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ABSTRACT

In Oman, a comprehensive study of the annual reproductive cycles of male and
female house geckosHemidactylus flaviviridis was conducted. Circulating
testosterone (T), oestradiol JEand progesterone (P) concentrations were measured
using a sensitiviHPLC-MS/MS detection techniqueData were collected from a
natural population over two consecutive seasons. The annual patterns of circulating
concentrations of T, Fand P were measured for both sexes. In males, peak plasma T,
E. and P concentrations agated in the active phaseginciding with the stages of
spermatogenesis, courtship and mating, but gradually declined in the second half of
the mating period with a significant drop in the quiescent phase, coinciding with
testicular regressiomn females elevated plasmazind T concentrations in the active
phase were associated with vitellogenesis and maRtesmakE, concentrations
decreased significantly during the quiescent phas®nciding with follicular
regression. Plasma P concentrations werdevated during gravidity but fell
significantly prior to oviposition.

The plasma steroid concentrations were related to the steroidogenic ultrastructural
features and expression of progesterone receptors (PR) throughout the reproductive
cycle. Thesteroidgenicultrastructural features weoharacteded by the presence of
smooth endoplasmic reticulum (SER) in the form of cisternal whorls and tubular
cisternae, presence of swollen vesiculated mitochondria and association between SER,
mitochondria, and ligl droplets. In the male, the rise in the three plasma steroid
concentrations during the active phase was closely associated with the development of
the ultrastructural features and strong PR expression in Leydig and Sertoli cells.
During the quiescent phasthere was a significant decline in plasma steroid
concentrations, undevelopsteroidogenideatures and weakly expressed MiRthe

female, the appearance of the steroidogenic ultrastructural features in the preovulatory
and lutein granulosa cells wasrrelated with the significant rise in the three steroid
concentrations and the strong expression of PR. As the steroid concentrations
declined, the granulosa cells underwent general degeneration and disruption of the
ultrastructural steroidogenic featareThese detailed findings are the first to be

reported for this species in the Arabian Peninsula.
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Based on histological and gross morphological observations, the house gecko ovulates
two eggs aatime, one from each ovary. This is followed by a secoralagg clutch,
suggesting that this specieydawo clutches of eggs annually, each clutch containing
two eggs.

The comprehensive data obtained from this study may be of some value for
comparison with reproductive cycles of other closely related specikssiregion. In
addition, conservation awareness for the protection of this widely distributed species

may be beneficial for the protection of other wildlife.
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germ cells (GR) at basal region. Interstitial tissue (Lipid droplets (LP) appearad

both Sertoli and germ CellS............oveiiiiiiieee 114

Figure 314B. TEM of a seminiferous tubule from the recrudescent phase showing
Sertoli cell (SR) attached to the basal lamina. The nuclei (N) appeared triangular in
shape with numerous indentations. Interstitial tissue (IT).........ccccceeiiiiiiieenn.n. 115

Figure 314C. TEM of a Sertoli cell (SR) attached to the basal lamina. The nucleus
(N) appeared triangulan shape with two nucleoli (NU). Lipid droplets (LP) and
mitochondria (M) are aggregated in dense clusters adjacent to the basal lamina.
Spermatogonia (SP), Sertoli extensions (BX)id droplets (LP)seenin both Sertoli

anNd germM CElIS ... e e ——— 115



Figure 314D. TEM of a Sertoli cell attached to the basal lamina. Mitochondria (M)
are aggregated in dense clusters adjacent to the basal lamina (BL). Nucleus (N),
INErStItIal ISSUE (IT):..uuiiieee e e e eeee e e e enn 116

Figure 314E. TEM of a Sertoli cell. Smooth endoplasmic reticulum (SER) posed
of cisternal (cSER) and vesicular elements (VSER). Mitochondria (M), nucleus (N),
rough endoplasmic retiCUlUNRER) ............uuuiiiiiiiiiiiieeee e 116

Figure 314F. TEM of a seminiferous tubule from the recrudescent phase showing
Sertoli extensions (EX) surrodimg germ cells (GRat the apical region. Lumen (L)

Figure 314G. TEM of Sertoli cell extensions (EX) during the late recrudescent phase
surrounding germ cells with highly interdigitated folds. Nucleus (N), mitochondria
(M), lipid dropletS (LP)....e e 117

Figure 314H. TEM of a seminiferous tubule from the active phase showing SER
arrays of cisternae parallel to the long axis of the extension. Mitochondria (M) with
swollen tubular cristae. Nucleus (N), vacuoles.(\V)......ccceeeeeiiiieieiiceciccciee e 118

Figure 314l. TEM of a seminiferous tubule from the actiieage showing Sertoli cell
(SR) attached to the basal lamina. Sertoli extensions (EX) surround germ cells (GR) at
the basal region. NUCIEUS (IN)......cooiriiiiiiiiieeee e 119

Figure 314J. TEM of a seminiferous tubule from the quiescent phase showing Sertoli
cell (SR) without cytoplamic extensions with vesicular SER. There was a reduction
in mitochondria (M) and an increased amount of lipid droplets (LP). Nucleus (N),
germ cells (GR)Lipid droplets were also present in germ cells....................... 119

Figure 3.BA. TEM of a Leydig cell (LD) from tk recrudescent phase showing finely
granulated nucleus (N), mitochondria (M), and lipid droplets (LP) associated with

Figure 3.BB. TEM higher magnification of Figure & showing mitochondria with
cisternal tubules (M), and lipid droplets (L&jsociated with SER..................... 121

Figure 3.5C. TEM of a Leydig cell from the recrudescent phase showing vesicular
(VSER) and tubular cisternal elements (cSER) associated with mitochondria (M) and
lIPId AroPIEtS (LP).. oo e e e e e e e eeme s 121

Figure 3.B5D. TEM of a Leydig cell from thetive phase showing flattened nucleus
(N), mitochondria (M) and lipid droplets (LP) associated with vSER and cSER2

Figure 3.BE. TEM of a Leydig cell from the active phase showing well developed
SER with elaborate whorls and branched cisternae (cSERpciated with
mitochondria (M) and lipid droplets (LP).........ccoovviiiiiiiiieeee e 122

Figure 3.5F. TEM of a Leydig cell from the quiescent phase with SER returning to a
vesicular state (vSER). Mitochondria (M), lipid droplets (LB)..............cccouu.... 123
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Figure 3.BA. H&E section of ductulepididyms from the quiescent phase showing
nonciliated low cuboidal epithelial cel(€u) with shrunken nuclei (N)ntertubular
connective tisSUECt), blood VESEl (BV).......covvvuiiiiiiiiiie i 125

Figure 316B. H&E section ofductusepididymisfrom the quiescent phase showing
the anteor (AG), middle (MR) and posterior (PT) regioriatertubular connective
tissue(Ct) presentn all FegIoNS...........oooiiiiiiiiiitieee e 125

Figure 316C. H&E section ofductusepididymisfrom the quiescent phase showing
cuboidal epithelial cells (Cu) of the anterior and middleargiNucleus (N), lumen (L),
o] [oTo o IV ZoTSTST = I (= 1Y O PSSSSRR 126

Figure 316D. H&E section ofductusepididymisfrom the quiescent phase showing
squamous epithelial cells (SQ) of the posterior regkew secretory materials and
sperm present in the lumen (L). NUCIEDNS (...cooevveiiiiii e 127

Figure 316E. H&E section of ductulepididymis (DE) and ductuspididymis (DP)
from the quiescent phaséxtensive intertubular connective tisg&) presentn the
(o [W o (U ES7=T o] T [0 1Y/ 01T 127

Figure 3.7A. H&E section of ductuliepididymis from the recudescent phase
showing enlargedcuboidal epithelial cell(Cu) height andlumen (L) diameter.
INUCIEUS (N). ettt e e ettt eeee e e e ettt e e e e e e e e e s ammmr e e e e e eeeeas 128

Figure 317B. H&E section of the anterioregion of ductusepididymis from the
recrudescent phase. Amcrease in cuboidal epithelial cell (Cu)idiet and lumen (L)
diameter is clearly evident. Nucleus (N), intertubular connective t{€)e........ 129

Figure 3.7C. H&E section of the middleegion of ductus epididymis from the
recrudescent phas&he epithelial cuboidal cell (Cu) height increased sigairitly
overthat of the anterior region. Nucleus (N), lumen (L), intertubular connective tissue
(Ct), blIoOd VESSEl (BV)..veeiiieee et 129

Figure 3.7D. H&E section of the posteriaregion of ductusepididymisfrom the
recrudescent phas@he squamous epithelial cell ($Qeight is lower than the
posterior and anterior regiori$ucleus (N), lumen (L).........ccovviiiiiiiiiiiiceciinnnee. 130

Figure 318A. H&E section of ductuliepididymis from the active phaseThe
hypertrophied low columnar epithelium (Cm) of the ductuli is filled with secretory
granules. Fe sperm (S) were preseim the lumen (L). Nucleus (N).................. 130

Figure 3.BB. H&E higher magnification of Figure 33A. The ductuli islined by low
columnar, nonciliated epithelial cells (Cm) having rounded or oval nuclei (N) with
prominent nucleoli (NU). Fewsperm appeared in the lumen (S)...........cc.eeveeee. 131

Figure 3.BC. PASFG section ofthe ductuli epididymis from the active phase.
Hypertrophied low columnar epithelial cells (Cm) were filled with secretory granules
(SG). Nucleus (N), IuMEN (L) ...ooeeeeiiiie e e e e 131
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Figure 3.BD. PASHaem setion of the anterioregion of ductugpididymisfrom the
active phase showindpypertrophied columnar epithelium (Cm). The lumen (L)
diameter markedly increased and filled with sp€&h Nucleus (N)................... 132

Figure 3.BE. PASFG epithelium of the anterior remn from the active phase
showing ciliated (double arrowhead) and nonciligdowhead) columnar epithelial
cells (Cm), and filled with secretory granules (SR (S).......ccvvvvvvvrreniiinnnnn 133

Figure 3.BF. MT section of the middleegion of ductuepididymisfrom the actve
phase showindypertrophied columnar epithelium (Cm). The lumen (L) diameter
increased and filled with sperm (S) and secretory material (arrow). Intertubular
connective tissue (Ct) appeared poaityelopedNucleus(N)........cccoeeeeeeeerennee. 133

Figure 3.BG. MT higher magrfication of Figure 3.8F. Columnar epithelium (Cm)
filled with secretory granules (SG). The lumen (L) filled with sperm (S) and secretory
materials (arrow). Nucleus (N), intertubular connective tissue.(Ct)................ 134

Figure 3.BH. H&E section of the posteriaregon of ductusepididymisfrom the
active phase showindyypertrophied cuboidal epithelium (Cu). The lumen (L)
diameter increased and filled with SPE(8) ..........cvvvimiiiiiiiiiiice 134

Figure 3.Bl. H&E higher magnification of Figure 3H. The cuboidal epithelial cells
(Cu) heightis much lower than that ofie anterior and posterioggions. Nucleus (N),
10T =T o I OSSR 135

Figure 3.DA. TEM. Secretory principal cells (PBjrom the anterior and middle
regions of epididymidgrom the active phasd.all and narrow PB extends from the
basallamina (BL) to the lumen (L). Nuclei (N) located basalBecretory granules

Figure 3.BB. TEM. Higher magnification of Figure 3A. Occluding junctions
(arrowhead) close to lumen arghp junctions (arrow) at the apical regions of
principal cells Microvilli (MV), secretory granules (SG)......cccccevvveeeiiiiiiicccennen. 136

Figure 3.BC. TEM showingelliptical and elongated nuclei (N) of principal cells with

a thin layer of dense chromatin underlying the nuclear envelope. Two prominent
nucleoli (NU) appear in the elongated nusleuMitochondria (M), RER, secretory
GrANUIES (SG)a ittt ettt e e e e 137

Figure 3.BD. TEM showing roughendoplasmic reticulum (RER) witkesicular
(VRER) and distended(dRER) appearances. Nucleus (N), nucleolus (NU),
mitochondria (M), secretory granules (SG)........cuvvvvieeiiiiiiiieceriie e 138

Figure 319E. Higher magnification of Figure 3D showingvesicular vVRERN the
cytoplasm of principal cells. Mitochonidr(M), secretory granules (SG)........... 138

Figure 3.BF. TEM showingGolgi complexeqGL) consisting of several stacks flat
saccules with typical istrans polarisation. Mitochondria (Myesicular VRER
SECIretory granules (SG).....coooiuuiiiiiiiiiiiieeeii et eeer e e e e e e e e e e e 139
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Figure 3.BG. TEM showing Golgi complexes (GLgurrounding groups of newly
formed (NG) and developed secretory granules (8fh were closely associated
WIth the VRER......uuiiiiiiiii e 139

Figure 3.PH. TEM showingmitochondria (M) concentrated in the basal cytoplasm of
principal cells. Nucleus (N), VRER, basal lamina (BL), secretory granules.(SK3D

Figure 31.9l. TEM showingmitochondria (M) concentrated in the apical cytoplasm
of principal cells. Secretory granules (SG), VRER, lumen.(L)............ccccccen... 140

Figure 3.BJ. TEM showing round and elongatedtochondria (M) in the cytoplasm
of principal cells. Mitochondria were closely associated witRER and secretory
(0= Va1 01 L= (5] P 141

Figure 3.BK. TEM slowing secretory granules (SG) which amembranebound
vesicles. Some granules had a dense homogeneous portion and a less dense fairly
heterogeneous portion, others were completely eleckeose homogeneous granules.
Nucleus (N), VRER, mitochondria (MJpid (LP)........cccccuvmimiiiiiiiieieeeiiieieeeeee 142

Figure 3.BL. TEM secretory granules (SGg¢leased into the lumen of the anterior
and middle regions of the epididymis by exocytoSi&. eventually bind to the heads
of spermatozoa (SZ). Epithelium of epididymis (EP), lumen.(L)..................... 142

Figure 3.BM. TEM of abasal cell at the basal lamina (BL) of the middle regibn
epididymiswith heterochromatic nucleus (N) and prominent nucleolus (NU)..143

Figure 3.BN. TEM of abasal cell (BA) at the basal lamina of middle region adjacent
tO PrINCIPAI CEIIS (B) ..uviieieeeeeeeeeeee e e e e e e e 143

Figure 3.20. TEM higher magnification of Figure M. Cytoplasm of the basal cell
contained mitochondria (M) anshembranebound vesicles with an electron dense
material (ArroW)NUCIEUS (N)......cooeiiiiiiiiiiiieeee e 144

Figure 320A. H&E section of RSSfrom the quiescent ase showing tubules
surrounded byuboidal epithelial cells (Cu)ubules lack secretory granules in their
lumens (L) and were surrounded by intertubular fibrous connective tissue (arrow).
Portion of normal renal segment were clearible (RNS). Bloodressel (BV)....145

Figure 3.20B. Higher magnification of Figur8.20A showing RSS lined bguboidal
epithelial cells (Cuhaving rounded nucl€iN) with prominent nucleal Lumen (L),
DIOOA VESSEl (BV)...uniiiiiee ettt e e e e enenaa 146

Figure3.20C. H&E section ofthe RSSrom the recrudecent phase showireplarged
tubules with low columnar cells (Cm). Nucleus (N), lumen (L), blood vessel
(5172 S PSP 146

Figure 320D. Higher magnification of Figure8.20C. Tubules were lined biow
columnar epithelial cells (Cnwith rounded or oval nucléN). Lumen (L).......... 147
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Figure 320E. MT longitudinal section of renal tiss@i®m the active phase showing
fully developed RSS tubules with columnar epithelium (Cm) and the lumen @d fill
with secretory granules (SG).........coooiiiiiiiiiiiieeee e 147

Figure 320F. MT Higher magnificatin of Figure 0E showingcolumnar epithelial
cells (Cm) and the lumen (L) filled with the secretory granules (¥Gicleus
() PO T ST TR 148

Figure 320G. PASHaem cross section of RSS showimngact columnar epithelial
cell (Cm) boundaries (arrow) withelsecretory granules (SG) in the apical region of
the cells towards the lumen (INucleus (N), blood vessel (BV)........ccccceeeeennn... 148

Figure 320H. PASHaem higher magnification of Figure2BG of RSS showing
intact columnar epithelial cell (Cm) boundaries (arrow) with flecretory granules
(SG) in the apical region of the cells towards the lumenNugleus (N)............. 149

Figure 320l. MT section of RSS tubulom the active phase showingpture of cell
membrane (arrow) of columnar epithelial cells (Cm) liberating the segrgtanules
(SG) into the lumen (L) of the tubullbucleus (N)...........ooovriiiiiiiiiceeeees 149

Figure 320J. AB-NF section of RSS tubulgsom the active phase showiRSS
tubules with columnar epithelial cells (Cm) and lumen (L) filled with granules (SG)
andnongranular substancar(ow).Nucleus (N), blood vessel (BV).................. 150

Figure 321A. TEM of RSS tubulesfrom the active phase showingplumnar
epithelial cells (Cm) with basal, euchromatic nuclei (N). Secretory granules (SG) and
condensing vacuoles (Cv) in close association with RERen (L)................... 151

Figure 321B. TEM Higher magnificationof Figure 321A showing columnar
epithelial cells (Cm) with basal, euchromatic nuclei (N) prominent eccentric nucleoli
(NU). Condensing vacuoles (Cv) in close association with Golgi complex (GL) and

Figure 321C. TEM High magnification showingondensing vacuoles (Cv) in close
association with Golgi complex (GL), RER and mitochondria.(M).................. 152

Figure 321D. TEM High magnification showingecretory granules (SG) in various
stages of maturity. Numeus RER in close association with the condensing vacuoles
(CV). LUMEN (L)t ettt e e e et e e e e e e e e e e e e s s e e as 153

Figure3.21E. TEM showingsecretory granulelSG) at the lumenal border (Lpense
secretory granules (Dv), and secretory granules with dense core (Dr) and outer collar
(Oc). RER closely associated with the secretory granules..............c.oooeveee... 153

Figure 3.21F. TEM showing secretory granules (SG) at the lumenal border.
Dissolution of secretory granules which weeteased independently (arrow) into the
U0 L= o T (PP P PP 154

Figure 321G. TEM showingterminal tight junctions at apical portion of epitlali

cells (arrow). Secretory granules (SG) with dense core (Dr) and outer collav€€ac)

clearly visible. LUMEN (L).......uiii i seeen e e e e 154
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Figure 321H. TEM showingsecretory granules (SG) occupied more of the epithelial
CEIIS CYLOPIASIIL. ...t e e e e e e e e e e e e 155

Figure 322A. TEM of renal section from the quiescent phase showing inaB8®

and normal tubular segment (RNS). RSS nucleui (N) appeared rounded with
prominent nucleoli. The cytoplasm filled with numerous mitochondria (M) and
mucoid Se@tory vacuoles (MU)...........oooiiiiiiiiiiiiiieee e eeeeeeees 155

Figure 322B. TEM higher magnification of Figure Z2A showing RSS and RNS
Some nuclei (N) of RSS appeared irregular. Mitochondria (M), mucoid secretory
vacuoles (Mu), IUMEN (L).....ooeeeiiiiiiiie et e e e rrrnres e e e e e e e e e e e ees 156

Figure 322C. TEM higher magnification of Figurg&22B showing inactive RS®ith
irregularly shaped nucleus (N) and prominent nucleolus (NU). Mucoid secretory
vacuoles (Mu) appeared in close association with Golgi complex (GL), mitochondria
(M) and lipid droplets (LP). Lumen (L), tight junction (Tjntercellular canaliculus

(2 TR 156

Figure 322D. TEM of inactive RSS epithelial cytoplasiMucoid secretory vacuoles
(Mu) appeared in close association with Golgi complex (GL), mitochondria (M) RER,
and lipid droplets (LP). Nucleus (N), intercellutanalculus (IK)....................... 157

Figure 4.1A. Monthly mean (xS.E.M.) GSI duritwjo reproductive cycle There are

no significant variations in data of each month collected between year one and year
two. The active phase commenced in January, reached a peak in April, decreased
significantly in June and stayed low until December. Numbers below each histogram
represents anple size. Months with significantly different GSI were assigned
different letters. Monthswith the same letter shows statistically no significant
difference between them at the 0.05 level of significar@tatistical differences
between groups obtaineg b D u 1 m@tiplécomparisons testithin each yeai 89

Figure 4.1B. Monthly mean (xS.E.M.) ovarian weight duitwwg reproductive cycle

There are no significant variations in data of each month collected between year one
and year two Ovaries regressed between Julegust, increased significantly in
February, and reached a peak in MaMhy. Ovares began to regress in May, and
remained inactive during Juinm@ecemberMonths with significantly different ovary
weight were assigned different letters. Montith the same letter shows statistically

no significant difference between them at the 0.Q&ll®f significance Statistical

di fferences between ¢gr oupcemparibonsatesmtiend by
BACK VRN ... ettt e e e e et a e e e e 189

Figure 4.1C. Monthly mean (xS.E.M.) follicular diameter during the reproductive
cycle. Only small immature follicles were pent in the ovary during June through
January. March through May, some follicles increased to preovulatory size. Numbers
below each histogram represents sample size. Mowitsthe same letter shows
statistically no significant difference between thentha&t 0.05 level of significance
Statistical differences between groups obtained by Bund s  nrorparisqnd e
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Figure 4.1D. Monthly mean (xS.E.M.) oviduct weight during the reproductive cycle.

Oviduct weight increased in March, peaked iniAgnd May, and began to regress in

June and July. In August through February the oviduct weight was at the lowest.
Numbers below each histogram represents sample size. Meitththe same letter

shows statistically no significant difference between thaimthe 0.05 level of
significanceSt at i st i c al di fferences between gr ouj
(o0 4] 0Tz T EST0T £ FS TN () S 190

Figure 4.1E. Monthly mean (£S.E.M.) HSI during the reproductive cycle. Liver
weight increased in January coinciding with theeirof vitellogenesis, and remained
unchanged for the rest of the reproductive cycle. Numbers below each histogram
represents sample size. Months with significantly different HSI were assigned
different letters. Monthswith the same letter shows statisligano significant
difference between them at the 0.05 level of significar8tatistical differences
between groups obtained by Danno 6 s  ncorhparisqng test.............vveeeenn.. 192

Figure 42A. Monthly mean (xS.E.M.) plasma ;Econcentrations.Plasma Ek
concentrationsncreased during the breeding phase with a peak in January through

May, decreased in June and then started to rise again in July through December.
Vitellogenesis and follicular growth commenced in January through April, coinciding

with the E rise. Numberdelow each histogram represents sample size. Months with
significantly different i were assigned different letters. Monthigh the same letter

shows statistically no significant difference between them at the 0.05 level of
significance Statistical dife r e nces bet ween groups -obtainec
(o0 4] 0Tz T Y0 1157 ) SR PSPPSR 192

Figure 42B. Monthly mean (xS.E.M.) plasma P concentrations. Plasma P
concentrations increased during the breeding phase (luteal phase) between March and
May, with a peak in Aprilcoinciding with the activity of corpus lutea. Luteolysis

took place after May as P concentrations began to decrease significantly. Numbers
below each histogram represents sample size. Months with significantly different P
were assigned different letteSlonths with the same letter shows statistically no
significant difference between them at the 0.05 level of significaStatistical
differences between groups obtained by uncé s  nrrorparisgng test......193

Figure 42C. Monthly mean (xS.E.M.) plasmda concentrations during the
reproductive cycle with a rise in December through to April. Plasma T concentrations
peaked in April, coinciding with vitellogenesis, follicular growth, courtship and
mating. Numbers below each histogram represents sample Miasths with
significantly different T concentrations were assigned different letters. Maviths

the same letter shows statistically no significant difference between them at the 0.05
level of significance Statistical differences between groups obtdifsy Dun@ n 6 s
MUILIPIE-COMPANSONS TESL. ... i iiiiiiiie e enaaaas 193
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Figure 42D. Monthly mean (xS.E.M.) plasma C concentrations. Plasma C
concentrations increased slightly during the active phase with a peak in April.
Concentrations decreased slightly in May and increaseth agalanuary. Months

with significantly different C were assigned different letters. Months with the same

letter shows statistically no significant difference between them at the 0.05 level of
significance Statistical differences between groups obtaibed Duncan6s mul ti
(o0 4] 0Tz T EST0T £ FS TN () S 1A

Figure 43A. Immunolocalisation of previtellogenic follicle PRs. All granulosa cells
stained positive in nuclei and cytoplasm (arrow). Theca interna cells stained positive
for PRs (arrowhead). Pyrifom cells (Pyhtermediate cells (Ic), Small cells (Sc),
Theca externa (Te), Theca Interna (T1).......cccoeevieeeeeeeeiieeeiccee e 195

Figure 43B. Immunolocalisation of vitellogenic follicle PRs. Granulosa small cells
(Gc) stained positive in nuclei and cytoplasm (arrow). Theca interna cells (Tgdstain
positive for PR (arrowhead). Theca externa (Te), Zona pellucida (Zp), lipid platelets
(0 TP PERRSPPRPPSRR 196

Figure 43C. Immunolocalisation of active corpus luteum PR. Granulosa lutein cells
(GLC) stained positive in nuclei and cytoplasm (arrow). Theca lutein CELE)
stained negative for PRs (arrowhead). Theca externa.(TE).............ccccvvvieeenns 196

Figure 43D. Immunolocalisation of the uterus PRs. Epithelial cells (EP) stained
positive in nuclei and cytoplasm (ArrOM)............uuuuereeeiriieeeiiiiieieeeieeeeeeeeeeeeeeas 197

Figure 43E. Immunolocalisation of hepatic cells (HP) PRsinlyrvitellogenesis.
Hepatic cells stained positive (arrow) for PR..........oiiiccce 197

Figure 43F. Immunolocalisation of previtellogenic follicle (inactive phase) showing
negative staining for PR. All granulosa cells stained negative for PR in nuclei and
cytoplasm (arrow)Theca interna cells also stained negative for PR (arrowhead). All
other tissues tested during the inactive phase also showed negative PR expression.
Pyriform cells (Py), Intermediate cells (Ic), Small cells (Sc), Theca externa (Te),
Theca Interna (Ti), @na pellucida (Zp), Oocyte (OC).....uuurireeiiiiiiiiiiiiieaeeieeenn. 198

Figure 44A. H&E section of the ovary from the recrudescent phase showing six
developingprevitellogenic follicles (PV) of vaous sizes with the oocytes (OC),
nucleus (N) and granulosa cells layer (GC) clearly visible......................ccc.... 201

Figure 44B. H&E section of the ovary from the recrudescent phase showing five
developingprevitellogenic follicles (PV) of vaous sizes with the oocytes (OC),
nuclei (N) and granulosa cells layer (GC) clearly visible. Atretic follicle (AT) and
germind bed (GB) Were @0 PreSENL........ccccvvviiiiii e ieeee e aeeee e 201

Figure 44C. H&E section of the ovary. Portion of theasian stroma with lymphatic
cells (LC), interstitial gland cells (IG) and blood vessels (BV)...........cccceeeeeee 202

Figure 45A. Higher magnification of Figure 4B. Germinal bed with ogonia (OG),
primary oocytes (B) and epithelial cells (arroW)............cceeeeeiiiiiiiccciiee e 203
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Figure 45B. Higher magnification of Figure 8A. Primaryoocytes (PGwith dark
nuclei (N) and prominent nucleoli (NUDogonia (OG)appeared with pale nuclei
(N). Epithelial cds appearedlat (thiCk arrow)..............eeiiieeiiisccecceeeee e 203

Figure 46A. H&E section ofgerminal bed (GB) with oogonia (OG) and oocytes at
different developmental stageStagell follicles (SO) with monolayered granulosa
containing small cells (SC) with nucleus containing-larapbrush chnmmosomes
(double arrow. Stagelll follicle (PD) with bilayered granulosa containing small (SC)
and intermediate cells (IC) with nucleus containing lampbrush chromosomes
G2 L0111 L= T ) TS 207

Figure 46B. H&E section of largestagelll follicle migrating from tke germinal bed
(GB) with bilayered granulosa containing small cells (SC) and intermediate cells (IC).
Zona pellucida (ZP), thecal layer (TH), oocyte nucleus.(N).............cccoevrrveenn. 207

Figure 46C. PASFG. StagelV Previtellogenesis. Ooplasm (OP) with abundant
fibrillar cytoplasmic clumps (arrow). Granulosa cells (GC), zona pellucida (ZP),
thecCal 1aYer (TH)......cooiiiiieeeee e errer s e e e e e e e e e e e aeeee e as 209

Figure 46D. PASHaem. Polymorphic granulosa with three types of cells; small (SC),
intermediate (IC) and pyriform cells (PY). PA®®sitive in cytoplasm of PY. Ooplasm
(OP), zona pellucida (ZPhécal layer (TH).....ccccciiiiiiiiieeeeeeeieeeeeeeee e 209

Figure 46E. H&E. StagevV and stagdV Previtellogenesis. Stagé showed a
significant increase in follicular SIZe...........coooiiiiiiieen e 210

Figure 46F. PASHaem. StagdV Previtellogenesis. Small PAgositive granules
(arrowhed) in peripheral ooplasm similar to those in pyriform cells (PY). Zona
pellucida (ZP). Thecal layers; theca eree(TE) and theca interna (Tl)............. 210

Figure 46G. PASHaem. StagdV Previtellogenesis. Granulosa P#A®sitive.
Pyriform cells with cytoplasmicxtensions (arrow) stained strongly for PAS. Small
granules in peripheral ooplasm (arrowhead) stained positive for PAS. Zona pellucida
layers; hyaline band (HB) drzona radiata (ZR). Theca (TH)..........cccovvvvvvnnne 211

Figure 47A. PASFG. StageVl Vitellogenesis. Yolk bodiegY) in the peripheral
ooplasm (OP). The region is rich in yolk separated from the oolemma (OL) and zona
pellucida (ZP) by a peripheral, platefete zone (arrow). Pyriform cells (PY) started
degenerating and appeared reduced in size. Intercellular br{tRjesonnecting
pyriform (PY) cells with the ooplasm (OP) through zona pellucida (ZP). Theca (TH)
coninued to grow during this Stage............ccoeeiiiiiiiieee e 212

Figure 47B. PASHaem. Stag®/| Vitellogenesis. Polymorphic nature gfanulosa
follicle cells begins to disappeaPRyriform cells (PY) lost its nuclei and cytoplasmic
contents. Zona pellucida layers; hyaline band (HB) and zona radiata (ZR). Theca
layers; theca externa (TE) and theca interna (TI). Plareletzone with fine fibres
(arrow), andgranular vesicles (VE)mpeared close to zona pellucida. Yolk bodies (Y)
started appearing #te periphery of ooplasm (OR).........cooevvviiiiiiiiiiccceeeeeiiiiies 213
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Figure 47C. SEM. Stage/I Vitellogenesis. Yolk (Y) in the peripheral ooplasm (OP).
Plateletfree zone with fine fibres (arrow). Granudodayer (GC), hecal layer

Figure 47D. H&E. StageVIl Vitellogenesis. Small (SY) and medium (MY) size yolk
platelets in the ooplasm. Granulosa composed of small flat dark cells (SC). . Zona
pellucida (ZP) andheca(TH) become thicker and numerous blooessels(BV)
present in thehecallayer..........ccooeiiii i e 214

Figure 47E. H&E. StageVlll Vitellogenesis. Yolk platelets exhibiting small (SY),
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Chapter One:

General Introduction



1.1 Introduction: mating and reproductive cycles in reptiles/lizards

The class Reptilia includes the orders Crocodi$@phenodontiaSquamata, and
Testudina (Muller and Reisz, 2006dhat originated around 300 million years ago
(Lovern, 2011) Lizards and snakes (which arose within the lizard lineage) comprise
the order SquamataAt present there are 8883 extant squamate species recognised,
including 5537species ofizards (JCVI/TIGR Reptile Database, 201Ljzards are
recognsed as the suborder Sauandare divided into two clades based on foraging
mode and associated tongue morphology and function: (1) the Iguanieahg
tongued! i zards that wuse the tongue fo+ feedir
tongued?®d | i zar ds o Heading and d¢ongued erimarily jfoa ws f
chemoreception (Piankand Vitt, 2003; Poughet al, 2004). However, their
phylogenetic relationships are still deddale (Townsendet al, 2004; Vidal and
Hedges, 2005; 2009). Within Sauria there are four resedmfraorders, including
Gekkota Gekkota occur in the suborder of Scleroglossa and are divided into seven
families, including the family Gekkonidae (Haat al, 2004). Recent estimates of
Gekkotan diversity recogse approximately 1110 species in 116 genKiade, 2001,
Bauer, 2002) and many new taxa are described each Aeeording to recent
molecular phylogeny studies of lizardlse Gekkonidae are thought to have originated
around 100 million years ago (Figure 1(¥)dal, and Hedges, 2009)izards inhdit

all continents except Antarctica, in habitats ranging from desert to rainforest, and
exhibit arboreal, terrestrial, fossorial, and even saquiatic lifestyleqPoughet al,

2004).

This high species diversity and widespread geographic distributi@fiested in the
variety of their reproductive biology and associated life histores. example,
although most lizard species are oviparous, approximately 20% are viviparous
(Blackburn, 1982). Also, typical clutch sizes can vary greaitiie oviparos lizards.
Some species exhibit one efgg.,Anolis (Smith et al, 1973] or two-egg clutches
[e.g., many geckoincluding Eublepharis (LaDage et al, 2008), whereas other
species produce 280 eggs clutches per breeding sed®og.,PhrynosomdEndriss,

et al, 2007].
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Figure 1.1. Molecular phylogeny of lizard familiesd associated divergence time
estimates\(idal and Hedges, 2009).

However, evidencés reported that many reptile populations, including lizards, are
declining (Piankaand Vitt, 2003). Numerous factors are involved such as habitat
alteration, human population growth, release of pollutants and agrichenmtathe
environment, diseas@arasitism (Piankand Vitt, 2003), and global warming (e.qg.,
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Huey, et al, 2009; Kearneyet al, 2009). Monitoring these species may allow using
them as indicators of environmental stabilifynerefore, the study of reproductive
cycles and their endocrine regulation is important as many lizards are particularly
sensitive to environmental cues, sumh temperature, for determining the onset of
breeding (Lovern, 2011).

Reproductive studies of lizardbave dealt with three distinctive aspects of
reproduction. First, the reproductive period has been investigated to determine
whether a species reproduasantinuously ordiscontinuouslythroughout the year,

and whether the level of reproductive activity is constant or temporal; secondly, which
environmental factors can be correlated with reproduction and may diutatiening

of these activities; and thirdrhich evolutionarily important selective pressures can be
linked with successful reproduction in the various periods of the year. While some
authors have focused on a single aspect of lizard reproduction, most studies have
examined all three (Sherbrook€75).

1.1.1Types of reproductive cycles

Detailed knowledge of reproductive cycles and their endocrine mediation, although
increasing, is available for only a small percentage of these species and even less
when both males and females are considered giimv2011). In lizards the
reproductive cycles have beeharacteded based on relationships between mating
behaviar, sex steroid production, and gametogenesis (Licht, 198%#Ee general
types of reproductive cyclegerecognsed: prenuptial (or ass@ted), postnuptial (or
disassociated) (Crews, 1984; Lance (1998)) andstant (orcontinuou$ cycles
(Poughet al, 2004) Prenuptial reproductive cycles are those in which gonadal
recrudescence, sex steroid production, and gametogenesis occur ireaufvaating,
whereas in postnuptial cycles they occur following mating. In the constant
reproductive cyclegonadal activity is maintained at nearly maximum level almost

year round.

Associated and dissociated reproductive cycleslaaeactered by the pesence of a
discontinuous mating season. Associated reproductive cycle is common in species that
live in a predictable environment in the temperate (James and Shine, 1985; Castilla
and Bauwenes, 1990; Vitt, 1992; Diaz al, 1994; Shanbhag, 2003; IkeucB004)
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and the tropical and subtropical regionf/arma and Guraya, 1975; Vitt and
Blackburn, 1991; Shanbhag and Prasad, 1993: Censky, 1995; Huang, 1997). Among
geckonids, Hemidactylus frenatusdreeds seasonally on Islands of the Ryukyu
Archipelago and in &@iwan (Ota 1994). The Indian house geck#éemidactylus
flaviviridis is known to breed between miMarch and mieMay in northwestern India
(Varma and Guraya, 1975). A dissociated cycle is typically observed in species that
live in temperate habitats and lealrief mating seasons (Méndez de la Getial,

1988; van Wyk, 1995). Several species of tropical lizards exhibit a constant

reproductive cycle (Somma and Brooks, 1976; Jenssen and Nunez, 1994).

Seasonal reproduction is commanlizard species (Licht1984; Piankaand Vitt,
2003) in which the climate produces wea#fined seasons and lizards typically mate
in the springwith the offspring hatching in the summer. This coordinates reproduction
with the time of year providing the necessary sunlight, meaisture, and availability

of food necessary for offspring production and survival (Dusiadll, 1982; Whittier

and Crews, 1987; Rubensteiand Wikelski, 2003). The relationships between
reproductive cycles and climate suggest that reproduction in dizardffected by
environmental variables such as ambient temperature (Marion, 1982), precipitation
(Guillette and CasaAndreu, 1987), and photoperiod (Licht, 1967). Phylogenetic
constraints may also play a major role in shaping the reproductive chastixtet
lizards (Dunham and Miles, 1985). If so, it can be beneficial to study the reproductive
cycles of species within a single diverse and walgging lineage (Ikeuchi, 2004).

1.1.2Mating

During the mating season the male lizard usually locatesnaake for mating by
following her scent trail, tongufticking at airborne signals or searching familiar sites
(Bull et al, 1993). Male courtship behaviour has been described in many lizard
species (e.g., Brandt and Allen, 2004; Reizal, 2008). Males ssess whether
unfamiliar females are receptive through visual (LeBas and Marshall, 2000) and
chemical means (Cooper and Pekégllado, 2002). In many species, males prefer
newfemales to those they may have alreathted with (Tokarz, 2006). In the lizard
Sceloporus graciosysnale courtship display was positively correlated with female

latency to lay eggs, with males displaying more often toward females with eggs that
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had not yet been fert#ed. Courtship behavim was not well predicted by the number
of eggs laid or by female width, both measures of female quality. Thus, it appears
male alter courtship intensity more in response to signals of female reproductive state

than in response to variation in potential female fitness (&uwat, 2008).

A matingattempt by a males(g.,H. flaviviridis) begins by him approaching a female
from the side and graspm the resisting female from her neck with his mo(Rlgure

1.2). Once in position, the male cutis body around the female, positioning his
cloaca alogside hers. A receptive femailesually respond by raising her tail and
gaping her cloaca and allowing the male to intromit a hemipenis (Edwards and Jones,
2003). The duration of copulation is highly variable in lizards. Edwards and Jones
(2003) reportedhat in the lizardTiliqua nigrolutea the male graspa female for
approximately six hours, with intromission only occurring towards the end of that
time, while in another male it lasted only about 30 minuksnales underwent
several rhythmic contractisrnfrom posterior to anterior immediately after copulation,
before the maleb6s bite hold was rel eased.
to help the sperm move into the reproductive tract (Edwards and Jones, 2003).

Figure 1.2. Mating positions ¢tiouse geckdd. flaviviridis (Panchbudhe, 2011).



1.2 Endocrine regulation of reproductive cycles in reptiles, including effects of

stress

The hypothalamtigituitaryi gonadal (HPG) axis is the main regulatory pathway for
reproduction in male and female tedsrates, including reptiles (Godwin and Crews,
2002). Gonadotroptneleasing hormone (GnRH) from the hypothalamus stimulates
the release of gonadotropins (GTHSs) from the anterior pituitary (adenohypophysis). In
mammals, these GTHs are follidamulating hormone (FSH), which primarily
influences gamete development, and luteinising hormone (LH), which primarily

influences sex steroid production and gamete release (Norris, 2007) (FR)ure 1.

Studies to elucidate the role of GTHSs in the regulation of sgegeaesis and Leydig

cell function in lizards are inconsistent and confusing. Hypophysectomy caused
regression of testes during the recrudescence phase ikl bfhéviviridis (Reddy and
Prasad; 1970a) an@. versicolor(Gaitonde and Gouder, 1981). Adexre e -4 n 3 Db
HS D a n-HSDIadtiwties in the Leydig cells, regression of the epididymis and
RSS in the hypophysectomised lizards also implies lower output of androgens
(Gaitonde and Gouder, 1981). The mammalian FSH could stimulate spermatogenesis
in hypophyectomised as well as intagt flaviviridis during the regression phase
(Reddy and Prasad; 1970a; Rai and Haider; 1986), while LH and T failed to stimulate
the testes. Stimulation of the RSS following FSH treatmeht iftaviviridis suggests

that a mamman FSHlike hormone functions as a gametogenic as well as a
steroidogenic hormone. In contrast, both ovine FSH and LH stimulated
spermatogenesis as well as Leydig cell activitydn versicolor (Gaitonde and
Gouder, 1985) during both the quiescent ancrugescent phases. Experimental
studies demonstrated that exogenously administered T inhibited spermatogenesis,
whereas administration of FSH alone regulates meiotic divisions, spermatogenesis
and also Leydig cell activity iRl. flaviviridis (Rai and Haide 1991; 1995).

The work on endocrine regulation of ovarian functions is mostly confined to reptiles

of temperate zones (Shanbhag, 2002). In the quiescent phase, mammalian FSH, and
not LH, induced ovarian growth ii. flaviviridis (Rai and Haider, 1989). e
treatment with FSH for a week caused an increase in the number of oocytes,

primordial and previtellogenic follicles; continuation of treatment for 21 days induced
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even vitellogenesis. Furthermore, in F8Eated lizards, no atretic follicles were
found. Similarly, in M. carinata administration of bovine FSH in the postbreeding
quiescent phase caused an increase in the number of oogonia, oocytes and induced
vitellogenesis, and elevated plasmacBncentrations (Nijagal and Yajurvedi, 1999).
These studiesuggest that idizards mammalian FSHike hormone performs the

functions attributed to FSH and LH in higher vertebrates.

Studies on the ovarian cycle Gf versicolorsuggest that pituitary GTHs are needed

for the oogonial proliferation and oogonesis. fiarease in the number of oogonia

and primary oocytes in the germinal bed coincides with preparatory and early
breeding phases in lizards (Shanbhag and Prasad, 1993). Variation in the response of
the ovary to unilateral ovariectomy in the two different ggsaof the reproductive

cycle is attributed to expected differences in the levels of GTHs prevailing in the
particular season, i.e., low concentrations during postbreeding phase and high during

prebreeding and breeding phase.

hypothalamus hypothalamus
GnRH GnRH
¥ ¥
| anterior pituitary | [ anterior pituitary |
¥ N
FSH LH (ICSH) FSH LH
v 4 v

[ interstitial celis |

[ follicle 7 corpus luteum I

+ |
Y
progesterone J estrogen

l— testosterone
sustentacular ovulation
cells
ABP
seminiferous
tubles
t vt Y v Y
spermatocytes
Seoggfary endometrium Secggga’y
% velopment e
sperm celis characteristics developme characteristics

(a) Hormone Regulation In the
Male Reproductive System

(b) Hormone Regulation In the
Female Reproductive System

Figure 13. Concentrationsfosex hormones in male (a) and female (b) reproductive
systems are regulated by a negafeedback mechanism with the hypothalamus.
When the hypothalamus detects excessive amounts of sex hormones in the blood, it
reduces its secretion of GnRH. In responsiee anterior pituitary reduces its
production of LH and FSH, which results in a decrease in the production of the sex
hormones by the gonads (Cliffsnotes.com, 2012).
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1.2.1Effects of stress on reproduction

Inhibitory effect of stress on reproduction Hasen observed in different groups of
vertebrates (Greenberg and Wingfield, 1987; Guilletteal, 1995; Herbert, 1995;
Nijagal and Yajurvedi, 1999; Tilbrookt al, 2000; Yajurved and Menon, 2005;
Tokarz and Summers, 2011). Although, several studies tegpar decrease in sex
steroid secretion due to stress, the impact on gametogenesis has not been thoroughly
investigated. So far, only a few studies have been reported in reptiles (Summers,
1988; Creeet al.,1990a,b; Mooreet al,1991; Summerst al, 1995 Mahmoud and

Licht, 1997; Amey and Whittier, 2000; Ganesh and Yajurvedi, 2002; Yajurved and
Menon, 2005; Wackt al, 2008; Lindet al, 2010; Klukowski, 2011). In male reptiles
stress induces alteration in spermatogenesis, whereas in females striesgsnieth
vitellogenic growth of ovarian follicles.

A classic marker of the stress response is an increase in plasma glucocorticoids due to

the increase in secretion of the adrenal gland. The magnitude of the glucocorticoid
response to stress is hightpntextdependent and can be modulated by season,

gender, time of day, social status, and other environmental conditions (Greetberg

al., 1984; Sapolsky, 1992; Astheimet al, 1994; Dunlap and Wingfield, 1995;

O6Rei ll'y and Wi ngf i edmdgeHeaky @A0Q; TdRazmand o an d
Summers, 2011). One factor that has not received much attention is how reproductive
status affects the glucocorticoid response to stress. In many species of reptiles,
baseline levels of glucocorticoids differ between femaieglifferent reproductive

status and it is possible that the glucocorticoid stress response might also differ among

females of different reproductive status (Woodley and Moore, 2002).

Lizards are excellent model systems for studies on stress becausesagéhof short

term capture in the field (e.g. Moore, 1987; Moetel, 1991), and thus the effects

of longterm captivity on plasma glucocorticoids can be avoided. In lizards, baseline
levels of corticosterone (C), which is the primary glucocorticoidraptiles, vary
depending on reproductive status, although there is wide species variation. The
magnitude of the C stress response and how it varies with reproductive status has only
been studied in one species of geckdsplodactylus maculatugGirling and Cree,

1995; Creeet al, 2003; Preeset al, 2005). Girling and Cree (1995) reported that
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pregnant and spent (females that had just given birth) females showed no increase in

plasma C concentration after 2.5 h of capture and handling stress.

In additon to oestradiol k), testosteroneT(), andprogesteroneR), C may also play

important roles in vertebrate reproductive cycles. Elevated plasma C concentrations
have been reported during reproductive events in several reptile species in order to
mobilize energy stores when resources are limited (Romero, 2002; Moore and Jessop,
2003), so species that experience strong energy limitations during reproduction may

have elevated plasma C concentrations associated with reproductive events.

1.3 Mechanisms of adbn of sex steroids: production through to intracellular

actions

Steroids are lipoidal compounds derived from cholesterol, sharing a basienipur
structure known as the steroid nucleus (Kime, 1987; Norris, 2007). The gonadal
steroids are traditionallyclassified as androgens, oestrogens and progestogens,
according to the primary physiological processes they mediate (Norris, 2007). In some
vertebrate groups these are converted to more biologically active derivatives in either
the gonads or the periphetasue (Klicka and Mahmoud, 1977; Kime, 1987) (Figure
1.4).

Cholesterol
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Figure 14. Steroid hormone synthesis pathways. All steroid hormones are synthesised
from cholesterol and the end products can be classified according to their principal
effects; mineralocortmids (aldosterone), glucocorticoids, progestins, androgens and
oestrogens (Herkules.oulu.fi, 2012).
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1.3.1 Steroid production in reptiles

Different cell populations in the gonads are responsible for different aspects of
reproductive function and steroidgoiuction. In the reptilian testis, Sertoli cells play a
major role in spermatogenesis whereas Leydig cells mainly are responsible for
androgen production (Gist, 1998; Norris, 2007). However, in some reptiles it is likely
both Leydig and Sertoli cells aramable of significant androgen production and one

or the other may be the primary source of androgen, depending on the time of year
(e.g., Lofts, 1987; Mesneat al, 1993; Gist, 1998). T production in some species is
maximal when the testes are regresaad spermatogenically inactive. The Sertoli
cells may produce sufficient androgens, along withragulation of ARs and
production of androgehinding proteins, to maintain spermatogenesis when the testes
are spermatogenetically active, whereas duringctdat regression Leydig cells
produce androgens that result in a rise in plasma androgen concentrations associated

with reproductive behaviour (Gist, 1998; Benner and Woodley, 2007).

In the mammalian ovary, granulosa cells of the follicular wall are resipie for egg
maturation, whereas thecal cells, more exterior in the follicular wall, are responsible
for the initiation of sex steroid production (Norris, 2007). Thecal cells primarily
synthesise androgens, most of which are then converted to oestrogetie
granulosa cells. Granulosa cells also form the bulk of the CL following ovulation
which produces P (Norris, 2007). The reptilian ovary functions very similarly to that
which was described above for mammals, although squamate reptiles possess multipl
granulosa cell types, one of which is unique to the group: pyriform cells, which form
cytoplasmic connections to the egg in previtellogenic follicles that degenerate once
follicular development (vitellogenesis) begins (Mot al, 1995; Lance, 1998;
Norris, 2007).

1.3.2 Mechanisms of action of sex steroids

The effects of sex steroids are mediated through receptor proteins, which, by and
large, discriminate between progesterone, oestrogen and androgen signalling and are
distributed in a sespecific patrn among female and male target organs,

respectively. Binding of the steroids to their respective receptors leads to
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conformational changes of the protein that allow it to interact with the transcriptional
machinery directly, or indirectly via proteinprotein interactions with other
transcription factors (Koustergt al, 2001).These steroid hormones may act in a
paracrine manner or circulate to act at target tissues in an endocrine fashion
(Wierman, 2007).

Il n mammal s, two nucl eand eBERF0geone carppt 0g s
(AR), and two forms of progesterone receptors-@&nd PRB, which are encoded

on the same gene locus) have been identified (Ellreaah, 2009). Nuclear ER, AR,

and PR also have been characterized in amphibians, septild birds (Katset al,

2008; 2010).

Steroids circulate in the bloodstream in free and carrier prbtaind forms. At their

target tissues, steroids pass through the cell membrane by passive diffusion or
facilitated transport. Once in the cytosol, steroids bind to specific receptors that

are complexed with heahock protein. Upon binding of a steroid to its receptor, the

complex changes conformation, the helabck protein dissociates, and two steroid

receptor complexes dimerize. The stenmdepgor dimers pass into the nucleus,

where they interact with specific portion:
el ement so and trigger t he transcription
Transcription results in increased production of mMRNA and ultimaehe product

proteins, which contribute to the familiar lotgrm effects of steroids (Figure5Sa,).

This widely known mechanism is often calll ¢
action (Craiget al, 2005).

12



| to DNA regulatory site

gwsrf' —

Figure 15A. Steroid binds to its receptar the cytoplasm and the complex moves
into the nucleus where it interacts with DNA to initiate protein synthesis
(http://www.thepepproject.net).

This unified concept applies to all classes of steroid hormones except androgens. T,

the principal circulatig andr ogen, is converted intrace
enzyme to an active metabolite, dihydrotestosterone (DHT), before receptor binding
(Hughes, 1984).

The reduction of T to DHT is necessary for the androgenic actions of T in androgen
target tissuesuch as the testis; the oxidation of T by the enzyme aromatase produces
estrogens which is necessary for &ction in target tissues such as the ovary. The
androgenic actions of T are due to the binding of DHT to its nuclear receptor,
followed by dimerizabn of the receptor complex and binding to a specific DNA
sequence. This binding of the homodimer to the androgen response element leads to
gene expression, stimulation of the synthesis of new mRNA, and subsequent protein
biosynthesis (Figure 8B) (Brueggmeier, 2005).
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Figure 15B. Function of the androgen receptor. T enters the cell andalipta
reductase is present, is converted into DHT. Upon steroid binding, the androgen
receptor (AR) undergoes a conformational change and releaseshbeltprotens

(hsps). Phosphorylation (P) occurs before or after steroid binding. The AR
translocates to the nucleus where dimerization, DNA binding, and the recruitment of
coactivators occur. Target genes are transcribed (mMRNA) and translated into proteins
(Meehanand Sadar2003).

As a member of the nuclear receptor family, PR contains three functional domains
including the Nterminus, a centrally located DNA binding domain (DBD), and C
terminal ligand binding domain (LBD) (Figure5C). The Ndomain is functiondy
important, as it is required for full transcriptional activity of steroid hormone receptors
and for many celland target genspecific responses. In addition to binding steroid
hormone, the LBD contains determinants for dimerization (DI) in the abs#nce
DNA, binding of heat shock proteins (hsps) and for nuclear localization sequence
(NLS). The DBD contains a second NLS and dimerization domain that is dependent
on DNA binding. Steroid receptors contain at least two transcription activation
domains (AFy AF-1 in the Nterminal domain and highly conserved-&kn the G
terminal LBD. These are autonomous transferable domains required for the DNA
bound receptor to transmit a transcriptional activation response and they function as
specific binding sites focoactivators. AR2 located in the LBD is hormordependent

and becomes activated as a result of the steroid hormone inducing a conformational
change that creates a hydrophobic binding pocket for members of the p160 family of

steroid receptor coactivatofiseonhardtet al, 2003).
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Figure 15C. Domain organization of the humanfRand-B isoforms. Ndomain, N
terminus; DBD, DNA binding domain; h, hinge; LBD, ligand binding domain.
Transcription activation domains; AE AFR-2, and AF3; dimerization domai, DI;
inhibitor domain, ID; hsp, heat shock protein binding region; PXXPXR, class Il
consensus peptide ligand for Src kinase like SH3 homology domains (Leomhardt
al., 2003).

The general pathway of progesterone (P) induciblenféiated gene transcriph

has been well characterized. P binding induces a conformational change(s) in PR that
promote dissociation from a mufirotein chaperone complex, homodimerization and
binding to specific progesterone response elements (PREs) within the promoter of
targe t genes (Tsai and Oo6Mall ey, 1996; Cheu
receptors increase or decrease rates of gene transcription by influencing recruitment of
RNA polymerase Il to the initiation site. Through profgrotein interaction,
hormone activated®R recruits coactivators that serve as essential intermediates for
transmitting signals from the receptor to the transcription initiation complex.
Coactivators facilitate transcription initiation through protein interactions with
components of the generatanscription machinery and by promoting local

remodeling of chromatin at specific promoters (FiguE®).
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Figure 15D. Progesterone (PG) activation of progesterone receptor (PR). Binding of
PG to the inactive receptor complex induces a conformationgehehich leads to
immunophilin and heat shock protein (hsp) dissociation, receptor dimerization, DNA
binding, and recruitment of coactivators to facilitate communication with the basal
transcription apparatus. PRE, progesterone response element (Leehlaéy@003).

1.3.3Progestrone receptorsn reptiles

Using either binding studies or Western blot analysis, progesterone receptors (PR)
have been identified in several species of reptileaghemys scriptaTokarzet al,

1981; Selcer and Leavitt, 29, Nerodia Kleis-San Francisco and Callard, 1986;
Chelydra serpentina Mahmoud et al, 1986; C. picta Riley et al, 1988;
Cnemidophorus inornatiendCnemidophorus uniparen¥ounget al, 1994) and the
hypothalamus (Godwiret al, 1996) implying thathese are target tissues for this
steroid. The receptors involved in ovarian function are PRA and PRB (Cuttdia

and Callard, 2002a). A recent study by Hammousthal (2007) on the ovary of the
lizard Uromastyx acanthinurashowed that during vitellogesis PRs were weakly
detected in the nucleus of some follicular cells and well expressed in the Tl cells. In
previtellogenic follicles PRs were strongly expressed in the follicular cells and the
signal was localised in the nucleus. In the geproductie period, PRs were
expressed in both the nucleus and cytoplasm of follicular cells and thecal cells.
During sexual quiescence, the previtellogenic follicles were all negative for PR

immuneexpression.

Steroid binding affinities for the two binding sitelsPbare also similar for the oviduct

and liver ofC. picta(Giannoukoset al, 1995). P was the most effective competitor
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for both sites, affinity for androgens was low, andaad corticosterone (C) were
weak competitors for the higgffinity site. Immundistochemical studies of turtle
oviduct and liver demonstrated a nuclear localisation for PRs in both tissues. In the
oviduct PRs were seen in epithelial, glandular and smooth muscle components
(Giannoukost al, 1995; Giannoukos and Callard, 1996).

1.4 Action of sex steroids (i, T and P) in lizards
1.4.1 Androgens

Androgens are the major male sex steroids and stimulate both the development of
male physiological and secondary sexual characteristics (Norris, 2007) and male
aggressive and sexual behavio(Ksme, 1987). Androgen receptors (AR) have been
identified in a number of reptilian tissues, indicating that, among others, the testis
(Cardoneet al, 1998) and oviduct (Smitéat al, 1995) are potential target tissues for
androgens. The most biologicalactive androgen is T which is synthesised in the
testes and adrenal glands of male vertebrates, and in the ovaries and adrenal glands of
females (Kime, 1987, Mesnet al, 1993).

In males, seasonal changes in plasma T concentrations are well corweidted
reproductive events. Usually, both plasma T concentration and testis mass increase
during spermatogenesis and peak in the final stages of gamete maturation, coinciding
with mating, and falling rapidly thereafter (Bofallo et al, 1980; McKinney and
Marion, 1985; Mahmouet al, 1985a; Andeet al, 1992; Bonnet and Naulleau, 1996;
Radderet al, 2001; Kumaret al, 2011). However, recent studies reported no
correlation between plasma T concentration and testes morphology (J@trson
2011).

Androgens are sometimes considered in the context of the reproductive cycle in
female squamates. In squamates plasma T concentrations can be variously elevated
during late vitellogenesis and ovulation (Whittier and Crews, 1987), until oviposition
(BonaGalloetal., 1980; Edwards and Jones, 2001a), only during gravidity (Aedlan

al., 1978a) or may be low to undetectable throughout the cycle (Mbak 1985).
Elevated plasma T concentrations may also be involved in the hypertrophy of the

oviduct (Mahmoud andlicht, 1997; AlKindi et al, 2006) and may initiate breeding
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behaviour in females (Lichet al, 1979). In addition, T is known to work
synergistically with P to inhibit Einduced vitellogenesis in reptiles (Ho, 1987; éto
al., 1982; Jones, 2011).

1.4.20estrogens

Oestrogens are produced from androgens, primarily in the vertebrate ovary (Norris,
2007). They are responsible for the development of female sexual characteristics in
many vertebrates, and the induction of vitellogenesis in reptilee{ldb 1982; Ho,

1987). Additionally, oestrogens play a vital part in the sexual differentiation of the
vertebrate brain (Kime, 1987). The most active naturally occurring oestrogen in
reptiles is k. Oestrogen receptors (ER) have been identified in reptiliattoges

target tissues including the gonad (Bergeevral, 1998), the oviduct (Paolucci and

Di Fiore, 1994; Vonieet al, 1997), the liver (Riley and Callard, 1988; Yu and Ho,
1989) and the hypothalamus (Godwinal, 1996).

Elevated plasmazZconcentréions in female squamates generally correlate very well
with vitellogenesis and follicular development, dropping rapidly at ovulation (Klicka
and Mahmoud, 1977; Lewet al, 1979; BonaGallo et al, 1980; KleisSan Francisco
and Callard, 1986; Bonnet amthulleau, 1994; Diaet al, 1994; Jones and Swain,
1996; Jonest al, 1997; Amey and Whittier, 2000; Raddaral, 2001; Jones, 2011).
Elevated plasma j£Ehas also been correlated with the hypertrophy of the female
genital tract (Jones and Guillette, 29&avaud, 1986) and mating (Joss, 1985; Saint
Gironset al, 1993). Mating can also be temporally dissociated from peak plasma E
concentrations (Jones and Swain, 1996; Jareal, 1997). A second oestrogen,
oestrone (B, has been identified in ovariaaxtracts of the lizard.acerta sicula
(Lupo Di Priscoet al, 1968) and Joss (1985) proposes a role fatuging mating in
females of the lizard,ampropholis guichenatMoreover, the ovary is not always the
major source of circulating ;E In the viper, Trimeresurus flavoviridisthe adrenal

gland is credited with the majority ot groduction (Yokoyama and Yoshida, 1994).
1.4.3 Progestogens

Progestogens maintain pregnancy in mammals (Kime, 1987) and plays an important

role in the maintenance of gravigiin lizards (Mooreet al, 1985; Fox and Guillette,
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1987). They also have the ability to delay ovulation (Frieden and Lippner, 1971). The
most common progestogen is progesterone (P) (Norris, 2007) which is also an active
androgen antagonist in mammalsigeeting for androgen binding sites (Rhoades and
Pflanzer, 1992). Progestogens are secreted by the CL in the ovary following
ovulation, as well as by the testes and adrenal glands in both males and females
(Klicka and Mahmoud, 1977; Kime, 1987). While maage biologically active
themselves, progestogens such as P and pregnenolone also act as intermediates in the
formation of most other steroids and are, consequently, synthesised in all
steroidogenically hypeactive tissues of the body (Frieden and LippnEd71).
Studies in reptiles have suggested that P is an important inhibitory regulator during
seasonally cyclic decreases in vitellogenic synthesis (Custodsa and Callard,
2002a).

Variation in patterns of P productidvas been documented in female iteptduring
reproduction Ovulation typically results in increased P in the ovary and plasma of
oviparous reptile species (Yaron, 1972). In oviparous squamates, plasma P
concentrations often becomes elevated during follicular development, peaking after
ovulation during the gravid period, then falling to basal concentrations at oviposition
(Arslan et al, 1978a; Bondzallo et al, 1980; Joss, 1985; Diagt al, 1994).
Postovulatory plasma P concentrations are also usually elevated, but the timing of the
P pek varies. P is described as having an important role in ovulation (Chieffi and
Pierantoni, 1987), and as an amistrogen or inhibitor of vitellogenesis during
pregnancy and gravidity (Het al, 1982; Callard and Ho, 1987; Radd¢ral, 2001;
Jones, 201), probably by acting directly on the liver (Callatdal, 1972a; Callarebt

al., 1990). It is assumed that the CL is the source of P during gravidity (Fox and
Guillette, 1987; Diazt al, 1994; Raddeet al, 2001; Shanbhagt al, 2001).

1.4.4Action of E; and P in male reptiles

Other than T, data on plasma steroids in male reptiles are few. In those species in
which plasma P or Bhave been examined, little attempt has been made to find causal
relationships between temporally coincidental repradocaénd steroid physiology.
Saint Gironset al (1993) provided one of the few published studies in which the

timing of reproduction was correlated with changes in concentrations of all three
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primary gonadal steroids in the plasma of a male squamate. \pliggma P
concentrations were highly variable, sexually inactive méfeera aspisexhibited
elevated plasmastand low plasma androgens concentrations, and in breethhes

the situation was reversed. However, in mBledarcis sicula siculaplasma k&
concentrations increase peasproductively (Andoet al, 1992). Recent studies
reported that high oestrogen concentrations have an inhibitory effect on

spermatogenesis and epididymal development (Caretosle 2002).
1.5 Reproductive anatomy in lizards: male and female

1.5.1 Male reproductive anatomy

15.1.1 The testes

All male reptiles possess a pair of compact testes in the abdominal cavity (Shanbhag
2002) (Figure 16). The testis consists of convoluted seminiferous tubules containing
permanent germinapithela and Sertoli cells (Figure 7). Leydig cells are found in

the interstitium between seminiferous tubules surrounded by connective tissue, blood
and lymph spaces (Aflajj et al, 1987; Dehlawi and Ismail, 1998 -Dokhi, 1996;
Shanghaget al, 20Mb; Vieira et al, 2001; Ferreirat al, 2002; Ro6ll and van During,
2008;Ferreiraet al, 2009;Rheubetret al, 2009; Rheubeeet al, 20115).

The morphological characteristics of lizard testes typically vary with the stage of the
annual reproductive cje (Ferreiraet al, 2002). There are also changes in the
developmental stages of germ cells, and in the quantity and metabolic activity of
interstitial tissue (Wilhoft,1963; Wilhoft and Quay, 1961).hanges in the Leydig
cells apparently vary inverselyith the periods of germ cell production (Goldberg
and Lowe, 1966).

Studies on testicular cycles of lizard species indicated that spermatogenic patterns are
specific to each species. Many male lizards exfalptenuptial spermatogenic cycle

with variations in the testicular or seminiferous tubule size (Fitch, 1970; Sarkar and
Shivanandappa, 1989; Shanbletgal, 200M; Noriegaet al, 2002; Ferreiraet al,

2009. In recent yearsa new temporal germ cell development strategy during

spermatogenesis hasdn described in all major taxa within Reptjlgauria (Gribbins
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and Gist, 2003Rheubertet al, 2009) Chelonia (Gribbinset al, 2003); Serpentes
(Gribbins et al, 2005; 2008); Crocodylia (Gribbinst al, 2006]. This strategy
follows a prenuptial paern of spermatogenesis, in which germ cells enter the
spermatogenic cycle with a number of predictable cytological changes during their
development in association with Sertoli cells, leading to a single spermiation event at
the end of the cycle (Gribbirand Gist, 2003).

However, recent histological evaluations of testicular structure and germ cell
development strategies within reptiles have been restricted to temperate species only.
Spermatogenesis in these species is typically limited to warmer maighgp the

lack of resources, which are presumably used to facilitate metabolically demanding

processes such as spermatogenesis (O&tsaln 1997) in colder periods of the year.
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Figure 16. Urogenital organs in lizards. (A) Male organs\Mdranus (B) Female
organs ofSphendorfRomer and Parsons, 1978)
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Ultrastructural studies detailing the morphology of mature spermatozoa, which
describe the steps of spermiogenesis, have been reported for many lizard species (e.g.
Jamiesonet al, 1996; Giugliano et al., 2002; Teixeira et al, 2002; Ferreira and
Dolder, 2008; Vieira et al, 2004;R°Il and von During, 2008Rheuberet al, 20113

(Figure 18). Spermiogenesis is the stefise development of spermatids into mature
spermatozoa, and many of the chagestics observed in mature spermatozoa are
seen throughout this developmental process. Some studies have used ultrastructure of
the mature spermatozoa in phylogenetic analy@¢swton and Trauth, 1992;
Jamieson, 1995, 1999; Jamiesral, 1996;Vieira et al., 2005;Colli et al, 2007).
Recent ultrastructural analyses that infer evolutionary trends among reptiles have
shown that some spermatozoa morphological characteristics may be synapomorphic
(shared trait among two or more taxa)squamatest-or exanple, Jamieson (1995)
found that a single perforatorium may be a synapomorphy for squamates in their study
of Iguania, and Jamieson (1999), Vieghal (2004), and Rheube#t al. (2010a)
corroborated these data in their analysis within the Squamataddmioa, the
peripheral fibers associated with microtubule doublets 3 and 8 are grossly enlarged in
squamates (Jamieson, 1995, 1999; Cwits, 2008), whereas iSphenodorhey are

not (Healy and Jamieson, 1992). Few studies have been reported ontthe ma
spermatozoa of geckos (Furieri, 1970; Jamiesbal, 1996; RIl and von During,

2008); however, only one study highlights the ultrastructure of spermiogenesis within
the Gekkonidae (Rheubest al, 2011a).

primary . y
spermatocytes > D : Sertoli cells

secondary

spermatids ar-

spermatogonium

Figure 17. Spermatogenesis. Diagramimaepresentation of a cross section through
a seminiferous tubule in a reptile tes#sig et al, 2001;Elsevierdirect.com, 2012
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In the reptilian testis, the steroidogenic activity has beerharacteded by
histochemical and ultrastructural studies,ai nl y detecting- the pr
hydroxyster oi d-HdSeDh y, d raongde noacsdSd sfligolecaetidny 1 7 b
of hormonesis associated with the development stieroidogenic ultrastructural

features in Leydig and Sertoli cells suchsasooth endoplasim reticulum (SER), the

presence of mitochondria with tubular crista®sociated with lipids dropletand a

reduction of cytoplasmic lipid droplets (Mori, 1984; Mahmaidcal, 198%; Dubois

et al, 1988; Mesneret al, 1993; Mahmoud and Licht, 1997; Feira and Dolder,

2003%). The pesence of lipids in Leydig and Sertoli cells is an indoratof
steroidogenic activity.The lipid droplets usually become abundant in both cells

during spermatogenic inactivity but decline during the active pdfadlard et al.,

1976; Lofts and Tsui, 1977; Mahmowed al, 1985, Duboiset al, 1988). In Sertoli

cell s, t he -H®D eaded seasonally in tuBlés (Callard and Ho, 1980;

Dubois et al, 1988) and the presence of ultrastructural features related to
sterodogenic activity in Sertoli cells has been documented in the lizademus

darwini (Gutierrez and Yapur, 1983) and in the snikgx jayakari(Al-Dokhi et al,

2004).

Recently, the ultrastructural features of steroid activity in Leydig and Sertalj aati

serum testosteron@) concentrations have been reported in the liZzéingmaturus
antofagastensis(Boretto et al, 2010). Leydig and Sertoli cells presented
ultrastructural features characteristic of steroid synthesis during spermatogenesis.
Leydig cell steroidogenic activity is synchraed with proliferation and
differentiation of germ cells (Licht, 1984), indicating tingportantrole of androges

in spermatogenesis. THgertoli cells function in support and nutrition of the germ
cells R°ll and von During, 2008 They have also been reported to play a major role

in Leydig cell proliferation and steroidogenesis (e.g., Skimtexl, 1991; Bardinet

al., 1994; Lejeunet al, 1996).

15.1.2 The epididymis

The Wolffian duct in reptiles gives rise wvas deferens. The genital regiontbé
Wolffian duct differentiates into the epididym{Bigure 16). Thevas deferenss a
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simple structure composed af convoluted tubule of varying diameter along its
length, lined by a layer of epithelial cells inzdrds (Shanbhage, 200ZJhe
epididymal structure has been described in detail in many lizard spxges Haider
and Rai, 1987; Mesuret al, 1991;Averal et al, 1992;Jones, 2002; Akbarstet al,
2006, 2007Rheubetet al, 20108).
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Figure 18. Drawing of spermatozoon in longitudinal and corresponding transverse
sections from the lizardAmeiva ameivaThe drawing was produced from several
TEM micrographsGiuglianoet al, 2002).

The epididymis can be morphologically divided into several regidepending on
the species, with considerable variation in epithelial cell heightuanohal diameter

along its length. The ductus epididymis téf flavivridis corsistsof a small ductuli
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epididymis, andalarge ductus epididymis. The ductus epididymiseases markedly

in diameter posteriorly and ends in a vas deferens (Haider and Rai, 1987).

Recent studies reported that ducts in lizards and snakes are differentiated into: rete
testis tubules, ductuli efferentes, ductus epididymis, ductus deferens, gutlaam
ductus defereid (Akbarsheet al, 2006, 2007Rheuber et al, 201®; Sever, 2010)
(Figure 19). Rheuber et al, (201(M) reported thatn the gecko,Hemidactylus
turcicus the seminiferous tubules unite into a single rete testis tubule, whenetehe
testis divides into 134 ductuli efferentes which drain into the cranial portion of the

ductus epididymis.

In reptiles,the epididymis is involved in sperm maturatiomeTspermatozoa become
motile and are thercapable of fertizing the eggs duringheir transit through the
epididymis. The lizard epididymis is a conspicuous secretory organ controlled by
steroid hormones (Depeigasd Dufaurg1981; Dufaureand SainiGirons 1984). It
produces large secretory granules that mix with the spermatozba epididymal
fluid. The secretory granwecontainspecific proteins that are able to bind to the

heads of the spermatozoa (Depeiges and Dufaure, 1983).

Ductuli
efferentes

epididymis

Figure 19. Schematic drawing of the urogenital system in the lizackrta vivipara
showing the ete testis, ductuli efferentes, ductus epididymis, and ductus deferens
(Martin Saint Ange, 1854).
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During the annual reproductive cycle, the epididymal cells undergo drastic
morphological, physiological and biochemical modificatioDefeigeset al, 1988)
corresponding to successive and weatharactered quiescent, maturation
(recrudescent), active and degenerative (regression) p(taaeiler and Rai, 1987,
Mesure et al, 1991) These modifications argrobably correlated with the
steroidogenic Leydig call activity. Duringthe quiescent phase, the epithelial cells
appear small and cuboidal with hyperchromatic nuclei. Experimental studies
involving castration and androgen replacement therapy have shown androgen
dependency ofhe epididymis in lizards (Sarkaand Shivanandappa, 1984; Haider;
1985%; Shivanandappa and Sarkar, 1987). Treatment withaadtiogens such as
cyproterone acetate and flutamide caused epididymal regressidh porsalis
(Shivakumar and Sarkar, 1980) akl flaviviridis (Haider and Rai1986). This
indicates that androgens are needed for normal epididymal growth and activity in
lizards (Shanbhage, 2002).

The vas deferens in lizards is a simple convoluted tube carrying the sperm from the
epididymis. The aatomy ofthe vas deferens isescribed forCalotes versicolor
(Akabasha and Meeran, 1995). Duritlge breeding season, the terminal parttod

vas deferensappears swollen and is comparable to the ampulla of mammalian vas
deferens. During the quiescent phase, the vas defesam®tbe distinguished as a

duct and ampulla. Howeveafter administration of androgsrduring the quiescent
phase, the ampullary region becomes distinct and glandular, suggesting its androgen
dependencyAkabarsha and Meeran, 1995)

15.1.3 Renal sexuabegmet

In the male geckdHemidactylus turcicughe nephrons are composed of five distinct
regions: 1) a renal corpuscle and glomerulus, 2) a proximal convoluted tubule, 3) an
intermediate segment, 4) a distal convoluted tubule, and 5) the sexual segment of th
kidney/collecting duct Rheubetr et al, 2011b).In most lizards, the renal sexual
segmeni{RSS)mostly includes distal convoluted tubules and in some, the collecting
tubules brm its main part (Fox, 1977; Gabri 1983; Sarkar and Shivanandappa, 1989;
Seve Hopkins, 2005) (Figure 16). Kidneys of femaleHemidactylus turcicus
however, are similar to that of the male but lack the sexual segRleatlfer et al,
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2011b).Sever and Hopkins (2005) studied seasonal variation of the RSS in the ground
skink, Scinella lateralis (Scincidae) with light and electromicroscopy They
reported data from lizards collected throughout the entire year and found that, like
most snakes, the RSS $f lateralisis discernible from other nephridic tubules during

the inactive sason, which differs from that of other lizards (Seeeral, 2002).
Although histological studies on the RSS of geckos have been reported éWiadra

1965; Sanyal and Prasad, 1966; Saint Girons, 1972), only one ultrastructural study
(Rheubetr et al, 2011b) has been reported so far. In recent years, the seasonal
ultrastructure of the RSS in lizards has been under study to better understand the
evolution of the RSS inorder to establish phylogenetic relationshietween

squamates.

Seasonal variation inhé RSS has shown strong correlation with spermatogenic
activity, mating, and increased androgen concentrations (Bishop, 1959; d¥liaka
1965; Prasad and Sanyal, 1969; Krohmer, 1986).

1.5.2 Female reproductiveanatomy

15.2.1 The ovaries

The ovaries obviparous lizards are a pair of oval sacs attached to the dorsal wall of
the abdominal cavity by a mesovariffigures 16 & 1.10) (Uribe et al, 1996).The
ovary is covered bya simple cuboidal epithelium with a basement membrane
separating the surface igpelium from the underlying stroma. The ovarian stroma
mainly consists of fibrous connective tissue, degenerating corpora ([Digaand
atretic follicles, lymphatics, blood vessels, narvend interstitial gland cells
(Shanbhagpt al, 1998) The amounbf interstitial gland cells varies depending upon
the phase ofthe ovarian cycle. The interstitial gland celis the ovary ofC.
versicolor, H. flaviviridis, andC. calcaratug§Gouder and Nadkarni, 1976) exhiBith

HSD activity. The oogonia and oocytes are restricted to one or more isolated small
regions in the ovary known as germinal beds (GBs) (Jenhak 1982; Shanbhagt

al,, 1998). The number of GBs variéetweenspecies. In the monoautochronic
lizards seh asH. flaviviridis (Guraya and Verma, 1976) aht brooki (Shanbhaget

al,, 1998) each ovary contains one GB. The polyautochronic l2axersicolorhas

two GBs in each ovary (Jones$ al, 1982; Shanbhag and Prasad, 1993). Although
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many lizard specgeproduce a clutch size of two, the number of ovulations at one time
can be as low as one or as high as 50 or more (Fitch, 1970; Ballinger, 1978). Thus, in
different species a single ovary can ovulate one to several eggs during each ovulatory
period. It 5 believed that the number of GBs may have a role in controlling the clutch
size in reptiles (Jonext al, 1982).
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Figure 110. Postion of the ovaries and ovidwsaf female lizard (Universereview.ca,
2012.

The ovaries of reptiles exhibit variousveéopmental and degenerative processes
depending on the stage of development and/or the phake @farian cycle. These
include the processes of oogonial proliferation, oogenesis, follicular growth,
vitellogenesis, ovulation, luteogenesis, luteolysis faficcular degeneration. In most
reptiles, oogonial proliferation and oogenesis occur throughoySifanbhag2002).
Lizard follicular growth not only involves the growth and maturation of the oocyte,
but also requires the storage of large quantitig®lk in the ooplasm (Guraya, 1989).
Although the general sequence of folliculogenesis has been described in a number of
reptiles, some variatiobetweenspecies has been reported (e.g., Klosterman, 1987;
Uribe et al, 1996; 2000G6mez and RamireRinilla, 2004; Vieiraet al, 201Q. In
particular, there is still a need for information on the cytoplasmic changes occurring

during oocyte growth and vitellogenesis in most reptiles.
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The ovarian follicle is composed of a central oocyte surrounded bylaydmd,
acellular membrane, the zona pellucida, which is boundfbilicular epithelium. In
lizards, the follicular epithelium, the granulosa, is a highly dynamic structure that
significantly changes in morphology and function in relation to oocyte growiting

early follicular growth, the primary follicles are composed of a single layer of small
stem cells. In migbrevitellogenesis, some small cells differentiate into pyriform cells
via intermediate cells, and the epithelium becomes fayéred (Andreucetti 1992).

As follicular development progresses, the zona pellucida is clearly subdivided into
two distinct regions: an outer homogeneous layer adjacent to the granulosa and an
inner, thicker striated layer (zona radiata) lying against the oolemma. Diating
previtellogenesis pyriform cells regress via apoptosis (Mettal, 1996) and the
follicular epithelium gradually reorgante and reestablishes a monomorphic
monolayered condition in which the small cells persist as a unique component of the
epithdium until ovulation (Filosaet al, 197). Surrounding the ovarian follicle are

the thecal layers, the theca inter(ill) and theca externdTE), composed of
connective tissue, blood vessels, and secretory cells.

The ovary produces a variety of steroi@ Priscoet al, 1968; Chieffi and Botte
1970), which contribute to plasma sex hormone concentrations (Cédraia 1986).
Typically, high oestrogen(E;) concentrations are present in the blood during oocyte
growth, whereas progesteroiie) concentrabns are higher during ovulation and
postovulation and remain high as loageggs are in the oviducts (Ciarcé al,
1986). Histochemical distribution of steroid dehydrogenases in gonadal tissues
identifies several putative sites of steroidogenesis, fodlicular walls (thecal and
granulosa layers), peripheral ooplasma of young oocytes, postovufatgrand
atretic follicles (Botte and Delrio 1964). Thesteroidogenigites are indicative of the
ovarian steroid synthesiwhich regulatesvitellogenin synthesis (Ho, 1987) and
regulate w@iductal activity (Botte etal., 1976; Botte and Granata 1977). In all
vertebrates, including reptiles, the ovarian sex steroid production is linked to the
hypothalamushypophysis axis throughonadotropirreleasing hormae (GnRH)and

is under its control with positive and/or negative feedi&slerett, 1988 Sherwood

et al, 1993) Several ultrastructural studies in reptiles reported that GnRH isduce
ultrastructural steroidogenic changes characteristic of active ovesale which led
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to an increase in the secretion of sex hormones (Letas, 1979, Mahmouekt al,
1989, 1986; Mahmoud and Licht, 199Al-Kindi et al, 2001; Mahmoudet al,
2006.

Many species of oviparous snakes and lizards retain their eggsléasahalf of the
period of embryonic development (Shine, 1983; Andrews and Mathies, 2000) with the
majority of taxa ovipositing at stagesi&3 (@ccording to the staging system of
Dufaure and Hubert, 19%1The endocrine basis for such egg retentioreappto be

the ability of theposbvulatory follicles to secret® (Rothchild, 1981). Plasm®&
concentrations generally rise in tpesbvulatory period, falling shortly thereafter,
and there is a strong correlation between the duration of egg retentidheaperiod

of activity of the CL (Jones and Guillette, 1982ahmoud and Licht, 1997

Among squamates, the pattern of plagr@ncentrations and particularly the timing

and duration of the peak during gestation goavidity varies markedly between
species (Xavier, 1987). For example, in the sndkemnophiselegans(Highfill and

Mead, 1975), and the lizard@iligua rugosa (Bourne et al, 198&), plasmaP
concentrations are highest during the second trimester of pregnancy, falling during the
third trimeder; but in the snakéNatrix taxispilotathe peak occurs during early
pregnancy (Chaat al, 1973). The physiological basis for such variations in pla8ma
profiles among squamates remains obscure, but may reflect species differences in the
degree of emlyonic dependence upon yolk nutrition vs. maternal transfer during

gravidity or gestation (Jones al, 1997).
15.2.2 The oviducts

The reptilian oviduct includes all structures of the female reproductive tract derived
from the embryonic Miullerian duct (Wa, 1985). In general, the oviducts of lizards
are paired, thirwalled tubes that extend length wise along the body cavity on either
side of the midlingFigures 16 & 1.10) (Blackburn, 1998), and supported by dorsal
mesenterieghat are continuous with ¢hperitoneum (Corset al, 2000). The paired
ovaries, suspended from the dorsal midline via their mesovaria, lie medial to the
oviducts and caudal to their infdibular ostia (Blackburn, 1998The position of the

ovary relative to the oviductal ostiunmanes considerably among species. In some
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species, the ovaries are adjacent to the ostia, whereas in others they lay considerably
caudal to the oviductal openirilackburn, 1998 The oviducts may bef different

lengths on each side of the body (Perkamel Palmer, 1996), presumably to make
efficient use of body space during gy (Girling, 2002)(Figure 111).

In the majority of reptiles, the oviduct can be subdivided into five regions. The
infundibulum,which receives the oocytthe uterine tubeyhere alburen production

and sperm storage occting isthmus, followed by the uterwshich is responsible for

the eggshell productiorgnd the vaginahat leads to the cloacée.g., Palmer and
Guillette, 1988; 1990; Guillettet al, 1989; Aldridge, 199; Palmeret al, 1993;

Sarke et al, 1995; 2003; Perkins and Palmer, 1996; Girlgl, 1997; 1998; 2000;
Blackburn, 1998; Girling, 2002; Adamast al, 2004; Sever and Hopkins, 2004;
AlKindi et al, 2006; Siegel and Sever, 200Bpwever, the five owductal regions are

not recognised in every reptilian species, and additional regions may also be present

in some species (Girling, 200Rogueiraet al, 201 (Figure 111).

Figure 111. Schematic diagranof the female reproductive tract and cloacathod
lizard H. mabouia Infundibulum @), uterine tube lf), uterus ¢), vagina (), ovaries
(e). Cloaca t). Bar: 2 mm Nogueiraet al, 2011).
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The site of fertilzation in reptilian species has yet to be determiBdgickburn, 1998;
Girling, 2002).Presunably, fertilization occursbefore albumen or shell membranes
cover the ovulated oocyte. Eggs are coated with oviductal secraftenthey enter
the infundibular ostium (Palmeat al, 1993) (Figure 112). Fertilization, therefore,
occurseither in thanfundibulum orin theuterine tubewherespermis storedin these
regions. For instance, in a gecketeronotia binoethe sperm were observed in the
oviductal wall of the infundibulum that surrounded the unshelled ovum (Whettier

al., 1994).This suge@sts that fertiiation occurs in the infundibulum of this species.
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Figure 112. Development of eggs in reptiles. Femtiion occurs after eggs are
ovulated into the oviduci&ug et al, 2003, Elsevierdirect.com, 2032

During the active phase of éhrepoductive cycle,the luminal epitheliumshows
secretory activit throughout the oviduct which includes albumen, eggshell membrane

and eggshell formation components and sperm stoBigekpurn, 1998;Girling,
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2002) (Figure 112). Three cell types artound in theluminal epithelium: ciliated,
microvillous nonciliated, and blelike nonciliated cells. The function of ciliated cells

is presumably for movement of mucus and cellular debris down the oviduct (Palmer
and Guillette, 1988). The cilia may alsalan the movement of sperm, and the
ovulated egg. Apical protrusions and blebbing of the ciliated cells have also been
reported, suggesting that ciliated cells may also have some secretory function (Girling
et al.,1997). Microvillous nonciliated cells empresumably mucysroducing, which

Is necessary to keep the lumen of the oviduct moistbkead of debs (Leese, 1988).

The oviductal lumen is continuous with the exterior (via the urogenital sinus) and so
is vulnerable to contamination. Biike noncliated cells have been identified in
some reptilian species (Palmer and Guillette, 1988; Girbghgal, 1997; 1998;
AlKindi et al, 2009, and their function is still unknown.

The lzard oviduct is a dynamic organ that undergoesjor structuralchanges
associated with hormonal stimulation as a function of the cyclic reproductive activity.
During the vitellogenic periocE; is responsible for cell hypertrophy, glandular
development and secretory activity (Abrams Motz and Callard, 1991; Getiady,
2000; AlKindi et al, 2006). P has been implicated in the regulation of oviductal
function in oviparous reptileK(icka and Mahmoud1977; Jones and Guillette, 1982;
Paolucci and DFiore, 1994; Shanbhagt al, 2001; AKindi et al, 2006) and egg
shelling (Cellar, 1979; Raddest al, 2001; AKindi, 2006).

The thick muscular coat of the vagina is well designed for movement of eggs
(Blackburn, 1998). The hormones involved in rhythmic contraction of the oviduct
include; arginine vasotocin (AVT) and prostaglargli as well as neural factors
(Guillette et al, 1991), but AVT appears to play a major role in the procdss

oviposition.
1.6 Model organism

1.6.1 The family Gekkonidae

Gekkonidae ara cosmopolitan family andne of the largest primitive familiesith
over 1000 speciesf lizards(Hanet al, 2004).The family gekkonidae are distributed
throughout the trop& subtropis and warm temperate regions, including; Central and
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South America, Africa, Madagascar, Southern Europe, Asia, -Australian
Archipelago, New Guinea, Australia and Oceania (Cogger, 2003). There are about 85
genera and more than 1000 species of this farAiagjevaet al, 2004). Many have
distinctive adhesive climbing pads on their toes, formed by modified scales which
allow them to cimb on smooth vertical surfaces. Most are nocturnal and oviparous,
but some are both diurnal and viviparous. All lack movable eyelids and many are
known to use their fleshy tongues to lick their-spectacle clean. Many geckos also
communicate by vocaaton, uttering speciespecific yaps, chirps and coughing
sounds. Most are small to mediwzed(50-400 mm total length) (Cogger, 2003).

1.6.2 The genusHemidactylus

The genusHemidactylusbelongs to the subfamily Gekkowaa which is the largest
and mostidely distributed subfamily containing 670 species in 72 genera worldwide
(Mattison, 2004).With more than 80 species inhabiting all warm continental land
masses and hundreds of intervening continental and oceanic istemgjactylus
geckos are one ohé most speciesch and widely distributed of all reptile genera
(Carranzeet al, 200§ and neWy described species are discovesary few years.

The genus wasamed by Gray (Gray, 1825) areferred to as house gecko

Lizards belonging to the genudemidactylusare mediurrsized, nocturnal and
oviparous (egdaying), brown to pinkish in colour, with a scattering of tubercular
scales among their granular ones, and with well developepkid® (Mattison, 2004).
Each finger or toe has a slender disfalwed joint, angularly bent and rising from
within the extremity of the dilated portion (Boulenger, 1890). The fingers and toes are
free, and more or less webbed and dilated; underneath they bear two rows of lamellae
in a pattern resembling a paripinnatenpmund leaf (Boulenger, 1890). This leads to
their other and more ambiguous common name, -tleed geckos”, used mainly for
species from South Asia and its surroundings to prevent confusion with the many
"leaf-toed" Gekkota not irHemidactylus The dorsalepidosis is either uniform or
heterogeneous. The pupil of the eye is vertical. Males havanaieor femoral pores.
Apart from housesHemidactyludive in a variety of habitats, including rocks, dry

stone walls and trees (Mattison, 2004).
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1.6.3 The investigated animal, the house geckdemidactylus flavivirids

The animal used in this study is the common house gedcHkiaviviridis, which was
named by RuppelfRuppell, 1835)an abundant, relatively small lizard common in
many placesn open or in woodd habitatsWhile quite cryptic and secretive, it is
extremely easy to catch.

Many studies on this species in relation to its geographic distribution, natural history,
ecology, life history, diet, home range and activity patterns have been documented
(eg., Ibrahim, 2000; Henkel, 2003 Carranzeet al, 2006; Sivaperumaat al, 2008;

Baig et al, 2008). The reproductive biology of this species has also been studied
(Sanyal and Prasad, 1967; Prasad and Sanyal, 1969; Reddy and Prasady 1970
Reddyet al, 1972;Varma and Guraya, 197&ouder and Nadkarni, 197&uraya

and Varma; 1976Duda, 1980; Duda and Annalakshmi, 1982; Rai and Haider, 1986;
1991, 1995; Haider and Rai, 1987; Shanbhag, 2R@2and Nirmal, 2003Khan and

Rai, 2004; 2005). The reprodus cycles of this species have also been studied in
detail in relation to the timing of reproductive events, as well as the endocrine and
paracrine control¢Sanyal and Prasad, 1967; Duda, 1980; Haider and Rai, 1987; Rai
and Haider, 1986; 1989; 1991; 19%han and Rai2004; 2005; 2008; Bharét al,
2011).

To date, there are no available data about the reproductive cycle of this species in
Oman and theeighbouringcountries in the GulRegion and the Arabian Peninsula.

1.6.3.1 Geographical distribution

The geckoH. flaviviridis is mainly found in the warm temperate and subtropical
regions,andhas beemeperoted in the studied araasluding Egypt (Ismailia, Sinai),
Kuwait, Saudi ArabialJnited Arab EmiratesDman, Iraq, Iran, Afghanistan, Nepal,
Pakistan, India(Andhra Pradesh, Assam, West Bengal, Bihar, Uttar Pradesh, Delhi,
Punjab, Maharashtra, Gujarat, Rajasthan, Madhya Pradesh, Haryana, Soss&p
Island (Yemen), Somalia, Sudan, Ethiopia, and Eritrea (Figud8)1(JCVI/TIGR
Reptile Databse, 201}
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