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Effects of adrenal corticosteroids on reproductive and endocrine functions of the gonads are well
known, but reciprocal effects of gonadal hormones on the hypothalamo-pituitary-adrenal (HPA) axis
and on adrenocortical steroidogenesis in particular have received much less attention. We investigated
effects of gonadectomy and testosterone (T) replacement on adrenocortical cell function in a year-long
field study of male Sceloporus undulatus (Eastern Fence Lizard) and in a shorter term laboratory study
with male Sceloporus jarrovii (Yarrow’s Spiny Lizard). We also compared females to males in Sceloporus
virgatus (Striped Plateau Lizard) and investigated effects of gonadectomy in short-term laboratory
experiment on females of this species. As measured by in vitro production of progesterone (P4), corti-
costerone (B), and aldosterone (ALDO), sensitivity of adrenocortical cells to corticotrophin (ACTH) was
lower in control males than females of S. virgatus. In S. jarrovii males, cellular sensitivity to ACTH was
reduced by orchiectomy but was not restored to levels of intact controls by T replacement. By contrast,
in S. undulatus, cellular sensitivity to ACTH was not affected by orchiectomy alone but was reduced by T
replacement in orchiectomized males. Maximal rates of steroid production were less consistently
affected by experimental treatments, but were lower in males than in females of S. virgatus and were
dramatically reduced by T replacement in orchiectomized S. undulatus males. Overall, our experiments
clearly demonstrate two distinct sources of variation in functional capacities of dispersed adrenocorti-
cal cells isolated from Sceloporus lizards: (1) naturally occurring differences between males and females
(Carsia and John-Alder, 2003), and (2) species-dependent changes in response to surgical gonadectomy
with or without exogenous testosterone. Sex differences and functional lability in adrenocortical cells
are probably widespread among vertebrates and may be an important component of variation in out-
put of the HPA.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Functional cross-talk is well-documented between the hypo-
thalamo-pituitary-adrenal (HPA) and hypothalamo-pituitary-go-
nadal (HPG) axes, especially with respect to inhibition of the
HPG axis by adrenal glucocorticoids (Rivier and Rivest, 1991;
Sapolosky et al., 2000; Tilbrook et al., 2000). However, reciprocal
effects of gonadal hormones on the HPA axis are less widely known
(see Viau, 2002). Studies on mammals indicate that the gonads can
affect the HPA axis at all levels (see Malendowicz, 1994; Dallman
et al., 1992). Gonadal effects on the HPA axis seem to be mediated
primarily by gonadal steroids (Viau, 2002), but non-steroidal gona-
dal factors may also have a role (Kitay et al., 1966).
ll rights reserved.

n-Alder).
In free-living vertebrates, variation in adrenal glucocorticoid
output commonly occurs in association with reproductive matura-
tion (see McQuillan et al., 2003) and annual breeding cycles
(Romero, 2002), an observation that implicates gonadal regulation
of HPA function. In birds, for example, most evidence in support of
this conjecture is largely circumstantial, derived from correlations
between sex, reproductive and seasonal parameters, and circulat-
ing corticosterone levels (see Carsia and Harvey, 2000). Sex differ-
ences at the cellular level are clearly indicated by modest sex
differences in the steroidogenic response to ACTH by adrenocorti-
cal cells from domestic fowl (Gallus gallus domesticus) (Carsia et al.,
1987a,b), Japanese quail (Coturnix coturnix japonica) (Carsia et al.,
1988) and turkeys (Meleagris gallopavo) (Kocsis and Carsia, 1989).
However, few studies have definitively shown a role of the gonads
in the regulation of the avian adrenal steroidogenic function by
using the standard endocrine model of gonadectomy with or
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without sex steroid replacement. Although earlier work showed
that tonically administered gonadal steroids suppress adrenocorti-
cal function in chickens (Kar, 1947; Nagra et al., 1965), subsequent
studies with orchiectomized chickens produced equivocal results,
showing that effects of orchiectomy appear to be conditionally
dependent upon strain, age, and duration of the orchiectomized
state (Chester Jones, 1957). More recent work with dispersed adre-
nocortical cells derived from orchiectomized cockerels suggests
that androgen maintenance suppresses the adrenocortical steroi-
dogenic response to ACTH (Carsia et al., 1987a,b). In birds as in
mammals, it can be inferred that the gonads may influence adreno-
cortical activity by regulating the release of both inhibitory and
trophic substances. Additionally, since sex differences in steroido-
genic responses to ACTH are apparent in adrenocortical cells prior
to sexual maturity (Carsia et al., 1987a,b; Kocsis and Carsia, 1989),
a gonad-independent effect (Arnold and Burgoyne, 2004) is also
plausible.

Given that birds constitute a derived reptilian lineage, lizards,
and other reptiles might plausibly exhibit similar gonadal influ-
ences on the HPA axis. However, ectothermy and other fundamen-
tal physiological traits of non-avian reptiles may impose unique
constraints on the interaction between the HPA and HPG axes. Fur-
thermore, since the adrenal may serve as an auxiliary source of
progesterone and testosterone in some reptiles (Dauphin-Ville-
mant and Xavier, 1985; Dauphin-Villemant et al., 1990; Grassman
and Hess, 1992; Manzo et al., 1994), gonadal effects on the adrenal
gland may differ between birds and other reptiles. However, reci-
procal influences between the HPG and HPA in reptiles have yet
to be definitively investigated by combining orchiectomy and sex
steroid replacement with direct assessment of adrenocortical
function.

The use of freshly dispersed adrenocortical cells has aided our
understanding of the regulation of mammalian and non-mamma-
lian adrenal steroidogenesis. Our recent characterization of adre-
nocortical cells derived from the Eastern Fence Lizard (Sceloporus
undulatus) (Carsia and John-Alder, 2003) provided a starting point
for examining the influence of the gonads on reptilian adrenal ste-
roidogenesis at the cellular level. In the present study, we report
the influence of gonadectomy on adrenal steroidogenesis using
freshly dispersed adrenocortical cells derived from three species
of Sceloporus lizards. The experiments reported here took advan-
tage of opportunities to investigate functional properties of dis-
persed adrenocortical cells harvested from three species of
Sceloporus lizards that had been used in separate studies on growth
regulation (Carsia et al., 2004; Cox et al., 2005, 2006). We report
unambiguous evidence that adrenal cellular steroidogenic re-
sponses depend on gonadal function in lizards. However, gonadal
effects on adrenocortical cells are complex and dependent on spe-
cies, sex, and experimental and environmental conditions.

2. Materials and methods

2.1. Field experiment

Juvenile male Eastern Fence Lizards (S. undulatus; ca. 10 months
of age) were collected in the pinelands of New Jersey (approxi-
mately 40�N, 74�300W) under permit from the New Jersey Depart-
ment of Environmental Protection, Division of Fish and Wildlife
(permit SC 22053) and were temporarily housed in the laboratory,
where they were provided food (crickets, Acheta domestica) and
water ad libitum and assigned to one of three treatment groups. In-
tact males receiving sham surgery and intraperitoneal placebo im-
plants served as controls (CON). The two remaining groups were
surgically orchiectomized (Cox and John-Alder, 2005) and received
either placebo implants (ORCHX) or testosterone implants
(ORCHX + T). Testosterone implants consisted of Silastic� tubing
(Dow Corning, Midland, MI, USA; 1.47 mm id, 1.96 mm od) con-
taining 300 lg of crystalline testosterone (Sigma T-1500, Sigma–
Aldrich Inc., St. Louis, MO, USA) within a 1.5-mm lumen sealed
by silicone adhesive (Cox et al., 2005). One day after completion
of surgical treatments, lizards were returned to a field enclosure
adjacent to the Rutgers Pinelands Research Station, where they re-
mained until their recapture 441 days later (ca. 22 months of age).
Blood samples were collected in the field upon recapture for mea-
surement of plasma testosterone to verify the effectiveness of
experimental treatments. Methods and results of the testosterone
radioimmunoassay have been reported previously (Cox et al.,
2005). Lizards were then transported to the laboratory at Rutgers
University where they were held overnight, killed by decapitation,
and immediately necropsied for adrenal glands.

2.2. Laboratory experiments

Juvenile male Yarrow’s Spiny Lizards (Sceloporus jarrovii; 3–4
months of age) were collected near Buena Vista Peak in the Chiri-
cahua Mountains, Coronado National Forest, AZ, USA (approxi-
mately 31�54–550N, 109�160W) under permit from the Arizona
Game and Fish Department (permits SP 751920 and 553889) and
were transported to the laboratory at Rutgers University, where
they were provided food (crickets, A. domestica) and water ad libi-
tum. Lizards were surgically orchiectomized and received intra-
peritoneal placebo implants (ORCHX) or implants containing
testosterone (ORCHX + T), as above. Intact males receiving sham
surgeries and placebo implants served as controls (CON) (Cox
et al., 2006). After six weeks of treatment, lizards were killed by
decapitation and their carcasses were immediately necropsied for
adrenal glands. Blood samples for measurement of plasma testos-
terone were collected from the neck following decapitation to ver-
ify the effectiveness of treatments. Methods and results of the
testosterone radioimmunoassay have been reported in Cox et al.
(2006).

Striped Plateau Lizards (Sceloporus virgatus; ca. 8 months of age)
were collected in the Chiricahua Mountains, Coronado National
Forest, Arizona, USA (approximately 31�54–550N, 109�160W) under
permit from the Arizona Game and Fish Department (permits SP
751920 and 553889) and were transported to the laboratory at
Rutgers University, where they were provided food (crickets, A.
domestica) and water ad libitum. Experimental females (OVX) were
surgically ovariectomized as described for S. jarrovii in Cox (2006).
Intact females received a sham surgery and served as controls
(FEM). Intact males (MALE) of S. virgatus were also included for a
comparison of adrenocortical function in females versus males.
After six months in captivity following surgery, lizards were killed
by decapitation and their carcasses were immediately necropsied
for adrenal glands. Blood was not collected for hormone assays
from this species. However, levels of plasma T are substantially
higher in males than in females of this species, as reported previ-
ously (Cox and John-Alder, 2005).

2.3. Functional studies with dispersed adrenal cells

At necropsy, any castrated lizards exhibiting remnants of gona-
dal tissue were eliminated from the studies. For each treatment
group, six cell incubations were analyzed (duplicate incubations
from each of three lizards per treatment group). Dispersed adrenal
cells were prepared from the excised adrenal glands using enzy-
matic dispersal and partial purification procedures described in de-
tail previously (Carsia and John-Alder, 2003). Since adrenal
steroidogenic cells (hereafter referred to as adrenocortical cells)
could be easily distinguished from other cell types in a hemacy-
tometer (Carsia and John-Alder, 2003), the final concentrations of
cells in the incubations were based only on the concentration of
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adrenocortical cells present in the stock suspension. Final cell sus-
pensions (2.5 � 103–1 � 104 adrenocortical cells/ml) were incu-
bated in 12 � 75 mm polypropylene culture tubes with a
progressive series of concentrations of hormonal peptides, for 3 h
at 34.5� in a shaking water bath. The incubation medium was
Krebs–Ringer–HEPES buffer [24.2 mM HEPES (N-2-hydroxyethyl-
piperazine-N0-2-ethanesulfonic acid), 118.5 mM NaCl, 4.75 mM
KCl, 2.54 mM CaCl2, 1.20 mM KH2PO4, 1.20 mM MgSO4, 20 mM
glucose, pH 7.5] containing bovine serum albumin (5 mg/ml;
KRHGB). Incubation volumes were 100–150 ll (90% of the total
incubation volume was cell suspension, 10% was a solution con-
taining a specific concentration of ACTH [rat ACTH-(1–39)] (Ba-
chem/Peninsula Laboratories, Inc., San Carlos, CA). Dilutions of
frozen stock concentrations of ACTH (0.1 mM) were carried out
in the incubation medium. Final concentrations of ACTH in the cell
incubations are indicated in the figures.

In each experiment, at least 94% of the cells were viable after
incubation, as indicated by trypan blue dye exclusion. The amount
of stored corticosteroids in lizard adrenocortical cells is small com-
pared to production amounts (Carsia and John-Alder, 2003). Thus,
after the incubation period, samples (cells and incubation medium)
were frozen without separation (�30 �C) until appropriate radio-
immunoassay for progesterone, corticosterone and aldosterone.

2.4. Radioimmunoassay for progesterone, corticosterone and
aldosterone

Prior to radioimmunoassay, frozen incubations were rapidly
thawed in a warm water bath (�45 �C) for 5 min, cooled to room
temperature and then thoroughly vortex-mixed. Corticosterone
(B), aldosterone (ALDO) and progesterone (P4: laboratory studies
only) were measured directly without extraction in cell incuba-
tions using highly specific, commercially available antibody coated
culture tubes (Coat-a-Count; Diagnostic Products Corp., Los Ange-
les, CA). Because we performed direct assays of cell incubates,
quantification of hormone recovery was not done (as it would be
required in a procedure involving extraction). However, standard
hormone concentrations were ‘‘spiked” into aliquots of a pooled
charcoal-stripped, cell incubate to control for possible discrepan-
cies between ‘‘apparent” versus ‘‘actual” concentrations of hor-
mones in assayed incubates. We did not perform tests of
parallelism in the present experiments but have done so previously
to validate the use of this assay protocol in our laboratory. Radio-
immunoassays were performed with standard curves derived from
stock concentrations of pure steroids (Steraloids Inc., Wilton, NH)
serially diluted in KRHGB. Cross-reactivities between B and ALDO
were 0.002% (ALDO assay) and 0.2% (B assay), respectively. B
cross-reactivity in the P4 radioimmunoassay and vice versa were
0.9% and 0.7%, respectively. P4 cross-reactivity in the ALDO radio-
immunoassay was 0.007%. As little as 20 pg P4, 5 ng B and 16 pg
ALDO per milliliter incubation were detected as determined by
the assay analysis program as the lowest concentration of ‘‘cold”
steroid that caused statistically significant displacement of radiola-
bel. Radioimmunoassay of reference pooled cell incubations per-
formed with each radioimmunoassay showed within- and
between-assay coefficients of variation of 4.8% and 9.7%,
respectively.

2.5. Data analysis

Steroidogenic dose–response curves were fitted using a ‘‘single-
site” four-parameter logistic equation model that exists as a com-
puter program (ALLFIT). This program, its ‘‘User Guide”, and the
original paper describing its development (De Lean et al., 1978)
are freely available as downloads at the following NIH website:
http://abs.cit.nih.gov/allfit/. ALLFIT simultaneously analyzes a fam-
ily of dose–response curves by applying the following four-param-
eter logistic equation:

Y ¼ ðA� DÞ=ð1þ ðX=CÞBÞ þ D

where X and Y are the dose and response, respectively, A = expected
maximal response, D = minimal response, B = slope factor, and
C = 50% response (EC50) midway between A and D. The adequacy
of this logistic equation for fitting sigmoidal dose–response curves
has been recognized and advocated (ALLFIT User Guide, http://ab-
s.cit.nih.gov/allfit/). ALLFIT provides estimates of the four logistic
parameters together with their approximate standard errors, which
serve to index the accuracy of estimates but do not provide exact
confidence limits. We used ALLFIT to estimate and statistically ana-
lyze (F-test and p values) basal and maximal ACTH-induced rates of
steroid production and the 50%-effective stimulatory concentration
(EC50) values of ACTH. These EC50 values are an indicator of cellular
sensitivity to ACTH: the greater the EC50 value, the more ACTH it
takes to achieve half-maximal steroid production, and thus the low-
er the cellular sensitivity to ACTH. For each treatment of each spe-
cies, all dose–response data were entered from duplicate
incubations of preparations of adrenocortical cells from each of
three lizards. We then used ALLFIT to provide statistical tests of
the hypotheses that two or more curves (e.g., curves for the three
treatments within S. undulatus) share a common parameter value
by forcing the curves to share this parameter and then testing
how this constraint affects several indicators of ‘‘goodness of fit”.
Differences were deemed significant at P < 0.05. We did not develop
a separate estimate of each parameter of a dose–response curve for
each incubation or even for each lizard. Instead, we relied on the
iterative logistic curve-fitting procedure encapsulated in ALLFIT
for these estimates and their statistical analysis. As described in
the User Guide (http://abs.cit.nih.gov/allfit/), ALLFIT performs the
residual variance test and the runs test to provide indices of good-
ness of fit for individual dose response curves. From the User Guide
(http://abs.cit.nih.gov/allfit/): the ‘‘total number of degrees of free-
dom is decomposed into individual values for each curve. The
approximate number of degrees of freedom for each curve is calcu-
lated by subtracting from the number of data points the effective
number of parameters fitted.” We do not report F statistics and
associated degrees of freedom because their interpretation is less
straightforward than if we had used ANOVA followed by a post
hoc test to compare estimated parameters among treatments. In-
stead, we simply report associated p values as provided by ALLFIT.

Because most responses appeared to be polyphasic, we subse-
quently performed an iterative non-linear fit analysis (Bevington,
1969) of the relationship between the ACTH concentration and ste-
roid production rates. The maximum number of ACTH-responsive
phases (n) was determined by a forward, stepwise procedure,
starting with one phase and increasing the number of phases until
the goodness of fit [as determined by the F-test (Zar, 1996)] was
not improved (at P < 0.05). As with ALLFIT, this program generated
parameter estimates (e.g., phase-specific EC50 values and phase-
specific maximal steroid production rates) and allowed the sharing
of parameter estimates between treatment dose–response curves
and their inclusion in goodness of fit determinations. The outcome
of this fit analysis was interpreted as evidence of multiple ACTH-
responsive phases additively contributing to the maximal response
of the dose–response curves.

3. Results

3.1. Field experiment with S. undulatus males

Adrenocortical cells derived from male S. undulatus secreted
corticosterone (B) and aldosterone (ALDO) in response to ACTH

http://abs.cit.nih.gov/allfit/
http://abs.cit.nih.gov/allfit/
http://abs.cit.nih.gov/allfit/
http://abs.cit.nih.gov/allfit/
http://abs.cit.nih.gov/allfit/
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in a dose-dependent manner (Fig. 1). Long-term (441 days) orchi-
ectomy (ORCHX) led to a small (i.e., 17%) decrease in basal B pro-
duction but had no effect on the maximal rate of ACTH-induced
B production (Table 1). In contrast, basal and maximal ACTH-in-
duced ALDO production were 47% and 73% greater in ORCHX than
CON cells.
Fig. 1. Adrenocorticotropin (ACTH)-induced corticosterone (B) and aldosterone
(ALDO) production rates by adrenocortical cells prepared from field-active S.
undulatus males. Cells (2.5 � 103 cells/ml) derived from the adrenal glands of
individual lizards were incubated with the indicated concentration of ACTH for 3 h
at 34.5 �C. Each symbol represents the mean ± SE of values from six cell incubations
(duplicate incubations of cells derived from each of three lizards). (As described
under Data Analysis in Section 2, ALLFIT computes approximate standard errors.)
CON, cells from intact males with empty implants; ORCHX, cells from orchiectom-
ized male with empty implants, ORCHX + T, cells from orchiectomized males with
implants containing 300 lg crystalline testosterone.

Table 1
Basal and maximal ACTH-induced rates of steroid production in dispersed adrenocortical

Species Treatment P4

Basal Maximal

Sceloporus undulatus CON NA NA
ORCHX NA NA
ORCHX + T NA NA

Sceloporus jarrovii CON 11.7 ± 1.8a 154.8 ± 22.0a

ORCHX 15.6 ± 3.4a 92.0 ± 6.6b

ORCHX + T 25.5 ± 3.8b 151.9 ± 14.9a

Sceloporus virgatus FEM 31.0 ± 0.8a 782.6 ± 22.8a

OVX 17.5 ± 0.7b 664.5 ± 20.8b

MALE 19.3 ± 0.9b 502.7 ± 16.2c

Note. The data of steroid production rates depicted in the figures were analyzed by the A
Each value represents the mean ± SE determined by the program.
Values with different superscripts are significantly different between groups within spe
B = corticosterone; ALDO = aldosterone; CON = sham-operated intact male with plac
ORCHX + T = surgically orchiectomized male with testosterone implant; FEM = intact fem
Testosterone replacement greatly suppressed cellular steroid
production (Fig. 1). Basal production of B and ALDO were decreased
41% and 84% in ORCHX + T compared to CON cells, and maximal
ACTH-induced rates of B and ALDO production were decreased
48% and 77%, respectively (Table 1).

Cellular sensitivity to ACTH was not affected by orchiectomy
alone but was dramatically decreased by testosterone replace-
ment, as indicated by the right shift of the ACTH dose–response
curves (Fig. 1) and the increased ACTH EC50 values (Table 2).
Whereas the ACTH EC50 values of CON and ORCHX cells were sim-
ilar, the ACTH EC50 values of ORCHX + T cells for B and ALDO pro-
duction were, respectively, 8 and 34 times those of CON cells,
indicating a dramatic drop in cellular sensitivity to ACTH in re-
sponse to exogenous testosterone to 13% and 3% that of CON cells.

3.2. Laboratory experiment with S. jarrovii males

Cells derived from S. jarrovii responded to ACTH in a dose-
dependent manner (Fig. 2) similar to those of S. undulatus. How-
ever, short-term (6 weeks) effects of orchiectomy and testosterone
replacement on adrenocortical cells derived from laboratory-
housed S. jarrovii were different from the effects of long-term treat-
ment in field-active S. undulatus (Table 3). Orchiectomy led to a
small (i.e., 20%) increase in basal B production but had no effect
on basal rates of P4 and ALDO production or on the maximal rate
of ACTH-induced B production. However, maximal P4 and ALDO
production in ORCHX cells were, respectively, 41% less and 57%
greater than those of CON cells.

Testosterone replacement had a mixed influence on adrenal ste-
roid production (Table 1). Basal B production was increased only
slightly (i.e., 18%) in ORCHX + T compared to CON, and basal ALDO
production was unchanged. However, the basal rate of P4 produc-
tion in ORCHX + T cells was 118% greater than that of CON cells.
Maximal rates of ACTH-induced P4 and B production did not differ
between CON and ORCHX + T cells, indicating that testosterone
replacement reversed the effect of orchiectomy on P4 production.
Maximal ALDO production was 36% greater in ORCHX + T com-
pared to CON, indicating only a partial reversal of the effect of
orchiectomy.

Orchiectomy decreased the sensitivity of S. jarrovii cells to
ACTH. Overall, the ACTH EC50 values of ORCHX cells for steroid pro-
duction rates were about 10 times those of CON cells (Table 2),
indicating a substantial decrease in sensitivity to ACTH. Testoster-
one replacement tended to counteract the decrease in cellular sen-
sitivity caused by orchiectomy, but this effect was modest and
attained statistical significance only for P4 production (Table 2).
cells isolated from Sceloporus lizards [pg/(103cells h)]

B ALDO

Basal Maximal Basal Maximal

292.4 ± 33.5a 744.0 ± 53.8a 38.2 ± 8.1a 111.0 ± 23.8a

241.6 ± 12.7b 752.8 ± 61.1a 56.1 ± 2.5b 191.7 ± 13.3b

171.3 ± 39.8c 383.6 ± 36.7b 6.1 ± 2.2c 25.3 ± 3.3c

212.5 ± 1.8a 1607.1 ± 245.7a 7.9 ± 1.5a 33.1 ± 5.1a

255.2 ± 36.8b 1435.7 ± 206.8a 8.2 ± 1.6a 51.8 ± 10.4b

252.9 ± 24.5b 1737.0 ± 298.8a 9.0 ± 1.9a 45.4 ± 9.6a,b

90.7 ± 3.3a 770.2 ± 21.4a 8.1 ± 0.4a 47.9 ± 1.4a

95.1 ± 4.0a 758.4 ± 29.3a 8.5 ± 0.3a 46.7 ± 1.6a

70.8 ± 9.1b 628.7 ± 26.6b 6.9 ± 0.1b 24.3 ± 0.7b

LLFIT computer program that only analyzes data based on a single response phase.

cies for a particular steroid production rate at p < 0.05.
ebo implant; ORCHX = surgically orchiectomized male with placebo implant;
ale; MALE = intact male.



Table 2
Half-maximal stimulatory concentration (EC50; M) of ACTH for progesterone, corticosterone and aldosterone production rates of dispersed adrenocortical cells derived from
Sceloporus lizards

Species Treatment EC50 for P4 EC50 for B EC50 for ALDO

Sceloporus undulatus CON NA (7.48 ± 0.82) � 10-13a (4.40 ± 0.87) � 10-13a

ORCHX NA (6.01 ± 0.51) � 10-13a (3.92 ± 0.31) � 10-13a

ORCHX + T NA (5.43 ± 0.38) � 10-12b (1.42 ± 0.24) � 10-11b

Sceloporus jarrovii CON (4.06 ± 0.63) � 10-11a (5.62 ± 0.93) � 10-11a (4.65 ± 0.86) � 10-11a

ORCHX (5.18 ± 1.14) � 10-10b (4.27 ± 0.61) � 10-10b (5.43 ± 1.09) � 10-10b

ORCHX + T (3.24 ± 0.48) � 10-10c (2.98 ± 0.51) � 10-10* (4.49 ± 0.95) � 10-10b

Sceloporus virgatus FEM (1.47 ± 0.39) � 10-10a (7.18 ± 2.15) � 10-12a (5.93 ± 0.83) � 10-11a

OVX (6.51 ± 1.63) � 10-10b (5.19 ± 1.61) � 10-11b (2.02 ± 0.42) � 10-10b

MALE (1.13 ± 0.36) � 10-10a (2.93 ± 1.26) � 10-11b (1.07 ± 0.14) � 10-10c

Note. Each value represents the mean ± SE determined by the ALLFIT program (see Section 2) using data plotted in Figs. 1–3.
Superscripts denote statistically significant differences between treatments within species for a particular steroid EC50 at p < 0.05.
*Different from ORCHX at p = 0.62.
Abbreviations are as in Table 1.
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3.3. Laboratory experiment with S. virgatus females

Unlike the previous studies with orchiectomized lizards, the
ovariectomy study with S. virgatus did not include groups with
sex steroid replacement. As in the other species, adrenocortical
cells derived from S. virgatus responded to ACTH in a dose-depen-
dent manner (Fig. 3). Basal and ACTH-induced maximal rates of
steroid production were 15–50% greater in female cells (FEM) com-
pared to male cells (MALE) (Table 1). Ovariectomy had little effect
on rates of steroid production, affecting only P4 production. Com-
pared to FEM cells, basal and maximal ACTH-induced P4 produc-
tion of OVX cells were decreased 44% and 15%, respectively.

In general, female cells were 2–4 times more sensitive to ACTH
than male cells, as indicated by the lower ACTH EC50 values for B
and ALDO production (Table 2), but the ACTH EC50 values for cellu-
lar P4 production were not different between the sexes. Cellular
sensitivity to ACTH was consistently decreased by ovariectomy.
Overall, ACTH EC50 values of OVX cells for steroid production rates
were about five times those of FEM cells (Table 2), indicating that
the sensitivity of FEM cells to ACTH was about five times that of
OVX cells.

3.4. Evidence for consensus ACTH-responsive phases in Sceloporus
lizard adrenocortical cells

Many of the steroid production curves for cells from Sceloporus
lizards appeared biphasic or polyphasic, where inflections in the
dose–response curves appeared to demarcate changes in rates of
steroid production extending over more than a log order of ACTH
concentrations to achieve a maximal rate of steroid production.
Accordingly, the data comprising the response curves were pooled
for each species and analyzed using the iterative curve-fitting pro-
cedure cited in the Section 2. Fit analysis was performed to deter-
mine the best fit to the statistically significant, maximal number of
ACTH-response phases contributing to the maximal steroid pro-
duction rate. The significantly best fit was attained with four com-
posite or consensus phases (p < 0.05) (Table 3). None of the
experimental groups expressed all phases. An interesting finding
was that the number of phases differed among steroids, even with-
in a single treatment for a single species. For example, for OVX fe-
males of S. virgatus, P4 and B each exhibit two phases while ALDO
exhibits three. Gonadectomy (orchiectomy in males; ovariectomy
in females) caused a decrease in cellular sensitivity to ACTH appar-
ently by inducing the expression of a phase with a relatively high
ACTH EC50 value and having a proportionately large contribution
to the maximal steroid production rate.

Polynomial fit analysis was also applied to the steroid produc-
tion rates of field-active S. undulatus. However, the best fit in all
treatment groups was to one ACTH-responsive phase. The results
of the fit analysis yielded ACTH EC50 values (data not shown) that
were very similar to those obtained by ALLFIT (listed in Table 2).

4. Discussion

The present study unequivocally demonstrates functional labil-
ity of adrenocortical cells in response to surgical gonadectomy
with and without exogenous testosterone and reports for the first
time in vitro cellular effects of the gonads on lizard adrenocortical
function. Implantation of testosterone-loaded Silastic tubules led
to physiologically realistic levels of plasma T in orchiectomized
males of S. jarrovii and S. undulatus, as determined by comparisons
to plasma T in unmanipulated males (Cox et al., 2005, 2006; Cox
and John-Alder, 2005; John-Alder et al., unpublished data), and
experimental manipulations in S. undulatus produced effects rem-
iniscent of differences in adrenocortical cell function between in-
tact females and males of the closely related S. virgatus. These
observations support the physiological relevance of experimental
responses reported here.

4.1. Rates of steroid production

Basal and maximal rates of steroid production in isolated, dis-
persed adrenocortical cells differed between females and males
in S. virgatus and were highly labile in response to gonadectomy
with or without T replacement in the other two species (Table 4).
Basal and maximal rates of steroidogenesis in S. virgatus were con-
sistently lower in males than in females, consistent with sex differ-
ences in various aspects of HPA (and HPI in fishes) function in
diverse species (Handa et al., 1994; Pottinger et al., 1995; Canny
et al., 1999; Stalvey, 2002; Viau, 2002). These sex differences have
been attributed to effects of 11-ketotestosterone in rainbow trout
(Oncorhynchus mykiss, Young et al., 1996) and testosterone in
mammalian species (Stalvey, 2002; Viau, 2002). Furthermore,
estradiol-17b elevated baseline and stress-induced ACTH and cor-
tisol in rainbow trout (Pottinger et al., 1996), and a reduction in
baseline cortisol in socially subordinate female marmoset monkeys
has been attributed to suppression of ovarian reproductive hor-
mones (Saltzman et al., 2000). Thus, available evidence supports
the broad generalization that the HPG axis is somewhat hypofunc-
tional in males relative to females (McQuillan et al., 2003). In the
present study, the ineffectiveness of ovariectomy on B and ALDO
production in female S. virgatus may reflect a decrease in ovarian
steroidogenic activity induced by captivity, consistent with the ab-
sence of ovarian development evident upon necropsy.

Experimental effects on adrenocortical steroidogenesis in S.
undulatus are generally consistent with differences between intact



Fig. 2. Adrenocorticotropin (ACTH)-induced progesterone (P4), corticosterone (B),
and aldosterone (ALDO) production rates by adrenocortical cells prepared from
laboratory-housed S. jarrovii males. Cells (5.0 � 103–1.0 � 104 cells/ml) derived
from the adrenal glands of two lizards in each experiment were incubated with the
indicated concentration of ACTH for 3 h at 34.5 �C. Each symbol represents the
mean ± SE of values from six cell incubations (duplicate incubations of cells derived
from each of three pairs of lizards). Treatment groups as in Fig. 1.

Table 3
Contribution (%) of a composite ACTH-response phase to the net maximal steroid
production rate of dispersed adrenocortical cells from laboratory-housed lizards

Composite
ACTH-response phase

Sceloporus virgatus Sceloporus jarrovii

EC50 (M) FEM OVX MALE CON ORCHX ORCHX + T

Progesterone
1.45 � 10�13 — — — — — —
1.53 � 10�12 18.4 17.8 19.1 — — —
7.57 � 10�11 43.9 — 32.1 100.0 41.3 41.6
1.19 � 10�9 37.7 82.2 48.8 — 58.7 58.4

Corticosterone
1.45 � 10�13 17.6 — 46.4 — — —
1.53 � 10�12 42.2 47.1 — — — —
7.57 � 10�11 40.2 — 53.6 100.0 32.1 42.4
1.19 � 10�9 — 52.9 — — 67.9 57.6

Aldosterone
1.45 � 10�13 — — — — — —
1.53 � 10�12 16.5 16.7 — — — —
7.57 � 10�11 83.5 37.6 100.0 100.0 35.2 35.6
1.19 � 10�9 — 45.7 — — 64.8 64.4

Note. The data of steroid production rates depicted in the figures were pooled and
analyzed using the polynomial equation cited in the Section 2.
Fit analysis was performed to determine the best fit to the statistically significant,
maximal number of ACTH-response phases contributing to the net maximal steroid
production rates.
Values are derived from the best fit which indicated four potential ACTH-response
phases (p < 0.05).
—, indicates that the corresponding composite ACTH-response phase did not sig-
nificantly contribute to the net maximal steroid production rate.
Abbreviations as in Table 1.
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females and males of S. virgatus (Table 4). Three of four rates of ste-
roidogenesis were either slightly or significantly higher in ORCHX
than in CON, as predicted by the sex difference in S. virgatus, and
all four reported rates of steroidogenesis were dramatically de-
creased by testosterone replacement. Assuming that the sexual dif-
ferences in adrenal steroidogenesis that we documented in S.
virgatus are also representative of S. undulatus, these results sug-
gest that adrenocortical cells were ‘‘feminized” by orchiectomy
and ‘‘masculinized” by testosterone replacement in S. undulatus.

By contrast, treatment effects were less prevalent in S. jarrovii
than in S. undulatus and often opposite in direction to that pre-
dicted by the sex differences in S. virgatus. In S. jarrovii, for exam-
ple, T replacement led to slight or significant increases in all rates
of steroidogenesis with one exception (Table 4), opposite the pre-
dicted decreases in response to T. These discrepancies may be due
to differences between experimental conditions, but they may also
(or alternatively) arise from differences between species in the go-
nadal regulation in HPA function. Within the genus of Sceloporus
lizards, S. jarrovii is phylogenetically distant from S. undulatus
and S. virgatus, which are very closely related (Wiens and Reeder,
1997). In addition, reproductive biology differs strikingly between
S. jarrovii (fall breeder, live bearer) and both S. undulatus and S.
virgatus (spring breeders, egg layers), and it is known, for example,
that testosterone inhibits organismal growth in the latter two spe-
cies while stimulating growth in S. jarrovii (Cox et al., 2005; Cox
and John-Alder, 2005). Obviously, resolution of species discrepan-
cies in adrenocortical cellular responses will require further com-
parative studies in which environmental and experimental
conditions are controlled.

If testosterone were the primary regulator of adrenocortical ste-
roidogenic capacities, we would predict from our present in vitro
results that rates of B and ALDO production would vary inversely
with circulating levels of testosterone. Available evidence does
not support this prediction. In S. undulatus, basal and maximal
rates of B production are higher at times of year marked by rela-
tively high plasma T than at times when plasma T is very low (Car-
sia and John-Alder, 2003). In other words, cellular capacities for B
production vary roughly in parallel with plasma B (John-Alder
et al., 2002) and are greatest when plasma T is high (John-Alder
et al., 1997; John-Alder et al., unpublished), consistent with the
general pattern of free-living vertebrates (Romero, 2002). From
the lack of correspondence between experimental in vitro results
and previously described in vivo patterns, it is obviously problem-
atic to extrapolate from in vitro cellular functions to in vivo condi-
tions in the wild. However, it is equally clear that knowledge of
lability in adrenocortical cellular functions must be taken into ac-
count to explain natural variation in glucocorticoid output of the
vertebrate HPA.

Effects of ACTH on P4 and B production are the same for each
steroid in S. virgatus. Proportionately high rates of P4 production
relative to B in response to ACTH are also seen with adrenocortical



Fig. 3. Adrenocorticotropin (ACTH)-induced progesterone (P4), corticosterone (B),
and aldosterone (ALDO) production rates by adrenocortical cells prepared from
laboratory-housed S. virgatus females and males. Cells (3.3 � 103–5.0 � 103 cells/
ml) derived from the adrenal glands of two lizards in each experiment were
incubated with the indicated concentration of ACTH for 3 h at 34.5 �C. Each symbol
represents the mean ± SE of values from six cell incubations (duplicate incubations
of cells derived from each of three pairs of lizards) from intact females (FEM),
ovariectomized females (OVX) and intact males (MALE).

Table 4
Summary of basal and maximal rates of adrenocortical steroidogenesis in S. virgatus,
S. undulatus, and S. jarrovii in response to surgical ovariectomy or orchiectomy and
testosterone replacement

P4 B ALDO

Basal Max Basal Max Basal Max

S. virgatus
Male ; ;; ; ; ; ;
OVX ; ; — — — —

S. undulatus
ORCHX NA NA ; — " "
ORCHX + T NA NA ;; ;; ;; ;;

S. jarrovii
ORCHX — ; " — — "
ORCHX + T " — " — — "

Note. Significant differences with respect to intact females of S. virgatus or control
males of S. undulatus and S. jarrovii are indicated by arrows.
The relative magnitude of differences is indicated by the number of arrows.
‘‘—” indicates no significant change.
NA = not available.
See Tables 1 and 2 for the quantitative basis of this summary table.
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cells derived from S. undulatus (Carsia and John-Alder, 2003). How-
ever, this is not the case with cells from male S. jarrovii, in which P4

production is no more than 10% that of B. These findings with adre-
nocortical cells derived from Sceloporus lizards support the notion
that the adrenal gland in some lizard species may serve as an
accessory source of progesterone (see Dauphin-Villemant and Xa-
vier, 1985).

Few previous investigators have analyzed dispersed adrenocor-
tical cells in primary culture using techniques comparable to those
used in the present report, so direct comparisons with other stud-
ies are problematic. The absence of effects of orchiectomy on max-
imal rates of B production by cells from S. jarrovii and S. undulatus
and the suppressive effect of T replacement on rates of B produc-
tion by cells derived from S. undulatus are somewhat similar to
what was seen in a comparable study with immature domestic
fowl (Gallus gallus domesticus) (Carsia et al., 1987a,b).

4.2. Sensitivity of lizard adrenocortical cells to ACTH

Adrenocortical cellular sensitivity to stimulation by ACTH was
highly responsive to gonadectomy with or without T replacement,
showing significant treatment responses in 13 of 16 measured
cases (Table 2). Nevertheless, effects of experimental treatments
on cellular sensitivity to ACTH varied with species, sex and envi-
ronmental conditions. In field-active S. undulatus, orchiectomy
alone was without effect, but T replacement in orchiectomized
males drastically reduced cellular sensitivity. In some ways, these
finding with field-active S. undulatus are similar to those with
domestic fowl (Gallus gallus domesticus), in which orchiectomy
was without effect but androgen replacement caused a dose-
dependent reduction in corticosterone production (but not cellular
sensitivity to ACTH) (Carsia et al., 1987a,b).

Effects of gonadectomy on cellular sensitivity to ACTH were
more consistent between laboratory-housed males of S. jarrovii
and females of S. virgatus. In both cases, gonadectomy decreased
overall cellular sensitivity to ACTH. These findings are consistent
with the decrease in cellular sensitivity to ACTH accompanying
post-breeding gonadal regression in S. undulatus (Carsia and
John-Alder, 2003). It is interesting to note that, during the breeding
period of S. undulatus, when gonadal steroid activity is greatest,
adrenocortical cell sensitivity to ACTH is greatest (Carsia and
John-Alder, 2003). However, in the present study with cells derived
from orchiectomized S. undulatus and S. jarrovii, testosterone
replacement either drastically reduced or had little effect on cellu-
lar sensitivity to ACTH. The present study provides additional cir-
cumstantial evidence that the gonads have a non-steroidal
modulating effect on adrenocortical cell function, a postulate
raised in previous studies with mammalian (Kitay et al., 1966)
and avian (Nagra et al., 1965; Carsia et al., 1987a,b) adrenal
preparations.

4.3. Polyphasic response curves

Adrenocortical cellular responses to ACTH appear to be poly-
phasic, in which the different phases of steroidogenic response
operate within different ranges of ACTH concentration (see Table
3). To our knowledge, polyphasic response curves have never been
reported in studies with adrenocortical cells derived from any
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other vertebrate species. Polynomial analysis of the pooled cellular
steroidogenic responses to ACTH suggests that there are four re-
sponse phases to ACTH. This suggests that the adrenal steroido-
genic pathway in lizards is finely modulated, allowing the output
of different ratios of steroid (B, ALDO and P4) secretion. This mod-
ulation may occur in at least two ways. First, since the lizard adre-
nal gland is likely composed of functionally distinct
subpopulations of cells, the reported observations may be due to
a shift in the proportion of the subpopulations having different pat-
terns of response to ACTH and different ratios of steroid species
secretion. This postulate has strong support from recent work with
subpopulations of adrenocortical cells prepared from the chicken
(Gallus gallus domesticus) after dietary protein restriction (Carsia
and Weber, 2000a) and the turkey (Meleagris gallopavo) after die-
tary protein restriction (Carsia and McIlroy, 1998; Carsia and We-
ber, 2000b) and sodium restriction (Kocsis et al., 1995). Second, if
subpopulations of cells do exist in the lizard adrenal gland, the
influence of gonadectomy is distributed among all subpopulations.
These postulates are currently under investigation.

The physiological significance of response phases operating at
very high concentrations of ACTH (the last two represent concen-
trations of ACTH approaching 350 and 5500 pg/ml) is unclear.
Firstly, it must be remembered that these are isolated cells and a
direct extrapolation to cellular responses in vivo cannot be made.
Secondly, these seemingly non-physiological response phases
may represent temporal summation of responses operating at
physiological high circulating concentrations of ACTH.

4.4. Summary

The present study demonstrates functional differences between
males and females and indicates that the complex role of the gonad
in the regulation of adrenal steroidogenic responses at the cellular
level can vary with species, sex, environment, and experimental
conditions. Our opportunistic approach in the present report pre-
cludes unambiguous identification of causes of variation among
species and experiments, and further experimental studies will
be required to resolve present discrepancies. However, without
the complexity of variables in the present studies, we would not
have discovered the full scope of complexity of natural variation
and experimental lability in adrenocortical cellular functional
properties. Our opportunistic approach was unable to resolve the
independent roles of these variables, but instead identifies them
as subjects in need of further investigation. Clearly, controlled
studies are needed to determine the importance of each of these
variables and to establish the physiological significance of func-
tional variation at the cellular level. Furthermore, lizards are well
suited for studies of the fundamental regulation of steroidogenic
pathways in adrenocortical cells isolated under different physio-
logical conditions.
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