is b-en dor -
phin (b-EP), and en dog e nous opioid, again, sim i lar to opioid al ka loids
found in the poppy plant Papaver somniferum. b-EP it is pres ent in colostrum
in higher con cen tra tion than in tran si tional and ma ture milk. More over,
their con cen tra tion in colostrum is two fold higher than in mother’s plasma. 
It had been pro posed that this high con cen tra tion helps the new born to
over come the stress of par tu ri tion and per haps con trib ute to their well-be -
ing through out the lac ta tion pe riod (Zanardo et al., 2001). Be sides, it is pos -
si ble a role in pain and sleep mod u la tion in ba bies, which had not been ex -
plored. Also, it not known whether b-EP se cre tion in the milk has a cir ca -
dian rhythm. As can be ap pre ci ated the call of the ba bies dur ing the night
goes be yond the nu tri tional value of milk. It also re quests the dif fer ent con -
cen tra tion of many sub stances, be sides that of nu tri ents, but very lit tle had
been ex plored about their phys i o log i cal im por tance on the ne o nate.
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Other milk com po nents also have a pat tern of cir ca dian se cre tion, but
they are mainly found du ring the day. The re is evi den ce that some im mu no -
lo gi cal fac tors as im mu no glo bu lins IgA, IgM and IgG are se cre ted in co los -
trum, tran si tio nal and ma tu re milk mainly du ring the day. C3 and C4, com -
ple ment pro teins that des troy pat ho gens are also found du ring the day in
co los trum. A more com plex pat tern had been re por ted in re la tion to cyto ki -
nes. In co los trum, some as IL-6 and TNF, have hig her con cen tra tions du -
ring the day whe reas IL-2 and IL-10 are hig her du ring the night. This ten -
dency chan ges in re la tion to ma tu re milk on the se and ot her cyto ki nes (Mo -
rais et al., 2015). Then, the re is a com plex dyna mic pat tern on the concen-
tration of these immunological factors trough time.

Be si des it had been re por ted an in te rac tion with MEL, which is se cre ted 
only du ring the night as men tio ned abo ve, and lymphocy tes. This blood
cells con tain MEL re cep tors in their plas ma tic mem bra ne and in vi tro ex pe -
ri ments de mons tra tes that MEL in crea ses the pha gocy tic ac ti vity of some
lymphocy tes from co los trum against pat ho gens. Be si des MEL also re gu la -
tes ac tion of pro-in flam ma tory cyto ki nes (Rev. in Caba-Flo res et al., 2022b).
To get her the se evi den ce points to the im por tan ce of the com pounds of milk 
du ring the day and night and their benefits for the infant.

Importance of circadian rhythms for the infant
The pleth ora of rhyth mic vari a tions of nu tri tive and non-nu tri tive milk
com po nents through the day and night must be of im por tant phys i o log i cal
rel e vance for the in fant. As men tioned above, tryptophan and some nu cleo -
tides were tested in in fants. This aminoacid and nu cleo tides 5-AMP and
5’UMP were added to for mula milk to chil dren age 1-5 months to test their
ef fect on sleep. Chil dren re ported a gen eral im prove ment in sleep pa ram e -
ters. The same group of re search ers in a dif fer ent ex per i ment en riched ce -
real with the same aminoacid and nu cleo tides, in chil dren of sim i lar age,
and also sleep pa ram e ters were im proved. This ev i dence is im por tant as
5-AMP in duce sleep in adults and tryptophan is a MEL pre cur sor. It is well
known that MEL fa cil i tate sleep in adults. Other re search ers had re ported
that breast feed at will, dur ing the day and the night im prove sleep pa ram e -
ters and de crease colic and ir ri ta bil ity ep i sodes, in con trast to in fants fed
with milk for mu las (Co hen Engler et al., 2012) In gen eral the ev i dence sup -
ports the as sump tion that breastmilk con tain chronobiotic sub stances that
im prove sleep and the well-be ing of ba bies (see revs. Caba-Flores et al.,
2022; Hahn-Holbrook et al., 2019; Fig. 1; Flanagan et al., 2021).

Be si des the im por tan ce of the sub stan ces in milk for the wel fa re of in -
fants the con trol of ligh ting also dra ma ti cally in crea ses not only health but
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even sur vi val of new borns. Pre ma tu re ba bies usually are main tai ned in
strong cons tant light through 24 h at the neo na tal in ten si ve care fa ci li ties.
When they were ex po sed only for 12 h to light of the room and 12 h to dim
light, they at tai ned hig her food in ta ke, body weight and oxy gen con sump -
tion in less days than new born ex po sed to cons tant strong light. The re fo re,
they were dis char ged early from the neo na tal in ten si ve care unit than ba -
bies that were main tai ned in cons tant light du ring 24 h (Vás quez-Ruiz et al., 
2014). The ove rall evi den ce con firms the great im por tan ce of breast fed the
in fant at will, du ring the day and the night and in ge ne ral the im por tant be -
ne fits of cir ca dian rhythms for the pro per de ve lop ment and health of the
infant. Unfortunately, very few studies had explored this issue.

Long term benefits of breastfeeding
Upon birth breast milk pro tect against gas troin tes ti nal, lung and ear in fec -
tions de crea sing the risk of pneu mo nia and chro nic diarr hea and im pro ve
sig ni fi cantly a “healthy” mi cro bio ta in the gut (Vic to ra et al., 2016). But also,
the re are long term be ne fits. A plet ho ra of stu dies in di ca tes that breast milk
had be ne fits to pre vent die tary di sor ders and se ve ral co mor bi di ties. Breast -
milk de crea ses the risk of over weight and obe sity, dia be tes and me ta bo lic
di sor ders in in fants with long las ting ef fects un til adult hood in sharp con -
trast to bott le-fed in fants. It is known that milk con tains se ve ral hor mo nes
as lep tin, ghre lin, adi po nec tin and obes ta tin which are re la ted to the con -
trol of me ta bo lism and they seem to have a main role in the epi ge ne tic me -
ta bo lic pro gram ming of the in fant (Ba di llo-Suá rez et al., 2017). As an
exam ple, se ve ral risk fac tors lead to over weight and obe sity, ge nes, among
them. Indi vi duals with the gene FTO have a hig her pre dis po si tion to de ve -
lop over weight and obe sity among ot her co mor bi di ties as type 2 dia be tes.
In a lon gi tu di nal study of 5590 chil dren, it was de mons tra ted that breast -
feed in fants for at least 5 months of age have a de crea sed risk to de ve lop
over weight and obe sity des pi te they were FTO gene ca rriers, in con trast to
milk for mu la fed in fants (Wu et al., 2017).

It is evi dent that not hing can re pla ce the com ple xity and be ne fits of
breast milk. It is in te res ting to com pa re that the huge in crea se in pro fits and 
pro duc tion of milk for mu las grows in pa ra llel to over weigh, obe sity and ot -
her co mor bi di ties in chil dren and in adults in the world. Be si des, the lack of
pro per breast fee ding in du ces more than 500,000 child deaths/year (Wal -
ters et al., 2019). Fi nally breast fee ding pro mo tes at tach ment bet ween mot -
her and child, pro mo tes a bet ter neu ro lo gi cal and psycho lo gi cal de ve lop -
ment of the in fant and im pro ves their per for man ce in intelligence tests
(Horta et al., 2015; Victora et al., 2016).

From Animal Models to Humans

314



Breastfeeding is excellent for nutrition and health, then why their 
prevalence is low?
In con si de ring the mul ti ple be ne fits of breast fee ding, then why their pre va -
len ce is low? We con si der that the re are two main fac tors. One is the ab sen -
ce of in te rest in the Uni ver si ties as none in Mé xi co have in their aca de mic
pro grams a for mal class in lac ta tion and their be ne fits for a bet ter health.
The se cond is a lack of ef fec ti ve go vern men tal sup port to an ef fec ti ve pro -
gram to in crea se breast fee ding. In con si de ring our so cial res pon si bi lity
with the so ciety we de ci ded to im ple ment a broad pro gram co ve ring two
main points: re search and edu ca tion. In the fo llo wing sec tions we will des -
cri be some of our on going re search pro jects.

Immunological compounds in milk
Milk’ anal y sis is a fas ci nat ing field of work, but how start their anal y sis in
our pop u la tion? How milk can be col lected and stored, and then which
meth od ol ogy needs to be used? As a first ap proach we aimed to use flow
cytometry to ex plore leu ko cytes in ma ture breastmilk sam ples col lected
dur ing an in ter val of 60 days, from 8-9.5 months of lac ta tion. Af ter re view -
ing sev eral re ports, and in con sid er ing our ex pe ri ence on this tech nique, we 
im ple mented a meth od ol ogy to an a lyze some leu co cyte T cells pop u la tions.
In par al lel of breastmilk sam ples, we gather clin i cal in for ma tion of the
mother and the in fant. We found a mean of 30.3% of CD3+, 19.2% of CD4+,
10.5% of CD8 and 2.9 of  gd, lym pho cyte T cells. No dif fer ence was ob served
in most lym pho cyte cells through out the study, ex cept in a subpopulation of 
gd T cells. At day six teen of sam pling the clin i cal re port in di cates that the
baby had a pro cess of vi ral in fec tion and the num ber of a subpopulation of
gd T cells showed a 9.9 fold in crease. Then at day 40 of sam pling the clin i cal
re port also in di cates that the mother had a pe riod of asthenia, and the same
pop u la tion of T cells had a sig nif i cant de crease in com par i son to mean basal 
lev els. The im pli ca tions of these re sults are amaz ing as they sug gest that
there is a bidirectional com mu ni ca tion be tween the mother and the baby as
the breastmilk con tent of T cells in creases in re sponse to the in fant needs to
help con trol the vi ral in fec tion. On the other hand, the re sults also show that 
the psy cho log i cal state of the mother also can af fect the com po si tion of the
milk, on this case that pop u la tion of T cells, which can have im por tant con -
se quences for the health of the in fant (Caba-Flores et al., 2022a). Our re sults
are im por tant in con sid er ing that breast feed ing it is very im por tant for the
first 1,000 days of life. Dur ing this pe riod milk com po nents con trib ute to
the to the met a bolic and phys i o log i cal pro gram ming of the new born which
has con se quences for the rest of their life. Be sides that, we re cently pro -
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posed how breast feed ing trough milk com po nents, in clud ing their mi cro-
biome, con trib ute strongly pro gram ming of the im mu no log i cal sys tem of
the in fant (Camacho-Mo rales et al., 2021). Dur ing this time frame af ter
birth the new born also in gest toxic com pounds pres ent in the mother’s
milk. Re cently we par tic i pated in a global ef fort of the United Na tions
through the Stock holm con ven tion to mon i tor toxic com pounds in
breastmilk in the world. Our re search is the ref er ence for México which will
be used for pub lic health pol i cies to con trol the re lease of toxic com pounds
in the en vi ron ment (Martínez-Valenzuela et al., 2022).

Maternal attachment
Du ring mot her hood the re are se ve ral chan ges in the physio logy and the
brain as the mot her fa ces new cha llen ges. The most im por tant is to feed and 
pro tect her new born. Se ve ral chan ges in the brain had been iden ti fied in
neu ral struc tu res as the hip po cam pus, hypot ha la mus and the ce re bral cor -
tex and co llec ti vely they had been na med “ma ter nal brain”. The se stu dies
had been per for med mainly in la bo ra tory sub jects. In hu mans some evi den -
ce about chan ges in the brain had been ob tai ned on ba sis of elec troen cep ha -
lo grap hic re cor dings and re so nan ce ima ging stu dies, pe rip he ral re lea se of
hor mo nes and psycho lo gi cal stu dies. After par tu ri tion in the brain the re is
an ac ti va tion in the amy gda la, the stria tum and the su pe rior fron tal gyrus,
among ot her areas, which had been as so cia ted to a hig her sen si ti vity and
res pon se to her in fant (Kim et al., 2011). This evi den ce sug gests that the
mot her is in a sta te of high arou sal in com pa ri son to no-mot hers. In con si -
de ring the stu dies in la bo ra tory ani mals, as men tio ned pre viously about an
in crea se in glu co cor ti coids du ring high arou sal sta tes, we hypot he si zed a
hig her con cen tra tion of glu co cor ti coids in lac ta ting mot hers in com pa ri -
son to con trol, no-lac ta ting, no-preg nant wo men. Then we per for med an
ex pe ri ment in which we tes ted the reac ti vity of lac ta ting wo men to an ima -
ge of a baby or to an adult wo man in com pa ri son to con trols. Be fo re and af -
ter ima ge pre sen ta tions we re cor ded their elec tri cal ac ti vity and co llec ted
sa li va sam ples to de ter mi ne the hor mo ne cor ti sol. To date we al ready com -
ple ted the pro ces sing and analy sis of sa li va sam ples. To our sur pri se, in con -
trast to our hypot he sis lac ta ting wo men had sig ni fi cantly lo wer concen-
tration of cor ti sol in the ba sal sta te, be fo re ima ge pre sen ta tions, than con -
trols. Inte res tingly le vels furt her de crea se af ter an ima ge of an adult wo man 
but in crea se again af ter the ima ge of a baby. It is con si de red that glu co cor ti -
coids are “stress hor mo nes” which in crea se their le vels du ring stress ful si -
tua tions to help face an im mi nent threat. But high le vels of the se hor mo nes
are harm ful and lead to se ve ral health physi cal and psycho lo gi cal pro blems
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as high blood pres su re, weight gain, an xiety, and de pres sion. In fact, it had
been re por ted that lac ta tion is as so cia ted to a de crea sed ac ti vity of the
hypot ha la mic-pi tui tary-adre nal axis that con trol the re lea se of cir cu la ting
glu co cor ti coids (Hein richs et al., 2001). Low le vels of glu co cor ti coids du ring 
lac ta tion are im por tant as the se hor mo nes are trans fe rred from the blood
to the milk and then to the baby, and they can have ne ga ti ve con se quen ces
on the in fant de ve lop ment (Ma nue la et al., 2021). Then our re sults agree
with the pro po sal that low le vels of glu co cor ti coids du ring lac ta tion are
adap ti ve to pro tect the pro per de ve lop ment of the in fant des pi te the mot her 
is un der a high sta te of physi cal and psycho lo gi cal pres su re (rev. Alman -
za-Se pul ve da et al., 2020). This can lead to psycho lo gi cal dis tur ban ces in the 
mot her which can also influence the infant.

Prevalence of breastfeeding and psychological state of mothers in 
Veracruz
The re are no data about breast fee ding pre va len ce in the sta te of Ve ra cruz.
The only data avai la ble for the country of Mé xi co had been ob tai ned from a
na tio nal sur vey about nu tri tion and health sta tus na med ENSANUT. World
Health Orga ni za tion (WHO) re com mends that new borns need to be fed ex -
clu si vely with breast milk for at least the first six months of age, which is na -
med ex clu si ve breast fee ding (EBF). EBF in ENSANUT 2012 sur vey was
14.4%, one of the lo west ra tios in La tin Ame ri ca. In the sur vey of 2018, the
pre va len ce in crea sed to 28.6% (ENSANUT, 2018). Although still low this
data in di ca tes a sig ni fi cant EBF im pro ve ment. No data were re por ted from
Ve ra cruz and also for any ot her sta te of the country. The num ber of wo men
in the sur vey were only 350, which is roughly 11 mot hers per every sta te of
the country! In con si de ring this we de ci ded to gat her a cen sus in some re -
gions of the sta te of Ve ra cruz, but the first ques tion was, which ques tio nary
should be used? Our idea was to know pre va len ce of EBF in com pa ri son to
ot her fee ding prac ti ces and also ex plo re about ba rriers for es ta blish ment
and pre va len ce of EBF. Be si des we also wan ted to ex plo re pre va len ce of
mood di sor ders in re la tion to breast fee ding in com pa ri son to ot her fee ding
prac ti ces. Soon we rea li zed that the only ques tio nary avai la ble in Mé xi co
was that of ENSANUT, but it is very long with broa der sco pe than our ob jec -
ti ves. Then we de sig ned a ques tio nary with 20 ques tions which was va li da -
ted by two Physi cians with post gra dua te de grees in epi de mio logy. This was
a long pro cess with three main steps. The first one was to de sign a first set of 
ques tions with dif fe rent op tions. They were sent to 7 health pro fes sio nals in 
me di ci ne, nur sery, psycho logy, nu tri tion, and in ter na tio nal cer ti fi ca tion in
lac ta tion (IBCLC). They sent us com ments and co rrec tions to the ques tions
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and sug ges ted ad di tio nal ques tions. With this in for ma tion we or ga ni zed a
se cond set of ques tions, and we ob tai ned a con fi dent sta tis ti cal sig ni fi can ce 
(p<0.05; To rres-Mo ra les et al., 2021) about the re lia bi lity of the ques tio nary.
Then it was ap plied to a group of 20 mot hers with ba bies less than two years
old. The same ques tio nary was ap plied to the same mot hers one month la -
ter. Again, we ob tai ned an in dex of re lia bi lity about their ans wers and the
epi de mio lo gists con si der that the ques tio nary was ready to apply to a broa -
der po pu la tion. So far, we had ap plied the sur vey to 347 wo men ol der than 18 
years old. To our sur pri se the pre va len ce of EBF was 61%. 29% of the mot hers 
breast feed in com bi na tion with milk for mu las and only 10% feed their ba -
bies ex clu si vely with milk for mu las. 17% of the mot her’s re port that a physi -
cian re com mends feed the ba bies with milk for mu las. De pres sion in dex in
mot hers with EBF was 8.4%, 12.5% in mot hers that feed their baby with milk
for mu las and 18% in mot hers that breast fed and use milk formulas.

Our re sults are im por tant as they are the first re liably data about breast -
fee ding prac ti ces in the sta te of Ve ra cruz. The sur vey was con duc ted mainly 
in Xa la pa city and a few data were ob tai ned from ot her small towns in the
sta te. The sur vey is de mons tra ting a much hig her pre va len ce of EBF than
tho se re por ted by ENSANUT. Also in di ca tes that the mot hers that use milk
for mu las were in fluen ced by a health pro fes sio nal. Anot her im por tant re -
sult is that breast fee ding is as so cia ted to a lo wer pre va len ce of de pres sion
in mot hers. This last point is in te res ting be cau se du ring breast fee ding se -
ve ral neu ro che mi cals are re lea sed in the mother which had been associated
to a state of well-being.

Summary
Be si des the re search work an edu ca tio nal ef fort was also im ple men ted, a
“Ma ter nal lac ta tion” cour se for ba che lor’s de gree stu dents and a post gra -
dua te Di plo ma de gree in “Ma ter nal lac ta tion and health”. We also pu blis -
hed a ma nual “Ali men ta ción du ran te los dos pri me ros años de vida”,
(Feed ing du ring the first two years of life). In ter est ingly, this ma nual was
also tra du ced to za po te co and ma za te co, two prehis pa nic lan gua ges, na ti -
ves from Mé xi co. The se ma nuals along with ot her bi blio grap hic re sour ces
about ma ter nal lac ta tion are avai la ble in our web page (https://www.uv.
mx/cib/lac tan cia-ma ter na/li bros/).

We are con vin ced that edu ca tion about the im por tan ce and be ne fits of
lac ta tion for the in fant and the mot her can con tri bu te sig ni fi cantly to a
healt hier po pu la tion. As sta ted, it is well known that breast milk, in con trast
to milk for mu las, con tri bu te to a physio lo gi cal and im mu no lo gi cal pro -
gram ming in the new born which de crea se the risk of de ve lo ping se ve ral co -
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mor bi di ties in adult life. Unfor tu na tely, very few peo ple know about the se
be ne fits. For this rea son, we con si der that edu ca tio nal pro grams are at the
core of a de si red change in the society about appreciation of breastmilk
benefits.

It had been a long jour ney, more than 30 years of re search in ba sic scien -
ce, full of aca de mic pro duc tion, for ma tion of hu man re sour ces and crea tion 
of new in fras truc tu re. This ex pe rien ce was the ba sis for this trans la tio nal
re search about breast fee ding and milk be ne fits. It was de mons tra ted that it 
is pos si ble to suc cess fully im ple ment an aca de mic pro gram with true so cial
im por tan ce. Ho we ver, the fu tu re of this ef fort is un cer tain due to se ve ral
ad mi nis tra ti ve and ins ti tu tio nal draw backs at our re search cen ter. Des pi te
that, the door was al ready open for no vel trans la tio nal re search with im por -
tant po ten tial im pact to the ge ne ral po pu la tion. This represents new
academic roads for present and future generations.
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Fig. 1. Breast milk a com plex and dy namic biofluid. Hu man milk has an ar ray of nu tri tional
and non-nu tri tional com po nents which are nec es sary for the op ti mal nu tri tion and de vel -
op ment of the new born. Among them it has a pleth ora of im mu no log i cal com po nents, in
sharp con trast to milk for mu las. Milk com po si tion is dy namic, it changes ac cord ing to the
phys i o log i cal and patho log i cal state of the in fant, through out the lac ta tion pe riod and dur -
ing day and night. Graph rep re sents some day/night changes in Melatonin (Mel),
Tryptophan (Trp), the nu cle o tide Guanosine 5’P and the aminoacid methionine (Met) and
im mu no log i cal factors. Modified from Caba-Flores et al., 2022b.
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XVI

Clinical application of
chronobiology

Manuel Ángeles-Castellanos
Adelina Rojas-Granados

José Rodrigo Quezada Martínez
Esteban Moisés Arellano Rivera

“Measure over time what is measurable,
and make measurable what is not yet measurable”.
Franz Halberg (1919-2013)

Introduction
Chro no bio logy is con si de red the scien ti fic dis ci pli ne that deals with the
study of bio lo gi cal rhythms, which oc cur in li ving or ga nisms at dif fe rent le -
vels of or ga ni za tion. The bio lo gi cal rhythms of grea test in te rest from the
bio me di cal point of view are tho se of cir ca dian pe riod (pe riod of 22 to 28h),
the se rhythms are found in all spe cies of ani mals, in clu ding hu mans
(Aschoff, 1981).

Ho we ver, the grea test de ve lop ment of chro no bio logy has been in ba sic
re search la bo ra to ries, es pe cially whe re re sear chers are at trac ted by the
study of bio lo gi cal time, most of the se ob ser va tions have been made ex pe ri -
men tally at dif fe rent le vels, es pe cially in ro dents, from ge ne tics to cell bio -
logy the se stu dies have been li mi ted es pe cially to the cha rac te ri za tion of cir -
ca dian rhythms, sear ching for the com po nents of the cir ca dian system both 
struc tu rally and func tio nally. The se stu dies have been of great im por tan ce
to un ders tand the mo le cu lar, ce llu lar, neu ro bio lo gi cal, and behavioral
mechanisms, among others, that underlie circadian rhythms.

On the ot her hand, it is known that up to 30% of the hu man ge no me is
re la ted to cir ca dian rhythms, which is re flec ted in most of the physio lo gi cal, 
beha vio ral, and bio che mi cal va ria bles, for exam ple: tem pe ra tu re, sleep-
wake cycle, fee ding, plas ma cor ti sol, growth hor mo ne, lep tin, and me la to -
nin le vels, etc., which has im por tant ef fects on ho meos ta tic le vel, health,
and sus cep ti bi lity to diseases (Rijo-Ferreira et al., 2019).
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Clinical Chronobiology (Chronomedicine)
Cli ni cal chro no bio logy is the re sult of the need to bring la bo ra tory fin dings
to cli ni cal ap pli ca tion, as the re is a lar ge amount of ba sic bio me di cal know -
led ge not ap plied cli ni cally. Ma jor scien ti fic ad van ces, as well as very spe ci -
fic li nes of re search, have mo ved the ba sic bio me di cal re sear cher away from
the pa tient's bed si de (Len fant, 2003).

Ba sed on tem po ral fluc tua tions as a de ter mi nant fac tor of our physio -
logy Chro no me di ci ne tries to ad dress the pre ven tion, etio logy, diag no sis,
and treat ment of di sea ses in hu mans (Cor te lli, 2015). It is im por tant to note
that chro no bio logy in the last two de ca des has ge ne ra ted a great deal of
know led ge from ex pe ri ments in ani mal mo dels to un ders tand hu man
health and di sea se, as well as stra te gies in chro not he rapy, un for tu na tely
very few clinicians take interest or apply them.

Chronodisruption (Circadian Desynchronization)
Desynchro ni za tion re fers to the tem po ral di sor ga ni za tion of the cir ca dian
system, which has ef fects on health, as it sig ni fi cantly dis turbs the tem po ral
or ga ni za tion of physio logy (Fi gu re 1). The sta bi lity of cir ca dian rhythms
such as the sleep-wake cycle, body tem pe ra tu re, as well as the synthe sis of
hor mo nes such as me la to nin and cor ti sol, for exam ple, are in dis pen sa ble to 
en su re an ap pro pria te physio lo gi cal res pon se and to an ti ci pa te events in
the ex ter nal en vi ron ment (Erren et al., 2003).

Fi gu re 1. Cir ca dian dis rup tion can be in du ced by dif fe rent fac tors: con ti nuous light, noc -
tur nal fee ding, noc tur nal physi cal exer ci se or by fre quent shifts in the time pro vi ded by
zeit ge bers (i.e., jet lag, shift work).

In our mo dern so ciety, en vi ron men tal con di tions have been re cog ni zed 
and stu died that ge ne ra te ina de qua te tem po ral sig nals, which can trig ger
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desynchro ni za tion events, for exam ple: jet lag (Jet-Lag Syndro me), night
work (Nigh twork or Shift work), light po llu tion as so cia ted with so cial jet
lag, all the abo ve exam ples can evol ve into a di sea se in ca ses of chro nic or
per ma nent dysfunc tion, or to the trig ger for more com plex al te ra tions. The
main con se quen ces of desynchro ni za tion are pre ma tu re aging, in som nia,
in crea sed pro pen sity to de ve lop de pres sion, cog ni ti ve im pair ment, de men -
tia, and ot her mood con di tions. Chro no dis rup tion also af fects me ta bo lic
sta tus by pro mo ting in flam ma tion, obe sity, me ta bo lic syndrome, cardio-
vas cu lar disease, and premature mortality (Tapia-Osorio et al., 2013).

In such a way that the chro nic light sti mu lus at the be gin ning of the
dark pha se (night) pro mo tes the ex ten sion of the wa king sta te, de la ying the
on set of sleep and con se quently shor te ning the hours of rest and cau sing
chro nic sleep de pri va tion, in ad di tion to al te ring the synchrony of hor mo -
nal rhythms that have their peaks of ma xi mum re lea se at night, for exam ple
growth hor mo ne or me la to nin, who se synthe sis and re lea se are sup pres sed
by ex po su re to light du ring the night, me la to nin is a hor mo ne with many
physio lo gi cal pro per ties, mainly is a po tent an tio xi dant, be si des being con -
si de red as a sig nal of dark ness that has the abi lity to synchro ni ze and couple 
to the circadian system (Angeles-Castellanos et al., 2010).

As we can ob ser ve the time of day is a cri ti cal fac tor for most bio lo gi cal
func tions, but the con cepts of the field of chro no bio logy have not been yet
fully trans la ted into cli ni cal prac ti ce (Len fant, 2003). Ho we ver, in many cli -
ni cal si tua tions the pa tients are sub jec ted to a phe no me non of chro nic
desynchro ni za tion due to di sea ses who se sympto ma to logy is exa cer ba ted
du ring the night, our group has had the opportunity to study one of these
diseases.

Chronobiology and chronic obstructive pulmonary disease
Chro nic obs truc ti ve pul mo nary di sea se (COPD) is a chro nic de ge ne ra ti ve
di sea se and a pu blic health pro blem as so cia ted with aging and con ti nued
ex po su re to risk fac tors such as smo king, po llu tion, and mainly chro nic ex -
po su re to bio mass com bus tion. This di sea se is cha rac te ri zed by res pi ra tory
symptoms such as cough, dyspnea, among ot her symptoms ge ne ra ted by
air way obs truc tion se con dary to chro nic ex po su re to harm ful par ti cles or
ga ses that dis tort the ar chi tec tu re of the bron chi (Hat tab, 2016).

It is known that COPD pa tients have sleep-wake cycle dis tur ban ces,
cha rac te ri zed by poor sleep qua lity, dif fi culty ini tia ting sleep, fre quent
awa ke nings, and con se quently in crea sed day ti me slee pi ness. Appro xi ma -
tely 60 to 70% of the se pa tients have poor sleep qua lity. The pat ho ge ne sis of
sleep di sor ders is very com plex and mul ti fac to rial, in vol ving physio lo gi cal
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chan ges as so cia ted with sleep, hypo xe mia, hyper cap nia, in flam ma tion,
COPD me di ca tions, all of which could po ten tially con tri bu te to the de ve lop -
ment of sleep dis tur ban ces in the se pa tients. Ge ne rally, in the ex pla na tion
of the pat ho ge ne sis of sleep di sor ders, bio lo gi cal rhythms are left asi de,
which we con si der to be an im por tant physio lo gi cal pro cess that should be
con si de red in the diag no sis and treatment of some diseases that occur with
chronodisruption such as COPD (Akinci et al., 2018).

If we con si der that sleep is re gu la ted by the cir ca dian system and mo du -
la ted by the hor mo ne me la to nin, which is synthe si zed in the pi neal gland
and is a noc tur nally re lea sed hor mo ne, its ma xi mum le vels of se cre tion oc -
cur du ring the night ap pro xi ma tely bet ween 01:00 and 03:00 h, with con -
cen tra tions that can vary from 29.5 ± 2.2 to 37.6 ± 1 pg/ml, in ol der pa tients.
We found that the group of healthy pa tients had me la to nin va lues con si de -
red ade qua te for their age ran ge (69 ± 9 years). The me la to nin le vels found
could in di ca te that poor sleep qua lity in the se pa tients is in fluen ced by low
va lues and al te red me la to nin re lea se pat tern. In the group of pa tients with
COPD, they show a loss of noc tur nal me la to nin re lea se, which may be re la -
ted to the chro ni city of the di sea se and es pe cially with ex po su re to light du -
ring the night when they pre sent symptoms, which then be co mes ne ga ti ve
feed back on sleep qua lity, sin ce me la to nin is a hor mo ne that is synthe si zed
through a pho to trans duc tion pro cess that is sti mu la ted in the dark and in -
hi bi ted by ex po su re to ar ti fi cial light during the night, in addition to
suppressing its secretion, decreases its release time (Martínez-Luna et al.,
2021).

On the ot her hand, dif fe rent stu dies have shown that the ad mi nis tra -
tion of exo ge nous me la to nin im pro ves sleep qua lity in COPD pa tients. Ho -
we ver, the me cha nisms have not been fully des cri bed, alt hough two could
be pro po sed. The first is due to the ac tion me la to nin has shown to sup press
in flam ma tory cell in fil tra tion in lung tis sue, re du ce lung des truc tion and
ne crop to sis, and de crea se oxi da ti ve stress and dyspnea. So far, most of the
stu dies sup por ting the se re sults have been per for med in ani mal mo dels,
but they sug gest a li mi ta tion in the pro gres sion of the di sea se and the re -
duc tion of the sympto ma to logy in COPD pa tients, due to the re duc tion of
the in flam ma tion of the air ways, fa vo ring a re duc tion of the sympto ma to -
logy and a bet ter qua lity of sleep (Hal va ni et al., 2013). Anot her me cha nism
would be re gu la ted by the chro no bio tic ac tions of me la to nin on the cir ca -
dian sleep-wake rhythm; if pa tients have low me la to nin le vels, they could
re co ver ade qua te le vels with exo ge nous administration of melatonin,
which are required during the night to promote sleepiness and maintain
sleep.
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From the func tio nal point of view, low va lues of this ra tio FEV1/FVC
were ob ser ved in pa tients with COPD; whe re FEV1 is the air ca pa city that a
per son can ex pi re in the first se cond of for ced ex pi ra tion and FVC is the
com ple te for ced vi tal ca pa city; low va lues were ob ser ved in di ca ting a grea -
ter obs truc tion of the pa tient's air ways. This va ria ble was co rre la ted with
low noc tur nal me la to nin va lues, to get her with sleep qua lity and slee pi ness.
This es ta blis hes a re la tion among a grea ter air way obs truc tion, lo wer noc -
tur nal me la to nin, the worse the sleep quality and the greater the daytime
sleepiness.

The re fo re, we can re com mend that in COPD pa tients their treat ment
should in clu de me la to nin sup ple men ta tion to en su re that they have a good
qua lity of sleep and not only the treat ment of res pi ra tory symptoms, for
exam ple, oral ad mi nis tra tion of 3 mg of exo ge nous me la to nin one hour be -
fo re bed ti me for twenty-one days has been shown to be an al ter na ti ve for
the treat ment of poor sleep qua lity in COPD pa tients. The evi den ce ob tai -
ned with eva lua tions of the Pitt sburgh Sleep Qua lity Index shows an im pro -
ve ment in the group trea ted with me la to nin, com pa red to the group that re -
cei ved a pla ce bo, sug ges ting that me la to nin has an im por tant role in im pro -
ving the quality of sleep of these patients (Martínez-Luna et al., 2021)

Chronobiology in the hospital
Most stu dies of chro no bio logy put spe cial emp ha sis on light as the main en -
vi ron men tal sig nal for the re gu la tion and pro per func tio ning of the cir ca -
dian system, ho we ver, we should not over look the im por tan ce of dark ness
as a tem po ral sig nal with the same im por tan ce as light. In such a way that it
should be con si de red that the most im por tant for the cir ca dian system is
the sta ble al ter na tion of the se two sig nals, to main tain a cir ca dian tem po ral
sta bi lity in all body func tions.

The re fo re, we con si der that the hos pi tal en vi ron ment is the most ap -
pro pria te spa ce to cha rac te ri ze the harm ful ef fects of the loss of the al ter na -
tion of the light-dark cycle, sin ce al most all hos pi tal units are kept 24 hours a 
day with the light on to allow health care staff, ade qua te su per vi sion of hos -
pi ta li zed pa tients, in both pa tients and me di cal staff is in cons tant ligh ting
con di tions. Ho we ver, for the mo ment we have only been con cer ned about
the pa tients, lea ving asi de the per son nel who work in the se con di tions,
which should be con si de red in the mo da lity of cir ca dian al te ra tions
generated by rotational work or night work (Table 1).

Our group has ca rried out an analy sis of the con di tions and in ten si ties
of noc tur nal ligh ting in three dif fe rent hos pi tals, in dif fe rent areas or hos -
pi tal floors, using a lux me ter to mea su re the in ten sity of illu mi na tion and
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we could ob ser ve that du ring the night the dif fe rent hos pi tal spa ces are illu -
mi na ted abo ve 100 lx (Fi gu re 2). The se con di tions of cons tant illu mi na tion
and high in ten sity of di rect light in pa tients can ge ne ra te cir ca dian al te ra -
tions of dif fe rent physio lo gi cal va ria bles in clu ding me la to nin and al te ra -
tions of the sleep-wake cycle, pre dis po sing hos pi ta li zed pa tients to trig ger
al te ra tions or cli ni cal ma ni fes ta tions that com pli ca te the base diag no sis,
con se quently their treat ment and evo lu tion. One of the se di sor ders that our 
group has stu died is the de ve lop ment of in-hos pi tal de li rium and its as so -
cia tion with cir ca dian dis tur ban ces.

Fi gu re 2. Pho to graph sho wing the ligh ting con di tions, two new borns of the ex pe ri men tal
group were un der a light-dark cycle of 12:12, (275.8 ± 10 lux) of 7:00 am at 07:00 p.m. and
dark ness (25.23 ± 7.8 lux) of 7:00 p.m. at 7:00 a.m., with the in fant's head co ve red by a cloth.

Chronodisruption and delirium
De li rium is a com mon and com plex hos pi tal com pli ca tion in ol der adults,
which can af fect in de pen den ce, in crea se mor bi dity and mor ta lity. This
syndro me is cha rac te ri zed as an acu te and fluc tua ting di sor der of at ten tion
and cog ni tion. It usually oc curs in a vul ne ra ble adult pa tient and is usually
se con dary to acu te me di cal pat ho logy, drug use and/or an elec ti ve or emer -
gency sur gi cal-anest he tic event.

De li rium ma ni fests it self through va rious symptoms, among which at -
ten tion di sor der stands out. Inte res tingly, its pre sen ta tion is fluc tua ting
throug hout the day. Among its symptoms are va ria ble de grees of chan ges in 
the le vel of cons cious ness with mo di fi ca tion of the le vel of alert ness, me -
mory al te ra tions, dif fi cul ties in the or ga ni za tion of thought, di so rien ta tion
in spa ce and time, the ap pea ran ce of symptoms such as ha llu ci na tions, de -
lu sions, in crea sed mo tor ac ti vity or physi cal agi ta tion and mainly di sor ders 
of the rhythm of sleep and wakefulness (Al-Aama et al., 2011).

De li rium is most pre va lent among ol der pa tients, with a pro por tion of
11-42%. Inte res tingly, the symptoms of de li rium are clo sely re la ted to cir ca -
dian rhythm. In pa tients who de ve lop de li rium, the sleep/wake cycle is re -
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ver sed, and pa tients are drowsy and take naps du ring the day, whi le nigh tti -
me sleep is brief and frag men ted. Up to 98% of ol der pa tients with de li rium
are known to have at least mo de ra te sleep/wake cycle disturbances.

As pre viously dis cus sed, the in te grity of the sleep/wake cycle and the
tem po ral or der of all physio lo gi cal and beha vio ral func tions, in clu ding me -
la to nin synthe sis and re lea se, de pends on pro per in ter nal synchro ni za tion
bet ween the su pra chias ma tic nu cleus and the pi neal gland, and it has also
been sug ges ted that de li rium is ac com pa nied by a loss of tem po ral va ria tion 
of plas ma me la to nin (Rei ter, 2003). On the ot her hand, it has been do cu -
men ted that pa tient un der going ma jor ab do mi nal sur gery de ve lo ped pos -
to pe ra ti ve de li rium and have re du ced plas ma me la to nin le vels and sleep
dis tur ban ces, in clu ding sleep pha se de lay syndro me. Anot her study re por -
ted ca ses of in-hos pi tal de li rium in the Inten si ve Care Unit associated with
loss of the circadian rhythm of melatonin (Shilo et al., 2000).

To de ter mi ne whet her the loss of me la to nin rhythm may be an in di ca -
tor of the on set of de li rium, our group con duc ted a study in which sa li vary
me la to nin le vels were eva lua ted in ol der adult pa tients from the first day of
hos pi tal ad mis sion un til the on set of de li rium or un til hos pi tal dis char ge.
The pa tients were dis tri bu ted in two groups, pa tients who did not de ve lop
de li rium (ND) and tho se who did de ve lop de li rium (D). The mean age of the
pa tients stu died was 78.5±5.8; in the ND pa tients sa li vary me la to nin sho -
wed low le vels du ring the day and high le vels at night, re sul ting in a daily
rhythm of me la to nin con cen tra tion in the 3 days prior to hos pi tal dis char -
ge. In the group that de ve lo ped de li rium, me la to nin le vels were analy zed
for se ven con se cu ti ve days, that is, three days be fo re and four days af ter the
de ve lop ment of de li rium, in which me la to nin le vels re mai ned low both
during the day and at night, they did not show a circadian rhythm
(Angeles-Castellanos et al., 2016).

As we have al ready re vie wed, de li rium is a com mon syndro me that in -
crea ses mor bi dity and mor ta lity in the hos pi ta li zed po pu la tion, which can
be a frigh te ning and dis tres sing ex pe rien ce for pa tients and their fa mi lies.
The re fo re, the need for early diag no sis is cru cial to im pro ve the pa tient's
prog no sis, so the re sults ob tai ned in this study sug gest that the re is a clo se
re la tions hip bet ween cir ca dian system dis tur ban ce and the de ve lop ment of 
de li rium. The se fin dings in di ca te a strong as so cia tion bet ween daily me la -
to nin rhythms and the on set of de li rium, so that de ter mi ning the daily
rhythm of sa li vary me la to nin, prior to the de ve lop ment of de li rium may be
a use ful pre dic ti ve stra tegy, in ad di tion to the fact that this strategy is not
invasive and does not interfere with the patient's general condition.
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On the ot her hand, the re la tions hip bet ween de li rium and the loss of the 
daily rhythm of me la to nin synthe sis and re lea se has been pre viously de -
mons tra ted in ot her stu dies. The re fo re, we pro po se, me la to nin ad mi nis tra -
tion of exo ge nous me la to nin as a pre ven ti ve treat ment for the de ve lop ment 
of de li rium in the hos pi tal en vi ron ment, thus re du cing the se ve rity and
most likely the length of hospital stay.

Neonatal intensive care unit and constant light
Fe tal cir ca dian rhythms can be ob ser ved in ute ro from 30 weeks ges ta tion,
cou pled to the ma ter nal rhythm, but af ter birth new borns synchro ni ze with
the ex ter nal en vi ron ment. Impor tant cues for synchro ni za tion in clu de the
light/dark cycle, the ti ming of fee ding, and ex po su re to hor mo nal cir ca dian
cues in breast milk. Dis rup tion or lack of the se sig nals may oc cur du ring ad -
mis sion to the neo na tal in ten si ve care unit (NICU). This may af fect the de -
ve lop ment of cir ca dian rhythms and in fluen ce neo na tal sur vi val and
de ve lop ment, with the po ten tial to af fect health and well-being throug hout
adult hood (Boo et al., 2002).

We des cri be be low the ra tio na le and evi den ce to sup port a chro no bio lo -
gi cal ap proach to in pa tient neo na tal care. The NICU is one of the most
stress ful hos pi tal spa ces, due to the me di cal con di tion of the pa tients who
are ad mit ted the re, the rea son the re is a need for cons tant at ten tion and vi -
gi lan ce for pre ma tu re new borns (PNB) hos pi ta li zed in the se spa ces. In such 
a way that a lar ge num ber of hos pi tals in ter na tio nally, NICUs are kept in
cons tant ligh ting con di tions (LL), 24 hours a day, wit hout sig ni fi cant varia-
tions in light intensity (Escobar et al., 2021).

Our group had the op por tu nity to de ter mi ne the ligh ting con di tions in
the NICU in three Me xi can hos pi tals, whe re we mea su red the in ten sity of
illu mi na tion with a lux me ter, at 6 dif fe rent time points of the day, the in -
ten sity of illu mi na tion of the NICU at the le vel of the in cu ba tors was
275.82±14 lux du ring the day and 145.28±14 lux du ring the night, the illu mi -
na tion is light pro vi ded by whi te fluo res cent lamps pla ced on the cei ling of
the hos pi ta li za tion area and we can ob ser ve that the se are very high in ten si -
ties, sin ce at least du ring the night an in ten sity of less than 5 lux is re com -
men ded, abo ve this le vel they are con si de red ne ga ti ve for cir ca dian system.
The re fo re, ar ti fi cial light du ring long in ter vals in the dark or night pha se
pro mo tes the al te ra tion of ac ti vity sche du les and the re duc tion of slee ping
hours, on the ot her hand, light du ring the night ge ne ra tes con tra dic tory
time sig nals for the biological clock and can lead to the deregulation of
circadian rhythms (Sánchez-Sánchez et al., 2022).
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It is known that du ring the fe tal sta ge cir ca dian func tion de pends on
ma ter nal sig nals, es pe cially me la to nin, which is one of the few hor mo nes
able to cross the pla cen tal ba rrier. Expe ri men tally it has been ob ser ved that
ex po su re of preg nant rats to light du ring the night sup pres ses their own
me la to nin pro duc tion and af fects the cir ca dian rhythms ex hi bi ted by their
offspring, which show low in trau te ri ne growth and de fi ciency of cor ti cos -
te ro ne se cre tion in post na tal sta ges. It has also been de mons tra ted that LL
du ring de ve lop ment per ma nently da ma ges the bio lo gi cal clock, re sul ting
in a lo wer num ber of neu rons and glial cells in the su pra chias ma tic nu cleus
con si de red the main bio lo gi cal clock. Mou se pups ex po sed to light at night
du ring in fancy are una ble to ex hi bit coor di na ted cir ca dian rhythms
throug hout their li ves. It has also been de mons tra ted that rat pups ex po sed
to irre gu lar light-dark cycles du ring lac ta tion ex hi bit an xiety beha viors, al -
te ra tions in so cial in te rac tion and poor per for man ce in lear ning tests in
adult hood. The re fo re, it has been pro po sed that du ring de ve lop ment the
excess of light at night alters brain organization and may be a risk factor for
developing depression, anxiety, and other mood disorders.

Thus, pre term in fants kept in the NICU un der LL con di tions are ex po -
sed to chao tic en vi ron men tal time cues with no cycli cal va ria tions, rat her
than pre dic ta ble time cues such as a daily light-dark cycle. Sur pri singly, the
light le vels to which ba bies are ex po sed are one of the few en vi ron men tal va -
ria bles that are not con tro lled and have not been con si de red in the pro to cols 
of care of the se pa tients. In the se hos pi ta li za tion con di tions, the PNB are
kept for pro lon ged pe riods of time, ge ne ra ting ne ga ti ve ef fects on their
growth and de ve lop ment. As we have pre viously men tio ned, ex po su re to
cons tant light can ge ne ra te po ten tial da ma ge to the eyes of new borns. We
have ex pe ri men tally ob ser ved da ma ge to the ce llu lar or ga ni za tion of the re -
ti na in new born rats ex po sed to a cons tant ligh ting en vi ron ment from the
first day of birth. On the ot her hand, we have shown that es ta blis hing a
light-dark cycle (LD) 12:12 hours, in PNB pro mo tes an in crea se in sleep time
de crea sing the time de vo ted to fee ding and weight gain, com pa red to PNB
that re main in cons tant light or dark ness. It has also been ob ser ved that
PNB who were ex po sed to a cycle of LD from birth, ac qui red circadian
rhythmicity in activity/rest, from the 34th week of life (Mann et al., 1989;
Vásquez-Ruiz et al., 2014).

One of the re cent ob jec ti ves has been to trans fer the chro no bio lo gi cal
know led ge ac qui red in la bo ra to ries to hos pi tal ap pli ca tion in the care and
treat ment of pa tients. One of the stra te gies in which we have tried to apply
chro no bio logy is to in ter ve ne di rectly by mo dif ying the en vi ron men tal ligh -
ting con di tions in hos pi ta li za tion areas, for exam ple: our group has ca rried
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out a se ries of cli ni cal-ex pe ri men tal stu dies with healthy pre term new born
ba bies, but with low body weight at birth, as men tio ned abo ve, the
light/dark con di tions have been mo di fied in di vi dually, to ve rify the di rect
be ne fits of the light/dark cycle, we had a con trol group, which was kept in
cons tant ligh ting con di tions in the NICU with an ave ra ge of 250±21 lux illu -
mi na tion, 24 hours a day. The in fants in the ex pe ri men tal group re mai ned
in the same room, but un der a light-dark cycle, which was achie ved by pla -
cing an acr ylic hel met co ve red with fol ded blue or green sur gi cal dra pes
over the in fant's head, lea ving the front part open to allow good air flow.
This hel met was pla ced in di vi dually over the head and part of the upper tho -
rax of each PNB, which re sul ted in re du ced illu mi na tion, with a light in ten -
sity of 25.23 ± 7.8 lux, at eye le vel du ring the night pe riod from 19:00 to 07:00. 
Du ring the day, from 07:00 to 19:00 the cloth dra pe was re mo ved allo wing
the PNB to re cei ve the illu mi na tion in ten sity co rres pon ding to the day,
275.82±10 lux (Fi gu re 3). When the light/dark cycle was es ta blis hed, the in -
fants main tai ned un der this con di tion sho wed grea ter to le ran ce to milk
for mu la, com pa red to the in fants in the con trol group who were in cons tant
light con di tions. This po si ti ve chan ge in fee ding re sults di rectly in fas ter
and more cons tant body weight gain, the re fo re, once the se ba bies rea ched
the re qui red body weight (2 kg), they were dis char ged from the hos pi tal
much ear lier, on ave ra ge 20 days ear lier than the ba bies who were in cons -
tant light. We con si der this re sult to be very po si ti ve, first of all, be cau se it
sig ni fi cantly re du ces the num ber of days of hos pi ta li za tion, con si de rably
re du cing the ex po su re of ba bies to no so co mial di sea ses, and also the new -
born is in te gra ted more quickly to the fa mily bed and ma ter nal care, which
is im por tant for their pe ri na tal de ve lop ment. On the ot her hand, it is evi -
dent that the re is an eco no mic sa ving for the fa mily as well as for the hos pi -
tal ser vi ces and a bet ter use of sup plies and per son nel for neo na tal me di cal
care. With the se re sults we have been able to pro ve the ad van ta ges of fe red
by chro no me di ci ne, at im ple men ting a light/dark cycle during the first days 
after birth, so we propose that all NICUs should reevaluate the internal rules 
that suggest keeping babies in constant lighting conditions and assess the
advantages and disadvantages on health (Sánchez-Sánchez et al., 2022).

Perspectives of medical chronobiology
As we have been able to ve rify, the chro no bio lo gi cal ma na ge ment of pa -
tients still pre sents va rious lo gis ti cal and met ho do lo gi cal pro blems, es pe -
cially the fact that me di cal care units do not have ade qua te de vi ces for the
con ti nuous mo ni to ring of physio lo gi cal va ria bles; ho we ver, the chro no bio -
lo gi cal care of pa tients im plies a con ti nuous fo llow-up and, in many ca ses,
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am bu la tory ac com pa nied by high costs. Unfor tu na tely, the re sults of fe red
by me di cal chro no bio logy are not im me dia te or spec ta cu lar as we are ac cus -
to med to ob ser ving with some me di cal-sur gi cal treat ments. Ho we ver,
chro no bio logy pro po ses a bet ter un ders tan ding and ma ni pu la tion of the
physio logy, un ders tan ding its cir ca dian va ria tions and using them as part
of the treat ment.

Chro no bio logy has es ta blis hed it self as a scien ti fic dis ci pli ne that ex -
plains physio pat ho lo gi cal phe no me na from the point of view of the tem po -
ral or der that had only been ap proa ched in a des crip ti ve and anec do tal way,
gi ving sup port not only to the ra peu tic sche mes but also to diag nos tic ones.
From the cli ni cal point of view, the re are some spe cial ties that al ready iden -
tify a chro no bio lo gi cal com po nent, both in the diag no sis and in the treat -
ment of some pat ho lo gies (Smo lensky and D’Alon zo, 1991). Chro no bio logy
thus pro vi des new tools for the analy sis and treat ment of sleep di sor ders
and ma kes a spe cial con tri bu tion to the un ders tan ding of psychia tric di sor -
ders, such as sea so nal de pres sion. Cu rrently in se ve ral parts of the world in -
clu ding Me xi co, chro no bio lo gi cal stu dies of chro nic de ge ne ra ti ve di sea ses
and in ter nal desynchro ni za tion is studied as part of the pathogenesis of
some diseases such as obesity and metabolic syndrome.

As we have been able to re view, cir ca dian rhythmic mo di fi ca tions in de -
ve lop men tal bio logy, for exam ple, the chan ges that oc cur from in fancy to
adult hood, and the rhythmi city di sor ders that oc cur with old age, are of
great in te rest. The phar ma ceu ti cal in dustry is be gin ning to de sign drugs
ba sed on chro no bio logy to be re lea sed at spe ci fic ti mes of the cir ca dian
cycle; thus, we see the mul ti la yer ta blets, which allow its mo du la ted re lea se,
for exam ple: fast in the pro xi mal por tion of the small in tes ti ne, and slow in
its dis tal por tion, com bi ning the se tech ni ques is in ten ded to de sign a
system of pro gram med re lea se by pul ses. Infu sion pumps are cu rrently the
most ef fec ti ve met hod for the re lea se of one or more drugs. An al ter na ti ve
met hod of achie ving a pul sa ti le re lea se of a drug in vol ves the use of na no -
tech no logy. In the fu tu re, mi cro chips could be the necessary tool to obtain
efficient chrono-pharmacokinetic systems (Ohdo, 2007).

We can also ob ser ve that the “com plex ity” in her ent to ba sic re search de -
pends on the type of ma ni pu la tion, as well as on the ex pe ri men tal mo dels
used. The pre sent pa per allows us to rea li ze that the know led ge ob tai ned in
ba sic chro no bio logy can be trans fe rred to its cli ni cal ap pli ca tion (chro no -
me di ci ne), lo gi cally with the re ser va tions in its li mi ta tions and pen ding
cha llen ges of pre cli ni cal stu dies. On the ot her hand, we be lie ve that the of fi -
cial in cor po ra tion of trans la tio nal re search should be co me a prio rity in me -
di cal edu ca tion. Such in clu sion in aca de mic and health systems pro grams
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would allow to ini tia te a po si ti ve dis cus sion around an im por tant is sue in
many de ve lo ped and de ve lo ping coun tries: what should be re sear ched, who
should fi nan ce it, and how much mo ney should be allo ca ted for a sus tai na -
ble and ba lan ced de ve lop ment of re search, in fa vor of the health of the po -
pu la tion. Cu rrently, only 14% of scien ti fic ad van ces re la ted to health are ap -
plied in the cli ni cal field and the pro cess of trans for ming ba sic know led ge
into cli ni cal know led ge ta kes up to 17 years on ave ra ge. For exam ple, the UK
Cen tre for Advan cing Trans la tio nal Scien ce re com mends that all pro jects
un der go a full eva lua tion 3 to 5 years af ter ini tia tion, which has re sul ted in a
30% in crea se in trans la tio nal re search pro jects. It is also known that the
time ta ken by re sear chers to wri te up and pu blish their re sults is too long
and it is re com men ded that this should be a pe riod of 3 to 10 months af ter
re sults are ob tai ned. This would bring enor mous ad van ta ges for the
translational application of not only chronobiological knowledge but also of 
many advances that are being made today in biomedical laboratories
around the world (Straif et al., 2007).

Summary
We be lie ve that chro no me di ci ne pro po ses a bet ter un ders tan ding and ma -
ni pu la tion of physio logy, using its cir ca dian va ria tions as part of the treat -
ment. One way to achie ve bet ter pro gress in this branch will be to in clu de a
chan ge in the tea ching and trai ning of fu tu re doc tors, in clu ding con cepts of 
bio lo gi cal rhythms and chro not he rapy, which will un doub tedly have an im -
pact on a bet ter un ders tan ding of physio logy and grea ter ef fec ti ve ness in
the pre ven tion of di sea ses and treat ment of pat ho lo gies. No wa days, the
tea ching of me di ci ne has its back tur ned to chro no bio logy, sin ce most doc -
tors, even tho se who claim to know so met hing about chro no bio logy, do not
know that some com mon di sea ses be co me more acu te at cer tain ti mes of
the day, even they do not know that blood pres su re va ries sig ni fi cantly du -
ring the day and be lie ve that diag nos tic tests al ways give the same re sults
re gard less of the time they are per for med, also that drugs work the same
and their side ef fects are the same re gard less of the time of ad mi nis tra tion.
Also, we are con vin ced of the use ful ness that chro no bio logy can pro vi de to
im pro ve peo ple's health and qua lity of life, so we can not lea ve asi de the et hi -
cal com mit ment that cer tain chro no bio lo gi cal prin ci ples and ap pli ca tions
can help to im pro ve the ef fec ti ve ness of con ven tio nal phar ma co lo gi cal
treat ments and to pre vent di sea se. If we show fu tu re doc tors and bio me di -
cal re sear chers that drugs used in can cer the rapy have a cyto to xic ef fect on
cells du ring the pro li fe ra ti ve pha se of the cell cycle and that the num ber of
cells in the DNA synthe sis pha se and mi to ses va ries throug hout the 24
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hours, so that the me cha nisms res pon si ble for this cir ca dian re gu la tion act
on growth fac tors, mem bra ne re cep tors and/or enz yme systems, so it
should be gi ven in low do ses at night and high do ses du ring the day, wit hout 
for get ting that it should ideally be gi ven at the time of least mi to sis (na dir)
of the cir ca dian rhythm of healthy tis sue or du ring the acrop ha se or ma xi -
mum mi to tic peak of the can cer in ques tion. Ho we ver, for this it is not
enough to pre sent the re sults of the many exis ting works on can cer chro -
not he rapy, it is ne ces sary to teach so lidly the foun da tions on which the se
treat ments rest. Fi nally, we be lie ve that no sin gle tech no logy is suf fi cient to
con tri bu te to the ad van ce ment of the big ques tions of bio me di cal re search.
Suc cess de pends on as king ques tions that make bio lo gi cal and me di cal sen -
se, and the se ques tions will ari se from clo se co lla bo ra tion bet ween ba sic
and clinical researchers.
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