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Abstract

In many turtles the temperature during the middle of
incubation determines the gonadal sex of the hatchling, In
the red-cared slider tartle (Trachentys seripta), an incubation
temperature of 26 *C results in all male offspring, whereas
an incubation temperature of 31 °C resuls in all female
offspring; at temperatures intermediate o these (e.g. 29,
292, 28:-4°C) a mixed sex ratio is obtained. Adminis-
tration of exogenous oestrogens will overcome the effects
of an all-male producing incubation temperature o cause
female sex  detenmination, whereas administration  of
exogenous dihvdrotestosterone (DHT) or testosterone o
eggs incubating at an all-female temperature will have no
discernible effect. Administration of DHT will cause male
sex determmination only if adnunistered at intermediate
incubation temperatures whereas administranion of test-
osterone to eges incubating at all male-producing and
male-biased intermediate temperatures results i oa sig-
nificant number of female offspring, an effect presumably
due to aromatization of testosterone to cestradiol (OLS).
Since testosterone serves as the precursor to both DHT
and OFE., being metabolized by reductase and aromatase
respectively, three experiments were conducted to deter-
mine whether various putative reductase and aromatase
inhibitors would overcome the effect of incubation tem-
perature. First, while administration of testosterone to eggrs
incubating at all male-producing and male-biased inter-
mediate temperatures produced females in a dose- and
temperature-dependent manner, significant numbers of
intersex individuals resulted from high dosage testosterone
treatment to eggs incubating at a female-biased inter-
mediate temperature. The reductase inhibitors 48MA and

MEY06 were capable of producing female offspring if
admimistered at intermediate temperatures, but not m a
dose-dependent fashion. Administration of the aromatase
inhibitors CGS516949A and CGS20267 resulted in male
offspring at both fermale-biased intermediate and at all
female-producing  temperatures in a  dose-dependent
fashion. Second, similar findings were obtained with
combined doses of testosterone and reductase or aromatase
inhibitors. Combined treatment of eggs at male-biased
intermediate incubation temperatures with testosterone
and reductase inhibitor resulted in female hatchlings,
whereas combined treatment of testosterone and aromatase
inhibitor at both female-biased intermediate and ac all
female-producing  temperatures  resulted  in male
hatchlings. Finally, treatment with reductase inhibitor and
aromatase inhibitor combined resulted in only male off-
spring at all incubation temperatures with the exception
of the all-female incubation temperature; in the latter
instance almost all offspring were female. These studies
indicate that in the red-cared slider turtle (i) male and
temale sex determination are independent cascades resid-
ing equally in each individual and regulated by incubation
temperature, (i) steroid hormones are involved in
temperature-dependent sex determination, and (i) tes-
tosterone plays a pivotal role in this process. The data also
suggest that aromatase and oestrogen receptors may be
involved in the inidation of an ovary determining cascade
and thar reducrase and androgen receprors may be
involved in the initiation of a testis determining cascade.
fournal af Endocrinclogy {1994) 143, 279-289

Introduction

Temperature-dependent sex determinacion (TSD) is well
established in many reptiles. Depending upon the species,
reptiles with TSD may exhibit one of several different
patterns: low incubation temperamures producing males,
high mcubation temperatures producing  females, and
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intermediate incubation temperatures  producing males
with females being produced at both extremes (Bull 1980,
Hormonal involvement in sex determination has been
demonserated in all three reprilian orders (reviewed by
Raynaud & Piean 1983, Janzen & Paukstis 1991, Crews
et al. 1994, Pieau e al. 1994, Wibbels e al. 1994),
including the red-eared slider turtle ({Trachenrys seripia)
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(Crews e al, 1991, Wibbels of al. 1992, Wibbels & Crews
1992), For example, treaunent of cggs with exogenous
pestrogen will overcome the effects of 2 male-producing
incubation temperature to result in female hatchlings in
representatives of all three reptile orders demonstrating
TS (Bull er al. 1988). Furthermore, in the European
pond turtle (Emys erbicilaris) administration of tamoxifen,
an oestrogen receptor (ER) antagonist, to eggs incubating
at a female-producing incubation temperature results in
intersexes; simultaneous administration of amoxifen and
oestradiol {OF,) o eggs incubating at a male-producing
incubation temperature blocks oestrogen-induced female
development (Dorizzi e al. 1991). However, there may be
important species differences as tamoxifen administered
to eges incubating at 2 female-producing  incubation
temperature failed o disrupe normal female development
in the red-cared slider (Wibbels & Crews 1992) and in
the American alligator (ANigator mississippiensis; Lance &
Bogart 1991).

Unlike oestrogens, androgens are not capable of aver-
coming an incubation temperature that produces only
females. If administercd to egps incubated ar a female-
producing temperature, neither testosterone or dihydro-
testosterone (DHT) have any discernible effect on gonadal
sex (Gutzke & Bull 1986, Crews et al. 1989). Adminis-
tration of testosterone, but not DHT, to eggs incubated at
an all male-producing incubation temperature resules in
approximately half of the hatchlings being female; this
‘paradoxical’ feminization may be the result of conversion
of testosterone 0 OF, by the enzyme aromatase (Gutzke
& Bull 1986, Crews er al. 1989, Wikbels & Crews 1992).
Only when urilizing incubation regimens which result in
mixed sex ratios is a sensitivity to exogenous androgen
revealed; under chese conditions exogenous DHT will
resule in male ofspring (Wibbels et al. 1992, Wibbels &
Crews 1993),

Steroidogenic enzymes are influenced by incubation
temperature in turtles with TSD. Picau (1973, 1974)
demonstrated 3f-hydroxysteroid dehydrogenase (HSDH)
activity in the undifferentiated gonads of the European
pond turtle. Merchant-Larios e al. {1989) detected signifi-
cant 3F-HSDH activity in the adrenals, but not in the
undifferentiated gonad of the Olive Ridley sea turtle
{ Lepidochelys olivacea), Similar results were reported for 3a-,
3P-, and 17B-HSDH in the red-cared slider (Thomas et al.
1992). Aromatase enzyme levels increase at the end of
the temperature-sensitive window in embryos of the
European pond turtle incubating at female-producing
incubation temperatures, but not in embryos incubating at
a male-producing incubation temperature (Desvages &
Picau 19924). This increase does not appear o be due
temperature modulation of aromarase activity, but rather
to a temperature-induced increase in aromatase produc-
tion, Shifting cgps from a male-producing o a female-
producing  incubation  wemperature  greatly  increases
aromatase activity, bur a complementary shift fiom a
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female-producing  to  a  male-producing  incubation
temperature only gradually decreases aromatase activity
(Desvages & Pieau 1992h; see also Desvages ef al. 1993).

The demonstration that exogenous androgens and
oestiogens can determine sex in the red-cared shider turtle,
and the fact thar reductase and aromatase are key regu-
latory enzymes in the production of DHT and OE,,
respectively, from the precursor testosterone, suggests that
these enzymes may play a pivotal role in TSD. The present
investigation explores this possibility in the red-eared shider
turtle. In addition o the suggestion of Dorizzi ef al. (1991)
that aromatase is involved in determination of females, our
hypothesis includes a model in which regulaton of reduc-
tase gene(s) may be critical to a testis-determining cascade.
Because testosterone serves as the precursor to bath DHT
and OE; via the actions of the enzymes reductase and
aromatase, respectively, we hypothesize that incubation
temperature acts by modifying the metabolism of testoster-
one, o the first senes of experiments chemicals known w
be reductase or aromatase inhibitors in mammalian and
avian systems were administered to eggs incubating at
different temperatures. The second series of experiments
examined the effects of simultaneous administradon of
testosterone and these putative enzyme inhibitors ar dif-
ferent incubation temperatures. In the final series of
experiments the effect of combined dosages of these
putative reductase and aromatase inhibitors on sex deter-
mination was examined at different incubation tempera-
tures, The results indicate (i) that TSI can be reversed by
the administracion of either reductase or aromatase inhibi-
tors and that the inhibitors probably act on the eneymes
themselves, rather than through the steroid receptors, (1)
that the feminizing effect of testosterone when adminis-
tered to eggs incubating at a male-producing temperature
is due to the aromatization of testosterone to OFE,, and (i)
that the action of aromatase is more potent than that of
reductase in TSI,

Materials and Methods

Epgs and tnoubation

Approximately 4000 freshlv-laid eggs were obrined com-
mercially (Robert Kliebert, Hammond, LA, USA). After
transport to our ]:lhor:lmry, eges were held at room
temperature until viability was established by candling,
They were then placed in continers with moistened
vermiculite (vermiculite:water, 1:1) and the containers
placed in reach-in incubators (Precision, Chicago, IL,
USA) programmed to provide a constant temperature of
26, 29, 29-2 29-4 or 31 *C. Previous studies with this
species indicate that a continuous incubation temperature
of 26 °C produces all male hatchlings whereas an incu-
bation temperature of 31 °C produces all female
hatchlings. Temperatures intermediate to these result in
different sex ratios of gonadal males and females rather
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taste 1. Expedmental protwcol utlized in experiment one, Eggs from the red-eared
slider curtle [ Trachemys soripra) were incubated at one of five incubation temperatures
(26-31 "C) and wreated with reductase inhibitor (4MA or MKS06) or aromatase
inhibitor (CGS16949A or CGS20267) at stage 17, the midpoint in the

temperature-sensitive window, Controls consisted of administration of ethanol vehicle

only
Dose Mumber of eggs treated
() Putative action C 0 290 292°C 294°C 31 C
Chemical
40A -1 Reeduetase inhibitor 28 28 28 26 24
1+00 24 30 28 26 28
100 28 28 26 22 27
100 i} 27 28 27 26
ME90G 10 Reeductase whabitor 27 23 a0 28 29
(3 28 29 28 7 27
1000 26y 29 29 26 25
COS a4 -1 Aromatase inhibiter 27 28 23 26 25
10 22 25 28 26 25
L3 28 28 27 25 21
1000 25 25 24 22 22
CGS20267 -1 Aromaease inhibitor 26 28 29 27 24
B 27 27 27 24 a0
LoD 24 25 27 26 25
B0 26 21 24 26 25

than in intersex individuals: 29 °C is a male-biased incu-
bation temperature, 292 °C is the threshold temperature
typically producing equal numbers of males and females,
and 29-4°C is a female-biased incubation temperature
{Crews ef al. 1991, 1994, Wibbels of al. 19914, Wibbels &
Crews 1993). After receiving treatments, all eggs were
retumed to their respective incubators until they hatched.

Embryonic development was monitored by candling
eges and by dissecting 2—4 epgs approximately twice a
week o verify specific developmental stages, based on
criteria described by Yntema (1968). All eggs were
incubated uneil stage 17, the approximate midpoint in the
temperature-sensitive period in this species (Wibbels er al.
1997a), Eggs were then randomized into control and
experimental treatments,

Enzyme inlibitors

Three series of experiments were conducted. In all exper-
iments, eges in control groups at cach incubation tempera-
ture received a single treatment consisting of 5 pl 95%
ethanal; inhibitor and/or ligand was also dissolved 1in 3 pl
95% ethanol.

In the first expeniment, eggs in the experimental groups
received a single treatment of a specific enzyme inhibitor
{Table 1), Two reductase inhibitors, 17f-(N, N-diethyl)
carbomoyl-4-methyl-4-aza-3u-androstane-3-one  (4MA)
and 17B-(Nt-butyl) carbomoyl-4-aza-50-androst-1-en-
3-one (ME906), were used; both compounds inhibit
Su-reductase (Russell & Wilson 1994). Two aromatase

inhibitors, 4-(5,6,7,8 ~teerahydroimidazo [1,5-¢¢] pyridin-
5-v1) benzonitrile monohvdrochloride  (CGS169494)
and 4-[1-{cyanophenyl)-1-(1,2, 4-triazollvl) methyl| benzo-
nitril {CGS20267) were used; both compounds are effec-
tive in a variety of mammalian and avian species (Steele of
al. 1987, Santen ef al. 1990, Benoit et af. 1992, Bonsall of afl.
1992, Elbreche & Smith 1992, Wozniak e al. 1992,
Wozniak & Hutchison 1993). The doses of reducrase
mhibitors were (-1, 10, 10, or 100 pg/ege for 4MA and
10, 10, or 100 pgfegg for MK906, The doses for both
aromatase inhibitors were 0-1, 1-0, 10, or 100 pg/ege.
Mean sample sizes were as follows. 4MA: 26 individuals,
ranging from 22-30), and totalling 642 animals, MK%06; 26
individuals, ranging from 22-29, and wralling 529 animals.
CGS16949A: 25 individuak, ranging from 21-28 and
totalling 623 animals. CGS20267: 26 individuals, ranging
from 21-3(), and toalling 638 animals.

In the second experiment, eggs in the experimental
groups received combined treaments of testosterone and
an enzyme inhibitor (Table 2}, To determine the effect of
testosterone plus reducrase inhibitor, eggs were incubated
at all five temperatures and each received 100 pg testoster-
one and 50 pz 4MA, or 75 pg testosterone and 50 pg
ME906. As treatment controls some eges received tes-
tosterone alone. Thus, other eggs received 50 or 100 pg of
testosterone (Sigma Chemical Co., 5t Louis, MO, USA).
In addition, the sex mtio resulting from the adminstraton
of high doses of inhibitor alone was wsed as a comparison
with that resulting from the application of precursor and
inhibitor in combination,
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TARLE 2. Expenimental protocol utilized in experiments two and three. Egps from the
red-eared shider turtle (Trachenmys seripta) were incubated at one of five incubation
temperatures {26-31 *C) and received a combined treatment of testosterone (T) and
reductase inhibitor (BI; 4MA or MEY06) or atomatase inhibitor (Al CGS16949A or
CGS520267), Controls consisted of administration of ethanol vehicle alone or T alone

MNumber of eggs treated

Daose (pg) 26°C 2R0°C 292°C 294°C 31°C
Chemical
Experiment 2
T 10-00 24 2 29 24 24
50-00 27 28 27 28 29
100-0 25 3 28 20 25
RI+T 500 4MA+ 1000 T 24 20 22 2% 25
50-00 MEY06+T750 T 26 23 23 26 kil
AL+T 100-0 CGS16949A 4100 T 24 26 28 26 28
1000 COGS 169494 + 1000 T 24 29 22 28 24
1000 CGS20267 +10-0 T 19 25 23 | 28
1000 CGS20267 + 1000 T 24 7 a7 25 25
Expenment 3
I+ AT SO0 4MAF 500 CGEI69494 19 27 25 27 28
5000 MEQOG+ 500 COS16949A 23 7 25 el 23

To determine the effect of restosterone plus aromatase
inhibitor, eggs were also incubated ac all five temperatures
and each received 10 or 100 pg testosterone with 100 pg
CGS16949A or CGS20267. As ceatment controls some
e received testosterone alone. Thus, other eggs received
10 or 100 pg testosterone. In addition, the sex ratio
resulting from the administration of high doses of inhibitor
alone was used as a comparison with that resulting from
the application of precursor and inhibitor in combination.

In a third experiment, eggs in the experimental groups
received combined treatments of both reductase and
aromatase inhibitor (Table 2). Eggs were incubated ar
260-0, 290, 292, 294, or 31 °C and received simul-
tancously 50 pg CG516949A and either 50 pg 4MA or
50 pg MES06,

Sex diagriosis

Turtles were killed within two weeks of harching, Go-
nadal sex and developmental status of the Miillerian duets
were assessed by examinadon under a dissection micro-
scope. The gonads of hatchling red-eared slider turtles are
relatively well differentiated and, with rare exception,
appear distinctly testicular or ovarian when viewed under
a dissection microscope (Crews ef al. 1991, Wibbels et al.
1991a). Ovaries are long and flat whereas testes are shorter,
rounder, and have visible seminiferous tubules (see Crews
et al, 1991), The developmental status of both the cranial
and che caudal halves of the Miillerian ducts were
examined and scored as either absent, regressed but visible,
normal (as in a typical female hatchling), or hypertrophied.
A phallus was also noted if present. The gonads of three
to  five individuals from each experimental group
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were processed for histological examination of the gonad
to confirm sex assignment. In all instances the histo-
logical assessment of sex coincided with the macroscopic
assignment of sex.

Statistical analysis

In the firse series of experiments, the effects of each dose of
different enzyme inhibitor was evaluated versus control
using Fisher's Exact test (two-tailed). To determine effect
of incubation temperature on sensitivity to the differ-
ent enzyme inhibitors, inhibitors were examined for
effect within each incubation temperature using Pearson
Chi-square for difference between doses and Fisher's
Exact test for low dose of inhibitor versus control. In the
second series of experiments focusing on the combination
of testosterone and enzyme inhibitor, the effect of tes-
tosterone or enzyme inhibitor alone compared w control
was evaluated using Fisher's Exact test (two-talled). Com-
bination treatments were compared to ethanol control,
testosterone alone, or enzyme inhibitor alone using Fisher's
Exact test (two-tailled). The third senies of expen-
ments examining the effects of combined doses of
enzyme inhibitors was evaluated within each incubation
temperature using Fisher's Exact test (two-tailed).

To determine the interaction of incubation temperature
and expenimental treacment, the hatchling sex rado
obtained at the different incubation temperatures for the
varying doses of inhibitor was compared o that obtained
with the ethanal conerol at that cemperature, as in Wibbels
et al. (19918) with slight modifications. Here, the
significance of synergism was calculated as  follows,
First, maximum-likelihood estimates of the following
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probabilines were caleulated, under the assumption that
synergism did not exist: that of producing one sex at a
baseline temperature, thar of producing one sex at the
second temperature, that of producing one sex at the base-
line temperature in the presence of the compound, that of
producing one sex at the second temperature in the
presence of the compound, and finally, the probability that
the increases in the proportion of one sex were due o
the compound and temperature increment {measured at
the baseline temperature) respectively (Wibbels et al,
19918). These estimates were then used to calculate
expected sex ratios for each of the four treatments
{temperature X inhibitor), again under the hypothesis that
synergism did not exist. A trial consisting of simulated
samples was then generated as follows: (@) n; uniform,
random variables were chosen, where n; was the total
number of males plus females obtained in the experiment
tor creatment i, and (b) the simulared number of females in
treacment i was calculated as the number of the n; random
variables whose value was less than the sex ratio expected
for treatment i under the null hypothesis (the number of
males was n; minus the number of females), When
numbers of males and females had been simulated for all
four treatments, a synergism value was calculated for the
trial. Ten thousand simulated synergisms were calculated,
and the significance of the synergism in the actual daea was
taken as the proportion of these random samples in which
the synergism equalled or was more extreme than the
synergism in the data,

Results

Ethanol (conerol) rreatment had no significant effect on
the hatchling sex ratio as previously established for the
red-cared slider turtle (Wibbels er al. 1991a); an incubation
temperature of 26 "C produced all males {male:female
sex ratio=100:00), 31°C produced all females (sex
ratin=0:100), whereas 29 "C produced a 88:12 sex ratio,
29-2°C produced a 65:35 sex ratio, and 29-4 °C produced
a 24:70 sex ratio,

The first experiment focused on the effects of enzyme
inhibitors at incubation temperatures that yielded different
sex ratios. Administration of the reducese inhibitors 4MA
(Fig. 1a) or ME906 (Fig. 1b) o eges incubating at 26 °C,
an incubation temperature that produces only males, failed
to  reverse ponadal sex (AMA, P=0-405; MEK906,
P=0-497). Female harchlings did result at 29 °C, an
incubation temperature that produces approximately 90%
male development (4MA, P<0-0001; MK906, P=<0-0001)
as well as at 292 °C, an incubation temperature that resules
in 65% male development (4MA, P<0-001; MK906,
P=0-002). Differences were not statistically significant at
29:4°C, an incubarton temperature that results in a
female-biased sex ratio (24% male) (4MA, P=0-746;
ME90G, P=0-714). At the 31 °C incubation temperature,
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rsukt 1, Adminisoaton of reductase inhibitwor induces
female development in the red-eared slider {Tradhemys scripra).
() resules wich 4MA; () results with MIC906. Eges were
treated with ethanol {control) or different doses of the
inhibitor at cach incubation temperature. Sample sizes

are mven in the text. Comparisons are made within each
meubation temperature relative o control; values without the
same letter are significantly differenc at a level of at least

P05,

which produces normally only females, all hatchlings were
diagnosed as female. There was no evidence of a dose-
response relationship with the different doses of 4MA or
ME906 at any incubation temperature (4MA: 26 °C,
P=0-143 29°C, P=0-381; 29-2°C, P=0-853; 294 °C,
P=0-283, MEK906: 26°C, P=0-124; 29°C, P=(-534;
29-2°C, P=0-226; 29-4 °C, P=0-309), The effect of the
reductase inhibitor compared o that of the ethanol control
Wis not emperature-sensitive;  that s, the medium
dosage of either 4MA or MK906 did not produce greater
numbers of females at more female-producing incubation
temperatures (1 pg vs. 10pg 4MA: 29-0°C v 29-2°C,
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rcuRe 2, Administradon of aromatase inhubior induces male
development in the red-eared slider { Trachemys seripna). {a)
results with CGS16%949A; (B results with CGS20267, Egs
were treated with ethanol (control) or different doses of the
mhibitor at each incubation temperature. Sample sizes are
miven in the text, Comparisons are made within each
mcubation temperature relative to control; values withour the
same letter are significanty different at a level of at least
P05,

P=0-241; 1 pg vs. 10 pg ME9DG: 29-0°C ws, 29-2°C,
P=0-260),

Administration of the aromartase inhibitors CGS16949A
(Fig. 2a) or CGR20267 (Fig. 20) to egps incubating at
31°C, an incubation temperature that produces only
females, resulted in male hatchlings {CGS16949A at
LOO pgr, P=0-002; CGS20267 at 100 pe, P<0-004). At the
26 "C incubation temperature, which produces normally
only males, all hatchlings were diagnosed as male. Differ-
ences were statistically significant at 29-4 "C (CGS16949A
at 100 pg, P<O-0001; CGS20267 ac 100 pg, P<O-0001)
and at 29-2°C (CGS16949A ar 100 pg,  P=0-002;
CGR20267 ac 100 pg, P=0-002), but not staristically
significant ar 29 °C (CGS16949A at 100 pg P=0-098,;
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CGS20267 av 100 pg P=0-239), Intersex gonads were
occasionally ohserved (1-2 individuals in the hatchlings
treated wicth CGS20267 from the 290, 292 and 29-4 °C
mcubation temperatures). There was evidence of a dose-
response  relatonship  with  the  differemt  doses  of
CGS169494 (29-2°C, P=0-0001; 294 °C, P=0-0001)
and CGS20267 (292 °C, P=0-0001; 29-4 °C, P=0-0001)
at the intermediate incubation temperatures. The effect of
both aromatase inhibitors was temperature-sensitive; that
is, the medium dose compared o the ethanol control
produced  greater numbers of males at more male-
producing  incubation  temperatures (1 pg vs, 10 pg
CGS16949A, 294 °C ws. 29-2°C, P=0028; 1pg vs.
10 pg CGS20267, 29-4 °C vs. 29-2 °C, P=0-064),

The second experiment ucdlized combinations of
precursor (testosterone) and enzyme inhibitor. Since
statistically significant differences were obrained only in
the 26 °C and the 29 "C groups, only these are represented
graphically (Fig, 3). The effect of testosterone alone was
temperature-sensitive (Pearson Chi-square test within
dosage: temperature X sex, P=0-005 for 100pg and
P=0-0001 for 530 pg). At incubation temperatures of
26:0°C and 29°C (Fig. 35), the number of females
resulting from  administration of ecither 50 or 100 pg
testosterone  was  significantly  greater  than  control
{(P=0-0001 for both); the sex rato produced at 29 °C
compared to 26 "C (Fig. 34) was statistically significant at
the 50 pg dose (P=0-0001) but not at the 100 pg dose
(P=0-088). Ac 29-2°C, both doses were significantly
different from conool (P=0-0001 for both)., At 29-4 °C,
the effects of trearment with 50 pg and 100 pg testosterone
were not statistically different from control {P=0-470 and
P=0-305 respectively). Ar 31 °C all hatchlings were ferale
in both testosterone treatment and ethanol (temperature)
control groups. However, it is perhaps significant that
mtersex gonads were observed only at the 294 °C incu-
bation cemperature in the testosterone treatrnent groups.
Such cases were rare {1-2 individuals) except at the 100 pg
dose, where there were eight intersex individuals, seven
males and 13 females; many of the intersex individuals
having large phalluses.

As shown in the first experiment, administration of
cither reductase inhibitor alone was without effect at 26 °C
(PAMA)=0-405;, FIME906)=0-497), but both were
effective compared to control at 29 °C (P4MA)=0-0001;
MK S063=0-0001), Administration of combined treat-
ments of testosterone and reductase inhibitor (both 4MA
and MK%06) o eges incubating at 26 °C resulted in
a significant number of females compared to control
(PEAMA=0-0001; PIME906)=0-0001), but this was not
significantly  different from that of testosterone alone
(PAMA)=1-0; P{MIE906)=0-160).

The complementary expeniment evaluated the effects
of aromatase inhibitor, Since statistically significant
differences were obtained only in the 294 °C and the
31 °C groups, only these are represented graphically



Enzyme inhibitors and sex determination -

(a) 29.0 °C
100

:¥

B0

a'ly’
[

=
(=]

na
=]

TATIETETIRTTRI ERTTH ARTTA ARRTINRETIART NI ANETH INNT1 |

=]

PERCENT FEMALE

e}
=]

=}
=1
TR FRTTA ITRTI FTSTR FERTI RTTTI IRTTL FTSTITRTTA ATRTI]
o
P

o

40

20

I} a | / I@I

EtQOH T Ahd MES06  MKS0G

reure 3. Efect of combined treatments of testosterone and
reductise inhibitor at two incubation temperatures on male sex
determination in the red-eared slider turtle { Trachemys scripta).
Eggs were reated with ethanol (EtOH; control) or differenc
doses of testosterone alone (T, low dose=50 pg; high
dose=100 pg), reductase inhibior alone (4MA, 50 pg at 26 °C
and 100 pg ac 29 °C; and ME906, 100 pg ar both 26 °C and
29 "C), or westosterone plus reductase inhibitor (T+4MA,

L0 pgr T+50 pg 4bA at both 26 °C and at 29 °C;
T+MER6, 75 pg T+50 pg ME906 at bath 26 °C and 29 °C).
Sample sizes are given in the rext. Values without the same
letter are sigmificantly different at a level of ar least P<0-05.

(Fig. 4). There was no statistical difference in the sex
ratio produced between the ethanol control group and the
testosterone alone group at an incubation temperature of
29-4°C (Fig. 4a) or 31 °C (Fig. 48) at either the 10 or
100 pg dose (294 °C: P=0-713 and 0-505, respectively;
31°C: P=1-0 for both doses); administration of 10 pg at
26 °C also had no effect on the hatchling sex ratio
compared 0 control (P=0-490), However, adminiseration
of 100 pg at 26 °C did produce a significant number of
female hatchlings (P=0-0001). This was also true for both
doses at 29 °C and 29-2°C (P=0-0001 for all groups).
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mncurk 4 Effect of combined treatments of testosterone and
aromatase inhibitor ac two incubation temperatures on female
sex determination in the red-eared slider rde {Trechemys
seripta). Eggs were reated with echanol (EvOH; control) or
different doses of westosterone alone (T), aromatase inhibitor
alone (AL 1, CGS169494; Al 2, CGS20267), of testosterone
plus aromatase inhibitor (T+AL 1, T+AIL 2) at each incubation
termperature, ‘Low’ and “hagh' refer 1o testosterone doses of
10 pg and 100 gz respectively; Al 1 and Al 2 were
administered in 100 pg doses in all cases. Sample sizes are
given in the text, Values without the same letter are
significantdy different at a level of at least P<0-05.

As shown in the first experiment, administration of
either aromatase inhibitor alone was without effect ar 26-0
and 29 °C; the highest dose (100 pg) resuleed in a signifi-
cantly more male-biased sex ratio than contol groups ac
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prcure 5. Effect of combined treatments of reductase and
aromatase inhibitor at different incubation temperatures on the
sex ratio of the red-eared slider turtle (Trachenys scripta).
Sample sizes are given in the text. Asterisk ndicates a
significant difference from the ethanol control within each
incubation temperature; P<(-05-2<0-001.

29-2 204, and 31 °C {for all temperatures CGS16949A:
P=0:0001; CGS20267: P=0-0001). Only at 294 and
31 °C did combined treatments show an effect over the
testosterone and ethanol controls (P=0-05-0-0001 as illus-
trated in Fig. 4). Administration of combined treatments of
testosterone and aromatase inhibitor to eggs incubaring at
294 °C and 31 °C resulted in 100% of the harchlings
being male; thers was no significant difference between
doses (29-4 °C, P=1-0; 31°C, =0-678) or tempera-
tre (CGS16949A4)=0-115; PCGS520267)=0-497) for
combined treatments,

The third experiment focused on the effects of simul-
tancous administration of reductase and aromatase in-
hibitor (Fig. 5). At all incubation temperatures, with the
exception of 31 °C, experimentally-treated animals were
mostly or all male; at 292°C and 29-4°C this was
significantly different from the ethanol-treated controls
(29-2 *C: 4MA plus CGS169494, P=0-001; ME906 plus
CGS16949A, P=0-001; 294 *C: 4MA plus CGS169494,
P=0-0001; ME906 plus CGE169494, P=00001). At a
31 °C incubation temperature all offspring were female
except for the few males obtained from the 4MA plus
CGS16949A treatment grougs,

Discussion

Steroid hormone-induced sex determination occurs in fish
(Hunter & Donaldson 1983), amphibians {(Bums 1961)

Jouraal of Fndocrinology (1994) 143, 279269

and reptiles (Crews ef al. 1994, Pieaw et al. 1994). In birds,
administration of exogenous steroid hormones o embryos
will feminize the gonads, creating an ovotestis in genetic
males but this does not usually persist into adulthood
(Scheib 1983). In metatherian mammals administration of
exogenous oestrogen will sex-reverse embryos (reviewed
by Burns 1961}, but in eutherian mammals such treatment
has no apparent effect on genetic males, indicating that in
these mammals testicular differentiation is not influenced
by steroid hormones (see George & Wilson 1994 for
review), However, there is evidence of a vestigial sensi-
tivity to steroid hormones in fetal ovarian development.
For example, transplanted primordial gonadal dssue from
genetic female mice placed under the kidney capsules of
adult males will develap into ovotestes (Taketo ef al. 1954,
see also George & Wilson 1994 for review). Finally, recent
studies with both mammalian and avian embryos suggest
that genes or gene products such as the testis determining
factor at the sex—determining region of the Y chromosome
or Miilledan inhibiting substance (MIS} can affect the
cytochrome P450 aromatase system and indirectly influ-
ence sex determination (Vigier ef al. 1989, Haqq ef al.
1993).

Steroid hormones are not gene products, so if steroids
are important in TSI? as has been suggested (Crews ef al.
1989, 1991, Dorizzi et al. 1991, Picau e al. 1994), the
mechanism of action might involve differential response to
temperature of steroid-converting enzymes, which are
gene products, Because testosterone serves as the precursor
to both DHT and OE, via the actions of the enzymes
reductase and aromatase respectively, it is attractive o
suggest that temperature acts by modifying the metabolism
of testosterone. Previous studies have demonstrated the
role of the cytochrome P450 aromatase i female sex
determination in the European pond turde (Dorizzi ef al.
1991). The present study with the red-eared slider turtle is
the first to suggest that reductase enzymes may be similarly
invelved in male sex determination. Ar an incubation
temperature that normally produces only male offspring,
we found thar reductase inhibitors were without dis-
cernible effects on the hatchling sex rado. This is an
indication the reductase inhibitors are not acting through
ERs, since OFE, administration at 26 °C does lead to
fermale determination. However, at intermediate male-
biased incubation temperatures, administration of re-
ductase inhibitor to incubating eggs prevented male
development and resulted in significant numbers of female
hatchlings. In experiment one, ME906 had 1 negligible
feminizing effect, whereas 4MA had no apparent effect at
26 °C (Fig. 1). In experiment two the opposite pattern was
shown, with 4MA having a slightly feminizing effect at
26 °C, whereas MK906 had none. This apparent discrep-
ancy may be attributed to individual differences in sensi-
tiviry to these chemicals, Finally, combined administration
of testosterone and reductase inhibitor to eges incubating
at a male-producing temperature also resulted in the
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production of female hatchlings. These findings support
the hypothesis of the role of reductase enzymes in male sex
determination. When considered with the previous find-
ing that exogenous DHT will induce male development
when administered to eggs incubating at a threshold
temperature — the temperature that vields a 30:50 sex rado
(Wibbels & Crews 1993) — the present results suggest chat
male development may be mediated by an androgen
receptor (AR,

Previous expenments have demonstrated that the
aromatase  inhibitor CGS16949A  will interfere  with
temperature-induced female sex determination in the
alligator (Lance & Bogart 1992) and the red-eared slider
turtle (Wibbels & Crews 1994). The present study indi-
cates that the aromatase inhibiter CGS20267 will also
cause male development if administered at cither inter-
mediate or all female-producing incubation temperatures.
In mammalian systems CGS2026Y 15 more potent than
CGS16949A, but there was no difference detected in the
hatchling sex ratio or in the histology of the gonads for
the effective doses in the present study. Similarly, ad-
ministration of CGS169494 during early development
causes genetic fernale chickens to develop as gonadal
males. Interestingly, another aromatase inhibitor, 1,4,6-
androstatrien-3,17-dione (ATD), is not effective in this
regard (Elbreche & Smich 1992; see also Wartenberg et al.
1992). As in the chicken, neither ATD nor 4-androsten-
4-0l-3,17-dione are effective in reversing temperature-
induced female sexual development in the red-eared slider
(Wibbels & Crews 1992) or alligator (Lance & Bogart
1992). The fact that aromatase inhibitors produced more
males at 294 "C compared o 31 °C is indirect evidence
that arcmatase production is temperature-sensitive, with
more aromatase being produced at more female-biased
temperatures. Interestingly, a similar synergism does not
appear to occur with temperature and either reductase
inhibitor.

In the present study administration of testosterone to
eggs incubating at male-biased intermediate temperatures
produced females in a dose- and temperature-dependent
manner. This effect was blocked by administration of
testosterone and aromatase inhibitor, It is perhaps signifi-
cant that rreatment of eges incubating at a female-biased
intermediate temperature with a high dose of testosterone
resiulted in a significant number of intemsex individuals,
a finding similar to that of the increased number of
intersexes praduced upon administration of both DHT and
OFE, (Wibbels & Crews 1993). Ths s a further mdi-
cation that an excess of precursor (testosterone) may lead
to simultanecus activation of the ovary- and testis-
determining cascades. Finally, the observation that the
combined application of testosterone and aromacase inhibi-
tor produced males at an all female-producing incubation
temperature as well as at a female-biased intermediate
incubation temperature compared o administration of
either compound alone supports the hypothesis that (i)

there is a restis-determining cascade independent of an
ovary-determining cascade, and (i} the metabolism of
testosterone o OF, via aromatizadon is critical to female
sex determination; that is, blocking aromatase activity and
providing excess precursor testosterone results in the
production of males, presumably through the metabolism
of testosterone to DHT via reductase. Again, the sig-
nificant increase in the number of males produced
with testosterone and aromatase inhibitor compared to
aromatase inhibitor alone indicates that the aromatase
inhibitor is not acting through an AR,

Combined treatment with both aromatase inhibitor and
reductase inhibitor resulted in male development, suggest-
ing that aromatase inhibitor is more potent than reductase
inhibitor. Alternatively, restosterone may not be metab-
olized o DHT or w OF, and could act chrough ARs
which may be mediating male sexual development.
Finally, the fact that administration of both reductase and
aromatase inhibitors simultaneously w eggs incubating at
31 °C resulted in only (4MA) or mostly (MK906) female
hatchlings suggests a nonsteroidal temperature  effect,
perhaps a temperature-induced upregulation of steroid
recepior.

How then mighe temperature be acting to determine
sex in the red-eared slider curtle? In reptiles with TSI it
would appear that female and male sex determination are
separate processes that are differentally affected by incu-
bation temperature racher than the organization/defaol
systemn characteristic of genotypic sex determination (Jost
1961). Thus, females may result from the actvation of an
ovary-determining  cascade and inhibion of a tesos-
detenmining cascade; conversely, males may result from
the activation of a testis-determining cascade and inhi-
bition of an ovary-determining cascade. Central to the
steroid hormone-mediation hypothesis (Crews et al. 1989,
1991, Dorizzi et al. 1991, Picau ef al. 1994) 1s the role of
testosterone as a precursor molecule destined for conver-
sion o DHT (via reductase) or OFE, (via aromatase). One
hypothetical model postulates thar at a female-producing
temperature the gene(s) encoding for aromatase are acti-
vated and the gene(s) encoding for reductase remain at
constitutive levels {or perhaps suppressed via negative
feedback control of OF,), resulting in increased OE,
production. For example, Clande Pican and colleagues
reviewed by Picau ef al. 1994) have documented a
positive feedback relationship between OE, secretion and
aromatase production at a female-producing temperature
in the European pond turde, On the other hand, ac a
male-producing temperature the gene(s) encoding for
reductase may be enhanced and the gene(s) encoding for
aromatase inhibited, resulting in increased DHT produc-
tion. As yer unproven, a positive feedback relationship
similar to that between aromatase and OFE, may exist
berween DHT and reductase. An alternative model w
account for the finding of a lack of a dose-response in the
effect of the reductase inhibitor, as well as the absence
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288 D crews and | s BERGERON

Enzyme inhibilors and sex determination

of a synergism between DHT sensitivity and incu-
bation temperature as occurs between OF, sensitivity and
incubation temperature, indicates that the pene(s) for
reductase are constitutively cxpressed at the wvarous
incubation temperatures. Thus, incubation temperature
would act only indirectly wvia the testis-determining
genels), having a negative feedback on the regulation of
aromatase gene expression, leading to suppression of OE,.
For example, Hagq et al. (1993) demonstrated recently in
the rat that the putative male-determining factor (SILY)
may control male development through regulation of
aromatase and MIS genes. In both models incubation
temperature would modulate the activity of at least four
distinct genes; the genes encoding for aromatase, ERs,
reductase and Als. Further details of this model are
provided by Crews (1994),

We propose further that incubarion temperature
activates the genels) encoding for steroid hormone recep-
tors (e, male-producing temperature upregulating ARs
and female-producing temperature upregulating ERs).
Whatever the actual eneymatic regulation, the resulting
hormenal milien would lead to the binding of DHT and
OE, to specifie, high-affinity, intranuclear recepror
proteins (AR and ER, respectively], which in turn
would activate the putative receptors such that the
hormone-hormone  receptor  complex would bind to
hormone response elements on the DNA. The conse-
quence of such events would be a stimulation of the
transcription of genes associated with the sex-determining
cascade of one sex and an inhibition of the expression of
genes associated with the sex-determining cascade of the
opposite sex.

Such a model would account for the following facts.
(i} The effect of temperature or exogenous steroids is
all-or-none; that is, individuals are either male or female,
{11} Incubation at a threshold temperature results in a 50:50
gex ratio, rather than intersexes being formed. (i) Tnter-
sexes can be formed experimentally by the simultaneous
administration of DHT and OF, w eggs incubating at a
threshold incubation temperature or by high doses of
testosterone  at female-biased incubation temperatures.
{iv) Exogenous OE, will overcome the effects of
male-producing temperatures, and there 15 a correlation
between aestrogen-sensitivity and temperature-sensitiviry.
{v) Exogenous DHT cannat overcome the effects of a
female-producing temperature; although exogenous DHT
will induce male development in eggs incubating at a
threshold incubation temperature, there is no apparent
synergism between incubation temperature and sensitivity
o DHT. (v) Steroid-induced gonadal feminization is
specific to ER-responsive oestrogens whereas  gonadal
masculinization appears to be specific o All-responsive
androgens. (vii) Administration of an aromatase inhibitor
will block female development and induce male develop-
ment, whereas administration of a2 reductase inhibitor will
block male development and induce female develop-

lournal of Endocrinclogy (1994] 143, 279-230

ment, in egegs incubating at intermediate  incubation
[emperatures,
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