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SUMMARYSUMMARY 
TheThe studystudy ofof thethe hormonalhormonal regulationregulation ofof reproductionreproduction inin snakessnakes isis 
inin itsits infancy.infancy. StudiesStudies havehave disproportionatelydisproportionately examinedexamined 
temperatetemperate zonezone viperidviperid andand colubridcolubrid snakes,snakes, especiallyespecially thethe redred
sidedsided gartergarter snakesnake (Thamnophis(Thamnophis sirtalissirtalis parietalis).parietalis). Indeed,Indeed, 
extensiveextensive observationalobservational andand experimentalexperimental studiesstudies onon T.T. s.s. parieparie
talistalis formform thethe basisbasis forfor ourour understandingunderstanding ofof thethe hormonalhormonal reguregu
lationlation ofof reproductionreproduction inin snakes.snakes. ThisThis reviewreview focusesfocuses onon seasonalseasonal 
hormonehormone concentrationsconcentrations inin snakessnakes inin relationrelation toto eventsevents inin thethe 
reproductivereproductive cycle;cycle; thethe limitedlimited datadata availableavailable onon hypothalamichypothalamic 
hormones,hormones, gonadotropinsgonadotropins (GTHs),(GTHs), hormonehormone receptors,receptors, andand 
bindingbinding globulins;globulins; thethe neuroendocrinologyneuroendocrinology ofof reproduction;reproduction; andand 
thethe environmental,environmental, social,social, physiological,physiological, andand embryonicembryonic aspectsaspects 
ofof hormonalhormonal regulationregulation ofof reproductionreproduction inin snakes.snakes. TheThe reviewreview endsends 
withwith suggestionssuggestions forfor futurefuture research,research, includingincluding studiesstudies ofof aa moremore 
diversediverse ecologicalecological andand taxonomictaxonomic representationrepresentation ofof snakes,snakes, 
experimentalexperimental studiesstudies onon thethe effectseffects ofof hormoneshormones onon reproductivereproductive 
tissuestissues andand behaviors,behaviors, andand furtherfurther researchresearch intointo thethe neuroendoneuroendo
crinologycrinology ofof reproductionreproduction inin thisthis highlyhighly diversediverse groupgroup ofof animals.animals. 

1.1. INTRODUCTIONINTRODUCTION 

DespiteDespite therethere havinghaving beenbeen aa fairfair numbernumber ofof studiesstudies concon
ductedducted onon snakesnake reproduction,reproduction, thesethese studiesstudies havehave predompredom
inantlyinantly beenbeen conductedconducted onon aa relativelyrelatively smallsmall numbernumber ofof 
temperatetemperate species.species. Further,Further, upup untiluntil thethe pastpast fewfew decades,decades, 
studiesstudies ofof snakesnake reproductionreproduction havehave beenbeen mostlymostly anatomical,anatomical, 
beingbeing limitedlimited toto thethe histologyhistology ofof thethe malemale reproductivereproductive 
organsorgans toto quantifyquantify thethe timingtiming ofof spermatogenesisspermatogenesis andand thethe 
examinationexamination ofof femalefemale reproductivereproductive tractstracts forfor evidenceevidence ofof 
vitellogenesis.vitellogenesis. ThisThis reviewreview focusesfocuses onon currentcurrent knowledgeknowledge 
ofof thethe hormonalhormonal regulationregulation ofof reproductionreproduction inin snakes.snakes. 
BecauseBecause soso manymany studiesstudies havehave beenbeen publishedpublished onon thethe 
hormonalhormonal regulationregulation ofof variousvarious aspectsaspects ofof reproductionreproduction inin 
snakes,snakes, especiallyespecially thethe red-sidedred-sided gartergarter snakesnake (Thamnophis(Thamnophis 
sirtalissirtalis parietalis),parietalis), wewe attemptattempt toto provideprovide aa broadbroad overviewoverview 
ofof thethe effectseffects ofof hormoneshormones onon reproductionreproduction inin snakes,snakes, 
focusingfocusing onon seminalseminal studiesstudies andand referringreferring toto reviewreview articlesarticles 

whenwhen possible.possible. First,First, wewe describedescribe whatwhat isis knownknown aboutabout thethe 
relationshiprelationship betweenbetween sexsex steroidssteroids andand reproductionreproduction inin 
snakes.snakes. InIn thisthis section,section, wewe discussdiscuss T.T. s.s. parietalisparietalis separatelyseparately 
fromfrom allall otherother snakesnake species.species. AlthoughAlthough suchsuch aa distinctiondistinction isis 
notnot phylogeneticphylogeneticallyally justified,justified, itit enablesenables usus toto provideprovide 
aa thoroughthorough presentationpresentation ofof thethe mostmost well-studiedwell-studied speciesspecies 
withoutwithout biasingbiasing thethe reviewreview ofof reproductivereproductive endocrinologyendocrinology 
ofof snakessnakes inin generalgeneral withwith datadata fromfrom aa singlesingle species.species. WeWe 
thenthen discussdiscuss thethe limitedlimited literatureliterature onon hypothalamichypothalamic 
hormones,hormones, gonadotropinsgonadotropins (GTHs),(GTHs), hormonehormone receptors,receptors, 
bindingbinding globulins,globulins, andand neuroendocrinologyneuroendocrinology forfor allall snakes.snakes. 
WeWe followfollow thisthis withwith aa discussiondiscussion ofof environmental,environmental, 
behavioral,behavioral, andand non-reproductivenon-reproductive physiologicalphysiological influencesinfluences 
onon hormoneshormones andand reproductionreproduction inin snakes,snakes, endingending withwith 
suggestionssuggestions forfor futurefuture research.research. 

2.2. HORMONESHORMONES ANDAND REPRODUCTIVEREPRODUCTIVE 
CYCLESCYCLES IINN SNAKESSNAKES 

SaintSaint GironsGirons (1982)(1982) reviewedreviewed thethe reproductivereproductive cyclescycles ofof 
malemale snakessnakes inin relationrelation toto femalefemale cyclescycles andand climate.climate. InIn 
doingdoing so,so, SaintSaint GironsGirons describeddescribed fourfour patternspatterns ofof malemale 
reproduction.reproduction. First,First, thethe postnuptialpostnuptial (dissociated)(dissociated) oror estivalestival 
type,type, whichwhich occursoccurs inin manymany temperatetemperate andand subtropicalsubtropical 
species,species, isis aa patternpattern inin whichwhich malesmales undergoundergo spermatospermato
genesisgenesis duringduring thethe summer,summer, spermsperm areare storedstored overover thethe 
winterwinter (in(in thethe vasavasa deferentiadeferentia andand sometimessometimes alsoalso inin femalefemale 
oviductsoviducts ifif fallfall matingmating occurs),occurs), andand thethe principalprincipal matingmating 
seasonseason occursoccurs inin spring.spring. ThisThis postnuptialpostnuptial patternpattern ofof spersper
matogenesismatogenesis isis predominantpredominant amongamong temperatetemperate colubridscolubrids 
andand crotalines.crotalines. SecondSecond isis thethe prenuptialprenuptial (associated)(associated) oror 
vernalvernal type,type, whichwhich typicallytypically occursoccurs inin warmwarm climates.climates. InIn 
thisthis type,type, spermatogenesisspermatogenesis beginsbegins inin thethe fallfall andand isis 
completedcompleted byby thethe followingfollowing springspring oror earlyearly summer,summer, atat 
whichwhich timetime matingmating occurs.occurs. ThirdThird isis thethe 'mixed'mixed type,'type,' whichwhich 
isis characterizedcharacterized byby spermatogenesisspermatogenesis beginningbeginning inin springspring 
andand beingbeing completedcompleted oneone yearyear later;later; therethere cancan bebe oneone 
(spring)(spring) oror twotwo (spring(spring andand fall)fall) matingmating seasons.seasons. AsAs withwith 

Hormones and Reproductive Cycles
in Snakes

Emily N. Taylor and Dale F. DeNardo

SUMMARY
The study of the hormonal regulation of reproduction in snakes is
in its infancy. Studies have disproportionately examined
temperate zone viperid and colubrid snakes, especially the red
sided garter snake (Thamnophis sirtalis parietalis). Indeed,
extensive observational and experimental studies on T. s. parie
talis form the basis for our understanding of the hormonal regu
lation of reproduction in snakes. This review focuses on seasonal
hormone concentrations in snakes in relation to events in the
reproductive cycle; the limited data available on hypothalamic
hormones, gonadotropins (GTHs), hormone receptors, and
binding globulins; the neuroendocrinology of reproduction; and
the environmental, social, physiological, and embryonic aspects
of hormonal regulation of reproduction in snakes. The review ends
with suggestions for future research, including studies of a more
diverse ecological and taxonomic representation of snakes,
experimental studies on the effects of hormones on reproductive
tissues and behaviors, and further research into the neuroendo
crinology of reproduction in this highly diverse group of animals.

1. INTRODUCTION

Despite there having been a fair number of studies con
ducted on snake reproduction, these studies have predom
inantly been conducted on a relatively small number of
temperate species. Further, up until the past few decades,
studies of snake reproduction have been mostly anatomical,
being limited to the histology of the male reproductive
organs to quantify the timing of spermatogenesis and the
examination of female reproductive tracts for evidence of
vitellogenesis. This review focuses on current knowledge
of the hormonal regulation of reproduction in snakes.
Because so many studies have been published on the
hormonal regulation of various aspects of reproduction in
snakes, especially the red-sided garter snake (Thamnophis
sirtalis parietalis), we attempt to provide a broad overview
of the effects of hormones on reproduction in snakes,
focusing on seminal studies and referring to review articles

when possible. First, we describe what is known about the
relationship between sex steroids and reproduction in
snakes. In this section, we discuss T. s. parietalis separately
from all other snake species. Although such a distinction is
not phylogenetically justified, it enables us to provide
a thorough presentation of the most well-studied species
without biasing the review of reproductive endocrinology
of snakes in general with data from a single species. We
then discuss the limited literature on hypothalamic
hormones, gonadotropins (GTHs), hormone receptors,
binding globulins, and neuroendocrinology for all snakes.
We follow this with a discussion of environmental,
behavioral, and non-reproductive physiological influences
on hormones and reproduction in snakes, ending with
suggestions for future research.

2. HORMONES AND REPRODUCTIVE
CYCLES IN SNAKES

Saint Girons (1982) reviewed the reproductive cycles of
male snakes in relation to female cycles and climate. In
doing so, Saint Girons described four patterns of male
reproduction. First, the postnuptial (dissociated) or estival
type, which occurs in many temperate and subtropical
species, is a pattern in which males undergo spermato
genesis during the summer, sperm are stored over the
winter (in the vasa deferentia and sometimes also in female
oviducts if fall mating occurs), and the principal mating
season occurs in spring. This postnuptial pattern of sper
matogenesis is predominant among temperate colubrids
and crotalines. Second is the prenuptial (associated) or
vernal type, which typically occurs in warm climates. In
this type, spermatogenesis begins in the fall and is
completed by the following spring or early summer, at
which time mating occurs. Third is the 'mixed type,' which
is characterized by spermatogenesis beginning in spring
and being completed one year later; there can be one
(spring) or two (spring and fall) mating seasons. As with



thethe postnuptialpostnuptial pattern,pattern, thethe mixedmixed typetype typicallytypically occursoccurs inin 
temperatetemperate andand subtropicalsubtropical species.species. Finally,Finally, thethe continuouscontinuous 
typetype describesdescribes speciesspecies inin environmentsenvironments wherewhere therethere isis littlelittle 
seasonalseasonal variationvariation inin temperaturetemperature (e.g.,(e.g., mostmost tropicaltropical areas).areas). 
AsAs thethe namename implies,implies, speciesspecies thatthat expressexpress continuouscontinuous malemale 
reproductionreproduction exhibitexhibit spermatogenesisspermatogenesis andand matingmating behaviorbehavior 
throughoutthroughout thethe year.year. AlthoughAlthough distinctdistinct inin definition,definition, thesethese 
fourfour typestypes ofof malemale reproductionreproduction inin snakessnakes shouldshould bebe viewedviewed 
asas noteworthynoteworthy pointspoints alongalong aa clinecline fromfrom distinctlydistinctly seasonalseasonal 
(displaying(displaying estivalestival spermatogenesis)spermatogenesis) toto aseasonalaseasonal (dis(dis
playingplaying continuouscontinuous spermatogenesis),spermatogenesis), asas exceptionsexceptions 
certainlycertainly existexist (Saint(Saint Girons,Girons, 1982).1982). 

ReproductiveReproductive cyclescycles inin femalefemale snakessnakes areare lessless variablevariable 
thanthan inin males.males. FemalesFemales typicallytypically produce,produce, atat most,most, aa singlesingle 
clutchclutch oror litterlitter perper year.year. ManyMany speciesspecies exhibitexhibit less-thanless-than
annualannual reproduction,reproduction, inin thatthat notnot allall adultadult femalesfemales reproducereproduce 
eacheach yearyear (Duvall,(Duvall, Arnold,Arnold, && Schuett,Schuett, 1992).1992). InIn mostmost 
speciesspecies studied,studied, thethe timingtiming ofof reproductivereproductive eventsevents isis suchsuch 
thatthat neonatesneonates areare bornborn oror hatchedhatched whenwhen resourcesresources areare 
abundantabundant andand climaticclimatic conditionsconditions areare favorable.favorable. Typically,Typically, 
ovulationovulation occursoccurs inin latelate springspring oror earlyearly summer,summer, andand 
hatchinghatching oror parturitionparturition occursoccurs inin summersummer oror earlyearly fallfall (Saint(Saint 
Girons,Girons, 1982).1982). OfOf course,course, exceptionsexceptions exist,exist, especiallyespecially inin 
tropicaltropical speciesspecies inin whichwhich reproductionreproduction maymay occuroccur atat anyany 
timetime ofof year,year, andand therethere maymay bebe multiplemultiple clutchesclutches perper year.year. InIn 
fact,fact, aseasonalaseasonal reproductionreproduction maymay wellwell bebe thethe dominantdominant 
reproductivereproductive patternpattern inin femalefemale snakes,snakes, consideringconsidering thethe 
higherhigher diversitydiversity ofof snakessnakes inin thethe tropicstropics (Stevens,(Stevens, 1989;1989; 
Reed,Reed, 2003),2003), butbut thesethese speciesspecies areare mostlymostly unstudied.unstudied. 

WhereasWhereas thethe timingtiming ofof reproductionreproduction isis mostmost frequentlyfrequently 
assessedassessed accordingaccording toto thethe traditionaltraditional seasonsseasons (spring,(spring, 
summer,summer, fall,fall, andand winterwinter inin thethe northernnorthern oror southernsouthern 
hemispheres),hemispheres), otherother criticalcritical factorsfactors includingincluding annualannual 
weatherweather patterns,patterns, altitude,altitude, phylogeny,phylogeny, foragingforaging mode,mode, bodybody 
size,size, andand bodybody conditioncondition alsoalso regulateregulate thethe timingtiming ofof 
reproductionreproduction (Dunham,(Dunham, Miles,Miles, && Reznick,Reznick, 1988;1988; Vitt,Vitt, 
1992).1992). ToTo moremore fullyfully understandunderstand reproductivereproductive timing,timing, itit isis 
essentialessential toto understandunderstand reproductivereproductive physiology,physiology, especiallyespecially 
thethe relationshipsrelationships betweenbetween hormoneshormones andand eventsevents inin reprorepro
ductionduction (e.g.,(e.g., mating,mating, spermatogenesis,spermatogenesis, vitellogenesis,vitellogenesis, 
gestation,gestation, parturition).parturition). SuchSuch studiesstudies havehave beenbeen conductedconducted 
relativelyrelatively recentlyrecently inin snakes.snakes. SnakesSnakes areare notoriouslynotoriously 
secretivesecretive animals,animals, butbut advancesadvances inin techniquestechniques forfor followingfollowing 
individualindividual snakessnakes inin thethe wildwild (e.g.,(e.g., radiotelemetry)radiotelemetry) asas wellwell 
asas inin methodsmethods ofof quantifyingquantifying hormoneshormones (e.g.,(e.g., radioimmuradioimmu
noassay)noassay) inin thethe 1970s1970s andand 1980s1980s allowedallowed researchersresearchers toto 
beginbegin examiningexamining thethe hormonalhormonal regulationregulation ofof reproductionreproduction 
inin snakes.snakes. SomeSome ofof thethe earliestearliest studiesstudies examinedexamined snakesnake 
GTHsGTHs andand sexsex steroidsteroid hormones,hormones, inin generalgeneral confirmingconfirming thatthat 
thethe structurestructure andand functionfunction ofof thesethese hormoneshormones inin snakessnakes areare 
similarsimilar toto thosethose ofof theirtheir better-studiedbetter-studied mammalianmammalian councoun
terparts.terparts. InIn particular,particular, T.T. s.s. parietalisparietalis emergedemerged asas aa modelmodel 
organismorganism forfor studiesstudies ofof hormonalhormonal regulationregulation ofof reprorepro
ductionduction inin snakessnakes (Krohmer,(Krohmer, 2004),2004), largelylargely becausebecause 

aa populationpopulation inin Manitoba,Manitoba, CanadaCanada thatthat densdens communallycommunally 
byby thethe thousandsthousands providedprovided accessibilityaccessibility toto largelarge numbersnumbers 
ofof snakessnakes forfor bothboth fieldfield andand laboratorylaboratory experiments.experiments. MostMost 
ofof ourour knowledgeknowledge ofof advancedadvanced topicstopics inin thisthis fieldfield comescomes 
fromfrom studiesstudies ofof T.T. s.s. parietalis.parietalis. TheseThese studiesstudies havehave 
providedprovided extremelyextremely valuablevaluable insightsinsights intointo thethe hormonalhormonal 
regulationregulation ofof reproductionreproduction inin snakes,snakes, duedue toto thethe easeease ofof 
samplingsampling multiplemultiple individualsindividuals asas wellwell asas theirtheir readyready 
displaydisplay ofof matingmating behaviorsbehaviors inin captivity.captivity. However,However, thethe 
extremelyextremely highhigh latitudelatitude andand thethe uniqueunique matingmating behaviorbehavior ofof 
thisthis populationpopulation callcall intointo questionquestion thethe applicabilityapplicability ofof thesethese 
resultsresults toto snakessnakes inin general.general. RecentRecent studiesstudies byby severalseveral 
laboratorieslaboratories havehave providedprovided datadata onon thethe hormonalhormonal regularegula
tiontion ofof reproductionreproduction inin otherother snakesnake species.species. TheseThese 
comparativecomparative datadata havehave provenproven quitequite valuable,valuable, butbut thethe 
universalityuniversality ofof existingexisting knowledgeknowledge onon snakesnake reproductivereproductive 
physiologyphysiology mustmust remainremain uncertainuncertain asas thesethese additionaladditional 
studiesstudies stillstill disproportionatelydisproportionately representrepresent temperatetemperate 
species,species, especiallyespecially viperids.viperids. 

CrewsCrews (1984)(1984) reviewedreviewed studiesstudies examiningexamining thethe temporaltemporal 
associationassociation ofof matingmating andand gonadalgonadal activityactivity (defined(defined asas 
gametogenesisgametogenesis and/orand/or secretionsecretion ofof sexsex steroidsteroid hormones)hormones) inin 
seasonallyseasonally breedingbreeding organisms.organisms. HeHe differentiateddifferentiated betweenbetween 
speciesspecies showingshowing associatedassociated andand dissociateddissociated reproductivereproductive 
tacticstactics (Figure(Figure 13.1).13.1). SpeciesSpecies showingshowing associatedassociated reprorepro
ductiveductive tacticstactics exhibitexhibit matingmating thatthat isis coincidentcoincident withwith 
elevatedelevated gonadalgonadal activity,activity, whereaswhereas speciesspecies showingshowing thethe 
dissociateddissociated reproductivereproductive patternpattern matemate whenwhen gonadalgonadal 
activityactivity isis basal.basal. TheseThese termsterms cancan bebe appliedapplied toto bothboth malesmales 
andand females;females; sometimessometimes bothboth sexessexes showshow thethe samesame tactic,tactic, 
whilewhile atat otherother timestimes thethe sexessexes differ.differ. Consideri,ngConsideri,ng thethe 
patternspatterns ofof spermatogenesisspermatogenesis reviewedreviewed byby SaintSaint GironsGirons 
(1982),(1982), thethe estivalestival oror postnuptialpostnuptial patternpattern mostmost closelyclosely 
resemblesresembles thethe dissociateddissociated tactic,tactic, andand thethe vernalvernal oror prenupprenup
tialtial patternpattern mostmost closelyclosely resemblesresembles thethe associatedassociated tactic.tactic. 
AlthoughAlthough thethe dissociateddissociated andand associatedassociated patternspatterns clearlyclearly 
representrepresent extremes,extremes, andand manymany speciesspecies showshow tacticstactics interinter
mediatemediate betweenbetween thesethese extremes,extremes, thethe distinctiondistinction providesprovides 
aa usefuluseful frameworkframework forfor examiningexamining thethe dependencedependence ofof 
matingmating behaviorsbehaviors uponupon gonadalgonadal hormones.hormones. InIn thisthis section,section, 
wewe describedescribe howhow thesethese paradigmsparadigms havehave beenbeen appliedapplied toto 
snakes.snakes. WithWith notablenotable exceptions,exceptions, itit appearsappears thatthat thethe 
majoritymajority ofof malemale snakessnakes ofof thosethose fewfew speciesspecies examinedexamined 
indeedindeed exhibitexhibit matingmating behaviorsbehaviors whenwhen plasmaplasma testosteronetestosterone 
(T)(T) concentrationsconcentrations areare high.high. FemalesFemales ofof thesethese samesame species,species, 
onon thethe otherother hand,hand, willwill oftenoften matemate atat timestimes whenwhen circulatingcirculating 
sexsex steroidsteroid concentrationsconcentrations areare basal.basal. 

2.1.2.1. SteroidsSteroids andand ReproductionReproduction inin SnakesSnakes 
otherother thanthan ThamnophisThamnophis sirtalissirtalis parietalisparietalis 

StudiesStudies ofof plasmaplasma steroidsteroid hormonehormone concentrationsconcentrations inin freefree
rangingranging snakessnakes (other(other thanthan T.T. s.s. parietalis)parietalis) havehave mostlymostly 

the postnuptial pattern, the mixed type typically occurs in
temperate and subtropical species. Finally, the continuous
type describes species in environments where there is little
seasonal variation in temperature (e.g., most tropical areas).
As the name implies, species that express continuous male
reproduction exhibit spermatogenesis and mating behavior
throughout the year. Although distinct in definition, these
four types of male reproduction in snakes should be viewed
as noteworthy points along a cline from distinctly seasonal
(displaying estival spermatogenesis) to aseasonal (dis
playing continuous spermatogenesis), as exceptions
certainly exist (Saint Girons, 1982).

Reproductive cycles in female snakes are less variable
than in males. Females typically produce, at most, a single
clutch or litter per year. Many species exhibit less-than
annual reproduction, in that not all adult females reproduce
each year (Duvall, Arnold, & Schuett, 1992). In most
species studied, the timing of reproductive events is such
that neonates are born or hatched when resources are
abundant and climatic conditions are favorable. Typically,
ovulation occurs in late spring or early summer, and
hatching or parturition occurs in summer or early fall (Saint
Girons, 1982). Of course, exceptions exist, especially in
tropical species in which reproduction may occur at any
time of year, and there may be multiple clutches per year. In
fact, aseasonal reproduction may well be the dominant
reproductive pattern in female snakes, considering the
higher diversity of snakes in the tropics (Stevens, 1989;
Reed, 2003), but these species are mostly unstudied.

Whereas the timing of reproduction is most frequently
assessed according to the traditional seasons (spring,
summer, fall, and winter in the northern or southern
hemispheres), other critical factors including annual
weather patterns, altitude, phylogeny, foraging mode, body
size, and body condition also regulate the timing of
reproduction (Dunham, Miles, & Reznick, 1988; Vitt,
1992). To more fully understand reproductive timing, it is
essential to understand reproductive physiology, especially
the relationships between hormones and events in repro
duction (e.g., mating, spermatogenesis, vitellogenesis,
gestation, parturition). Such studies have been conducted
relatively recently in snakes. Snakes are notoriously
secretive animals, but advances in techniques for following
individual snakes in the wild (e.g., radiotelemetry) as well
as in methods of quantifying hormones (e.g., radioimmu
noassay) in the 1970s and 1980s allowed researchers to
begin examining the hormonal regulation of reproduction
in snakes. Some of the earliest studies examined snake
GTHs and sex steroid hormones, in general confirming that
the structure and function of these hormones in snakes are
similar to those of their better-studied mammalian coun
terparts. In particular, T. s. parietalis emerged as a model
organism for studies of hormonal regulation of repro
duction in snakes (Krohmer, 2004), largely because

a population in Manitoba, Canada that dens communally
by the thousands provided accessibility to large numbers
of snakes for both field and laboratory experiments. Most
of our knowledge of advanced topics in this field comes
from studies of T. s. parietalis. These studies have
provided extremely valuable insights into the hormonal
regulation of reproduction in snakes, due to the ease of
sampling multiple individuals as well as their ready
display of mating behaviors in captivity. However, the
extremely high latitude and the unique mating behavior of
this population call into question the applicability of these
results to snakes in general. Recent studies by several
laboratories have provided data on the hormonal regula
tion of reproduction in other snake species. These
comparative data have proven quite valuable, but the
universality of existing knowledge on snake reproductive
physiology must remain uncertain as these additional
studies still disproportionately represent temperate
species, especially viperids.

Crews (1984) reviewed studies examining the temporal
association of mating and gonadal activity (defined as
gametogenesis and/or secretion of sex steroid hormones) in
seasonally breeding organisms. He differentiated between
species showing associated and dissociated reproductive
tactics (Figure 13.1). Species showing associated repro
ductive tactics exhibit mating that is coincident with
elevated gonadal activity, whereas species showing the
dissociated reproductive pattern mate when gonadal
activity is basal. These terms can be applied to both males
and females; sometimes both sexes show the same tactic,
while at other times the sexes differ. Consideri,ng the
patterns of spermatogenesis reviewed by Saint Girons
(1982), the estival or postnuptial pattern most closely
resembles the dissociated tactic, and the vernal or prenup
tial pattern most closely resembles the associated tactic.
Although the dissociated and associated patterns clearly
represent extremes, and many species show tactics inter
mediate between these extremes, the distinction provides
a useful framework for examining the dependence of
mating behaviors upon gonadal hormones. In this section,
we describe how these paradigms have been applied to
snakes. With notable exceptions, it appears that the
majority of male snakes of those few species examined
indeed exhibit mating behaviors when plasma testosterone
(T) concentrations are high. Females of these same species,
on the other hand, will often mate at times when circulating
sex steroid concentrations are basal.

2.1. Steroids and Reproduction in Snakes
other than Thamnophis sirtalis parietalis

Studies of plasma steroid hormone concentrations in free
ranging snakes (other than T. s. parietalis) have mostly
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beenbeen conductedconducted onon vipers,vipers, withwith severalseveral studiesstudies onon colubridscolubrids 
andand otherother families.families. TheseThese studiesstudies typicallytypically examinedexamined 
seasonalseasonal variationvariation inin hormonehormone concentrationsconcentrations inin relationrelation toto 
reproductivereproductive events,events, includingincluding mating,mating, spermatogenesis,spermatogenesis, 
vitellogenesis,vitellogenesis, andand gestation.gestation. InIn manymany viperidviperid species,species, 
reproductionreproduction isis seasonal,seasonal, butbut notnot allall femalesfemales reproducereproduce inin 
aa givengiven year.year. Thus,Thus, itit isis possiblepossible toto collectcollect bloodblood samplessamples 
forfor hormonehormone quantificationquantification simultaneouslysimultaneously fromfrom nonnon
reproductivereproductive andand reproductivereproductive femalesfemales inin aa singlesingle poppop
ulation.ulation. ThisThis isis advantageousadvantageous forfor studyingstudying thethe relationshiprelationship 
betweenbetween hormoneshormones andand reproductionreproduction becausebecause differencesdifferences inin 
hormonehormone concentrationsconcentrations betweenbetween thesethese groupsgroups cancan moremore 
likelylikely bebe attributedattributed toto reproductionreproduction (although(although correlatedcorrelated 
variablesvariables suchsuch asas bodybody conditioncondition maymay contributecontribute toto suchsuch 
differences).differences). InIn addition,addition, intra-specificintra-specific andand inter-specificinter-specific 
variationvariation inin thethe associationassociation betweenbetween matingmating andand follicularfollicular 
activityactivity allowsallows hormonalhormonal changeschanges responsibleresponsible forfor matingmating 
behaviorsbehaviors toto bebe atat leastleast partiallypartially uncoupleduncoupled fromfrom thosethose 
responsibleresponsible forfor physiologicalphysiological events.events. 

2.1.1.2.1.1. FemalesFemales 

InIn general,general, studiesstudies ofof thethe relationshiprelationship betweenbetween steroidsteroid 
hormoneshormones andand reproductionreproduction inin femalefemale snakessnakes showshow thatthat 
plasmaplasma 17~-estradiol somesome studies,studies, T)T) isis17~-estradiol (E2)(E2) (and(and inin 
elevatedelevated duringduring vitellogenesis,vitellogenesis, reflectingreflecting itsits rolerole inin stimustimu
latinglating productionproduction ofof vitellogeninvitellogenin byby thethe liverliver (Ho,(Ho, KleisKleis
SanSan Francisco,Francisco, McPherson,McPherson, Heiserman,Heiserman, && Callard,Callard, 1982).1982). 
PlasmaPlasma progesteroneprogesterone (P(P4)4) isis oftenoften elevatedelevated duringduring gestationgestation 
inin viviparousviviparous snakes,snakes, reflectingreflecting itsits rolerole inin thethe maintenancemaintenance 
ofof pregnancypregnancy (Mead,(Mead, Eroschenko,Eroschenko, && Highfill,Highfill, 1981;1981; 
reviewedreviewed inin Custodia-LoraCustodia-Lora && Callard,Callard, 2002).2002). Taylor,Taylor, 
DeNardo,DeNardo, andand JenningsJennings (2004)(2004) describeddescribed thethe followingfollowing 
patternspatterns inin femalefemale westernwestern diamondbackdiamondback rattlesnakesrattlesnakes 

(Crotalus(Crotalus atrox).atrox). PlasmaPlasma concentrationsconcentrations ofof E2,E2, T,T, andand PP44 

werewere lowlow throughoutthroughout thethe yearyear ifif femalesfemales diddid notnot reproducereproduce 
inin thatthat year.year. IfIf femalesfemales diddid reproduce,reproduce, E2E2 waswas elevatedelevated fromfrom 
MarchMarch throughthrough June,June, andand especiallyespecially inin AprilApril andand May.May. ThisThis 
timingtiming coincidescoincides withwith vitellogenesisvitellogenesis inin C.C. atroxatrox (Taylor(Taylor && 
DeNardo,DeNardo, 2005)2005) andand inin manymany otherother temperatetemperate species.species. 
TestosteroneTestosterone concentrationsconcentrations areare lowlow throughoutthroughout thethe yearyear inin 
reproductivereproductive females,females, withwith aa slightslight elevationelevation inin springspring thatthat 
maymay bebe duedue toto thethe productionproduction ofof EEzz (T(T beingbeing aa precursorprecursor toto 
E2E2 inin steroidsteroid biosynthesis).biosynthesis). IncreasedIncreased plasmaplasma TT duringduring 
vitellogenesisvitellogenesis waswas observedobserved inin thethe ChineseChinese cobracobra (Naja(Naja 
naja)naja) (Bona-Gallo,(Bona-Gallo, Licht,Licht, MacKenzie,MacKenzie, && Lofts,Lofts, 1980)1980) andand 
threethree speciesspecies ofof marinemarine snakesnake (Acrochordus(Acrochordus granulatus,granulatus, 
CerberusCerberus rhynchops,rhynchops, LaticaudaLaticauda colubrina)colubrina) (Gorman,(Gorman, 
Licht,Licht, && McCollum,McCollum, 1981).1981). SaintSaint Girons,Girons, Bradshaw,Bradshaw, andand 
BradshawBradshaw (1993)(1993) foundfound thatthat femalesfemales displayingdisplaying matingmating 
behaviorsbehaviors hadhad significantlysignificantly higherhigher plasmaplasma dihydihy
drotestosteronedrotestosterone (DHT)(DHT) concentrations,concentrations, butbut notnot TT concenconcen
trations,trations, thanthan femalesfemales thatthat werewere notnot displayingdisplaying matingmating 
behaviors;behaviors; however,however, samplesample sizesize waswas veryvery lowlow inin thisthis 
analysis.analysis. InIn C.C. atrox,atrox, PP44 isis elevatedelevated inin reproductivereproductive femalesfemales 
inin MayMay throughthrough August,August, andand peakspeaks inin June/July,June/July, correcorre
spondingsponding withwith thethe gestationgestation periodperiod (Taylor(Taylor && DeNardo,DeNardo, 
2005).2005). InIn thethe oviparousoviparous N.N. naja,naja, PP44 concentrationsconcentrations similarlysimilarly 
areare elevatedelevated fromfrom ovulationovulation untiluntil ovipositionoviposition (Bona-Gallo(Bona-Gallo 
etet aI.,aI., 1980).1980). InIn C.C. atrox,atrox, plasmaplasma corticosteronecorticosterone (CORT)(CORT) 
concentrationsconcentrations areare moremore variablevariable annuallyannually thanthan thethe otherother 
steroidsteroid hormones,hormones, butbut increaseincrease dramaticallydramatically inin reproductivereproductive 
femalesfemales inin JulyJuly andand August,August, duringduring latelate gestation.gestation. PlasmaPlasma 
CORT,CORT, alongalong withwith PP4,4, concentrationsconcentrations returnreturn toto baselinebaseline byby 
SeptemberSeptember (after(after parturition)parturition) inin reproductivereproductive femalesfemales 
(Taylor(Taylor etet aI.,aI., 2004).2004). 

PlasmaPlasma EEzz andand PP44 concentrationsconcentrations alsoalso havehave beenbeen quanquan
tifiedtified inin viperidsviperids fromfrom Europe,Europe, Asia,Asia, andand SouthSouth America.America. 
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Figure 13.1 Associated and dissoci
ated reproductive patterns. The shaded
bar represents mating activity. Gonadal
activity is usually defined as sex steroid
hormone secretion, although it can also
refer to production of gametes. Modified
from Crews (1984).

been conducted on vipers, with several studies on colubrids
and other families. These studies typically examined
seasonal variation in hormone concentrations in relation to
reproductive events, including mating, spermatogenesis,
vitellogenesis, and gestation. In many viperid species,
reproduction is seasonal, but not all females reproduce in
a given year. Thus, it is possible to collect blood samples
for hormone quantification simultaneously from non
reproductive and reproductive females in a single pop
ulation. This is advantageous for studying the relationship
between hormones and reproduction because differences in
hormone concentrations between these groups can more
likely be attributed to reproduction (although correlated
variables such as body condition may contribute to such
differences). In addition, intra-specific and inter-specific
variation in the association between mating and follicular
activity allows hormonal changes responsible for mating
behaviors to be at least partially uncoupled from those
responsible for physiological events.

2.1.1. Females

In general, studies of the relationship between steroid
hormones and reproduction in female snakes show that
plasma 17~-estradiol (E2) (and in some studies, T) is
elevated during vitellogenesis, reflecting its role in stimu
lating production of vitellogenin by the liver (Ho, Kleis
San Francisco, McPherson, Heiserman, & Callard, 1982).
Plasma progesterone (P4) is often elevated during gestation
in viviparous snakes, reflecting its role in the maintenance
of pregnancy (Mead, Eroschenko, & Highfill, 1981;
reviewed in Custodia-Lora & Callard, 2002). Taylor,
DeNardo, and Jennings (2004) described the following
patterns in female western diamondback rattlesnakes

(Crotalus atrox). Plasma concentrations of E2, T, and P4

were low throughout the year if females did not reproduce
in that year. If females did reproduce, E2 was elevated from
March through June, and especially in April and May. This
timing coincides with vitellogenesis in C. atrox (Taylor &
DeNardo, 2005) and in many other temperate species.
Testosterone concentrations are low throughout the year in
reproductive females, with a slight elevation in spring that
may be due to the production of Ez (T being a precursor to
E2 in steroid biosynthesis). Increased plasma T during
vitellogenesis was observed in the Chinese cobra (Naja
naja) (Bona-Gallo, Licht, MacKenzie, & Lofts, 1980) and
three species of marine snake (Acrochordus granulatus,
Cerberus rhynchops, Laticauda colubrina) (Gorman,
Licht, & McCollum, 1981). Saint Girons, Bradshaw, and
Bradshaw (1993) found that females displaying mating
behaviors had significantly higher plasma dihy
drotestosterone (DHT) concentrations, but not T concen
trations, than females that were not displaying mating
behaviors; however, sample size was very low in this
analysis. In C. atrox, P4 is elevated in reproductive females
in May through August, and peaks in June/July, corre
sponding with the gestation period (Taylor & DeNardo,
2005). In the oviparous N. naja, P4 concentrations similarly
are elevated from ovulation until oviposition (Bona-Gallo
et aI., 1980). In C. atrox, plasma corticosterone (CORT)
concentrations are more variable annually than the other
steroid hormones, but increase dramatically in reproductive
females in July and August, during late gestation. Plasma
CORT, along with P4, concentrations return to baseline by
September (after parturition) in reproductive females
(Taylor et aI., 2004).

Plasma Ez and P4 concentrations also have been quan
tified in viperids from Europe, Asia, and South America.



FemaleFemale aspicaspic vipersvipers (Vipera(Vipera aspis)aspis) inin FranceFrance havehave thethe samesame 
seasonalseasonal matingmating patternspatterns asas C.C. atroxatrox (spring(spring vitellogenesisvitellogenesis 
andand latelate summersummer parturition),parturition), andand alsoalso showshow elevatedelevated EE22 
duringduring springspring (Saint(Saint GironsGirons etet aI.,aI., 1993).1993). Interestingly,Interestingly, 
reportsreports ofof plasmaplasma PP44 conc,entrationsconc,entrations inin reproductivereproductive V.V. aspisaspis 
areare inconsistent.inconsistent. SaintSaint GironsGirons etet aI.aI. (1993)(1993) concludedconcluded thatthat 
plasmaplasma P4P4 isis highlyhighly variablevariable amongamong snakes,snakes, withwith nono clearclear 
differencedifference betweenbetween reproductivereproductive andand non-reproductivenon-reproductive 
females.females. However,However, inin otherother studies,studies, plasmaplasma PP44 concentraconcentra
tionstions ofof reproductivereproductive femalefemale V.aspisV.aspis areare elevatedelevated inin MayMay 
throughthrough AugustAugust (gestation),(gestation), decreasedecrease inin SeptemberSeptember (after(after 
parturition),parturition), andand riserise againagain duringduring winterwinter (Naulleau(Naulleau && 
Fleury,Fleury, 1990;1990; Bonnet,Bonnet, Naulleau,Naulleau, Bradshaw,Bradshaw, && Shine,Shine, 2001).2001). 
BonnetBonnet etet aI.aI. (2001)(2001) hypothesizedhypothesized thatthat thethe winterwinter increaseincrease 
inin P4,P4, whichwhich isis especiallyespecially markedmarked inin post-reproductivepost-reproductive 
snakes,snakes, maymay actact toto blockblock vitellogenesisvitellogenesis inin emaciatedemaciated 
snakes,snakes, asas PP44 maymay inhibitinhibit hepatichepatic synthesissynthesis ofof vitellogeninvitellogenin 
(Callard(Callard etet aI.,aI., 1992;1992; Callard,Callard, Giannoukos,Giannoukos, CharnockCharnock
Jones,Jones, Benson,Benson, && Paolucci,Paolucci, 1994).1994). InIn ChineseChinese greengreen treetree 
vipers,vipers, ViridoviperaViridovipera (Trimeresurus)(Trimeresurus) stejnegeri,stejnegeri, EE22 concenconcen
trationstrations areare slightlyslightly elevatedelevated duringduring vitellogenesisvitellogenesis andand PP44 
concentrationsconcentrations areare dramaticallydramatically elevatedelevated duringduring gestationgestation 
(Tsai(Tsai && Tu,Tu, 2001).2001). Almeida-SantosAlmeida-Santos etet aI.aI. (2004)(2004) foundfound 
similarsimilar relationshipsrelationships betweenbetween sexsex steroidsteroid concentrationsconcentrations 
andand reproductivereproductive statesstates inin femalefemale NeotropicalNeotropical rattlesnakesrattlesnakes 
(Crotalus(Crotalus durissusdurissus terrificus)terrificus) inin southeasternsoutheastern Brazil.Brazil. InIn thisthis 
speciesspecies E2E2 peakspeaks duringduring vitellogenesisvitellogenesis (winter)(winter) andand PP44 isis 
highhigh duringduring gestationgestation (late(late winter,winter, spring,spring, andand summer),summer), 
whereaswhereas bothboth hormoneshormones areare lowlow throughoutthroughout thethe yearyear inin nonnon
reproductivereproductive females.females. 

2.1.2.2.1.2. MalesMales 

intra-specificAsAs withwith females,females, thethe intra,specific andand inter-specificinter-specific varivari
ationation inin thethe numbernumber ofof matingmating periodsperiods perper yearyear andand timingtiming 
ofof thethe matingmating periodsperiods relativerelative toto gonadalgonadal activityactivity amongamong 
temperatetemperate malemale snakessnakes providesprovides aa potentialpotential opportunityopportunity toto 
uncoupleuncouple thethe relationshiprelationship betweenbetween TT andand breedingbreeding behaviorbehavior 
fromfrom thatthat ofof TT andand otherother physiologicalphysiological events,events, includingincluding 
spermatogenesis.spermatogenesis. SeveralSeveral studiesstudies havehave shownshown thatthat TT isis 
elevatedelevated duringduring thethe breedingbreeding season(s),season(s), providingproviding aa strongstrong 
indicationindication thatthat TT stimulatesstimulates reproductivereproductive behaviorsbehaviors inin malemale 
viperids.viperids. 

InIn viperidviperid speciesspecies withwith aa singlesingle annualannual breedingbreeding 
season,season, plasmaplasma TT concentrationsconcentrations areare highhigh whenwhen spersper
matogenesismatogenesis andand breedingbreeding behaviorsbehaviors areare occurring.occurring. InIn thethe 
cottonmouthcottonmouth (Agkistrodon(Agkistrodon piscivorus),piscivorus), TT peakspeaks inin latelate 
summer,summer, atat thethe samesame timetime thatthat malesmales showshow spermiogenicspermiogenic 
activity,activity, hypertrophyhypertrophy ofof thethe sexualsexual segmentsegment ofof thethe kidney,kidney, 
andand breedingbreeding behaviorbehavior (Johnson,(Johnson, Jacob,Jacob, && Torrance,Torrance, 1982;1982; 
Zaidan,Zaidan, Kreider,Kreider, && Beaupre,Beaupre, 2003;2003; Graham,Graham, Earley,Earley, Hoss,Hoss, 
Schuett,Schuett, && Grober,Grober, 2008).2008). Similarly,Similarly, thethe black-tailedblack-tailed 
rattlesnakerattlesnake (Crotalus(Crotalus molossus)molossus) hashas aa singlesingle matingmating seasonseason 
(late(late summer)summer) andand showsshows aa singlesingle annualannual peakpeak inin 

TT concentrationsconcentrations duringduring thisthis timetime (Schuett(Schuett etet aI.,aI., 2005).2005). 
TheThe ChineseChinese cobracobra (N.(N. naja)naja) andand EuropeanEuropean adderadder (Vipera(Vipera 

T atherus)herus) showshow aa similarlysimilarly coordinatedcoordinated singlesingle peakpeak inin Tat thethe 
samesame timetime asas spermiogenesisspermiogenesis andand mating,mating, althoughalthough thesethese 
occuroccur inin thethe springspring ratherrather thanthan latelate summersummer (Lofts,(Lofts, 
Phillips,Phillips, && Tam,Tam, 1966;1966; Bona-GalloBona-Gallo etet aI.,aI., 1980;1980; NaulleauNaulleau 
&& Fleury,Fleury, 1984).1984). 

ManyMany snakesnake speciesspecies showshow twotwo annualannual matingmating seasons,seasons, 
usuallyusually inin springspring andand fallfall (separated(separated byby summersummer andand winterwinter 
periodsperiods ofof reproductivereproductive inactivity).inactivity). WaterWater snakessnakes (Nerodia(Nerodia 
sipedon);sipedon); roughrough greensnakesgreensnakes (Opheodrys(Opheodrys aestivus);aestivus); 
C.C. atrox;atrox; MojaveMojave rattlesnakesrattlesnakes (Crotalus(Crotalus scutulatus);scutulatus); andand 
V.V. aspisaspis breedbreed inin bothboth springspring andand fall,fall, andand malesmales showshow 
elevatedelevated TT inin bothboth ofof thesethese seasonsseasons (Aldridge,(Aldridge, Greenhaw,Greenhaw, && 
Plummer,Plummer, 1990;1990; WeilWeil && Aldridge,Aldridge, 1981;1981; Naulleau,Naulleau, Fleury,Fleury, 
&& Boissin,Boissin, 1987;1987; SaintSaint GironsGirons etet aI.,aI., 1993;1993; SchuettSchuett etet aI.,aI., 
2002;2002; TaylorTaylor etet aI.,aI., 2004;2004; SchuettSchuett etet aI.,aI., 2005).2005). C.C. atroxatrox andand 
C.C. scutulatusscutulatus showshow bimodalbimodal peakspeaks inin circulatingcirculating DHTDHT atat thethe 
samesame timetime asas thethe peakspeaks inin TT (Schuett(Schuett etet aI.,aI., 2002;2002; 2005),2005), 
althoughalthough DHTDHT concentrationsconcentrations areare muchmuch lowerlower thanthan TT 
concentrations.concentrations. InIn aa laboratorylaboratory study,study, TT concentrationsconcentrations ofof 
copperheadscopperheads (Agkistrodon(Agkistrodon contortrix)contortrix) peakpeak inin springspring andand 
latelate summer,summer, correspondingcorresponding toto theirtheir breedingbreeding seasonsseasons 
(Schuett,(Schuett, Harlow,Harlow, Rose,Rose, VanVan Kirk,Kirk, && Murdoch,Murdoch, 1997).1997). 
TheseThese speciesspecies showshow thethe estivalestival oror postnuptialpostnuptial patternpattern ofof 
spermatogenesis:spermatogenesis: TT concentrationsconcentrations areare highhigh duringduring spersper
matogenesismatogenesis andand matingmating inin thethe latelate summersummer andand fall,fall, butbut areare 
alsoalso highhigh duringduring thethe springspring whenwhen matingmating isis occurringoccurring inin thethe 
absenceabsence ofof spermatogenesis.spermatogenesis. TestosteroneTestosterone concentrationsconcentrations 
areare lowestlowest inin summer,summer, whenwhen breedingbreeding activityactivity doesdoes notnot 
occur.occur. InIn thethe SonoranSonoran Desert,Desert, C.C. atroxatrox sampledsampled whilewhile 
baskingbasking duringduring thethe winter,winter, whenwhen thethe speciesspecies isis mostlymostly 
inactive,inactive, exhibitexhibit TT concentrationsconcentrations intermediateintermediate betweenbetween 
thosethose ofof summersummer (lowest)(lowest) andand ofof thethe springspring andand fallfall 
breedingbreeding seasonsseasons (Schuett(Schuett etet aI.,aI., 2006).2006). TheThe reasonreason forfor 
elevatedelevated TT concentrationsconcentrations inin winterwinter isis unknown,unknown, butbut itit isis 
possiblepossible thatthat baskingbasking behaviorbehavior duringduring mildmild winterwinter daysdays 
preparesprepares thethe snakessnakes forfor thethe abruptabrupt onsetonset ofof thethe springspring 
matingmating season.season. 

Interestingly,Interestingly, absoluteabsolute plasmaplasma steroidsteroid hormonehormone 
concentrationsconcentrations ofof manymany viperidsviperids appearappear toto bebe muchmuch higherhigher 
thanthan thosethose ofof mostmost otherother snakessnakes andand otherother vertebrates.vertebrates. ForFor 
example,example, peakpeak TT concentrationsconcentrations inin A.A. contortixcontortix andand rattlerattle
snakessnakes areare inin thethe regionregion ofof 100100 ng/mLng/mL (Schuett(Schuett etet aI.,aI., 
1997a;1997a; 2002;2002; TaylorTaylor etet aI.,aI., 2004;2004; SchuettSchuett etet aI.,aI., 2005),2005), 
whichwhich isis 1-31-3 ordersorders ofof magnitudemagnitude higherhigher thanthan concentraconcentra
tionstions observedobserved inin mostmost otherother snakes.snakes. However,However, thethe closelyclosely 
relatedrelated A.A. piscivoruspiscivorus hashas muchmuch lowerlower plasmaplasma TT concentraconcentra
tionstions thanthan A.A. contortixcontortix (Johnson(Johnson etet aI.,aI., 1982;1982; ZaidanZaidan etet aI.,aI., 
2003;2003; GrahamGraham etet aI.,aI., 2008),2008), andand thethe congenericcongeneric C.C. molossusmolossus 
hashas substantiallysubstantially lowerlower steroidsteroid concentrationsconcentrations thanthan C.C. atroxatrox 
(Schuett(Schuett etet aI.,aI., 2005).2005). TheThe reasonsreasons forfor andand implicationsimplications ofof 
differencesdifferences inin absoluteabsolute steroidsteroid concentrationsconcentrations inin snakes,snakes, 
whetherwhether closelyclosely oror distantlydistantly related,related, areare unknown.unknown. 

Female aspic vipers (Vipera aspis) in France have the same
seasonal mating patterns as C. atrox (spring vitellogenesis
and late summer parturition), and also show elevated E2
during spring (Saint Girons et aI., 1993). Interestingly,
reports of plasma P4 conc,entrations in reproductive V. aspis
are inconsistent. Saint Girons et aI. (1993) concluded that
plasma P4 is highly variable among snakes, with no clear
difference between reproductive and non-reproductive
females. However, in other studies, plasma P4 concentra
tions of reproductive female V.aspis are elevated in May
through August (gestation), decrease in September (after
parturition), and rise again during winter (Naulleau &
Fleury, 1990; Bonnet, Naulleau, Bradshaw, & Shine, 2001).
Bonnet et aI. (2001) hypothesized that the winter increase
in P4, which is especially marked in post-reproductive
snakes, may act to block vitellogenesis in emaciated
snakes, as P4 may inhibit hepatic synthesis of vitellogenin
(Callard et aI., 1992; Callard, Giannoukos, Charnock
Jones, Benson, & Paolucci, 1994). In Chinese green tree
vipers, Viridovipera (Trimeresurus) stejnegeri, E2 concen
trations are slightly elevated during vitellogenesis and P4
concentrations are dramatically elevated during gestation
(Tsai & Tu, 2001). Almeida-Santos et aI. (2004) found
similar relationships between sex steroid concentrations
and reproductive states in female Neotropical rattlesnakes
(Crotalus durissus terrificus) in southeastern Brazil. In this
species E2 peaks during vitellogenesis (winter) and P4 is
high during gestation (late winter, spring, and summer),
whereas both hormones are low throughout the year in non
reproductive females.

2.1.2. Males

As with females, the intra,specific and inter-specific vari
ation in the number of mating periods per year and timing
of the mating periods relative to gonadal activity among
temperate male snakes provides a potential opportunity to
uncouple the relationship between T and breeding behavior
from that of T and other physiological events, including
spermatogenesis. Several studies have shown that T is
elevated during the breeding season(s), providing a strong
indication that T stimulates reproductive behaviors in male
viperids.

In viperid species with a single annual breeding
season, plasma T concentrations are high when sper
matogenesis and breeding behaviors are occurring. In the
cottonmouth (Agkistrodon piscivorus), T peaks in late
summer, at the same time that males show spermiogenic
activity, hypertrophy of the sexual segment of the kidney,
and breeding behavior (Johnson, Jacob, & Torrance, 1982;
Zaidan, Kreider, & Beaupre, 2003; Graham, Earley, Hoss,
Schuett, & Grober, 2008). Similarly, the black-tailed
rattlesnake (Crotalus molossus) has a single mating season
(late summer) and shows a single annual peak in

T concentrations during this time (Schuett et aI., 2005).
The Chinese cobra (N. naja) and European adder (Vipera
herus) show a similarly coordinated single peak in Tat the
same time as spermiogenesis and mating, although these
occur in the spring rather than late summer (Lofts,
Phillips, & Tam, 1966; Bona-Gallo et aI., 1980; Naulleau
& Fleury, 1984).

Many snake species show two annual mating seasons,
usually in spring and fall (separated by summer and winter
periods of reproductive inactivity). Water snakes (Nerodia
sipedon); rough greensnakes (Opheodrys aestivus);
C. atrox; Mojave rattlesnakes (Crotalus scutulatus); and
V. aspis breed in both spring and fall, and males show
elevated T in both of these seasons (Aldridge, Greenhaw, &
Plummer, 1990; Weil & Aldridge, 1981; Naulleau, Fleury,
& Boissin, 1987; Saint Girons et aI., 1993; Schuett et aI.,
2002; Taylor et aI., 2004; Schuett et aI., 2005). C. atrox and
C. scutulatus show bimodal peaks in circulating DHT at the
same time as the peaks in T (Schuett et aI., 2002; 2005),
although DHT concentrations are much lower than T
concentrations. In a laboratory study, T concentrations of
copperheads (Agkistrodon contortrix) peak in spring and
late summer, corresponding to their breeding seasons
(Schuett, Harlow, Rose, Van Kirk, & Murdoch, 1997).
These species show the estival or postnuptial pattern of
spermatogenesis: T concentrations are high during sper
matogenesis and mating in the late summer and fall, but are
also high during the spring when mating is occurring in the
absence of spermatogenesis. Testosterone concentrations
are lowest in summer, when breeding activity does not
occur. In the Sonoran Desert, C. atrox sampled while
basking during the winter, when the species is mostly
inactive, exhibit T concentrations intermediate between
those of summer (lowest) and of the spring and fall
breeding seasons (Schuett et aI., 2006). The reason for
elevated T concentrations in winter is unknown, but it is
possible that basking behavior during mild winter days
prepares the snakes for the abrupt onset of the spring
mating season.

Interestingly, absolute plasma steroid hormone
concentrations of many viperids appear to be much higher
than those of most other snakes and other vertebrates. For
example, peak T concentrations in A. contortix and rattle
snakes are in the region of 100 ng/mL (Schuett et aI.,
1997a; 2002; Taylor et aI., 2004; Schuett et aI., 2005),
which is 1-3 orders of magnitude higher than concentra
tions observed in most other snakes. However, the closely
related A. piscivorus has much lower plasma T concentra
tions than A. contortix (Johnson et aI., 1982; Zaidan et aI.,
2003; Graham et aI., 2008), and the congeneric C. molossus
has substantially lower steroid concentrations than C. atrox
(Schuett et aI., 2005). The reasons for and implications of
differences in absolute steroid concentrations in snakes,
whether closely or distantly related, are unknown.



InIn snakessnakes withwith aa singlesingle annualannual breedingbreeding season,season, spersper
matogenesis,matogenesis, maximalmaximal TT production,production, andand matingmating behaviorsbehaviors 
usuallyusually occuroccur simultaneouslysimultaneously (e.g.,(e.g., thethe 'associated''associated' reprorepro
ductiveductive patternpattern (Crews,(Crews, 1984;1984; WhittierWhittier && Crews,Crews, 1987)),1987)), 
therebythereby makingmaking itit difficultdifficult toto assessassess thethe importanceimportance ofof TT inin 
eacheach process.process. However,However, studiesstudies onon thosethose speciesspecies withwith 
bimodalbimodal matingmating seasonsseasons suggestsuggest thatthat TT isis responsibleresponsible forfor 
matingmating behaviors,behaviors, sincesince TT isis elevatedelevated duringduring bothboth matingmating 
periodsperiods regardlessregardless ofof whetherwhether thethe testestestes areare spermatogenispermatogeni
callycally activeactive oror regressed.regressed. SomeSome exceptionsexceptions areare evident:evident: 
malemale V.V. aspisaspis sometimessometimes havehave veryvery lowlow androgenandrogen concenconcen
trationstrations duringduring matingmating (Naulleau(Naulleau etet aI.,aI., 1987;1987; SaintSaint GironsGirons 
etet aI.,aI., 1993).1993). ItIt isis importantimportant toto notenote thatthat speciesspecies withwith twotwo 
matingmating seasonsseasons areare intermediateintermediate inin thethe associated/dissociassociated/dissoci
atedated dichotomydichotomy ofof reproductivereproductive patternspatterns (Crews,(Crews, 1984;1984; 
WhittierWhittier && Crews,Crews, 1987),1987), asas theythey havehave associatedassociated reprorepro
ductionduction inin oneone seasonseason (late(late summer/fall)summer/fall) andand dissociateddissociated 
reproductionreproduction inin anotheranother (spring)(spring) withwith respectrespect toto spermatospermato
genesis.genesis. InIn thisthis context,context, itit isis evidentevident thatthat thethe associated/associated/ 
dissociateddissociated paradigmparadigm shouldshould bebe viewedviewed asas describingdescribing twotwo 
extremesextremes alongalong aa continuumcontinuum inin whichwhich manymany snakessnakes fallfall 
somewheresomewhere inin thethe middlemiddle (Moore(Moore && Lindzey,Lindzey, 1992).1992). 

MostMost researchresearch onon steroidsteroid hormoneshormones inin snakessnakes hashas 
focusedfocused onon terrestrialterrestrial snakessnakes fromfrom temperatetemperate regions,regions, inin 
whichwhich reproductionreproduction isis highlyhighly seasonal.seasonal. AA noteworthynoteworthy 
exception,exception, however,however, deservesdeserves comment.comment. GormanGorman etet ai.al. 
(1981)(1981) describeddescribed thethe seasonalseasonal steroidsteroid hormonehormone concentraconcentra
tionstions inin relationrelation toto reproductivereproductive eventsevents inin threethree marinemarine 
snakessnakes (A.(A. granulatus,granulatus, C.C. rhynchops,rhynchops, andand L.L. colubrina)colubrina) 
fromfrom thethe Philippines.Philippines. TheseThese threethree speciesspecies showshow varyingvarying 
degreesdegrees ofof seasonalityseasonality inin theirtheir reproductivereproductive patterns.patterns. 
A.A. granulatusgranulatus isis thethe mostmost seasonal,seasonal, withwith matingmating activity,activity, 
spermatogenesis,spermatogenesis, andand peakpeak TT concentrationsconcentrations occurringoccurring inin 
thethe fall,fall, shortlyshortly afterafter vitellogenesisvitellogenesis inin females.females. InIn contrast,contrast, 
C.C. rhynchops,rhynchops, andand especiallyespecially L.L. colubrina,colubrina, showshow spersper
matogenesismatogenesis throughoutthroughout thethe year.year. AlthoughAlthough spermatogenspermatogen
esisesis andand TT concentrationsconcentrations inin C.C. rhynchopsrhynchops peakpeak inin thethe fall,fall, 
therethere isis evidenceevidence forfor year-roundyear-round gonadalgonadal activity.activity. InIn L.L. 
colubrina,colubrina, malesmales showshow nono seasonalseasonal trendstrends inin spermatogenicspermatogenic 
activityactivity oror TT concentrations.concentrations. TheseThese datadata suggestsuggest thatthat speciesspecies 
inhabitinginhabiting moremore thermallythermally constantconstant environments,environments, suchsuch asas 
thethe oceanocean andand thethe tropics,tropics, maymay showshow year-roundyear-round reprorepro
duction.duction. However,However, thethe paucitypaucity ofof datadata onon tropicaltropical snakessnakes 
highlightshighlights thethe needneed forfor researchresearch inin thisthis area.area. 

2.2.2.2. SteroidsSteroids andand ReproductionReproduction inin Red-sidedRed-sided 
GarterGarter SnakesSnakes (Thamnophis(Thamnophis sirtalissirtalis parietalis)parietalis) 

2.2.1.2.2.1. FemalesFemales 

UnlikeUnlike ourour limitedlimited knowledgeknowledge regardingregarding steroidssteroids andand 
reproductionreproduction inin otherother speciesspecies ofof snake,snake, studiesstudies ofof TT s.s. 
parietaLisparietaLis gogo beyondbeyond aa basicbasic correlationalcorrelational examinationexamination 
betweenbetween plasmaplasma hormonehormone concentrationsconcentrations andand thethe 

reproductivereproductive cycle.cycle. StudiesStudies ofof thethe reproductivereproductive endocriendocri
nologynology ofof TT s.s. parietalisparietalis havehave employedemployed manipulativemanipulative 
designsdesigns toto moremore closelyclosely examineexamine theirtheir reproductivereproductive endoendo
crinology.crinology. FemaleFemale TT s.s. parietalisparietalis exhibitexhibit aa ratherrather unusualunusual 
relationshiprelationship betweenbetween reproductivereproductive eventsevents andand hormoneshormones inin 
comparisoncomparison toto otherother speciesspecies ofof snake.snake. Notably,Notably, theythey dodo notnot 
showshow elevatedelevated PP44 duringduring gestationgestation (Whittier,(Whittier, Mason,Mason, && 
Crews,Crews, 1987).1987). LikeLike manymany otherother snakessnakes studied,studied, plasmaplasma TT isis 
elevatedelevated duringduring vitellogenesisvitellogenesis (Whittier(Whittier etet aI.,al., 1987a).1987a). 
SpringSpring matingmating occursoccurs whenwhen E2E2 concentrationsconcentrations areare lowlow 
(Garstka,(Garstka, Camazine,Camazine, && Crews,Crews, 1982),1982), butbut Mendon9aMendon9a andand 
CrewsCrews (1996)(1996) havehave shownshown throughthrough ovariectomyovariectomy andand 
hormonehormone replacementreplacement therapytherapy thatthat eveneven lowlow £2 concenconcen
trationstrations appearappear toto bebe importantimportant inin makingmaking femalefemale snakessnakes 
attractiveattractive andand receptivereceptive toto males.males. Additionally,Additionally, thethe physicalphysical 

E2 

actact ofof matingmating inducesinduces aa surgesurge inin £2 inin females,females, butbut plasmaplasma 
E2£2 concentrationsconcentrations areare notnot necessarilynecessarily elevatedelevated duringduring 
vitellogenesisvitellogenesis (Garstka,(Garstka, Tokartz,Tokartz, Diamond,Diamond, Halpert,Halpert, && 

aI., Crews,Crews, 

E2 

Crews,Crews, 1985;1985; WhittierWhittier etet al., 1987a;1987a; WhittierWhittier && 
1989;1989; Mendon9aMendon9a && Crews,Crews, 1990).1990). Copulation,Copulation, butbut notnot 
courtship,courtship, stimulatesstimulates releaserelease ofof prostaglandinprostaglandin F2aF2a (PGF2a)(PGF2a) 
byby femalefemale TT s.s. parietalisparietalis (Whittier(Whittier && Crews,Crews, 1989).1989). ItIt waswas 
hypothesizedhypothesized thatthat thisthis prostaglandin,prostaglandin, possiblypossibly alongalong withwith 
thethe mating-inducedmating-induced surgesurge inin plasmaplasma E2,E2, causescauses femalesfemales toto 
becomebecome unreceptiveunreceptive andand unattractiveunattractive toto males.males. ThisThis declinedecline 
inin receptivityreceptivity isis effectedeffected byby cloacalcloacal distentiondistention duringduring 
mating,mating, whichwhich transmitstransmits aa neuralneural signalsignal toto thethe brain,brain, andand thethe 
declinedecline inin attractivityattractivity isis mediatedmediated possiblypossibly byby aa pheromonepheromone 
presentpresent inin copulatorycopulatory plugsplugs depositeddeposited byby malesmales 
(Mendon9a(Mendon9a && Crews,Crews, 2001).2001). 

WhittierWhittier (1992)(1992) examinedexamined thethe effectseffects ofof steroidsteroid 
hormoneshormones onon ovarianovarian andand liverliver tissuetissue inin adultadult femalefemale TT s.s. 

non-reproductive E2parietaLis.parietaLis. TreatmentTreatment ofof non-reprOductive femalesfemales withwith £2 
stimulatesstimulates anan increaseincrease inin oviductaloviductal massmass andand oviductaloviductal cellcell 

17 ~-estradiolsize,size, butbut doesdoes notnot affectaffect ovarianovarian mass.mass. 17S-estradiol alsoalso 
stimulatesstimulates anan increaseincrease inin liverliver massmass andand hepatocytehepatocyte sizesize andand 
number.number. TreatmentTreatment withwith TT andand DHTDHT stimulatesstimulates anan increaseincrease 
inin oviductaloviductal massmass andand oviductaloviductal cellcell sizesize andand aa slightslight 
increaseincrease inin hepatocytehepatocyte sizesize andand number.number. TheseThese datadata suggestsuggest 
thatthat E2E2 andand androgens,androgens, eveneven whenwhen notnot aromatizablearomatizable (i.e.,(i.e., 
DHT),DHT), cancan affectaffect thethe oviductoviduct andand toto aa lesserlesser extentextent thethe liverliver 
ofof femalefemale TT s.s. parietaLis.parietaLis. 

2.2.2.2.2.2. MalesMales 

MaleMale TT s.s. parietaLisparietaLis emergeemerge fromfrom communalcommunal hibernaculahibernacula inin 
springspring andand initiateinitiate courtshipcourtship behaviorbehavior thatthat lastslasts severalseveral 
weeksweeks (Crews(Crews && Garstka,Garstka, 1982).1982). HawleyHawley andand AleksiukAleksiuk 
(1975;(1975; 1976)1976) showedshowed thatthat increasedincreased temperaturestemperatures experiexperi
encedenced duringduring springspring stimulatestimulate reproductivereproductive behaviors.behaviors. 
KrohmerKrohmer andand CrewsCrews (1987a)(1987a) suggestsuggest aa possiblepossible rolerole forfor thethe 
anterioranterior preopticpreoptic areaarea ofof thethe hypothalamushypothalamus (APOA)(APOA) inin thisthis 
process,process, asas lesionslesions toto thisthis areaarea disrupteddisrupted bothboth courtshipcourtship 
behaviorbehavior andand thermoregulation.thermoregulation. DuringDuring springspring mating,mating, 

In snakes with a single annual breeding season, sper
matogenesis, maximal T production, and mating behaviors
usually occur simultaneously (e.g., the 'associated' repro
ductive pattern (Crews, 1984; Whittier & Crews, 1987)),
thereby making it difficult to assess the importance of T in
each process. However, studies on those species with
bimodal mating seasons suggest that T is responsible for
mating behaviors, since T is elevated during both mating
periods regardless of whether the testes are spermatogeni
cally active or regressed. Some exceptions are evident:
male V. aspis sometimes have very low androgen concen
trations during mating (Naulleau et aI., 1987; Saint Girons
et aI., 1993). It is important to note that species with two
mating seasons are intermediate in the associated/dissoci
ated dichotomy of reproductive patterns (Crews, 1984;
Whittier & Crews, 1987), as they have associated repro
duction in one season (late summer/fall) and dissociated
reproduction in another (spring) with respect to spermato
genesis. In this context, it is evident that the associated/
dissociated paradigm should be viewed as describing two
extremes along a continuum in which many snakes fall
somewhere in the middle (Moore & Lindzey, 1992).

Most research on steroid hormones in snakes has
focused on terrestrial snakes from temperate regions, in
which reproduction is highly seasonal. A noteworthy
exception, however, deserves comment. Gorman et al.
(1981) described the seasonal steroid hormone concentra
tions in relation to reproductive events in three marine
snakes (A. granulatus, C. rhynchops, and L. colubrina)
from the Philippines. These three species show varying
degrees of seasonality in their reproductive patterns.
A. granulatus is the most seasonal, with mating activity,
spermatogenesis, and peak T concentrations occurring in
the fall, shortly after vitellogenesis in females. In contrast,
C. rhynchops, and especially L. colubrina, show sper
matogenesis throughout the year. Although spermatogen
esis and T concentrations in C. rhynchops peak in the fall,
there is evidence for year-round gonadal activity. In L.
colubrina, males show no seasonal trends in spermatogenic
activity or T concentrations. These data suggest that species
inhabiting more thermally constant environments, such as
the ocean and the tropics, may show year-round repro
duction. However, the paucity of data on tropical snakes
highlights the need for research in this area.

2.2. Steroids and Reproduction in Red-sided
Garter Snakes (Thamnophis sirtalis parietalis)

2.2.1. Females

Unlike our limited knowledge regarding steroids and
reproduction in other species of snake, studies of T s.
parietaLis go beyond a basic correlational examination
between plasma hormone concentrations and the

reproductive cycle. Studies of the reproductive endocri
nology of T s. parietalis have employed manipulative
designs to more closely examine their reproductive endo
crinology. Female T s. parietalis exhibit a rather unusual
relationship between reproductive events and hormones in
comparison to other species of snake. Notably, they do not
show elevated P4 during gestation (Whittier, Mason, &
Crews, 1987). Like many other snakes studied, plasma T is
elevated during vitellogenesis (Whittier et al., 1987a).
Spring mating occurs when E2 concentrations are low
(Garstka, Camazine, & Crews, 1982), but Mendon9a and
Crews (1996) have shown through ovariectomy and
hormone replacement therapy that even low £2 concen
trations appear to be important in making female snakes
attractive and receptive to males. Additionally, the physical
act of mating induces a surge in £2 in females, but plasma
£2 concentrations are not necessarily elevated during
vitellogenesis (Garstka, Tokartz, Diamond, Halpert, &
Crews, 1985; Whittier et al., 1987a; Whittier & Crews,
1989; Mendon9a & Crews, 1990). Copulation, but not
courtship, stimulates release of prostaglandin F2a (PGF2a)
by female T s. parietalis (Whittier & Crews, 1989). It was
hypothesized that this prostaglandin, possibly along with
the mating-induced surge in plasma E2, causes females to
become unreceptive and unattractive to males. This decline
in receptivity is effected by cloacal distention during
mating, which transmits a neural signal to the brain, and the
decline in attractivity is mediated possibly by a pheromone
present in copulatory plugs deposited by males
(Mendon9a & Crews, 2001).

Whittier (1992) examined the effects of steroid
hormones on ovarian and liver tissue in adult female T s.
parietaLis. Treatment of non-reprOductive females with £2
stimulates an increase in oviductal mass and oviductal cell
size, but does not affect ovarian mass. 17S-estradiol also
stimulates an increase in liver mass and hepatocyte size and
number. Treatment with T and DHT stimulates an increase
in oviductal mass and oviductal cell size and a slight
increase in hepatocyte size and number. These data suggest
that E2 and androgens, even when not aromatizable (i.e.,
DHT), can affect the oviduct and to a lesser extent the liver
of female T s. parietaLis.

2.2.2. Males

Male T s. parietaLis emerge from communal hibernacula in
spring and initiate courtship behavior that lasts several
weeks (Crews & Garstka, 1982). Hawley and Aleksiuk
(1975; 1976) showed that increased temperatures experi
enced during spring stimulate reproductive behaviors.
Krohmer and Crews (1987a) suggest a possible role for the
anterior preoptic area of the hypothalamus (APOA) in this
process, as lesions to this area disrupted both courtship
behavior and thermoregulation. During spring mating,



malesmales utilizeutilize spermsperm producedproduced thethe previousprevious summersummer andand 
storedstored throughthrough thethe winterwinter inin thethe vasavasa deferentiadeferentia (Krohmer,(Krohmer, 
Grassman,Grassman, && Crews,Crews, 1987);1987); accordingaccording toto thethe paradigmsparadigms 
describeddescribed earlier,earlier, theythey thereforetherefore exhibitexhibit thethe postnuptial,postnuptial, 
dissociateddissociated reproductive,reproductive, tactictactic (Crews,(Crews, 1976).1976). However,However, 
studiesstudies suggestsuggest thatthat T.T. s.s. parietalisparietalis alsoalso matemate inin thethe latelate 
summersummer andand fallfall (Mendom.;a(Mendom.;a && Crews,Crews, 1989;1989; WhittierWhittier && 
Crews,Crews, 1989),1989), 

ItIt waswas initiallyinitially reportedreported thatthat plasmaplasma androgenandrogen 
concentrationsconcentrations areare lowlow inin thethe spring,spring, whenwhen matingmating occursoccurs 
(Camazine,(Camazine, Garstka,Garstka, Tokarz,Tokarz, && Crews,Crews, 1980),1980), againagain 
highlightinghighlighting thethe postnuptial,postnuptial, dissociateddissociated patternpattern ofof reprorepro
ductionduction inin thisthis species.species. However,However, laterlater studiesstudies demondemon
stratedstrated thatthat androgenandrogen concentrationsconcentrations areare inin factfact elevatedelevated 
uponupon emergenceemergence fromfrom hibernationhibernation butbut dropdrop rapidlyrapidly afterafter 
emergenceemergence (Krohmer(Krohmer etet a!.,a!., 1987;1987; Moore,Moore, LeMaster,LeMaster, && 
Mason,Mason, 2000).2000). InIn accordanceaccordance withwith this,this, thethe sexualsexual segmentsegment 
ofof thethe kidney,kidney, whichwhich isis knownknown toto bebe stimulatedstimulated byby androandro
gensgens inin squamatesquamate reptilesreptiles (Bishop,(Bishop, 1959),1959), waswas hypertrohypertro
phiedphied inin thethe latelate summersummer andand thethe spring,spring, butbut regressedregressed 
duringduring thethe summersummer whenwhen androgenandrogen concentrationsconcentrations areare lowlow 
(Krohmer(Krohmer etet a!.,a!., 1987).1987). SinceSince therethere isis nownow evidenceevidence forfor 
bothboth springspring andand latelate summersummer matingmating andand elevatedelevated TT duringduring 
bothboth fallfall andand emergenceemergence fromfrom hibernationhibernation inin spring,spring, thisthis 
speciesspecies doesdoes notnot exhibitexhibit aa strictlystrictly dissociateddissociated patternpattern ofof 
reproduction.reproduction. However,However, matingmating behaviorbehavior isis notnot dependentdependent 
uponupon TT inin malemale T.T. s.s. parietalisparietalis (Camazine(Camazine etet a!.,a!., 1980;1980; 
Crews,Crews, 1984;1984; CrewsCrews etet a!.,a!., 1984).1984). CourtshipCourtship behaviorbehavior isis 
independentindependent ofof androgensandrogens becausebecause castration,castration, adrenalecadrenalec
tomy,tomy, oror hypophysectomyhypophysectomy failsfails toto preventprevent courtshipcourtship 
behaviorbehavior inin males,males, whereaswhereas treatmenttreatment withwith hypothalamichypothalamic 
hormones,hormones, GTHs,GTHs, argininearginine vasotocin,vasotocin, oror sexsex steroidsteroid 
hormoneshormones doesdoes notnot stimulatestimulate courtshipcourtship behaviorbehavior inin adultadult 
malesmales (Garstka(Garstka etet a!.,a!., 1982;1982; CrewsCrews etet a!.,a!., 1984).1984). ItIt isis 
possiblepossible thatthat priorprior exposureexposure toto androgensandrogens organizesorganizes brainbrain 
regionsregions involvedinvolved inin reproduction,reproduction, andand thenthen lowlow temperatempera
turestures inin winterwinter followedfollowed byby aa springspring warmingwarming activateactivate 
reproductivereproductive behaviors.behaviors. InIn supportsupport ofof thisthis hypothesis,hypothesis, 
TT implantsimplants elicitelicit courtshipcourtship behaviorbehavior inin neonatalneonatal andand 
yearling,yearling, butbut notnot adult,adult, malesmales andand femalesfemales (Crews,(Crews, 1985).1985). 
Alternatively,Alternatively, itit isis possiblepossible thatthat androgensandrogens playaplaya typicaltypical 
rolerole inin gametogenesisgametogenesis inin thisthis speciesspecies butbut dodo notnot playaplaya rolerole 
inin matingmating behavior,behavior, oror thatthat theirtheir rolerole inin matingmating behaviorbehavior isis 
yetyet toto bebe discovered.discovered. 

2.3.2.3. HypothalamicHypothalamic Hormones,Hormones, 
Gonadotropins,Gonadotropins, HormoneHormone Receptors,Receptors, 
andand BindingBinding GlobulinsGlobulins inin SnakesSnakes 

DataData onon thethe structurestructure andand distributiondistribution ofof gonadotropingonadotropin
releasingreleasing hormonehormone (GnRH)(GnRH) inin snakessnakes areare scarcescarce andand 
contradictory.contradictory. LichtLicht etet a!.a!. (1984)(1984) foundfound thatthat chickenchicken andand 
mammalianmammalian GnRHGnRH failedfailed toto stimulatestimulate GTHGTH releaserelease inin 

cobrascobras (N.(N. naja).naja). However,However, otherother studiesstudies havehave providedprovided 
evidenceevidence thatthat snakessnakes possesspossess aa hormonehormone resemblingresembling eithereither 
mammalianmammalian oror chickenchicken GnRH.GnRH. Nozaki,Nozaki, Tsukahara,Tsukahara, andand 
KobayashiKobayashi (1984)(1984) foundfound cellcell bodiesbodies inin thethe hypothalamushypothalamus 
andand hippocampushippocampus ofof ratrat snakessnakes (Elaphe(Elaphe climacophora)climacophora) thatthat 
werewere immunoreactiveimmunoreactive forfor mammalianmammalian GnRH.GnRH. SherwoodSherwood 
andand WhittierWhittier (1988)(1988) usedused highhigh performanceperformance liquidliquid chrochro
matographymatography toto showshow thatthat T.T. s.s. parietalisparietalis hashas aa singlesingle formform ofof 
GnRHGnRH thatthat mostmost closelyclosely resemblesresembles chicken-Ichicken-I GnRHGnRH 
(cGnRH-I).(cGnRH-I). Smith,Smith, Moore,Moore, andand MasonMason (1997)(1997) examinedexamined thethe 
distributiondistribution ofof GnRHGnRH inin thethe brainsbrains ofof malemale T.T. s.s. parietalisparietalis 
andand confirmedconfirmed thatthat thisthis speciesspecies hashas aa GnRHGnRH resemblingresembling thethe 
cGnRH-I,cGnRH-I, withwith GnRH-likeGnRH-like immunoreactivityimmunoreactivity distributeddistributed inin 
manymany brainbrain regions.regions. 

OnlyOnly aa singlesingle studystudy hashas measuredmeasured concentrationsconcentrations ofof 
GTHsGTHs inin snakes.snakes. Bona-GalloBona-Gallo etet a!.a!. (1980)(1980) foundfound thatthat 
plasmaplasma GTHGTH concentrationsconcentrations (detected(detected usingusing aa radioimmuradioimmu
noassaynoassay withwith aa labeledlabeled cobracobra GTHGTH ofof unspecifiedunspecified structure)structure) 
peakedpeaked inin malemale N.N. najanaja duringduring winter,winter, whenwhen testiculartesticular 
recrudescencerecrudescence begins.begins. InIn females,females, plasmaplasma GTHGTH concenconcen
trationstrations alsoalso peakedpeaked inin winter,winter, butbut showedshowed aa secondsecond peakpeak 
duringduring springspring vitellogenesis.vitellogenesis. InIn general,general, thethe relationshiprelationship 
betweenbetween GTHGTH concentrations,concentrations, steroidsteroid hormonehormone secretion,secretion, 
andand eventsevents inin thethe reproductivereproductive cyclecycle isis notnot straightforwardstraightforward 
inin thisthis species,species, leadingleading toto thethe hypothesishypothesis thatthat functionalfunctional 
changeschanges inin gonadalgonadal tissuetissue ratherrather thanthan inin concentrationsconcentrations ofof 
circulatingcirculating GTHsGTHs areare responsibleresponsible forfor changeschanges inin circulatingcirculating 
steroidsteroid hormonehormone concentrations.concentrations. 

TheThe structurestructure ofof snakesnake GTHsGTHs hashas yetyet toto bebe identified,identified, 
andand studiesstudies havehave indirectlyindirectly assessedassessed thethe actionsactions ofof GTHsGTHs 
byby evaluatingevaluating thethe effectseffects ofof mammalianmammalian GTHsGTHs onon 
androgenandrogen secretionsecretion andand testiculartesticular developmentdevelopment inin snakes.snakes. 
BothBoth mammalianmammalian follicle-stimulatingfollicle-stimulating hormonehormone (FSH)(FSH) 
andand luteinizingluteinizing hormonehormone (LH)(LH) stimulatestimulate gametogenesis,gametogenesis, 
steroidsteroid production,production, andand ovulationovulation inin snakessnakes (reviewed(reviewed inin 
Licht,Licht, 1974).1974). TsuiTsui andand LichtLicht (1977)(1977) showedshowed thatthat LHLH andand 
FSHFSH fromfrom variousvarious speciesspecies ofof vertebrate,vertebrate, includingincluding otherother 
reptiles,reptiles, stimulatedstimulated androgenesisandrogenesis inin C.C. atroxatrox andand T.T. s.s. 
parietalis,parietalis, butbut toto varyingvarying degreesdegrees (depending(depending bothboth onon thethe 
sourcesource speciesspecies ofof thethe GTHGTH andand thethe speciesspecies beingbeing tested).tested). 
ThisThis studystudy alsoalso suggestedsuggested thatthat snakesnake GTHsGTHs maymay bebe 
structurallystructurally divergentdivergent fromfrom thosethose ofof manymany otherother verteverte
brates,brates, sincesince snakesnake GTHsGTHs failedfailed toto elicitelicit androgenandrogen 

al.productionproduction inin turtleturtle gonads.gonads. GartskaGartska etet a!. (1985)(1985) showedshowed 
thatthat ovineovine FSHFSH stimulatedstimulated hepatichepatic yolkyolk synthesissynthesis andand 
yolkyolk depositiondeposition intointo eggseggs ofof T.T. s.s. parietalis.parietalis. KrohmerKrohmer 
(1986)(1986) foundfound evidenceevidence thatthat ovineovine FSHFSH stimulatesstimulates 
testiculartesticular developmentdevelopment (e.g.,(e.g., increasedincreased testistestis mass,mass, 
seminiferousseminiferous tubuletubule diameters,diameters, andand epithelialepithelial cellcell size),size), 
andand ovineovine LHLH stimulatesstimulates androgenesisandrogenesis inin immatureimmature waterwater 
snakessnakes (N.(N. sipedon).sipedon). Interestingly,Interestingly, however,however, thesethese effectseffects 
maymay dependdepend onon season,season, asas bovinebovine LHLH (but(but notnot FSH)FSH) 
stimulatesstimulates androgenesisandrogenesis inin thethe spring,spring, andand bovinebovine FSHFSH 
(but(but notnot LH)LH) stimulatesstimulates androgenesisandrogenesis inin thethe summersummer andand 

males utilize sperm produced the previous summer and
stored through the winter in the vasa deferentia (Krohmer,
Grassman, & Crews, 1987); according to the paradigms
described earlier, they therefore exhibit the postnuptial,
dissociated reproductive, tactic (Crews, 1976). However,
studies suggest that T. s. parietalis also mate in the late
summer and fall (Mendom.;a & Crews, 1989; Whittier &
Crews, 1989),

It was initially reported that plasma androgen
concentrations are low in the spring, when mating occurs
(Camazine, Garstka, Tokarz, & Crews, 1980), again
highlighting the postnuptial, dissociated pattern of repro
duction in this species. However, later studies demon
strated that androgen concentrations are in fact elevated
upon emergence from hibernation but drop rapidly after
emergence (Krohmer et a!., 1987; Moore, LeMaster, &
Mason, 2000). In accordance with this, the sexual segment
of the kidney, which is known to be stimulated by andro
gens in squamate reptiles (Bishop, 1959), was hypertro
phied in the late summer and the spring, but regressed
during the summer when androgen concentrations are low
(Krohmer et a!., 1987). Since there is now evidence for
both spring and late summer mating and elevated T during
both fall and emergence from hibernation in spring, this
species does not exhibit a strictly dissociated pattern of
reproduction. However, mating behavior is not dependent
upon T in male T. s. parietalis (Camazine et a!., 1980;
Crews, 1984; Crews et a!., 1984). Courtship behavior is
independent of androgens because castration, adrenalec
tomy, or hypophysectomy fails to prevent courtship
behavior in males, whereas treatment with hypothalamic
hormones, GTHs, arginine vasotocin, or sex steroid
hormones does not stimulate courtship behavior in adult
males (Garstka et a!., 1982; Crews et a!., 1984). It is
possible that prior exposure to androgens organizes brain
regions involved in reproduction, and then low tempera
tures in winter followed by a spring warming activate
reproductive behaviors. In support of this hypothesis,
T implants elicit courtship behavior in neonatal and
yearling, but not adult, males and females (Crews, 1985).
Alternatively, it is possible that androgens playa typical
role in gametogenesis in this species but do not playa role
in mating behavior, or that their role in mating behavior is
yet to be discovered.

2.3. Hypothalamic Hormones,
Gonadotropins, Hormone Receptors,
and Binding Globulins in Snakes

Data on the structure and distribution of gonadotropin
releasing hormone (GnRH) in snakes are scarce and
contradictory. Licht et a!. (1984) found that chicken and
mammalian GnRH failed to stimulate GTH release in

cobras (N. naja). However, other studies have provided
evidence that snakes possess a hormone resembling either
mammalian or chicken GnRH. Nozaki, Tsukahara, and
Kobayashi (1984) found cell bodies in the hypothalamus
and hippocampus of rat snakes (Elaphe climacophora) that
were immunoreactive for mammalian GnRH. Sherwood
and Whittier (1988) used high performance liquid chro
matography to show that T. s. parietalis has a single form of
GnRH that most closely resembles chicken-I GnRH
(cGnRH-I). Smith, Moore, and Mason (1997) examined the
distribution of GnRH in the brains of male T. s. parietalis
and confirmed that this species has a GnRH resembling the
cGnRH-I, with GnRH-like immunoreactivity distributed in
many brain regions.

Only a single study has measured concentrations of
GTHs in snakes. Bona-Gallo et a!. (1980) found that
plasma GTH concentrations (detected using a radioimmu
noassay with a labeled cobra GTH of unspecified structure)
peaked in male N. naja during winter, when testicular
recrudescence begins. In females, plasma GTH concen
trations also peaked in winter, but showed a second peak
during spring vitellogenesis. In general, the relationship
between GTH concentrations, steroid hormone secretion,
and events in the reproductive cycle is not straightforward
in this species, leading to the hypothesis that functional
changes in gonadal tissue rather than in concentrations of
circulating GTHs are responsible for changes in circulating
steroid hormone concentrations.

The structure of snake GTHs has yet to be identified,
and studies have indirectly assessed the actions of GTHs
by evaluating the effects of mammalian GTHs on
androgen secretion and testicular development in snakes.
Both mammalian follicle-stimulating hormone (FSH)
and luteinizing hormone (LH) stimulate gametogenesis,
steroid production, and ovulation in snakes (reviewed in
Licht, 1974). Tsui and Licht (1977) showed that LH and
FSH from various species of vertebrate, including other
reptiles, stimulated androgenesis in C. atrox and T. s.
parietalis, but to varying degrees (depending both on the
source species of the GTH and the species being tested).
This study also suggested that snake GTHs may be
structurally divergent from those of many other verte
brates, since snake GTHs failed to elicit androgen
production in turtle gonads. Gartska et a!. (1985) showed
that ovine FSH stimulated hepatic yolk synthesis and
yolk deposition into eggs of T. s. parietalis. Krohmer
(1986) found evidence that ovine FSH stimulates
testicular development (e.g., increased testis mass,
seminiferous tubule diameters, and epithelial cell size),
and ovine LH stimulates androgenesis in immature water
snakes (N. sipedon). Interestingly, however, these effects
may depend on season, as bovine LH (but not FSH)
stimulates androgenesis in the spring, and bovine FSH
(but not LH) stimulates androgenesis in the summer and



fallfall inin adultadult waterwater snakessnakes (Weil,(Weil, 1982).1982). Alternatively,Alternatively, 
ovineovine andand bovinebovine GTHsGTHs maymay bebe divergentdivergent enoughenough inin 
structurestructure toto elicitelicit differentdifferent responsesresponses inin waterwater snakes,snakes, OrOr 
thethe differencesdifferences inin thethe twotwo studiesstudies maymay havehave toto dodo withwith 
thethe maturitymaturity ofof thethe snakes.snakes. StudiesStudies utilizingutilizing radioradio
iodinatediodinated humanhuman FSHFSH showedshowed thatthat thisthis hormonehormone bindsbinds 
readilyreadily toto snakesnake gonads,gonads, andand thatthat LHLH maymay actact atat thethe samesame 
bindingbinding sitesite asas FSHFSH (Licht(Licht && Midgley,Midgley, 1976;1976; 1977;1977; LichtLicht 
etet aI.,aI., 1977;1977; Licht,Licht, Farmer,Farmer, Gallo,Gallo, && Papkoff,Papkoff, 1979).1979). 
Collectively,Collectively, thesethese studiesstudies raisedraised thethe questionquestion asas toto 
whetherwhether snakessnakes actuallyactually havehave twotwo GTHs,GTHs, oror aa singlesingle 
GTHGTH withwith thethe actionsactions attributedattributed collectivelycollectively toto FSHFSH andand 
LHLH inin mammals.mammals. AlthoughAlthough thisthis questionquestion hashas yetyet toto bebe 
answeredanswered definitively,definitively, aa recentrecent studystudy usingusing tissuestissues fromfrom 
thethe viperviper BothropsBothrops jaracarajaracara successfullysuccessfully clonedcloned thethe 
snakesnake FSHFSH receptorreceptor (FSHR)(FSHR) butbut failedfailed toto identifyidentify 
aa receptorreceptor inin thethe LHLH receptorreceptor familyfamily (Bluhm(Bluhm etet aI.,aI., 
2004).2004). ItIt isis thereforetherefore possiblepossible thatthat snakessnakes havehave aa singlesingle 
GTHGTH thatthat stimulatesstimulates gametogenesis,gametogenesis, steroidsteroid production,production, 
andand ovulation,ovulation, oror converselyconversely thatthat thethe snakesnake FSHRFSHR 
possessespossesses moietiesmoieties distinctdistinct fromfrom mammalmammal FSHRFSHR thatthat 
accountaccount forfor itsits apparentapparent lacklack ofof discriminationdiscrimination betweenbetween 
FSHFSH andand LH.LH. 

LikeLike studiesstudies ofof GTHGTH receptors,receptors, studiesstudies ofof steroidsteroid 
hormonehormone receptorsreceptors andand bindingbinding proteinsproteins inin snakessnakes areare 
limited.limited. Kleis-SanKleis-San FranciscoFrancisco andand CallardCallard (1986)(1986) identifiedidentified 
PP44 receptorreceptor inin thethe oviductoviduct ofof NerodiaNerodia sp.sp. TheThe presencepresence ofof 
aa PP44 receptorreceptor inin thethe oviductsoviducts ofof thisthis viviparousviviparous snakesnake maymay 
reflectreflect itsits rolerole inin thethe inhibitioninhibition ofof oviductaloviductal motilitymotility duringduring 
pregnancypregnancy (Callard(Callard etet aI.,aI., 1992).1992). RileyRiley andand CallardCallard (1988)(1988) 
describeddescribed aa high-affinity,high-affinity, nuclearnuclear estrogenestrogen receptorreceptor inin thethe 
liverliver ofof femalefemale NerodiaNerodia sp.,sp., reflectingreflecting thethe rolerole ofof thisthis 
hormonehormone inin vitellogenesisvitellogenesis inin snakes.snakes. OnlyOnly aa singlesingle studystudy 
existsexists onon steroidsteroid hormonehormone bindingbinding proteinsproteins (SHBP)(SHBP) in·in' 
snakes.snakes. Riley,Riley, Kleis-SanKleis-San Francisco,Francisco, andand CallardCallard (1988)(1988) 
identifiedidentified aa SHBPSHBP inin NerodiaNerodia sp.sp. withwith aa broadbroad bindingbinding 
specificity,specificity, bindingbinding toto E2'E2' PP44,, T,T, DHT,DHT, andand CORT,CORT, withwith 
medium-highmedium-high affinityaffinity andand limitedlimited capacity.capacity. 

2.4.2.4. TheThe NeuroendocrinologyNeuroendocrinology 
ofof ReproductionReproduction inin SnakesSnakes 

MostMost ofof ourour currentcurrent knowledgeknowledge ofof thethe neuroendocrinologyneuroendocrinology 
ofof reproductionreproduction inin snakessnakes comescomes fromfrom studiesstudies onon T.T. s.s. 
parietalis.parietalis. ThisThis speciesspecies hashas aa distributiondistribution ofof sexsex steroidsteroid
responsiveresponsive brainbrain neuronsneurons similarsimilar toto otherother vertebratesvertebrates 
(Crews(Crews && Silver,Silver, 1985).1985). ResearchersResearchers havehave utilizedutilized histohisto
logicallogical techniques,techniques, hormonehormone implants,implants, lesioning,lesioning, andand 
surgicalsurgical removalremoval techniquestechniques toto studystudy thethe rolesroles ofof thethe APOA,APOA, 
thethe ventromedialventromedial hypothalamushypothalamus (VMH),(VMH), thethe nucleusnucleus 
sphericussphericus (NS,(NS, oror amygdala),amygdala), thethe septum,septum, andand thethe pinealpineal 
glandgland (see(see SectionSection 3.1)3.1) inin thethe regulationregulation ofof reproductionreproduction inin 
T.T. s.s. parietalisparietalis andand aa fewfew otherother species.species. 

Crews,Crews, Robker,Robker, andand MendonvaMendonva (1993)(1993) foundfound evidenceevidence 
forfor sexualsexual dimorphismdimorphism inin twotwo brainbrain regionsregions inin laboratorylaboratory
housedhoused T.T. s.s. parietalis:parietalis: hibernatinghibernating femalesfemales havehave aa smallersmaller 
APOAAPOA thanthan hibernatinghibernating males,males, andand femalesfemales preventedprevented 
fromfrom hibernatinghibernating havehave aa smallersmaller NSNS thanthan malesmales preventedprevented 
fromfrom hibernating.hibernating. Otherwise,Otherwise, therethere areare nono sexualsexual dimordimor
phismsphisms inin thethe brainbrain regionsregions studied.studied. MalesMales showshow nono 
seasonalseasonal oror hormonehormone implant-inducedimplant-induced variationvariation inin APOA,APOA, 
VMH,VMH, oror NSNS volume,volume, whereaswhereas femalesfemales showshow significantlysignificantly 
smallersmaller APOAAPOA andand VMHVMH regionsregions duringduring hibernationhibernation thanthan 
duringduring thethe restrest ofof thethe year.year. ImplantsImplants ofof E2E2 stimulatedstimulated anan 
increaseincrease inin thethe sizesize ofof thethe preopticpreoptic areaarea (POA)(POA) ofof femalesfemales 
(Crews(Crews etet al.,al., 1993).1993). 

TheThe APOAAPOA isis integralintegral inin thethe coordinationcoordination ofof stimulistimuli andand 
sexualsexual behaviorsbehaviors inin thisthis speciesspecies (Friedman(Friedman && Crews,Crews, 1985a;1985a; 
1985b;1985b; KrohmerKrohmer && Crews,Crews, 1987a),1987a), whichwhich isis typicaltypical ofof 
vertebratesvertebrates inin generalgeneral (Crews(Crews && Silver,Silver, 1985;1985; Panzica,Panzica, 
Viglietti-Panzica,Viglietti-Panzica, && Balthazart,Balthazart, 1996).1996). LesionsLesions toto thethe 
APOAAPOA inin malemale T.T. s.s. parietalisparietalis atat variousvarious timestimes inin thethe annualannual 
cyclecycle abolishabolish courtshipcourtship behaviorbehavior (Friedman(Friedman && Crews,Crews, 
1985;1985; KrohmerKrohmer && Crews,Crews, 1987a).1987a). TheseThese lesionslesions alsoalso 
disruptdisrupt thermoregulatorythermoregulatory behaviorbehavior (Krohmer(Krohmer && Crews,Crews, 
1987a),1987a), and,and, sincesince exposureexposure toto coldcold winterwinter temperaturestemperatures 
followedfollowed byby heatingheating inin springspring isis essentialessential toto thethe activationactivation 
ofof courtshipcourtship behaviorbehavior inin malesmales (Hawley(Hawley && Aleksiuk,Aleksiuk, 1975;1975; 
1976),1976), itit isis probableprobable thatthat thethe APOAAPOA integratesintegrates temperaturetemperature 
cuescues withwith efferentefferent networksnetworks importantimportant inin courtshipcourtship 
behavior.behavior. 

TheThe NSNS andand thethe septumseptum appearappear toto playplay inhibitoryinhibitory rolesroles inin 
courtshipcourtship behaviorbehavior inin malemale T.T. s.s. parietalis,parietalis, asas lesionslesions toto thesethese 
areasareas facilitatefacilitate courtshipcourtship behaviorbehavior inin malesmales (Krohmer(Krohmer && 
Crews,Crews, 1987b).1987b). LesionsLesions toto thethe NS,NS, butbut notnot thethe septum,septum, leadlead 
toto significantsignificant increasesincreases inin circulatingcirculating androgens,androgens, andand 
lesionslesions toto bothboth areasareas increaseincrease thethe quantityquantity ofof sexualsexual grangran
ulesules inin thethe sexualsexual segmentsegment ofof thethe kidneykidney (Krohmer(Krohmer && 
Crews,Crews, 1987b).1987b). 

TheThe enzymeenzyme aromatasearomatase isis responsibleresponsible forfor convertingconverting TT 
toto estrogens,estrogens, andand itit isis E2E2 ratherrather thanthan TT thatthat actuallyactually stimstim
ulatesulates manymany malemale sexualsexual behaviorsbehaviors inin vertebratesvertebrates (Roselli,(Roselli, 
Horton,Horton, && Resko,Resko, 1985;1985; VagellVagell && McGuiness,McGuiness, 1997).1997). 
Therefore,Therefore, thethe distributiondistribution ofof aromatasearomatase inin thethe malemale brainbrain 
cancan bebe informativeinformative aboutabout areasareas ofof thethe brainbrain importantimportant inin 
sexualsexual behavior.behavior. Krohmer,Krohmer, Bieganski,Bieganski, Baleckaitis,Baleckaitis, Harada,Harada, 
andand BalthazartBalthazart (2002)(2002) foundfound evidenceevidence forfor aromatasearomatase 
immunoreactivityimmunoreactivity throughoutthroughout thethe brainbrain ofof T.T. s.s. parietalis,parietalis, 
butbut itit waswas highlyhighly concentratedconcentrated onlyonly inin thethe APOA,APOA, thethe NS,NS, 
andand thethe septum.septum. SinceSince thesethese areare thethe brainbrain areasareas associatedassociated 
withwith courtshipcourtship behavior,behavior, locallocal conversionconversion ofof androgensandrogens toto 
E2E2 maymay bebe importantimportant inin thethe activationactivation ofof sexualsexual behavior.behavior. 
ThisThis isis surprising,surprising, consideringconsidering thatthat studiesstudies havehave repeatedlyrepeatedly 
shownshown thatthat matingmating behaviorbehavior inin malemale T.T. s.s. parietalisparietalis isis notnot 
dependentdependent onon androgensandrogens (Camazine(Camazine etet aI.,aI., 1980;1980; GarstkaGarstka 
etet al.,al., 1982;1982; Crews,Crews, 1984;1984; CrewsCrews etet aI.,aI., 1984).1984). ThisThis 
discrepancydiscrepancy hashas yetyet toto bebe resolved.resolved. 

fall in adult water snakes (Weil, 1982). Alternatively,
ovine and bovine GTHs may be divergent enough in
structure to elicit different responses in water snakes, Or
the differences in the two studies may have to do with
the maturity of the snakes. Studies utilizing radio
iodinated human FSH showed that this hormone binds
readily to snake gonads, and that LH may act at the same
binding site as FSH (Licht & Midgley, 1976; 1977; Licht
et aI., 1977; Licht, Farmer, Gallo, & Papkoff, 1979).
Collectively, these studies raised the question as to
whether snakes actually have two GTHs, or a single
GTH with the actions attributed collectively to FSH and
LH in mammals. Although this question has yet to be
answered definitively, a recent study using tissues from
the viper Bothrops jaracara successfully cloned the
snake FSH receptor (FSHR) but failed to identify
a receptor in the LH receptor family (Bluhm et aI.,
2004). It is therefore possible that snakes have a single
GTH that stimulates gametogenesis, steroid production,
and ovulation, or conversely that the snake FSHR
possesses moieties distinct from mammal FSHR that
account for its apparent lack of discrimination between
FSH and LH.

Like studies of GTH receptors, studies of steroid
hormone receptors and binding proteins in snakes are
limited. Kleis-San Francisco and Callard (1986) identified
P4 receptor in the oviduct of Nerodia sp. The presence of
a P4 receptor in the oviducts of this viviparous snake may
reflect its role in the inhibition of oviductal motility during
pregnancy (Callard et aI., 1992). Riley and Callard (1988)
described a high-affinity, nuclear estrogen receptor in the
liver of female Nerodia sp., reflecting the role of this
hormone in vitellogenesis in snakes. Only a single study
exists on steroid hormone binding proteins (SHBP) in'
snakes. Riley, Kleis-San Francisco, and Callard (1988)
identified a SHBP in Nerodia sp. with a broad binding
specificity, binding to E2' P4, T, DHT, and CORT, with
medium-high affinity and limited capacity.

2.4. The Neuroendocrinology
of Reproduction in Snakes

Most of our current knowledge of the neuroendocrinology
of reproduction in snakes comes from studies on T. s.
parietalis. This species has a distribution of sex steroid
responsive brain neurons similar to other vertebrates
(Crews & Silver, 1985). Researchers have utilized histo
logical techniques, hormone implants, lesioning, and
surgical removal techniques to study the roles of the APOA,
the ventromedial hypothalamus (VMH), the nucleus
sphericus (NS, or amygdala), the septum, and the pineal
gland (see Section 3.1) in the regulation of reproduction in
T. s. parietalis and a few other species.

Crews, Robker, and Mendonva (1993) found evidence
for sexual dimorphism in two brain regions in laboratory
housed T. s. parietalis: hibernating females have a smaller
APOA than hibernating males, and females prevented
from hibernating have a smaller NS than males prevented
from hibernating. Otherwise, there are no sexual dimor
phisms in the brain regions studied. Males show no
seasonal or hormone implant-induced variation in APOA,
VMH, or NS volume, whereas females show significantly
smaller APOA and VMH regions during hibernation than
during the rest of the year. Implants of E2 stimulated an
increase in the size of the preoptic area (POA) of females
(Crews et al., 1993).

The APOA is integral in the coordination of stimuli and
sexual behaviors in this species (Friedman & Crews, 1985a;
1985b; Krohmer & Crews, 1987a), which is typical of
vertebrates in general (Crews & Silver, 1985; Panzica,
Viglietti-Panzica, & Balthazart, 1996). Lesions to the
APOA in male T. s. parietalis at various times in the annual
cycle abolish courtship behavior (Friedman & Crews,
1985; Krohmer & Crews, 1987a). These lesions also
disrupt thermoregulatory behavior (Krohmer & Crews,
1987a), and, since exposure to cold winter temperatures
followed by heating in spring is essential to the activation
of courtship behavior in males (Hawley & Aleksiuk, 1975;
1976), it is probable that the APOA integrates temperature
cues with efferent networks important in courtship
behavior.

The NS and the septum appear to play inhibitory roles in
courtship behavior in male T. s. parietalis, as lesions to these
areas facilitate courtship behavior in males (Krohmer &
Crews, 1987b). Lesions to the NS, but not the septum, lead
to significant increases in circulating androgens, and
lesions to both areas increase the quantity of sexual gran
ules in the sexual segment of the kidney (Krohmer &
Crews, 1987b).

The enzyme aromatase is responsible for converting T
to estrogens, and it is E2 rather than T that actually stim
ulates many male sexual behaviors in vertebrates (Roselli,
Horton, & Resko, 1985; Vagell & McGuiness, 1997).
Therefore, the distribution of aromatase in the male brain
can be informative about areas of the brain important in
sexual behavior. Krohmer, Bieganski, Baleckaitis, Harada,
and Balthazart (2002) found evidence for aromatase
immunoreactivity throughout the brain of T. s. parietalis,
but it was highly concentrated only in the APOA, the NS,
and the septum. Since these are the brain areas associated
with courtship behavior, local conversion of androgens to
E2 may be important in the activation of sexual behavior.
This is surprising, considering that studies have repeatedly
shown that mating behavior in male T. s. parietalis is not
dependent on androgens (Camazine et aI., 1980; Garstka
et al., 1982; Crews, 1984; Crews et aI., 1984). This
discrepancy has yet to be resolved.



INflUENCES3.3. INFLUENCES ONON THETHE REPRODUCTIVEREPRODUCTIVE 
CYCLECYCLE 

3.1.3.1. EnvironmentalEnvironmental InfluencesInfluences 

EnvironmentalEnvironmental stimulistimuli a'rea're criticalcritical toto seasonalseasonal reproductionreproduction 
inin mostmost animals.animals. InIn mammalsmammals andand birds,birds, photoperiodphotoperiod isis thethe 
primaryprimary proximateproximate factorfactor thatthat regulatesregulates reproductivereproductive 
activityactivity (reviewed(reviewed inin Dawson,Dawson, King,King, Bentley,Bentley, && Ball,Ball, 
2001).2001). However,However, inin snakessnakes andand otherother reptiles,reptiles, temperaturetemperature 
appearsappears toto bebe thethe primaryprimary cuecue thatthat controlscontrols reproductivereproductive 
activity.activity. InIn T.T. s.s. parietalis,parietalis, thethe durationduration ofof exposureexposure toto coldcold 
temperaturestemperatures isis criticalcritical forfor stimulatingstimulating reproduction,reproduction, 
whereaswhereas photoperiodphotoperiod hashas inconsistentinconsistent effectseffects (reviewed(reviewed inin 
Whittier,Whittier, Mason,Mason, Crews,Crews, && Licht,Licht, 1987).1987). 

AlthoughAlthough thethe relationshiprelationship betweenbetween temperaturetemperature andand 
reproductionreproduction hashas beenbeen knownknown forfor decades,decades, thethe hormonalhormonal 
mechanismsmechanisms byby whichwhich thethe interactioninteraction operatesoperates remainremain 
unclear.unclear. InIn cobrascobras (N.(N. naja),naja), hibernationhibernation reducesreduces plasmaplasma 
concentrationsconcentrations ofof numerousnumerous hormones,hormones, andand concentrationsconcentrations 
returnreturn toto elevatedelevated levelslevels inin springspring (EI-Deib,(EI-Deib, 2005).2005). ThyroidThyroid 
hormonehormone warrantswarrants specificspecific attentionattention asas aa potentialpotential regulatorregulator 
betweenbetween temperaturetemperature andand reproduction.reproduction. ThereThere isis aa directdirect 
relationshiprelationship betweenbetween temperaturetemperature andand iodineiodine uptakeuptake byby thethe 
thyroidthyroid (Turner(Turner && Tipton,Tipton, 11972a),972a), andand coldcold temperaturestemperatures 
cancan alsoalso reducereduce targettarget tissuetissue responseresponse toto thyroidthyroid hormoneshormones 

(T4)(Turner(Turner && Tipton,Tipton, 1972b).1972b). AsAs inin otherother taxa,taxa, thyroxinethyroxine (T4) 
increasesincreases tissuetissue metabolismmetabolism inin snakessnakes (Thapliyal,(Thapliyal, Kumar,Kumar, && 
Gommen,Gommen, 1975),1975), butbut itit maymay alsoalso havehave aa directdirect effecteffect onon 
reproduction.reproduction. InIn thethe mostmost thoroughthorough studystudy ofof TT44 andand reprorepro

al.ductionduction inin snakes,snakes, Bona-GalloBona-Gallo etet aI. (1980)(1980) demonstrateddemonstrated 
aa pronouncedpronounced annualannual TT44 cyclecycle withwith plasmaplasma concentrationsconcentrations 
lowestlowest inin winterwinter andand substantiallysubstantially elevatedelevated duringduring latelate 
spring.spring. InIn males,males, plasmaplasma TT44 concentrationsconcentrations werewere elevatedelevated 
whenwhen testestestes massmass andand plasmaplasma TT concentrationsconcentrations peakedpeaked inin 
MayMay (when(when femalesfemales werewere vitellogenic),vitellogenic), butbut plasmaplasma T4T4 
concentrationsconcentrations diddid notnot actuallyactually peakpeak untiluntil June,June, whichwhich ledled 
thethe authorsauthors toto suggestsuggest thatthat TT44 maymay playaplaya rolerole inin testistestis 
regression.regression. InIn females,females, TT44 concentrationsconcentrations peakpeak atat thethe heightheight 
ofof ovarianovarian activityactivity (May).(May). 

Similarly,Similarly, inin malemale EuropeanEuropean addersadders (V.(V. berus),berus), circucircu
latinglating concentrationsconcentrations ofof TT44 areare greatestgreatest duringduring thethe periodperiod ofof 
sexualsexual activityactivity (L.(L. Kelleway,Kelleway, reportedreported inin GarstkaGarstka etet aI.,aI., 
1982).1982). However,However, acutelyacutely treatingtreating sexuallysexually inactiveinactive malemale 
T.T. s.s. parietalisparietalis withwith eithereither TT44 oror triiodothyroninetriiodothyronine (T(T3)3) ledled toto 
nono changeschanges inin reproductivereproductive activityactivity withinwithin 2424 hourshours 
(Garstka(Garstka etet aI.,aI., 1982).1982). Interestingly,Interestingly, thyroid-stimulatingthyroid-stimulating 
hormonehormone (TSH)(TSH) treatmenttreatment ofof hypophysectomizedhypophysectomized malemale 
glossyglossy snakessnakes (Arizona(Arizona elegans)elegans) restoredrestored spermatogenesisspermatogenesis 
(Chiu(Chiu && Lynn,Lynn, 1971),1971), butbut thethe mechanismmechanism ofof thisthis effecteffect waswas 
notnot determineddetermined andand thethe effecteffect maymay simplysimply bebe aa resultresult ofof 
cross-reactivitycross-reactivity ofof TSHTSH withwith GTHGTH receptors.receptors. WhileWhile limited,limited, 
thethe datadata onon thyroidthyroid hormoneshormones hinthint ofof aa possiblepossible rolerole ofof 
thyroidthyroid hormoneshormones inin reproduction,reproduction, includingincluding aa possiblepossible 

mechanisticmechanistic linklink betweenbetween temperaturetemperature andand reproductivereproductive 
activity.activity. 

TheThe pinealpineal glandgland alsoalso deservesdeserves specificspecific attentionattention asas 
aa potentialpotential mediatormediator betweenbetween environmentalenvironmental conditionsconditions andand 
reproductionreproduction (Tamarkin,(Tamarkin, Baird,Baird, && Almeida,Almeida, 1985;1985; PangPang 
etet aI.,aI., 1998).1998). InIn reptiles,reptiles, thethe pinealpineal gland,gland, throughthrough thethe 
secretionsecretion ofof melatonin,melatonin, communicatescommunicates changeschanges inin photophoto
periodperiod andand environmentalenvironmental temperaturetemperature toto thethe body.body. InIn turn,turn, 
melatoninmelatonin affectsaffects circadiancircadian cycles,cycles, thermoregulation,thermoregulation, andand 
reproductivereproductive activityactivity (reviewed(reviewed inin Tosini,Tosini, 1997).1997). InIn T.T. s.s. 
parietalis,parietalis, melatoninmelatonin showsshows aa dieldiel cyclecycle withwith elevatedelevated 
plasmaplasma concentrationsconcentrations duringduring scotophase;scotophase; however,however, duringduring 
hibernationhibernation atat coldcold temperaturestemperatures inin totaltotal darkness,darkness, plasmaplasma 
melatoninmelatonin isis undetectableundetectable (Mendonc,;a,(Mendonc,;a, Tousignant,Tousignant, && 
Crews,Crews, 1995).1995). WithinWithin hourshours ofof emergence,emergence, circulatingcirculating 
melatoninmelatonin concentrationsconcentrations peak.peak. InIn thethe waterwater snakesnake NerodiaNerodia 
rhombifera,rhombifera, coolcool temperaturestemperatures reducereduce plasmaplasma melatoninmelatonin 
concentrationsconcentrations andand removeremove thethe differencedifference inin plasmaplasma 
concentrationconcentration betweenbetween samplessamples takentaken duringduring thethe scotoscoto
phasephase andand thosethose takentaken duringduring thethe photophasephotophase despitedespite 
controllingcontrolling photoperiodphotoperiod atat 12:12: 1212 L:L: DD (light:(light: dark)dark) 
(Tilden(Tilden && Hutchison,Hutchison, 1993).1993). 

RegardingRegarding melatonin'smelatonin's effecteffect onon reproductivereproductive activity,activity, 
pinealectomypinealectomy disruptsdisrupts gonadalgonadal developmentdevelopment andand regressionregression 
inin IndianIndian chequeredchequered waterwater snakessnakes (Natrix(Natrix piscator)piscator) (Haldar(Haldar && 
Pandey,Pandey, 1989).1989). InIn T.T. s.s. parietalis,parietalis, malesmales thatthat courtcourt duringduring thethe 

dielspringspring havehave normalnormal melatoninmelatonin die1 cyclescycles (with(with increasedincreased 
concentrationsconcentrations duringduring thethe scotophase),scotophase), whereaswhereas malesmales thatthat 

(Mendonc,;a,dodo notnot courtcourt havehave reversedreversed dieldiel cyclescycles (Mendonc;a, TousigTousig
nant,nant, && Crews,Crews, 1996a).1996a). PinealectomizingPinealectomizing malesmales priorprior toto 
hibernationhibernation reducesreduces courtshipcourtship behaviorbehavior thethe followingfollowing springspring 
(Nelson,(Nelson, Mason,Mason, Krohmer,Krohmer, && Crews,Crews, 1987;1987; Crews,Crews, HinHin
gorani,gorani, && Nelson,Nelson, 1988;1988; Mendonc,;aMendonc,;a etet aI.,aI., 1996a).1996a). Further,Further, 
treatmenttreatment withwith exogenousexogenous melatoninmelatonin inhibitsinhibits courtshipcourtship 
behaviorbehavior (Lutterschmidt,(Lutterschmidt, LeMaster,LeMaster, && Mason,Mason, 2004).2004). 
Together,Together, thesethese resultsresults demonstratedemonstrate thatthat gonadalgonadal developdevelop
mentment andand courtshipcourtship behaviorbehavior dependdepend onon normalnormal die!die! cyclescycles 
ofof melatonin.melatonin. However,However, pinealectomypinealectomy inin springspring doesdoes notnot 
alteralter existingexisting courtshipcourtship behavior,behavior, suggestingsuggesting thatthat melatoninmelatonin 
cyclescycles areare criticalcritical forfor providingproviding thethe initialinitial stimulusstimulus forfor 
courtshipcourtship butbut notnot forfor modulatingmodulating courtshipcourtship onceonce initiatedinitiated 
(Mendonc,;a,(Mendonc;a, Tousignant,Tousignant, && Crews,Crews, 1996b).1996b). SeasonalSeasonal melamela
tonintonin cyclescycles varyvary amongamong ThamnophisThamnophis sirtalissirtalis populationspopulations 
withwith differingdiffering climateclimate conditionsconditions andand courtingcourting cycles,cycles, 
althoughalthough thethe relationshiprelationship betweenbetween thethe inter-populationinter-population 
variationsvariations inin melatoninmelatonin andand courtshipcourtship isis unclearunclear (Lut(Lut
terschmidtterschrnidt && Mason,Mason, 2008).2008). 

3.2.3.2. SocialSocial InfluencesInfluences 

AlthoughAlthough descriptivedescriptive studiesstudies onon seasonalseasonal hormonalhormonal cyclescycles 
inin snakessnakes havehave beenbeen conductedconducted inin numerousnumerous species,species, itit isis 
remarkableremarkable thatthat studiesstudies thatthat manipulatemanipulate sexsex steroidsteroid profilesprofiles 
areare almostalmost completelycompletely limitedlimited toto studiesstudies ofof T.T. s.s. parietalis.parietalis. 

3. INFLUENCES ON THE REPRODUCTIVE
CYCLE

3.1. Environmental Influences

Environmental stimuli a're critical to seasonal reproduction
in most animals. In mammals and birds, photoperiod is the
primary proximate factor that regulates reproductive
activity (reviewed in Dawson, King, Bentley, & Ball,
2001). However, in snakes and other reptiles, temperature
appears to be the primary cue that controls reproductive
activity. In T. s. parietalis, the duration of exposure to cold
temperatures is critical for stimulating reproduction,
whereas photoperiod has inconsistent effects (reviewed in
Whittier, Mason, Crews, & Licht, 1987).

Although the relationship between temperature and
reproduction has been known for decades, the hormonal
mechanisms by which the interaction operates remain
unclear. In cobras (N. naja), hibernation reduces plasma
concentrations of numerous hormones, and concentrations
return to elevated levels in spring (EI-Deib, 2005). Thyroid
hormone warrants specific attention as a potential regulator
between temperature and reproduction. There is a direct
relationship between temperature and iodine uptake by the
thyroid (Turner & Tipton, 1972a), and cold temperatures
can also reduce target tissue response to thyroid hormones
(Turner & Tipton, 1972b). As in other taxa, thyroxine (T4)
increases tissue metabolism in snakes (Thapliyal, Kumar, &
Gommen, 1975), but it may also have a direct effect on
reproduction. In the most thorough study of T4 and repro
duction in snakes, Bona-Gallo et aI. (1980) demonstrated
a pronounced annual T4 cycle with plasma concentrations
lowest in winter and substantially elevated during late
spring. In males, plasma T4 concentrations were elevated
when testes mass and plasma T concentrations peaked in
May (when females were vitellogenic), but plasma T4
concentrations did not actually peak until June, which led
the authors to suggest that T4 may playa role in testis
regression. In females, T4 concentrations peak at the height
of ovarian activity (May).

Similarly, in male European adders (V. berus), circu
lating concentrations of T4 are greatest during the period of
sexual activity (L. Kelleway, reported in Garstka et aI.,
1982). However, acutely treating sexually inactive male
T. s. parietalis with either T4 or triiodothyronine (T3) led to
no changes in reproductive activity within 24 hours
(Garstka et aI., 1982). Interestingly, thyroid-stimulating
hormone (TSH) treatment of hypophysectomized male
glossy snakes (Arizona elegans) restored spermatogenesis
(Chiu & Lynn, 1971), but the mechanism of this effect was
not determined and the effect may simply be a result of
cross-reactivity of TSH with GTH receptors. While limited,
the data on thyroid hormones hint of a possible role of
thyroid hormones in reproduction, including a possible

mechanistic link between temperature and reproductive
activity.

The pineal gland also deserves specific attention as
a potential mediator between environmental conditions and
reproduction (Tamarkin, Baird, & Almeida, 1985; Pang
et aI., 1998). In reptiles, the pineal gland, through the
secretion of melatonin, communicates changes in photo
period and environmental temperature to the body. In turn,
melatonin affects circadian cycles, thermoregulation, and
reproductive activity (reviewed in Tosini, 1997). In T. s.
parietalis, melatonin shows a diel cycle with elevated
plasma concentrations during scotophase; however, during
hibernation at cold temperatures in total darkness, plasma
melatonin is undetectable (Mendonc,;a, Tousignant, &
Crews, 1995). Within hours of emergence, circulating
melatonin concentrations peak. In the water snake Nerodia
rhombifera, cool temperatures reduce plasma melatonin
concentrations and remove the difference in plasma
concentration between samples taken during the scoto
phase and those taken during the photophase despite
controlling photoperiod at 12: 12 L: D (light: dark)
(Tilden & Hutchison, 1993).

Regarding melatonin's effect on reproductive activity,
pinealectomy disrupts gonadal development and regression
in Indian chequered water snakes (Natrix piscator) (Haldar &
Pandey, 1989). In T. s. parietalis, males that court during the
spring have normal melatonin die1 cycles (with increased
concentrations during the scotophase), whereas males that
do not court have reversed diel cycles (Mendonc;a, Tousig
nant, & Crews, 1996a). Pinealectomizing males prior to
hibernation reduces courtship behavior the following spring
(Nelson, Mason, Krohmer, & Crews, 1987; Crews, Hin
gorani, & Nelson, 1988; Mendonc,;a et aI., 1996a). Further,
treatment with exogenous melatonin inhibits courtship
behavior (Lutterschmidt, LeMaster, & Mason, 2004).
Together, these results demonstrate that gonadal develop
ment and courtship behavior depend on normal die! cycles
of melatonin. However, pinealectomy in spring does not
alter existing courtship behavior, suggesting that melatonin
cycles are critical for providing the initial stimulus for
courtship but not for modulating courtship once initiated
(Mendonc;a, Tousignant, & Crews, 1996b). Seasonal mela
tonin cycles vary among Thamnophis sirtalis populations
with differing climate conditions and courting cycles,
although the relationship between the inter-population
variations in melatonin and courtship is unclear (Lut
terschrnidt & Mason, 2008).

3.2. Social Influences

Although descriptive studies on seasonal hormonal cycles
in snakes have been conducted in numerous species, it is
remarkable that studies that manipulate sex steroid profiles
are almost completely limited to studies of T. s. parietalis.



 

 
 

 

 

 

AsAs aa result,result, knowledgeknowledge ofof howhow specificspecific reproductivereproductive 
behavioralbehavioral componentscomponents (e.g.,(e.g., attractivity,attractivity, courtship,courtship, receprecep
tivity,tivity, copulation)copulation) areare regulatedregulated andand howhow thesethese eventsevents 
influenceinfluence thethe hormonalhormonal milieumilieu ofof thethe individualsindividuals experiexperi
encingencing themthem comescomes almostalmost exclusivelyexclusively fromfrom thisthis species.species. 

InIn T.T. s.s. parietalis,parietalis, matingmating occursoccurs atat thethe timetime ofof emeremer
gencegence whenwhen bothboth malesmales andand femalesfemales havehave lowlow plasmaplasma 
concentrationsconcentrations ofof sexsex steroidssteroids (reviewed(reviewed inin Mendonc;aMendonc;a && 
Crews,Crews, 1996).1996). TheThe onsetonset ofof malemale courtshipcourtship behaviorbehavior seemsseems 
toto bebe independentindependent ofof T,T, and,and, instead,instead, dependentdependent onon warmingwarming 
uponupon post-hibernationpost-hibernation emergenceemergence (Hawley(Hawley && Aleksiuk,Aleksiuk, 
1975;1975; 1976).1976). InIn fact,fact, malesmales thatthat havehave beenbeen castratedcastrated forfor asas 
longlong asas threethree yearsyears willwill stillstill courtcourt femalesfemales afterafter emergenceemergence 
fromfrom hibernation.hibernation. CourtingCourting byby malesmales isis enhancedenhanced byby thethe 
presencepresence ofof otherother malesmales (Joy(Joy && Crews,Crews, 1985).1985). InIn females,females, 
attractivityattractivity isis notnot affectedaffected byby ovariectomyovariectomy duringduring eithereither thethe 
fallfall oror thethe hibernationhibernation periodperiod precedingpreceding emergence,emergence, butbut isis 
abolishedabolished whenwhen femalesfemales areare ovariectomizedovariectomized thethe springspring priorprior 
toto emergence.emergence. Receptivity,Receptivity, onon thethe otherother hand,hand, isis inhibitedinhibited 
byby ovariectomyovariectomy atat anyany ofof thethe threethree timetime points.points. ReceptivityReceptivity 
waswas reinstatedreinstated inin ovariectomizedovariectomized femalesfemales thatthat werewere givengiven 
exogenousexogenous E2E2 oneone hourhour priorprior toto emergence,emergence, butbut notnot inin 
femalesfemales treatedtreated approximatelyapproximately oneone weekweek afterafter emergenceemergence 
(Mendonc;a(Mendonc;a && Crews,Crews, 1996).1996). Thus,Thus, reproductivereproductive behaviorbehavior 
ofof thethe twotwo sexessexes seemsseems toto bebe regulatedregulated byby differentdifferent stimuli.stimuli. 
MaleMale courtingcourting isis hormonallyhormonally independentindependent andand drivendriven byby 
environmentalenvironmental cuescues (both(both thermalthermal andand social)social) whilewhile femalefemale 
reproductivereproductive behaviorbehavior isis affectedaffected byby aa combinationcombination ofof 
environmentalenvironmental conditionsconditions andand thethe presencepresence ofof atat leastleast lowlow 
levelslevels ofof E2.E2. ItIt isis importantimportant toto reiteratereiterate thatthat thethe seasonalseasonal 
hormonalhormonal patternspatterns ofof otherother snakesnake speciesspecies cancan differdiffer greatlygreatly 
fromfrom thosethose ofof T.T. s.s. parietalisparietalis (see(see SectionSection 2),2), andand thusthus thethe 
hornlOnalhornlOnal andand socialsocial effectseffects onon reproductivereproductive behaviorbehavior inin 
thisthis discussion,discussion, whichwhich isis basedbased predominantlypredominantly onon T.T. s.s. 
parietalis,parietalis, shouldshould notnot bebe broadlybroadly appliedapplied toto snakessnakes inin 
general.general. 

WhereasWhereas environmentalenvironmental stimulistimuli tendtend toto regulateregulate thethe 
seasonalityseasonality ofof reproduction,reproduction, socialsocial cuescues oftenoften finefine tunetune thethe 
timingtiming ofof reproduction.reproduction. SnakesSnakes areare mostlymostly solitarysolitary animals,animals, 
andand thusthus locatinglocating aa matemate isis notnot aa foregoneforegone conclusion.conclusion. ToTo 
facilitatefacilitate matemate acquisition,acquisition, itit hashas beenbeen demonstrateddemonstrated inin 
manymany speciesspecies thatthat femalesfemales produceproduce pheromonespheromones thatthat enableenable 
malesmales toto trailtrail themthem (LeMaster,(LeMaster, Moore,Moore, && Mason,Mason, 2001;2001; 
ChapterChapter 6,6, thisthis volume).volume). MethylMethyl ketonesketones secretedsecreted fromfrom thethe 
skinskin ofof thethe female'sfemale's dorsumdorsum areare alsoalso criticalcritical to.to. femalefemale 
attractivityattractivity andand induceinduce intensiveintensive courtshipcourtship byby malesmales 
(reviewed(reviewed inin MasonMason 1993;1993; MasonMason etet aI.,aI., 1989).1989). TheseThese 
sexualsexual signalssignals areare highlyhighly specificspecific andand thusthus cancan contributecontribute 
bothboth toto speciesspecies isolationisolation (Ford(Ford && O'Bleness,O'Bleness, 1986;1986; Mason,Mason, 
1993;1993; Shine,Shine, Reed,Reed, Shetty,Shetty, LeMaster,LeMaster, && Mason,Mason, 2002;2002; 
Shine,Shine, Phillips,Phillips, Waye,Waye, LeMaster,LeMaster, && Mason,Mason, 2004)2004) andand 
populationpopulation isolationisolation (LeMaster(LeMaster && Mason,Mason, 2003),2003), asas wellwell asas 
enableenable malesmales toto distinguishdistinguish femalefemale bodybody sizesize (LeMaster(LeMaster && 
Mason,Mason, 2002)2002) andand femalefemale matingmating historyhistory (O'Donnell,(O'Donnell, Ford,Ford, 

Shine,Shine, && Mason,Mason, 2004),2004), andand orientorient copulatorycopulatory postureposture 
(Shine,(Shine, O'Connor,O'Connor, && Mason,Mason, 2000a).2000a). Additionally,Additionally, malemale 
snakessnakes possesspossess skinskin lipidslipids thatthat inhibitinhibit femalefemale pheromonepheromone
inducedinduced courtshipcourtship byby otherother malesmales (Mason(Mason etet aI.,aI., 1989).1989). 

BrownBrown treesnakestreesnakes (Boiga(Boiga irregularis)irregularis) areare atypicalatypical inin 
thatthat bothboth malesmales andand femalesfemales showshow courtshipcourtship behaviorbehavior 
(Greene(Greene && Mason,Mason, 2000).2000). InIn thisthis species,species, femalesfemales useuse 
aa combinationcombination ofof anan attractivenessattractiveness pheromonepheromone andand anan 
inhibitoryinhibitory pheromone,pheromone, thethe latterlatter ofof whichwhich isis presentpresent inin 
cloacalcloacal secretions,secretions, toto regulateregulate courtshipcourtship byby males;males; however,however, 
cloacalcloacal secretionssecretions fromfrom malesmales oror femalesfemales dodo notnot inhibitinhibit 
femalefemale courtshipcourtship (Greene(Greene && Mason,Mason, 2003).2003). 

TheThe actact ofof copulationcopulation leadsleads toto numerousnumerous physiologicalphysiological 
changes.changes. AsAs spermsperm havehave beenbeen delivereddelivered duringduring copulation,copulation, 
futurefuture copulationscopulations areare ofof muchmuch lessless valuevalue toto thethe femalefemale andand 
wouldwould negativelynegatively affectaffect thethe reproductivereproductive successsuccess ofof thethe firstfirst 
malemale (but(but seesee reviewreview onon multiplemultiple paternitypaternity inin reptilesreptiles byby 
VllerVller andand OlssonOlsson (2008)).(2008)). TheThe ejaculateejaculate ofof malemale T.T. s.s. 
parietalisparietalis containscontains secretorysecretory granulesgranules fromfrom thethe renalrenal sexsex 
segmentsegment thatthat combinecombine withwith cloacalcloacal secretionssecretions fromfrom thethe 
femalefemale toto formform aa gelatinousgelatinous copulatorycopulatory plugplug atat thethe 
oviductal-cloacaloviductal-cloacal junction.junction. CopulatoryCopulatory plugsplugs areare relativelyrelatively 
rarerare amongamong snakes,snakes, andand maymay reflectreflect costscosts associatedassociated withwith 
highhigh densitydensity matingmating aggregationsaggregations (reviewed(reviewed inin Uribe,Uribe, 
Gonzalez-Porter,Gonzalez-Porter, Palmer,Palmer, && Guillette,Guillette, 1998).1998). TheThe copulacopula
torytory plugplug providesprovides aa temporarytemporary physicalphysical barrierbarrier againstagainst 
futurefuture matings.matings. InhibitionInhibition ofof attractivityattractivity isis apparentlyapparently 
aa resultresult ofof chemicalchemical cuescues inin thethe semen,semen, asas femalesfemales smearedsmeared 
onon thethe backback withwith semen,semen, butbut notnot onesones smearedsmeared withwith 
aa copulatorycopulatory plug,plug, failedfailed toto elicitelicit courtingcourting responsesresponses fromfrom 
malesmales (Shine,(Shine, Olsson,Olsson, && Mason,Mason, 2000).2000). AlthoughAlthough thethe 
seminalseminal chemicalchemical cuescues havehave notnot yetyet beenbeen identified,identified, itit hashas 
beenbeen proposedproposed thatthat PGF2aPGF2a maymay playaplaya role.role. ProstaglandinProstaglandin 
F2aF2a isis presentpresent inin thethe semensemen ofof otherother vertebrates.vertebrates. FemaleFemale 
plasmaplasma concentrationsconcentrations ofof PGF2aPGF2a areare elevatedelevated immediatelyimmediately 
afterafter copulationcopulation inin T.T. s.s. parietalis,parietalis, andand injectioninjection ofof PGF2aPGF2a 
decreasesdecreases attractivityattractivity andand receptivityreceptivity inin unmatedunmated females.females. 
MechanicalMechanical stimulationstimulation ofof thethe reproductivereproductive tracttract cancan 
stimulatestimulate endogenousendogenous releaserelease ofof prostaglandins,prostaglandins, andand thusthus 
thethe femalefemale maymay provideprovide anan alternatealternate oror additionaladditional sourcesource ofof 
PGF2aPGF2a (reviewed(reviewed inin Mendonc;aMendonc;a && Crews,Crews, 2001).2001). RegardlessRegardless 
ofof whetherwhether PGF2aPGF2a isis involved,involved, physicalphysical stimulationstimulation ofof thethe 
cloacacloaca isis importantimportant inin alteringaltering attractivityattractivity andand receptivityreceptivity atat 
copulationcopulation inin T.T. s.s. parietalisparietalis (reviewed(reviewed inin Mendonc;aMendonc;a && 
Crews,Crews, 2001).2001). MoreMore recentrecent workwork hashas demonstrateddemonstrated thatthat 
sensorysensory inputinput fromfrom thethe cloacacloaca atat copulationcopulation altersalters patternspatterns 
ofof metabolismmetabolism inin thethe VMH,VMH, anan areaarea ofof thethe brainbrain oftenoften 
associatedassociated withwith femalefemale sexualsexual behaviorbehavior (Mendonc;a,(Mendonc;a, 
Daniels,Daniels, Faro,Faro, && Crews,Crews, 2003).2003). 

InIn additionaddition toto playingplaying aa rolerole inin alteringaltering attractivityattractivity andand 
receptivity,receptivity, physicalphysical cuescues duringduring matingmating stimulatestimulate 
progressionprogression ofof reproductivereproductive activityactivity inin thethe ovary.ovary. ShortlyShortly 
afterafter copulation,copulation, femalefemale T.T. s.s. parietalisparietalis havehave aa surgesurge inin 
plasmaplasma E2E2 andand undergoundergo ovarianovarian recrudescence.recrudescence. TheseThese 

As a result, knowledge of how specific reproductive
behavioral components (e.g., attractivity, courtship, recep
tivity, copulation) are regulated and how these events
influence the hormonal milieu of the individuals experi
encing them comes almost exclusively from this species.

In T. s. parietalis, mating occurs at the time of emer
gence when both males and females have low plasma
concentrations of sex steroids (reviewed in Mendonc;a &
Crews, 1996). The onset of male courtship behavior seems
to be independent of T, and, instead, dependent on warming
upon post-hibernation emergence (Hawley & Aleksiuk,
1975; 1976). In fact, males that have been castrated for as
long as three years will still court females after emergence
from hibernation. Courting by males is enhanced by the
presence of other males (Joy & Crews, 1985). In females,
attractivity is not affected by ovariectomy during either the
fall or the hibernation period preceding emergence, but is
abolished when females are ovariectomized the spring prior
to emergence. Receptivity, on the other hand, is inhibited
by ovariectomy at any of the three time points. Receptivity
was reinstated in ovariectomized females that were given
exogenous E2 one hour prior to emergence, but not in
females treated approximately one week after emergence
(Mendonc;a & Crews, 1996). Thus, reproductive behavior
of the two sexes seems to be regulated by different stimuli.
Male courting is hormonally independent and driven by
environmental cues (both thermal and social) while female
reproductive behavior is affected by a combination of
environmental conditions and the presence of at least low
levels of E2. It is important to reiterate that the seasonal
hormonal patterns of other snake species can differ greatly
from those of T. s. parietalis (see Section 2), and thus the
hornlOnal and social effects on reproductive behavior in
this discussion, which is based predominantly on T. s.
parietalis, should not be broadly applied to snakes in
general.

Whereas environmental stimuli tend to regulate the
seasonality of reproduction, social cues often fine tune the
timing of reproduction. Snakes are mostly solitary animals,
and thus locating a mate is not a foregone conclusion. To
facilitate mate acquisition, it has been demonstrated in
many species that females produce pheromones that enable
males to trail them (LeMaster, Moore, & Mason, 2001;
Chapter 6, this volume). Methyl ketones secreted from the
skin of the female's dorsum are also critical to. female
attractivity and induce intensive courtship by males
(reviewed in Mason 1993; Mason et aI., 1989). These
sexual signals are highly specific and thus can contribute
both to species isolation (Ford & O'Bleness, 1986; Mason,
1993; Shine, Reed, Shetty, LeMaster, & Mason, 2002;
Shine, Phillips, Waye, LeMaster, & Mason, 2004) and
population isolation (LeMaster & Mason, 2003), as well as
enable males to distinguish female body size (LeMaster &
Mason, 2002) and female mating history (O'Donnell, Ford,

Shine, & Mason, 2004), and orient copulatory posture
(Shine, O'Connor, & Mason, 2000a). Additionally, male
snakes possess skin lipids that inhibit female pheromone
induced courtship by other males (Mason et aI., 1989).

Brown treesnakes (Boiga irregularis) are atypical in
that both males and females show courtship behavior
(Greene & Mason, 2000). In this species, females use
a combination of an attractiveness pheromone and an
inhibitory pheromone, the latter of which is present in
cloacal secretions, to regulate courtship by males; however,
cloacal secretions from males or females do not inhibit
female courtship (Greene & Mason, 2003).

The act of copulation leads to numerous physiological
changes. As sperm have been delivered during copulation,
future copulations are of much less value to the female and
would negatively affect the reproductive success of the first
male (but see review on multiple paternity in reptiles by
Vller and Olsson (2008)). The ejaculate of male T. s.
parietalis contains secretory granules from the renal sex
segment that combine with cloacal secretions from the
female to form a gelatinous copulatory plug at the
oviductal-cloacal junction. Copulatory plugs are relatively
rare among snakes, and may reflect costs associated with
high density mating aggregations (reviewed in Uribe,
Gonzalez-Porter, Palmer, & Guillette, 1998). The copula
tory plug provides a temporary physical barrier against
future matings. Inhibition of attractivity is apparently
a result of chemical cues in the semen, as females smeared
on the back with semen, but not ones smeared with
a copulatory plug, failed to elicit courting responses from
males (Shine, Olsson, & Mason, 2000). Although the
seminal chemical cues have not yet been identified, it has
been proposed that PGF2a may playa role. Prostaglandin
F2a is present in the semen of other vertebrates. Female
plasma concentrations of PGF2a are elevated immediately
after copulation in T. s. parietalis, and injection of PGF2a
decreases attractivity and receptivity in unmated females.
Mechanical stimulation of the reproductive tract can
stimulate endogenous release of prostaglandins, and thus
the female may provide an alternate or additional source of
PGF2a (reviewed in Mendonc;a & Crews, 2001). Regardless
of whether PGF2a is involved, physical stimulation of the
cloaca is important in altering attractivity and receptivity at
copulation in T. s. parietalis (reviewed in Mendonc;a &
Crews, 2001). More recent work has demonstrated that
sensory input from the cloaca at copulation alters patterns
of metabolism in the VMH, an area of the brain often
associated with female sexual behavior (Mendonc;a,
Daniels, Faro, & Crews, 2003).

In addition to playing a role in altering attractivity and
receptivity, physical cues during mating stimulate
progression of reproductive activity in the ovary. Shortly
after copulation, female T. s. parietalis have a surge in
plasma E2 and undergo ovarian recrudescence. These



responsesresponses cancan bebe preventedprevented byby removalremoval ofof cloacalcloacal sensationsensation 
viavia spinalspinal transectiontransection oror thethe applicationapplication ofof locallocal anestheticanesthetic 
priorprior toto matingmating (Mendon<;a(Mendon<;a && Crews,Crews, 1990).1990). Similarly,Similarly, 
femalefemale bloodblood pythonspythons (Python(Python curtus)curtus) willwill notnot undergoundergo 
vitellogenicvitellogenic growthgrowth offolliclesoffollicles withoutwithout thethe presencepresence of,of, andand 
likelylikely copulationcopulation by,by, aa malemale (DeNardo(DeNardo && Autumn,Autumn, 2001).2001). ItIt 
isis intriguingintriguing that,that, atat leastleast inin thesethese twotwo distantlydistantly relatedrelated 
species,species, malesmales areare involvedinvolved inin promotingpromoting earlyearly follicularfollicular 
growthgrowth despitedespite thethe factfact thatthat spermsperm isis notnot neededneeded forfor fertilfertil
izationization untiluntil weeksweeks later,later, atat ovulation.ovulation. However,However, somesome 
femalefemale T.T. s.s. parietalisparietalis undergoundergo ovarianovarian recrudescencerecrudescence 
withoutwithout matingmating inin spring,spring, atat leastleast inin somesome yearsyears (reviewed(reviewed 
inin Mendon<;aMendon<;a && Crews,Crews, 1990).1990). 

TheThe predominantpredominant socialsocial influencesinfluences onon reproductionreproduction areare 
aa resultresult ofof male-femalemale-female interactions,interactions, butbut male-malemale-male 
interactionsinteractions cancan alsoalso alteralter reproductivereproductive activity.activity. AlthoughAlthough 
snakessnakes neitherneither formform socialsocial groupsgroups nornor defenddefend establishedestablished 
territories,territories, encountersencounters betweenbetween twotwo malesmales cancan leadlead toto 
agonisticagonistic interactions.interactions. Male-maleMale-male combatcombat isis widespreadwidespread 
amongamong snakessnakes (Shine,(Shine, 2003),2003), withwith thethe combatcombat ofof viperidviperid 
snakessnakes beingbeing thethe bestbest documented.documented. InIn VV berus,berus, chemicalchemical 
signalssignals fromfrom thethe femalefemale elicitelicit courtshipcourtship byby males,males, whereaswhereas 
otherother skin-derivedskin-derived chemicalchemical cuescues fromfrom thethe malemale appearappear toto 
induceinduce combatcombat behaviorbehavior (Andren,(Andren, 1986).1986). AmongAmong crotalinecrotaline 
snakes,snakes, combatcombat isis veryvery ritualistic.ritualistic. InIn thethe copperheadcopperhead 
(A.(A. contortrix),contortrix), individualsindividuals thatthat loselose combatscombats notnot onlyonly fleeflee 
thethe site,site, butbut courtshipcourtship remainsremains inhibitedinhibited forfor atat leastleast 2424 hourshours 
(Schuett,(Schuett, 1996).1996). TheseThese combatcombat loserslosers havehave increasedincreased 
plasmaplasma CORTCORT concentrations,concentrations, whichwhich maymay provideprovide aa mechmech
anisticanistic linklink betweenbetween combatcombat lossloss andand courtshipcourtship suppressionsuppression 
(Schuett,(Schuett, 1996;1996; SchuettSchuett && Grober,Grober, 2000).2000). 

AA fascinatingfascinating male-malemale-male interactioninteraction existsexists inin thethe 
uniqueunique matingmating systemsystem ofof T.T. s.s. parietalis.parietalis. ThisThis speciesspecies showsshows 
nono male-malemale-male aggression,aggression, butbut insteadinstead somesome malesmales actact asas 
'she-males''she-males' thatthat exhibitexhibit alteredaltered courtshipcourtship behaviorbehavior andand areare 
attractiveattractive toto otherother malesmales (Mason(Mason && Crews,Crews, 1985).1985). TheThe 
significancesignificance ofof thisthis reproductivereproductive strategystrategy isis unclear.unclear. ItIt waswas 
initiallyinitially postulatedpostulated thatthat 'she-maleness''she-maleness' isis relativelyrelatively 
permanentpermanent andand maymay serveserve asas aa distractantdistractant toto otherother malesmales 
presentpresent inin thethe matingmating ballball andand thusthus enhanceenhance thethe matingmating 
successsuccess ofof thethe she-maleshe-male (Mason(Mason && Crews,Crews, 1985).1985). MoreMore 
recently,recently, Shine,Shine, Harlow,Harlow, LeMaster,LeMaster, Moore,Moore, && MasonMason 
(2000)(2000) describeddescribed thethe scenarioscenario wherewhere she-malenessshe-maleness isis 
aa transienttransient stagestage ofof recentlyrecently emergedemerged males,males, sincesince theythey havehave 
poorpoor locomotorylocomotory performanceperformance andand thusthus wouldwould notnot bebe 
competitivecompetitive againstagainst otherother malesmales inin accessingaccessing copulations.copulations. 
ByBy beingbeing she-males,she-males, newlynewly emergedemerged snakessnakes wouldwould notnot 
wastewaste energyenergy onon fruitlessfruitless courtingcourting andand theythey wouldwould alsoalso 
induceinduce otherother malesmales toto wastewaste energyenergy byby courtingcourting thethe sheshe
malesmales (Shine(Shine etet aI.,aI., 2000c).2000c). RegardlessRegardless ofof thethe ultimateultimate 
strategy,strategy, thethe she-maleshe-male phenomenon,phenomenon, includingincluding bothboth thethe 
inhibitioninhibition ofof courtingcourting behaviorbehavior andand thethe attractivenessattractiveness ofof 
she-malesshe-males toto otherother males,males, isis drivendriven byby malemale productionproduction ofof 
aa pheromonepheromone similarsimilar toto thatthat ofof femalesfemales (Mason(Mason && Crews,Crews, 

1985;1985; ShineShine etet aI.,aI., 2000c).2000c). TheThe regulatoryregulatory mechanismmechanism forfor 
thethe productionproduction ofof thisthis pheromonepheromone isis notnot known,known, butbut itit maymay 
involveinvolve T,T, sincesince she-malesshe-males havehave higherhigher plasmaplasma TT concenconcen
trationstrations thanthan dodo normalnormal malesmales (Mason(Mason && Crews,Crews, 1985).1985). 
Additionally,Additionally, thethe involvementinvolvement ofof brainbrain aromatasearomatase shouldshould bebe 
considered,considered, sincesince snakessnakes collectedcollected fromfrom thethe denden inin earlyearly 
winterwinter showshow highhigh concentrationsconcentrations ofof aromatasearomatase inin brainbrain 
regionsregions involvedinvolved inin thethe controlcontrol ofof courtshipcourtship andand matingmating 
(Krohmer(Krohmer etet aI.,aI., 2002).2002). 

3.3.3.3. PhysiologicalPhysiological InfluencesInfluences 

BeyondBeyond environmentalenvironmental andand socialsocial influences,influences, reproductivereproductive 
activityactivity isis alsoalso influencedinfluenced byby non-reproductivenon-reproductive aspectsaspects ofof 
thethe individual.individual. BecauseBecause ofof thethe highhigh energyenergy demanddemand assoasso
ciatedciated withwith reproduction,reproduction, bodybody conditioncondition isis especiallyespecially 
importantimportant inin influencinginfluencing thethe reproductivereproductive activityactivity ofof snakes.snakes. 
ManyMany snakessnakes useuse aa capitalcapital breedingbreeding strategystrategy ratherrather thanthan oneone 
ofof incomeincome breedingbreeding (reviewed(reviewed inin Gregory,Gregory, 2006).2006). ThatThat is,is, inin 
capitalcapital breeders,breeders, reproductivereproductive activityactivity isis basedbased onon energyenergy 
reservesreserves moremore soso thanthan currentcurrent foodfood intakeintake (Drent(Drent && Daan,Daan, 
1980).1980). InIn capitalcapital breeders,breeders, femalesfemales needneed toto attainattain 
aa minimumminimum thresholdthreshold ofof bodybody conditioncondition priorprior toto commitcommit
tingting toto aa reproductivereproductive event,event, althoughalthough thisthis thresholdthreshold maymay 
varyvary amongamong yearsyears (Naulleau(Naulleau && Bonnet,Bonnet, 1996;1996; MadsenMadsen && 
Shine,Shine, 1999).1999). 

TheThe relationshiprelationship betweenbetween bodybody conditioncondition andand reprorepro
ductiveductive activityactivity isis well-established;well-established; however,however, littlelittle isis knownknown 
aboutabout thethe hormonalhormonal regulationregulation ofof thisthis relationshiprelationship inin 
snakes.snakes. InIn VV aspis,aspis, femalesfemales inin poorpoor bodybody conditioncondition havehave 
lowlow circulatingcirculating EE22 concentrationsconcentrations andand areare notnot sexuallysexually 
receptive,receptive, butbut onceonce aa femalefemale isis beyondbeyond aa criticalcritical thresholdthreshold 
ofof bodybody reserves,reserves, sheshe exhibitsexhibits elevatedelevated plasmaplasma EE22 concenconcen
trationstrations andand isis receptivereceptive (Aubret,(Aubret, Bonnet,Bonnet, Shine,Shine, && Lourdais,Lourdais, 
2002).2002). Males,Males, however,however, dodo notnot showshow aa thresholdthreshold response,response, 
asas allall malesmales hadhad detectabledetectable plasmaplasma TT concentrationsconcentrations andand 
displayeddisplayed courtshipcourtship behavior,behavior, butbut bothboth plasmaplasma TT andand 
courtshipcourtship behaviorbehavior increasedincreased proportionatelyproportionately withwith bodybody 
conditioncondition (Aubret(Aubret etet aI.,aI., 2002).2002). TheThe hormonehormone leptinleptin mightmight 
bebe consideredconsidered anan importantimportant linklink betweenbetween energyenergy statestate andand 
reproduction.reproduction. LeptinLeptin occursoccurs inin aa diversediverse groupgroup ofof verteverte
bratesbrates andand isis known,known, atat leastleast inin mammals,mammals, toto bebe involvedinvolved inin 
thethe energyenergy stores-reproductionstores-reproduction relationshiprelationship (reviewed(reviewed inin 
Paolucci,Paolucci, Rocco,Rocco, && Varricchio,Varricchio, 2006)2006) andand mightmight playplay 
aa similarsimilar rolerole inin snakes.snakes. 

InIn additionaddition toto bodybody reservesreserves influencinginfluencing reproduction,reproduction, 
manymany snakesnake speciesspecies showshow size-dependentsize-dependent fecundityfecundity withwith 
largerlarger femalesfemales producingproducing aa greatergreater clutchclutch massmass (Ford(Ford && 
Seigel,Seigel, 1989;1989; MadsenMadsen && Shine,Shine, 1994,1994, butbut seesee LourdaisLourdais 
etet aI.,aI., 2002).2002). ThisThis relationshiprelationship cancan leadlead toto sexualsexual sizesize 
dimorphismdimorphism withwith femalesfemales beingbeing largerlarger thanthan males.males. ManyMany 
factorsfactors includingincluding age,age, foodfood intake,intake, andand possibilypossibily hormoneshormones 
cancan affectaffect growthgrowth raterate andand bodybody sizesize (reviewed(reviewed inin TaylorTaylor && 
DeNardo,DeNardo, 2005)2005) andand thusthus influenceinfluence sexualsexual sizesize dimorphism.dimorphism. 

responses can be prevented by removal of cloacal sensation
via spinal transection or the application of local anesthetic
prior to mating (Mendon<;a & Crews, 1990). Similarly,
female blood pythons (Python curtus) will not undergo
vitellogenic growth offollicles without the presence of, and
likely copulation by, a male (DeNardo & Autumn, 2001). It
is intriguing that, at least in these two distantly related
species, males are involved in promoting early follicular
growth despite the fact that sperm is not needed for fertil
ization until weeks later, at ovulation. However, some
female T. s. parietalis undergo ovarian recrudescence
without mating in spring, at least in some years (reviewed
in Mendon<;a & Crews, 1990).

The predominant social influences on reproduction are
a result of male-female interactions, but male-male
interactions can also alter reproductive activity. Although
snakes neither form social groups nor defend established
territories, encounters between two males can lead to
agonistic interactions. Male-male combat is widespread
among snakes (Shine, 2003), with the combat of viperid
snakes being the best documented. In V berus, chemical
signals from the female elicit courtship by males, whereas
other skin-derived chemical cues from the male appear to
induce combat behavior (Andren, 1986). Among crotaline
snakes, combat is very ritualistic. In the copperhead
(A. contortrix), individuals that lose combats not only flee
the site, but courtship remains inhibited for at least 24 hours
(Schuett, 1996). These combat losers have increased
plasma CORT concentrations, which may provide a mech
anistic link between combat loss and courtship suppression
(Schuett, 1996; Schuett & Grober, 2000).

A fascinating male-male interaction exists in the
unique mating system of T. s. parietalis. This species shows
no male-male aggression, but instead some males act as
'she-males' that exhibit altered courtship behavior and are
attractive to other males (Mason & Crews, 1985). The
significance of this reproductive strategy is unclear. It was
initially postulated that 'she-maleness' is relatively
permanent and may serve as a distractant to other males
present in the mating ball and thus enhance the mating
success of the she-male (Mason & Crews, 1985). More
recently, Shine, Harlow, LeMaster, Moore, & Mason
(2000) described the scenario where she-maleness is
a transient stage of recently emerged males, since they have
poor locomotory performance and thus would not be
competitive against other males in accessing copulations.
By being she-males, newly emerged snakes would not
waste energy on fruitless courting and they would also
induce other males to waste energy by courting the she
males (Shine et aI., 2000c). Regardless of the ultimate
strategy, the she-male phenomenon, including both the
inhibition of courting behavior and the attractiveness of
she-males to other males, is driven by male production of
a pheromone similar to that of females (Mason & Crews,

1985; Shine et aI., 2000c). The regulatory mechanism for
the production of this pheromone is not known, but it may
involve T, since she-males have higher plasma T concen
trations than do normal males (Mason & Crews, 1985).
Additionally, the involvement of brain aromatase should be
considered, since snakes collected from the den in early
winter show high concentrations of aromatase in brain
regions involved in the control of courtship and mating
(Krohmer et aI., 2002).

3.3. Physiological Influences

Beyond environmental and social influences, reproductive
activity is also influenced by non-reproductive aspects of
the individual. Because of the high energy demand asso
ciated with reproduction, body condition is especially
important in influencing the reproductive activity of snakes.
Many snakes use a capital breeding strategy rather than one
of income breeding (reviewed in Gregory, 2006). That is, in
capital breeders, reproductive activity is based on energy
reserves more so than current food intake (Drent & Daan,
1980). In capital breeders, females need to attain
a minimum threshold of body condition prior to commit
ting to a reproductive event, although this threshold may
vary among years (Naulleau & Bonnet, 1996; Madsen &
Shine, 1999).

The relationship between body condition and repro
ductive activity is well-established; however, little is known
about the hormonal regulation of this relationship in
snakes. In V aspis, females in poor body condition have
low circulating E2 concentrations and are not sexually
receptive, but once a female is beyond a critical threshold
of body reserves, she exhibits elevated plasma E2 concen
trations and is receptive (Aubret, Bonnet, Shine, & Lourdais,
2002). Males, however, do not show a threshold response,
as all males had detectable plasma T concentrations and
displayed courtship behavior, but both plasma T and
courtship behavior increased proportionately with body
condition (Aubret et aI., 2002). The hormone leptin might
be considered an important link between energy state and
reproduction. Leptin occurs in a diverse group of verte
brates and is known, at least in mammals, to be involved in
the energy stores-reproduction relationship (reviewed in
Paolucci, Rocco, & Varricchio, 2006) and might play
a similar role in snakes.

In addition to body reserves influencing reproduction,
many snake species show size-dependent fecundity with
larger females producing a greater clutch mass (Ford &
Seigel, 1989; Madsen & Shine, 1994, but see Lourdais
et aI., 2002). This relationship can lead to sexual size
dimorphism with females being larger than males. Many
factors including age, food intake, and possibily hormones
can affect growth rate and body size (reviewed in Taylor &
DeNardo, 2005) and thus influence sexual size dimorphism.



ThereThere isis somesome evidenceevidence that,that, inin T.T. sirtalis,sirtalis, wherewhere femalesfemales 
areare largerlarger thanthan males,males, estrogensestrogens promotepromote growthgrowth whilewhile TT 
suppressessuppresses itit (Crews,(Crews, Diamond,Diamond, Whittier,Whittier, && Mason,Mason, 1985;1985; 
LernerLerner && Mason,Mason, 2001).2001). 

StressStress isis alsoalso knownknown toto havehave aa dramaticdramatic effecteffect onon 
reproductionreproduction inin reptiles,reptiles, includingincluding snakessnakes (reviewed(reviewed inin 
MooreMoore && Jessop,Jessop, 2003;2003; ChapterChapter 7,7, thisthis volume).volume). 
Commonly,Commonly, stressstress negativelynegatively influencesinfluences reproduction,reproduction, 
eithereither throughthrough directdirect oror indirectindirect effectseffects ofof elevatedelevated CORTCORT 
onon reproductivereproductive hormoneshormones oror otherother componentscomponents ofof thethe 
reproductivereproductive systemsystem (Wingfield(Wingfield etet aI.,aI., 1998).1998). InIn brownbrown 
treetree snakessnakes (B.(B. irregularis)irregularis) ,, capturecapture andand placementplacement inin 
outdooroutdoor enclosuresenclosures underunder ambientambient conditionsconditions terminatesterminates 
spermatogenesisspermatogenesis andand developmentdevelopment ofof thethe sexualsexual segmentsegment ofof 
thethe kidneykidney (Aldridge(Aldridge && Arackal,Arackal, 2005).2005). PlasmaPlasma steroidssteroids 
werewere notnot assessedassessed inin thisthis study;study; however,however, trappingtrapping andand 
confinementconfinement ofof B.B. irregularisirregularis leadsleads toto inin anan increaseincrease inin 
plasmaplasma CORTCORT concentrationsconcentrations (Mathies,(Mathies, Felix,Felix, && Lance,Lance, 
2001).2001). Further,Further, elevatedelevated plasmaplasma CORTCORT waswas thoughtthought toto 
explain,explain, atat leastleast inin part,part, lowlow reproductivereproductive activityactivity inin aa freefree
livingliving populationpopulation ofof B.B. irregularisirregularis onon GuamGuam (Moore(Moore etet aI.,aI., 
2005).2005). Apparently,Apparently, however,however, B.B. irregularisirregularis cancan acclimateacclimate toto 
captivity,captivity, asas individualsindividuals heldheld long-termlong-term inin captivitycaptivity areare 
reproductivelyreproductively activeactive andand havehave lowlow plasmaplasma CORTCORT 
concentrationsconcentrations (Moore(Moore etet aI.,aI., 2005).2005). 

TheThe susceptibilitysusceptibility ofof anan animalanimal toto stressstress cancan varyvary 
seasonally.seasonally. UnlikeUnlike B.B. irregularis,irregularis, whichwhich hashas anan extendedextended 
breedingbreeding season,season, T.T. s.s. parietalisparietalis inin Manitoba,Manitoba, Canada,Canada, hashas 
anan extremelyextremely shortshort reproductivereproductive period.period. DuringDuring thethe nonnon
breedingbreeding summer,summer, malesmales respondrespond toto capturecapture stressstress withwith 
elevatedelevated CORTCORT andand reducedreduced T.T. However,However, duringduring thethe 
primaryprimary reproductivereproductive periodperiod inin springspring andand thethe secondarysecondary 
matingmating andand pre-hibernationpre-hibernation periodperiod inin fall,fall, thethe hormonalhormonal 
responseresponse toto stressstress isis variablevariable but,but, inin general,general, reducedreduced 
(Moore,(Moore, Greene,Greene, && Mason,Mason, 2001;2001; LutterschmidtLutterschmidt && Mason,Mason, 
2005;2005; butbut seesee MooreMoore etet aI.,aI., 2000).2000). InIn thethe conspecificconspecific redred
spottedspotted gartergarter snakesnake (Thamnophis(Thamnophis sirtalissirtalis concinnus),concinnus), 
whichwhich hashas anan extendedextended breedingbreeding seasonseason inin Oregon,Oregon, capturecapture 
duringduring thethe reproductivereproductive seasonseason inducesinduces thethe classicalclassical stressstress 
responseresponse ofof increasingincreasing CORTCORT whilewhile decreasingdecreasing TT (Moore(Moore 
etet aI.,aI., 2001;2001; LutterschmidtLutterschmidt etet aI.,aI., 2004).2004). Interestingly,Interestingly, inin thethe 
oneone studystudy inin whichwhich capturecapture inducedinduced anan elevatedelevated CORTCORT 
responseresponse inin thethe ManitobaManitoba populationpopulation ofof T.T. s.s. parietalisparietalis 
duringduring thethe breedingbreeding season,season, therethere waswas nono effecteffect onon courtshipcourtship 
behaviorbehavior (Moore(Moore etet aI.,aI., 2000).2000). However,However, inin separateseparate studies,studies, 
exogenousexogenous treatmenttreatment withwith CORTCORT inhibitsinhibits courtingcourting (Moore(Moore 
andand Mason,Mason, 2001;2001; LutterschmidtLutterschmidt etet aI.,aI., 2004).2004). AlthoughAlthough 
inconsistenciesinconsistencies exist,exist, thethe overalloverall conclusionconclusion fromfrom thesethese 
studiesstudies isis that,that, likelike otherother vertebrates,vertebrates, snakessnakes haveshaves aa clasclas
sicalsical stressstress response,response, butbut thethe hormonalhormonal andand oror behavioralbehavioral 
responseresponse maymay bebe attenuatedattenuated duringduring thethe reproductivereproductive seasonseason 
forfor populationspopulations inin whichwhich reproductivereproductive opportunitiesopportunities areare 
limited.limited. Surprisingly,Surprisingly, thethe shiftshift fromfrom non-responsivenessnon-responsiveness toto 
responsivenessresponsiveness toto capturecapture stressstress cancan bebe abrupt,abrupt, asas thethe 

classicalclassical hormonalhormonal responseresponse toto capturecapture stressstress isis intactintact inin 
malemale T.T. s.s. parietalisparietalis thatthat areare dispersingdispersing fromfrom thethe matingmating 
sitessites toto feedingfeeding sitessites (Cease,(Cease, Lutterschmidt,Lutterschmidt, && Mason,Mason, 
2007).2007). 

AnalyzingAnalyzing thethe effectseffects ofof CORTCORT asas aa modulatormodulator forfor thethe 
stressstress responseresponse (and(and thusthus anan inhibitorinhibitor ofof reproduction)reproduction) isis 
complicatedcomplicated byby CORT'sCORT's mostmost basicbasic functionfunction asas anan energyenergy 
mobilizationmobilization hormone.hormone. AsAs such,such, elevatedelevated CORTCORT maymay 
augmentaugment reproductionreproduction (reviewed(reviewed inin MooreMoore && Jessop,Jessop, 2003).2003). 
InIn malemale T.T. s.s. parietalis,parietalis, baselinebaseline plasmaplasma CORTCORT concentraconcentra
tionstions areare elevatedelevated duringduring thethe springspring breedingbreeding seasonseason (Moore(Moore 
etet aI.,aI., 2001),2001), andand itit isis thoughtthought thatthat thisthis elevatedelevated CORTCORT 
facilitatesfacilitates reproductionreproduction byby mobilizingmobilizing much-neededmuch-needed energyenergy 
storesstores toto sustainsustain costlycostly courtshipcourtship activityactivity duringduring thisthis periodperiod 
ofof aphagiaaphagia (Moore(Moore && Jessop,Jessop, 2003).2003). 

3.4.3.4. EmbryonicEmbryonic InfluencesInfluences 

NearlyNearly allall studiesstudies ofof snakesnake reproductivereproductive endocrinologyendocrinology 
havehave examinedexamined thethe relationshipsrelationships betweenbetween behavior,behavior, physiphysi
ologicalological state,state, andand hormoneshormones inin adults,adults, butbut itit isis importantimportant toto 
atat leastleast brieflybriefly considerconsider thethe embryonicembryonic snake.snake. ManyMany 
reptiles,reptiles, includingincluding lizards,lizards, areare knownknown toto havehave environenviron
mentalmental sexsex determinationdetermination inin whichwhich environmentalenvironmental condicondi
tions,tions, particularlyparticularly temperature,temperature, influenceinfluence sexsex byby alteringaltering 
embryonicembryonic hormonehormone exposure.exposure. EnvironmentalEnvironmental sexsex deterdeter
minationmination hashas notnot beenbeen identifiedidentified inin anyany snakesnake (reviewed(reviewed inin 
JanzenJanzen && Paukstis,Paukstis, 1991).1991). However,However, exposureexposure ofof embryosembryos 
toto steroidssteroids maymay alteralter otherother embryonicembryonic traits.traits. CorticosteroneCorticosterone 
treatmenttreatment ofof gravidgravid femalefemale ThamnophisThamnophis eleganselegans ledled toto 
reducedreduced embryonicembryonic andand earlyearly offspringoffspring survivorshipsurvivorship asas wellwell 
asas changeschanges inin morphologicalmorphological andand behavioralbehavioral characteristicscharacteristics 
ofof thethe offspringoffspring (Robert,(Robert, Vleck,Vleck, && Bronikowski,Bronikowski, 2009).2009). 
AlsoAlso inin T.T. elegans,elegans, prenatalprenatal sexsex ratioratio affectsaffects subcaudalsubcaudal scalescale 
countscounts ofof femalefemale offspringoffspring inin oneone ofof twotwo populationspopulations 
(Osypka(Osypka && Arnold,Arnold, 2000).2000). AlthoughAlthough limited,limited, thesethese studiesstudies 
togethertogether suggestsuggest thatthat snakessnakes areare susceptiblesusceptible toto thethe influinflu
encesences ofof sexsex steroidssteroids priorprior toto birth.birth. 

4.4. FUTUREFUTURE DIRECTIONSDIRECTIONS TOTO AUGMENTAUGMENT 
EXISTINGEXISTING KNOWLEDGEKNOWLEDGE 

AsAs snakessnakes areare aa distinctdistinct subordersuborder ofof vertebratesvertebrates withwith nearlynearly 
30003000 species,species, itit isis importantimportant thatthat wewe obtainobtain aa thoroughthorough 
understandingunderstanding ofof theirtheir reproductivereproductive endocrinology.endocrinology. ItIt isis 
imperativeimperative thatthat wewe distinguishdistinguish traitstraits thatthat areare relativelyrelatively 
conservedconserved amongamong snakessnakes fromfrom thosethose thatthat maymay bebe uniqueunique toto 
individualindividual speciesspecies oror smallsmall groupsgroups ofof species.species. Thus,Thus, wewe areare 
inin greatgreat needneed ofof datadata fromfrom aa largerlarger diversitydiversity ofof snakesnake 
species.species. Currently,Currently, thethe reproductivereproductive endocrinologyendocrinology ofof 
snakessnakes isis grosslygrossly biasedbiased (and(and possiblypossibly misrepresented)misrepresented) byby 
datadata fromfrom aa singlesingle species,species, T.T. s.s. parietalis.parietalis. StudiesStudies ofof T.T. s.s. 
parietalisparietalis havehave ledled thethe wayway inin ourour understandingunderstanding ofof snakesnake 
reproductivereproductive endocrinology,endocrinology, andand suchsuch leadershipleadership inin thethe fieldfield 

There is some evidence that, in T. sirtalis, where females
are larger than males, estrogens promote growth while T
suppresses it (Crews, Diamond, Whittier, & Mason, 1985;
Lerner & Mason, 2001).

Stress is also known to have a dramatic effect on
reproduction in reptiles, including snakes (reviewed in
Moore & Jessop, 2003; Chapter 7, this volume).
Commonly, stress negatively influences reproduction,
either through direct or indirect effects of elevated CORT
on reproductive hormones or other components of the
reproductive system (Wingfield et aI., 1998). In brown
treesnakes (B. irregularis) , capture and placement in
outdoor enclosures under ambient conditions terminates
spermatogenesis and development of the sexual segment of
the kidney (Aldridge & Arackal, 2005). Plasma steroids
were not assessed in this study; however, trapping and
confinement of B. irregularis leads to in an increase in
plasma CORT concentrations (Mathies, Felix, & Lance,
2001). Further, elevated plasma CORT was thought to
explain, at least in part, low reproductive activity in a free
living population of B. irregularis on Guam (Moore et aI.,
2005). Apparently, however, B. irregularis can acclimate to
captivity, as individuals held long-term in captivity are
reproductively active and have low plasma CORT
concentrations (Moore et aI., 2005).

The susceptibility of an animal to stress can vary
seasonally. Unlike B. irregularis, which has an extended
breeding season, T. s. parietalis in Manitoba, Canada, has
an extremely short reproductive period. During the non
breeding summer, males respond to capture stress with
elevated CORT and reduced T. However, during the
primary reproductive period in spring and the secondary
mating and pre-hibernation period in fall, the hormonal
response to stress is variable but, in general, reduced
(Moore, Greene, & Mason, 2001; Lutterschmidt & Mason,
2005; but see Moore et aI., 2000). In the conspecific red
spotted garter snake (Thamnophis sirtalis concinnus),
which has an extended breeding season in Oregon, capture
during the reproductive season induces the classical stress
response of increasing CORT while decreasing T (Moore
et aI., 2001; Lutterschmidt et aI., 2004). Interestingly, in the
one study in which capture induced an elevated CORT
response in the Manitoba population of T. s. parietalis
during the breeding season, there was no effect on courtship
behavior (Moore et aI., 2000). However, in separate studies,
exogenous treatment with CORT inhibits courting (Moore
and Mason, 2001; Lutterschmidt et aI., 2004). Although
inconsistencies exist, the overall conclusion from these
studies is that, like other vertebrates, snakes haves a clas
sical stress response, but the hormonal and or behavioral
response may be attenuated during the reproductive season
for populations in which reproductive opportunities are
limited. Surprisingly, the shift from non-responsiveness to
responsiveness to capture stress can be abrupt, as the

classical hormonal response to capture stress is intact in
male T. s. parietalis that are dispersing from the mating
sites to feeding sites (Cease, Lutterschmidt, & Mason,
2007).

Analyzing the effects of CORT as a modulator for the
stress response (and thus an inhibitor of reproduction) is
complicated by CORT's most basic function as an energy
mobilization hormone. As such, elevated CORT may
augment reproduction (reviewed in Moore & Jessop, 2003).
In male T. s. parietalis, baseline plasma CORT concentra
tions are elevated during the spring breeding season (Moore
et aI., 2001), and it is thought that this elevated CORT
facilitates reproduction by mobilizing much-needed energy
stores to sustain costly courtship activity during this period
of aphagia (Moore & Jessop, 2003).

3.4. Embryonic Influences

Nearly all studies of snake reproductive endocrinology
have examined the relationships between behavior, physi
ological state, and hormones in adults, but it is important to
at least briefly consider the embryonic snake. Many
reptiles, including lizards, are known to have environ
mental sex determination in which environmental condi
tions, particularly temperature, influence sex by altering
embryonic hormone exposure. Environmental sex deter
mination has not been identified in any snake (reviewed in
Janzen & Paukstis, 1991). However, exposure of embryos
to steroids may alter other embryonic traits. Corticosterone
treatment of gravid female Thamnophis elegans led to
reduced embryonic and early offspring survivorship as well
as changes in morphological and behavioral characteristics
of the offspring (Robert, Vleck, & Bronikowski, 2009).
Also in T. elegans, prenatal sex ratio affects subcaudal scale
counts of female offspring in one of two populations
(Osypka & Arnold, 2000). Although limited, these studies
together suggest that snakes are susceptible to the influ
ences of sex steroids prior to birth.

4. FUTURE DIRECTIONS TO AUGMENT
EXISTING KNOWLEDGE

As snakes are a distinct suborder of vertebrates with nearly
3000 species, it is important that we obtain a thorough
understanding of their reproductive endocrinology. It is
imperative that we distinguish traits that are relatively
conserved among snakes from those that may be unique to
individual species or small groups of species. Thus, we are
in great need of data from a larger diversity of snake
species. Currently, the reproductive endocrinology of
snakes is grossly biased (and possibly misrepresented) by
data from a single species, T. s. parietalis. Studies of T. s.
parietalis have led the way in our understanding of snake
reproductive endocrinology, and such leadership in the field



mustmust continue.continue. However,However, evaluatingevaluating largelarge taxonomictaxonomic 
groupsgroups basedbased onon thethe studystudy ofof aa singlesingle speciesspecies isis dangerous.dangerous. 
ApplyingApplying findingsfindings basedbased onon studiesstudies ofof T.T. s.s. parietalisparietalis toto 
snakessnakes inin generalgeneral maymay bebe especiallyespecially problematicproblematic givengiven thatthat 
T.T. s.s. parietalisparietalis hashas num~rous traitstraits thatthat areare atypicalatypical ofof mostmost 
snakes,snakes, includingincluding itsits highhigh latitude,latitude, coldcold climateclimate distribudistribu
tion,tion, andand itsits matingmating systemsystem inin whichwhich reproductionreproduction entailsentails 
massivemassive matingmating ballsballs formedformed immediatelyimmediately atat femalefemale 
emergence.emergence. StrongStrong biasbias resultingresulting fromfrom thethe evaluationevaluation ofof 
aa singlesingle oror fewfew speciesspecies toto representrepresent largerlarger taxonomictaxonomic groupsgroups 
isis unfortunatelyunfortunately notnot uniqueunique toto snakes,snakes, asas 'frog''frog' physiologyphysiology 
isis largelylargely basedbased onon datadata fromfrom thethe AfricanAfrican clawedclawed frogfrog 
(Xenopus(Xenopus laevis)laevis) oror AmericanAmerican bullfrogbullfrog (Lithobates(Lithobates (Rana)(Rana) 
catesbeiana)catesbeiana) andand 'turtle''turtle' physiologyphysiology onon red-earedred-eared sliderssliders 
(Trachemys(Trachemys scripta).scripta). EvenEven avianavian andand mammalianmammalian physiphysi
ologyology areare biasedbiased byby studiesstudies onon thethe domesticdomestic chickenchicken (Gallus(Gallus 
gallus)gallus) andand onon thethe laboratorylaboratory mousemouse (Mus(Mus musculus)musculus) andand ratrat 
(Rattus(Rattus norvegicus),norvegicus), respectively.respectively. TheThe biasbias regardingregarding snakesnake 
studystudy speciesspecies goesgoes beyondbeyond T.T. s.s. parietalisparietalis inin thatthat datadata fromfrom 
otherother speciesspecies comecome disproportionatelydisproportionately fromfrom temperatetemperate 
species,species, particularlyparticularly viperids.viperids. ThereThere isis aa greatgreat needneed forfor 
studiesstudies ofof thethe reproductivereproductive endocrinologyendocrinology ofof tropicaltropical snakessnakes 
andand snakessnakes otherother thanthan ViperidaeViperidae andand ColubridaeColubridae (e.g.,(e.g., 
Scolecophidia,Scolecophidia, basalbasal Alethinophidia,Alethinophidia, andand thethe speciosespeciose 
Elapidae).Elapidae). 

BeyondBeyond beingbeing aa relativelyrelatively largelarge taxonomictaxonomic group,group, 
snakessnakes showshow diversediverse reproductivereproductive strategies,strategies, andand thisthis 
diversitydiversity providesprovides aa uniqueunique opportunityopportunity forfor comparativecomparative 
studiesstudies toto betterbetter understandunderstand reproductivereproductive endocrinologyendocrinology 
ofof vertebratesvertebrates inin general.general. DataData collectedcollected thusthus farfar stronglystrongly 
indicateindicate thatthat snakessnakes utilizeutilize aa hypothalamic-pituitaryhypothalamic-pituitary
gonadalgonadal hormonalhormonal axisaxis similarsimilar toto thatthat ofof otherother vertebrates,vertebrates, 
atat leastleast onon aa broadbroad scale.scale. However,However, thethe diversitydiversity ofof reprorepro
ductiveductive tacticstactics withinwithin thethe squamatessquamates (lizards(lizards andand snakes)snakes) isis 
unmatchedunmatched byby otherother majormajor terrestrialterrestrial taxonomictaxonomic groups.groups. 
WhileWhile thethe groupgroup isis ancestrallyancestrally oviparous,oviparous, viviparityviviparity hashas 
evolvedevolved overover 100100 timestimes amongamong squamatessquamates (Shine,(Shine, 1985).1985). 
Additionally,Additionally, somesome squamates,squamates, includingincluding snakes,snakes, areare parpar
thenogenic,thenogenic, withwith thethe abilityability toto produceproduce offspringoffspring asexually.asexually. 
ParthenogenesisParthenogenesis isis bestbest documenteddocumented asas aa resultresult ofof hybridhybrid
izationization andand polyploidypolyploidy andand thusthus anan obligateobligate processprocess 
(reviewed(reviewed inin DowlingDowling && Secor,Secor, 1997).1997). SuchSuch formsforms ofof 
parthenogenesisparthenogenesis havehave beenbeen wellwell documenteddocumented inin lizardslizards 
(e.g.,(e.g., particularlyparticularly inin lizardslizards ofof thethe genusgenus AspidoscelisAspidoscelis 
(Price,(Price, LaPointe,LaPointe, && Atmar,Atmar, 1993»1993» ~s~s wellwell asas thethe blindblind 
snakesnake RamphotyphlopsRamphotyphlops braminusbraminus (Ota,(Ota, Hikida,Hikida, Matsui,Matsui, 
Mori,Mori, && Wynn,Wynn, 1991).1991). However,However, numerousnumerous squamatessquamates 
includingincluding snakesnake speciesspecies areare capablecapable ofof facultativefacultative partheparthe
nogenesisnogenesis (Dubach,(Dubach, Sajewicz,Sajewicz, && Pawley,Pawley, 1997;1997; SchuettSchuett 
etet aI.,aI., 1997b;1997b; Groot,Groot, Bruins,Bruins, && Breeuwer,Breeuwer, 2003).2003). ThatThat is,is, 
speciesspecies thatthat areare diploiddiploid andand normallynormally sexuallysexually reproductivereproductive 
can,can, atat times,times, reproducereproduce asexually,asexually, producingproducing diploiddiploid 
offspring.offspring. Interestingly,Interestingly, therethere appearappear toto bebe inter-speciesinter-species 
differencesdifferences inin thethe mechanismmechanism byby whichwhich diploidydiploidy isis 

num~rous

maintainedmaintained despitedespite meiosis,meiosis, sincesince inin somesome speciesspecies onlyonly 
malesmales areare producedproduced whilewhile inin othersothers onlyonly femalesfemales resultresult 
(reviewed(reviewed inin GrootGroot etet aI.,aI., 2003).2003). WhileWhile understandingunderstanding thethe 
mechanismsmechanisms forfor suchsuch uniqueunique reproductionreproduction amongamong verteverte
bratesbrates maymay proveprove extremelyextremely valuablevaluable toto identifyingidentifying thethe 
regulatorsregulators ofof snakesnake reproduction,reproduction, studiesstudies onon facultativefacultative 
parthenogenesisparthenogenesis areare logisticallylogistically difficultdifficult becausebecause itit isis notnot 
knownknown whatwhat stimulatesstimulates femalesfemales toto reproducereproduce asexuallyasexually 
ratherrather thanthan foregoingforegoing reproductionreproduction whenwhen aa matemate isis notnot 
present.present. SimilarlySimilarly valuable,valuable, butbut lessless extremeextreme physiologiphysiologi
cally,cally, areare thethe variationsvariations inin thethe timingtiming andand frequencyfrequency ofof 
reproductionreproduction amongamong snakes.snakes. SpecificSpecific environmentalenvironmental cuescues 
(e.g.,(e.g., increasingincreasing temperaturestemperatures afterafter aa coolcool period)period) areare 
thoughtthought toto bebe criticalcritical inin regulatingregulating snakesnake reproductivereproductive 
cycles.cycles. However,However, somesome speciesspecies cancan havehave multiplemultiple reprorepro
ductiveductive eventsevents inin aa givengiven yearyear andand underunder differentdifferent envienvi
ronmentalronmental conditions.conditions. TheThe reproductivereproductive eventsevents maymay bebe 
limitedlimited toto multiplemultiple matingmating periodsperiods (e.g.,(e.g., asas describeddescribed earlierearlier 
forfor manymany rattlesnakes)rattlesnakes) oror entailentail thethe productionproduction ofof multiplemultiple 
clutches.clutches. MultipleMultiple clutchclutch productionproduction isis typicallytypically limitedlimited toto 
captivecaptive snakessnakes (Ford(Ford && Seigel,Seigel, 2006),2006), althoughalthough itit hashas beenbeen 
documenteddocumented inin wildwild keelkeelbacks,backs, TropidonophisTropidonophis mairiimairii 
(Brown(Brown && Shine,Shine, 2002).2002). ThisThis doesdoes notnot negatenegate thethe valuevalue inin 
usingusing thatthat potentialpotential toto understandunderstand reproductivereproductive stimulistimuli inin 
snakes.snakes. 

ToTo moremore fullyfully examineexamine thethe detailsdetails ofof snakesnake reproductivereproductive 
endocrinology,endocrinology, itit isis imperativeimperative thatthat studiesstudies movemove awayaway fromfrom 
thethe predominantpredominant useuse ofof descriptivedescriptive studiesstudies andand utilizeutilize 
manipulativemanipulative experiments.experiments. OnlyOnly inin T.T. s.s. parietalisparietalis havehave 
aa considerableconsiderable numbernumber ofof manipulativemanipulative studiesstudies beenbeen concon
ductedducted toto betterbetter understandunderstand thethe causalcausal relationshipsrelationships betweenbetween 
reproductivereproductive behavior,.behavior,. gonadgonad function,function, andand hormones.hormones. 
PotentialPotential manipulativemanipulative approachesapproaches areare numerousnumerous andand rangerange 
fromfrom hormonehormone modulationmodulation (e.g.,(e.g., organorgan removal,removal, hormonehormone 
treatment,treatment, hormonehormone antagonistantagonist treatment),treatment), toto modificationmodification ofof 
organismorganism statestate (e.g.,(e.g., energyenergy balance,balance, waterwater balance,balance, stress,stress, 
functionfunction ofof senses),senses), toto environmentalenvironmental manipulationmanipulation (e.g.,(e.g., 
temperature,temperature, photoperiod,photoperiod, humidity,humidity, rainfall,rainfall, pheromonalpheromonal 
cues,cues, socialsocial structure).structure). ConductingConducting suchsuch experimentsexperiments inin bothboth 
thethe laboratorylaboratory wherewhere variablesvariables cancan bebe moremore tightlytightly controlledcontrolled 
andand inin thethe fieldfield wherewhere conditionsconditions areare moremore naturalnatural willwill bebe 
essential.essential. 

GivenGiven thatthat datadata thusthus farfar collectedcollected suggestsuggest thatthat thethe snakesnake 
reproductivereproductive axisaxis isis generallygenerally similarsimilar toto thatthat ofof otherother 
vertebrates,vertebrates, itit isis notnot tootoo riskyrisky toto presumepresume thatthat stimulistimuli forfor 
reproductivereproductive activityactivity actact throughthrough thethe brain.brain. Unfortunately,Unfortunately, 
literatureliterature onon thethe reproductivereproductive neuroendocrinologyneuroendocrinology ofof 
snakessnakes isis extremelyextremely limited.limited. ItIt isis astoundingastounding thatthat wewe dodo notnot 
yetyet knowknow which,which, oror eveneven howhow many,many, GTHsGTHs existexist inin anyany 
snake,snake, letlet alonealone amongamong snakes.snakes. 

OurOur knowledgeknowledge ofof snakesnake hypothalamichypothalamic hormoneshormones 
involvedinvolved inin reproductionreproduction isis nearlynearly non-existent.non-existent. AlthoughAlthough 
multiplemultiple variantsvariants ofof thethe GnRHGnRH decapeptidedecapeptide existexist amongamong 
vertebrates,vertebrates, onlyonly chicken-Ichicken-I GnRHGnRH hashas beenbeen identified,identified, andand 

must continue. However, evaluating large taxonomic
groups based on the study of a single species is dangerous.
Applying findings based on studies of T. s. parietalis to
snakes in general may be especially problematic given that
T. s. parietalis has num~rous traits that are atypical of most
snakes, including its high latitude, cold climate distribu
tion, and its mating system in which reproduction entails
massive mating balls formed immediately at female
emergence. Strong bias resulting from the evaluation of
a single or few species to represent larger taxonomic groups
is unfortunately not unique to snakes, as 'frog' physiology
is largely based on data from the African clawed frog
(Xenopus laevis) or American bullfrog (Lithobates (Rana)
catesbeiana) and 'turtle' physiology on red-eared sliders
(Trachemys scripta). Even avian and mammalian physi
ology are biased by studies on the domestic chicken (Gallus
gallus) and on the laboratory mouse (Mus musculus) and rat
(Rattus norvegicus), respectively. The bias regarding snake
study species goes beyond T. s. parietalis in that data from
other species come disproportionately from temperate
species, particularly viperids. There is a great need for
studies of the reproductive endocrinology of tropical snakes
and snakes other than Viperidae and Colubridae (e.g.,
Scolecophidia, basal Alethinophidia, and the speciose
Elapidae).

Beyond being a relatively large taxonomic group,
snakes show diverse reproductive strategies, and this
diversity provides a unique opportunity for comparative
studies to better understand reproductive endocrinology
of vertebrates in general. Data collected thus far strongly
indicate that snakes utilize a hypothalamic-pituitary
gonadal hormonal axis similar to that of other vertebrates,
at least on a broad scale. However, the diversity of repro
ductive tactics within the squamates (lizards and snakes) is
unmatched by other major terrestrial taxonomic groups.
While the group is ancestrally oviparous, viviparity has
evolved over 100 times among squamates (Shine, 1985).
Additionally, some squamates, including snakes, are par
thenogenic, with the ability to produce offspring asexually.
Parthenogenesis is best documented as a result of hybrid
ization and polyploidy and thus an obligate process
(reviewed in Dowling & Secor, 1997). Such forms of
parthenogenesis have been well documented in lizards
(e.g., particularly in lizards of the genus Aspidoscelis
(Price, LaPointe, & Atmar, 1993» ~s well as the blind
snake Ramphotyphlops braminus (Ota, Hikida, Matsui,
Mori, & Wynn, 1991). However, numerous squamates
including snake species are capable of facultative parthe
nogenesis (Dubach, Sajewicz, & Pawley, 1997; Schuett
et aI., 1997b; Groot, Bruins, & Breeuwer, 2003). That is,
species that are diploid and normally sexually reproductive
can, at times, reproduce asexually, producing diploid
offspring. Interestingly, there appear to be inter-species
differences in the mechanism by which diploidy is

maintained despite meiosis, since in some species only
males are produced while in others only females result
(reviewed in Groot et aI., 2003). While understanding the
mechanisms for such unique reproduction among verte
brates may prove extremely valuable to identifying the
regulators of snake reproduction, studies on facultative
parthenogenesis are logistically difficult because it is not
known what stimulates females to reproduce asexually
rather than foregoing reproduction when a mate is not
present. Similarly valuable, but less extreme physiologi
cally, are the variations in the timing and frequency of
reproduction among snakes. Specific environmental cues
(e.g., increasing temperatures after a cool period) are
thought to be critical in regulating snake reproductive
cycles. However, some species can have multiple repro
ductive events in a given year and under different envi
ronmental conditions. The reproductive events may be
limited to multiple mating periods (e.g., as described earlier
for many rattlesnakes) or entail the production of multiple
clutches. Multiple clutch production is typically limited to
captive snakes (Ford & Seigel, 2006), although it has been
documented in wild keelbacks, Tropidonophis mairii
(Brown & Shine, 2002). This does not negate the value in
using that potential to understand reproductive stimuli in
snakes.

To more fully examine the details of snake reproductive
endocrinology, it is imperative that studies move away from
the predominant use of descriptive studies and utilize
manipulative experiments. Only in T. s. parietalis have
a considerable number of manipulative studies been con
ducted to better understand the causal relationships between
reproductive behavior,. gonad function, and hormones.
Potential manipulative approaches are numerous and range
from hormone modulation (e.g., organ removal, hormone
treatment, hormone antagonist treatment), to modification of
organism state (e.g., energy balance, water balance, stress,
function of senses), to environmental manipulation (e.g.,
temperature, photoperiod, humidity, rainfall, pheromonal
cues, social structure). Conducting such experiments in both
the laboratory where variables can be more tightly controlled
and in the field where conditions are more natural will be
essential.

Given that data thus far collected suggest that the snake
reproductive axis is generally similar to that of other
vertebrates, it is not too risky to presume that stimuli for
reproductive activity act through the brain. Unfortunately,
literature on the reproductive neuroendocrinology of
snakes is extremely limited. It is astounding that we do not
yet know which, or even how many, GTHs exist in any
snake, let alone among snakes.

Our knowledge of snake hypothalamic hormones
involved in reproduction is nearly non-existent. Although
multiple variants of the GnRH decapeptide exist among
vertebrates, only chicken-I GnRH has been identified, and



onlyonly fromfrom aa singlesingle snakesnake species:species: notnot surprisingly,surprisingly, T.T. s.s. 
parietalisparietalis (Sherwood(Sherwood && Whittier,Whittier, 1988;1988; SmithSmith etet aI.,aI., 1997).1997). 
TheThe failurefailure toto detectdetect otherother GnRHGnRH variantsvariants fromfrom snakessnakes isis 
likelylikely duedue toto aa lacklack ofof efforteffort moremore thanthan thethe variantsvariants notnot 
beingbeing present,present, sincesince mammalianmammalian GnRHGnRH hashas yetyet toto bebe 
identifiedidentified inin anyany reptilereptile despitedespite itsits presencepresence inin fishes,fishes, 
amphibians,amphibians, andand mammalsmammals (King(King && Millar,Millar, 1997).1997). SimiSimi
larly,larly, gonadotropin-inhibitinggonadotropin-inhibiting hormonehormone (GnIH)(GnIH) hashas yetyet toto 
bebe foundfound inin anyany reptile.reptile. SinceSince itsits recentrecent discoverydiscovery inin quailquail 
(Tsutsui(Tsutsui etet aI.,aI., 2000),2000), GnIHGnIH hashas beenbeen identifiedidentified inin multiplemultiple 
speciesspecies ofof fishes,fishes, birds,birds, andand mammalsmammals (reviewed(reviewed inin Ubuka,Ubuka, 
McGuire,McGuire, Calisi,Calisi, Perfito,Perfito, && Bentley,Bentley, 2008;2008; VolumeVolume 4,4, 
ChapterChapter 2).2). DespiteDespite itsits novelty,novelty, gonadotropin-inhibitinggonadotropin-inhibiting 
hormonehormone isis potentiallypotentially anan importantimportant regulatorregulator ofof reprorepro
duction,duction, andand thusthus aa thoroughthorough understandingunderstanding ofof thethe regularegula
tiontion ofof reproductionreproduction inin snakessnakes isis likelylikely impossibleimpossible withoutwithout 
thethe considerationconsideration ofof GnIH.GnIH. 

NumerousNumerous otherother hormoneshormones areare worthyworthy ofof studystudy toto assessassess 
theirtheir rolesroles inin snakesnake reproduction.reproduction. HormonesHormones suchsuch asas 
prolactinprolactin (Ng,(Ng, Lee,Lee, Cheng,Cheng, && Wong,Wong, 1990),1990), argininearginine 
vasotocinvasotocin (Silveira,(Silveira, Schiripa,Schiripa, Carmona,Carmona, && Picarelli,Picarelli, 1992),1992), 
andand growthgrowth hormonehormone (Ng,(Ng, Lee,Lee, Cheng,Cheng, && Wong,Wong, 1993)1993) 
havehave beenbeen identifiedidentified inin atat leastleast oneone snakesnake species,species, yetyet theirtheir 
potentialpotential rolesroles inin reproductionreproduction havehave thusthus farfar beenbeen 
completelycompletely ignored.ignored. HormonesHormones suchsuch asas leptinleptin andand relaxinrelaxin 
havehave yetyet toto eveneven bebe identifiedidentified inin snakes,snakes, yetyet theirtheir existenceexistence 
isis likelylikely consideringconsidering theirtheir presencepresence amongamong diversediverse 
vertebrates.vertebrates. 

OneOne finalfinal areaarea ofof studystudy thatthat hashas receivedreceived considerableconsiderable 
attentionattention inin otherother taxa,taxa, especiallyespecially birds,birds, isis thatthat ofof maternalmaternal 
transfertransfer ofof sexsex steroidssteroids toto offspringoffspring viavia thethe yolk.yolk. SinceSince 
initiallyinitially describeddescribed byby SchwablSchwabl (1993),(1993), maternalmaternal steroidsteroid 
transfertransfer hashas beenbeen shownshown toto havehave dramaticdramatic effectseffects onon 
offspringoffspring phenotypephenotype (reviewed(reviewed inin RadderRadder && Shine,Shine, 2007),2007), 
althoughalthough thethe mechanismsmechanisms ofof transfertransfer betweenbetween thethe femalefemale 
andand thethe yolkyolk asas wellwell asas thethe yolkyolk andand thethe embryoembryo areare poorlypoorly 
understoodunderstood (Moore(Moore && Johnston,Johnston, 2008).2008). DespiteDespite thisthis broadbroad 
attention,attention, thethe demonstrateddemonstrated biologicalbiological importanceimportance ofof yolkyolk 
transfertransfer hashas yetyet toto bebe exploredexplored inin snakes.snakes. 

Clearly,Clearly, thethe studystudy ofof snakesnake reproductivereproductive endocrinologyendocrinology 
isis inin itsits infancy.infancy. Regardless,Regardless, contributionscontributions byby numerousnumerous 
investigatorsinvestigators havehave expandedexpanded ourour understandingunderstanding overover thethe lastlast 
severalseveral decades.decades. ItIt isis essentialessential toto buildbuild onon thisthis foundation,foundation, 
asas doingdoing soso willwill notnot onlyonly provideprovide comparativecomparative data,data, butbut 
provideprovide knowledgeknowledge thatthat cancan bebe utilizedutilized toto assistassist inin effortsefforts toto 
ensureensure speciesspecies persistencepersistence asas wellwell asas enhanceenhance generalgeneral 
knowledgeknowledge ofof reproductivereproductive endocrinologyendocrinology acrossacross allall 
vertebrates.vertebrates. 
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ABBREVIATIONSABBREVIATIONS 

APOAAPOA AnteriorAnterior preopticpreoptic areaarea ofof thethe hypothalamushypothalamus 

CORTCORT CorticosteroneCorticosterone 

DHTDHT DihydrotestosteroneDihydrotestosterone 

EEzz 17~-estradiol17~-estradiol

FSHFSH Follicle-stimulatingFollicle-stimulating hormonehormone 

FSHRFSHR Follicle-stimulatingFollicle-stimulating hormonehormone receptorreceptor 

GnIHGnIH Gonadotropin-inhibitingGonadotropin-inhibiting hormonehormone 

GnRHGnRH Gonadotropin-releasingGonadotropin-releasing hormonehormone 

GTHGTH GonadotropinGonadotropin 

LHLH LuteinizingLuteinizing hormonehormone 

NSNS NucleusNucleus sphericussphericus 

PP44 ProgesteroneProgesterone 

PGFzo:PGFzo: ProstaglandinProstaglandin F2o:F2o: 
POAPOA PreopticPreoptic areaarea 

SHBPSHBP SteroidSteroid hormone-bindinghormone-binding proteinprotein 

TT TestosteroneTestosterone 

T3T3 TriiodothyronineTriiodothyronine 

T4T4 ThyroxineThyroxine 

TSHTSH Thyroid-stimulatingThyroid-stimulating hormonehormone 

VMHVMH VentromedialVentromedial hypothalamushypothalamus 
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only from a single snake species: not surprisingly, T. s.
parietalis (Sherwood & Whittier, 1988; Smith et aI., 1997).
The failure to detect other GnRH variants from snakes is
likely due to a lack of effort more than the variants not
being present, since mammalian GnRH has yet to be
identified in any reptile despite its presence in fishes,
amphibians, and mammals (King & Millar, 1997). Simi
larly, gonadotropin-inhibiting hormone (GnIH) has yet to
be found in any reptile. Since its recent discovery in quail
(Tsutsui et aI., 2000), GnIH has been identified in multiple
species of fishes, birds, and mammals (reviewed in Ubuka,
McGuire, Calisi, Perfito, & Bentley, 2008; Volume 4,
Chapter 2). Despite its novelty, gonadotropin-inhibiting
hormone is potentially an important regulator of repro
duction, and thus a thorough understanding of the regula
tion of reproduction in snakes is likely impossible without
the consideration of GnIH.

Numerous other hormones are worthy of study to assess
their roles in snake reproduction. Hormones such as
prolactin (Ng, Lee, Cheng, & Wong, 1990), arginine
vasotocin (Silveira, Schiripa, Carmona, & Picarelli, 1992),
and growth hormone (Ng, Lee, Cheng, & Wong, 1993)
have been identified in at least one snake species, yet their
potential roles in reproduction have thus far been
completely ignored. Hormones such as leptin and relaxin
have yet to even be identified in snakes, yet their existence
is likely considering their presence among diverse
vertebrates.

One final area of study that has received considerable
attention in other taxa, especially birds, is that of maternal
transfer of sex steroids to offspring via the yolk. Since
initially described by Schwabl (1993), maternal steroid
transfer has been shown to have dramatic effects on
offspring phenotype (reviewed in Radder & Shine, 2007),
although the mechanisms of transfer between the female
and the yolk as well as the yolk and the embryo are poorly
understood (Moore & Johnston, 2008). Despite this broad
attention, the demonstrated biological importance of yolk
transfer has yet to be explored in snakes.

Clearly, the study of snake reproductive endocrinology
is in its infancy. Regardless, contributions by numerous
investigators have expanded our understanding over the last
several decades. It is essential to build on this foundation,
as doing so will not only provide comparative data, but
provide knowledge that can be utilized to assist in efforts to
ensure species persistence as well as enhance general
knowledge of reproductive endocrinology across all
vertebrates.
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