
ARTICLE

Regulation of risky decision making by gonadal hormones in
males and females
Caitlin A. Orsini1,2,3, Shelby L. Blaes3, Caesar M. Hernandez 4,7, Sara M. Betzhold3, Hassan Perera4, Alexa-Rae Wheeler4,
Tyler W. Ten Eyck4, Tyler S. Garman3, Jennifer L. Bizon3,4,5 and Barry Setlow 3,4,5,6

Psychiatric diseases characterized by dysregulated risky decision making are differentially represented in males and females. The
factors that govern such sex differences, however, remain poorly understood. Using a task in which rats make discrete trial choices
between a small, “safe” food reward and a large food reward accompanied by varying probabilities of footshock punishment, we
recently showed that females are more risk averse than males. The objective of the current experiments was to test the extent to
which these sex differences in risky decision making are mediated by gonadal hormones. Male and female rats were trained in the
risky decision-making task, followed by ovariectomy (OVX), orchiectomy (ORX), or sham surgery. Rats were then retested in the task,
under both baseline conditions and following administration of estradiol and/or testosterone. OVX increased choice of the large,
risky reward (increased risky choice), an effect that was attenuated by estradiol administration. In contrast, ORX decreased risky
choice, but testosterone administration was without effect in either ORX or sham males. Estradiol, however, decreased risky choice
in both groups of males. Importantly, none of the effects of hormonal manipulation on risky choice were due to altered shock
sensitivity or food motivation. These data show that gonadal hormones are required for maintaining sex-typical profiles of risk-
taking behavior in both males and females, and that estradiol is sufficient to promote risk aversion in both sexes. The findings
provide novel information about the mechanisms supporting sex differences in risk taking and may prove useful in understanding
sex differences in the prevalence of psychiatric diseases associated with altered risk taking.
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INTRODUCTION
Cognitive deficits, including impaired decision making, are
associated with several psychiatric diseases such as substance
use disorders (SUDs) and attention deficit hyperactivity disorder
[1–3]. Consequently, research has focused on understanding how
such impairments arise in pathological conditions. While great
strides have been made through the use of animal models to
understand decision making and its neural substrates, the majority
of this research has been conducted exclusively in male subjects.
Consideration of both sexes in these research questions is critical,
as many of the diseases characterized by impaired decision
making are disproportionately represented in males and females
[4]. For example, in SUDs, males have overall higher rates of
substance use, but females develop dependence more rapidly and
are at greater risk for relapse [5, 6]. Thus, although previous animal
studies have been invaluable in laying the foundation for
understanding how decision making becomes compromised in
psychiatric diseases, they are not representative of the entire
population affected by these diseases. In addition, it is conceivable
that potential sex differences in decision making and the
mechanisms therein could account at least in part for sex
differences in manifestation of psychiatric diseases such as SUDs.
Thus, better understanding of sex differences in decision making

linked to psychiatric disorders could enable development of
tailored treatments for males and females.
To begin to address this gap in knowledge, considerable effort

has been recently directed toward understanding how males and
females differ in decision making using preclinical models [7]. For
example, in a rodent task modeled after the Iowa Gambling Task,
female rats make more disadvantageous choices and take longer
to learn the optimal decision-making strategy compared to male
rats [8, 9]. Using a “Risky Decision-making Task” (RDT), in which
rats choose between a small, “safe” food reward and a large,
“risky” food reward associated with variable probabilities of
footshock punishment, our laboratory reported that females
choose the large, risky option less than males, exhibiting a risk-
averse phenotype [10]. This is consistent with recent work
showing that males and females utilize distinct decision-making
strategies when faced with the possibility of punishment in other
settings [11, 12], such as foraging for food [13]. Collectively, these
data suggest that relative to males, females are more risk averse in
their choice behavior. The mechanisms underlying this pheno-
type, however, are unknown.
One possible explanation for sex differences in decision making

is the different predominant gonadal hormones regulating
behavior. Indeed, there is precedence for gonadal hormones
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modulating decision making in both sexes. For instance, prior
work reported that administration of supraphysiological doses of
testosterone to gonadally intact males modulated decision
making differently depending on the cost associated with the
decision: testosterone increased choice of larger rewards asso-
ciated with greater risk of punishment or that require greater
physical effort, but decreased choice of larger rewards associated
with uncertainty of reward delivery [14–16]. Another study
showed that in females, removal of ovarian hormones increased
choice of large, high-effort options, and acute administration of
estradiol reversed this effect [17], suggesting that estradiol is
responsible for female phenotypic choice behavior. As additional
support for this hypothesis, others have shown that greater
preference for cocaine over a concurrent food option in females
(compared to males) was abolished by ovariectomies, but could
be restored to levels similar to that of intact females after estradiol
benzoate administration [18]. Furthermore, orchiectomized males
treated with estradiol benzoate exhibited this phenotypic female
preference for cocaine over food [19]. Considered together, both
testicular and ovarian hormones may contribute to decision-
making behavior in males and females, respectively, and therefore
could promote distinct sex-typical decision-making phenotypes
(i.e., risk aversion in females and risk-seeking in males). To directly
test this hypothesis, we examined the effects of testosterone and
estradiol administration in gonadectomized (GDX) male and
female rats on decision making involving risk of explicit punish-
ment, with the prediction that removal of gonadal hormones
would disrupt choice behavior and hormone administration would
restore it.

MATERIALS AND METHODS
Subjects
Male (n= 27) and female (n= 31) Long-Evans rats were individu-
ally housed and maintained on a 12-h light/dark cycle. Rats were
given ad libitum access to water, but were food restricted to 85%
of their free feeding weight during testing. All procedures were
conducted in accordance with the University of Florida Institu-
tional Animal Care and Use Committee and adhered to NIH
guidelines.

Overview of experimental design
In all experiments, rats underwent surgery (GDX or sham) after
reaching stable baseline performance in the RDT.
Experiment 1 determined how gonadal hormones modulate

risky decision making in female rats. Females were trained in the
RDT and the effects of ovariectomy (OVX) on choice behavior were
evaluated. After 3 weeks, they received 7 days of estradiol
benzoate (EB) treatment to assess the impact of this gonadal
hormone on choice behavior. Upon conclusion of RDT testing, rats
were tested on a progressive ratio (PR) schedule of reinforcement
for 6 days, after which 7 days of EB treatment began again while
PR testing continued. On the final day of the EB dose regimen
during PR testing, they were tested for shock reactivity.
Experiment 2 determined how gonadal hormones modulate

risky decision making in male rats. In the first cohort, males (sham,
n= 7; ORX, n= 6) were trained in the RDT and the effects of
orchiectomy (ORX) on choice behavior were evaluated. They
subsequently received 7 days of testosterone (T) treatment
beginning 2.5 weeks after surgery to assess the impact of this
gonadal hormone on choice behavior. A second cohort of males
(sham, n= 7; ORX, n= 7) underwent the same procedures as the
first cohort, but after T administration, they were treated with EB
(for the same duration as that used for other hormone
manipulations) to assess its impact on risky choice. Subsequently,
males were tested on a PR schedule of reinforcement for 6 days,
after which they were tested for shock reactivity. This was
followed by another 7 days of EB treatment during PR testing.

Surgery
Detailed descriptions of surgical procedures are found in
Supplementary information. Briefly, rats were anesthetized with
isoflurane and underwent either OVX, ORX, or sham surgeries. Rats
recovered for one week before food restriction in preparation for
behavioral testing. Because ORX and OVX can affect food intake
and body weight, weights were recorded throughout the duration
of the experiments.

Risky decision-making task (RDT)
Testing was conducted in operant chambers equipped with two
retractable levers flanking a centrally located food trough. Rats
were initially shaped to perform the basic task components as
described previously [10, 20, 21], followed by training in the RDT.
In this task, rats were presented with either one lever (forced
choice trials) or two levers (free choice trials). A press on one of the
levers yielded a small, safe food reward (one pellet) whereas a
press on the other yielded a large food reward (two pellets)
accompanied by a possible 1 s footshock. The probability of
footshock delivery (0, 25, 50, 75, 100%) was specific to each of the
five blocks of trials in each session. Previous work shows that
performance in the RDT recapitulates many aspects of human risk-
taking behavior, such as individual differences in choice pre-
ference [20, 21]. Corroborating findings in human studies [22–24],
there are also robust sex differences in the RDT, with females
exhibiting more risk-averse behavior than males [10]. Importantly,
these sex differences are not due to differences in footshock
perception resulting from different body weights or due to
differences in food motivation levels during decision making.
Hence, the RDT is a well-validated model in which to investigate
how gonadal hormones modulate male and female phenotypic
risk taking.

Progressive ratio (PR) schedule of reinforcement
To assess motivation to work for food, rats were tested on a PR
schedule of reinforcement in which the number of lever presses
required to earn a food pellet increased across a test session. The
number of lever presses at which rats ceased lever pressing (i.e.,
their breakpoint) was the primary outcome measure, serving as a
measure of motivation to work for food.

Determination of shock reactivity thresholds
Shock sensitivity in females and males was assessed using an “up-
and-down method” wherein shocks were systematically increased
and decreased to identify the threshold at which a flinch was
elicited [25, 26].

Hormone administration
Estradiol benzoate [β-estradiol 3-benzoate; Sigma-Aldrich; 20 µg)
and testosterone propionate (Sigma Aldrich; 125 µg, 500 µg) were
dissolved in sesame oil and administered subcutaneously (0.1 mL)
~30min following behavioral testing every day for 7 days. The
dose of EB was chosen because it is within the range of doses that
produce levels of estradiol equal to those observed in the late
stage of proestrus in females [27, 28]. Further, a similar dose of EB
is effective in decreasing cocaine-seeking behavior in OVX females
(compared to OVX females without EB) [29]. Note that only one
dose was used for EB to ensure that hormone treatment did not
extend far beyond the period in which OVX rats are sensitive to EB
administration [30]. Because prior studies show that the same
dose of EB can result in equivalent effects on behavior in females
and males [19, 31, 32], the same dose of EB used for females was
used for males. The doses of T were chosen based on previous
studies showing that T administration at these doses results in
circulating T levels within the physiological range [33–35] and is
effective in improving working memory in ORX males [33, 34].
Hormones were administered in a randomized, counterbalanced
order such that each rat underwent a 7-day regimen of vehicle
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and the hormone doses, with 7 days between successive injection
regimens.
In females, vaginal lavages were conducted daily throughout

each hormone injection regimen as well as during each
intervening washout session to confirm that their hormonal status
matched their hormone treatment condition [29, 36]. In males, the
presence (or absence during washout sessions) of circulating
estradiol was verified by collecting venous tail blood on the third
day of each hormone injection regimen and on the fourth day of
each washout session. Venous tail blood was also sampled during
each regimen of T injections and during intervening washout
sessions. See Supplementary information for additional details and
results of hormone assays.

Data analyses
Detailed descriptions of analyses for each experiment are in
Supplementary information. In all experiments involving the RDT,
the primary variable of interest was choice of the large, risky
reward (risk taking or risky choice). A p value ≤ 0.05 was
considered statistically significant. Repeated-measures analyses
of variance (ANOVA) were used to determine the impact of GDX
on risky choice. In the case of significant changes in risky choice,
additional trial-by-trial analyses were conducted to assess whether
such changes were due to alterations in the degree to which
feedback from prior trials affected future choices (win-stay or lose-
shift behavior). If parent ANOVAs revealed significant main effects
or interactions, additional repeated-measures ANOVAs were
conducted to identify the sources of significance. Independent
samples t-tests were used to analyze group differences in win-stay
or lose-shift behavior. Similar analyses were used to detect
baseline group differences in lever pressing on the PR and shock
reactivity thresholds.
To analyze the effects of hormone administration, choice

performance was averaged across 6 days, starting with the first
day on which physiological measures of exogenous hormones
were detected (day 3; via vaginal lavages in females and ELISA
assays in males) and ending with the day following the last
hormone injection. This ensured that the analysis was restricted to
the test days on which hormone status was congruent with
treatment group. The effects of hormone administration were
analyzed with a three-factor repeated-measures ANOVA, with
dose and block as the within-subjects factors and group as the
between-subjects factor. If this parent ANOVA revealed a
significant effect of dose or any significant interactions, separate,
independent repeated-measures ANOVAs were conducted to
identify which hormone dose differed from vehicle and whether
these effects differed between groups. Another three-factor
repeated-measures ANOVA was used to analyze the effects of
hormone administration on win-stay or lose-shift behavior, with
dose and trial type (e.g., win-stay, lose-shift) as within-subjects
factors and group as the between-subjects factor. Paired samples
t-tests were used to analyze the effects of EB on PR responding
and shock reactivity thresholds within each group (i.e., Sham,
ORX, OVX).

RESULTS
As expected based on previous work [10], comparison of male and
female rats’ performance prior to surgery revealed greater risky
choice in males than females [main effect of sex, F(1,57)= 9.0, p <
0.01, ηp

2= 0.14; sex X block interaction, F(1,57)= 5.20. p= 0.03,
ηp

2= 0.08; Fig. 1].

Effects of gonadectomies in males and females on risky choice
OVX (n= 16), but not sham females (n= 15), displayed a
significant increase in risky choice compared to their pre-surgery
performance [Fig. 2a, b; time X group, F(1,29)= 5.62, p= 0.03, ηp

2

= 0.16; time, F(1,29)= 0.48, p= 0.50, ηp
2= 0.02; group, F(1,29)=

1.66, p= 0.21, ηp
2= 0.05; time × group X block, F(4,116)=1.54, p=

0.20, ηp
2= 0.05]. Follow-up analyses revealed that after surgery,

OVX females chose the large, risky reward significantly more than
sham females [group, F(1,29)= 5.13, p= 0.03, ηp

2= 0.15; group X
block, F(4,116)= 2.76, p= 0.03, ηp

2= 0.09].
In males, relative to pre-surgery baseline, there was a significant

decrease in risky choice in both ORX (n= 14) and sham [n= 13;
Fig. 3a, b; time, F(1,25)= 4.53, p= 0.05, ηp

2= 0.15; group, F(1,25)
= 2.25, p= 0.15, ηp

2= 0.08; time X group, F(1, 25)= 1.21, p= 0.28,
ηp

2= 0.05; time X group X block, F(4,100)= 1.62, p= 0.18, ηp
2=

0.06] groups. Despite the overall change in baseline risky choice in
both groups, ORX males chose the large, risky reward significantly
less than sham males during post-surgery performance [group, F
(1,25)= 2.88, p= 0.10, ηp

2= 0.10; group X block, F(4,100)= 3.74, p
< 0.01 ηp

2= 0.13]. Consistent with this, ORX males were less likely
than sham males to continue to choose the large, risky reward
after receiving a large, unpunished reward in the previous trial [i.e.,
less win-stay behavior; t(22)=−2.91, p < 0.01; Fig. 3d].
To address the possibility that GDX-induced changes in risky

choice were due to alterations in shock reactivity or food
motivation, shock reactivity thresholds and performance on a PR
schedule of reinforcement were tested in subsets of rats. There
were no effects of GDX on PR in female [t(21)=−0.55, p= 0.58;
Fig. 2e] or male [t(12)= 0.59, p= 0.57] rats (Fig. 3e). Similarly. GDX
had no effect on the shock intensity at which a flinch response
was elicited in either female [t(29)=−0.12, p= 0.91; Fig. 2f] or
male [t(12)= 1.54, p= 0.15; Fig. 3f] rats.

Effects of estradiol administration on risk taking in females
Previous work showed that OVX-induced changes in effort-based
decision making are attenuated by EB [17], suggesting that EB
might also mitigate the effects of OVX on risky choice. Females
were given both EB and vehicle for 7 consecutive days, using a
within-subjects design. While there was neither a main effect of
dose [F(1,29)= 0.52, p= 0.18, ηp

2= 0.02] nor a dose X group X
block interaction [F(4,116)= 1.03, p= 0.39, ηp

2= 0.03], there was a
significant dose X group interaction [F(1,29)= 5.24, p= 0.03, ηp

2

= 0.15; Fig. 4]. Additional analyses revealed that EB decreased
risky choice in OVX [F(1,15)= 5.81, p= 0.03, ηp

2= 0.28; Fig. 4b],
but not sham [F(1,14)= 0.98, p= 0.34, ηp

2= 0.07; Fig. 4a], females.
Analyses of win-stay behavior revealed a significant interaction
between dose and group [F (1, 26)= 4.17, p= 0.05, ηp

2= 0.14],
which was driven by an EB-induced decrease in win-stay behavior
in OVX [t(14)= 2.36, p= 0.03; Fig. 4d], but not sham [t(12)=
−0.35, p= 0.74; Fig. 4c], females.

Fig. 1 Sex differences in risky decision making. When pre-surgery
stable behavior was compared between males (n= 27) and females
(n= 31), significant sex differences emerged whereby males chose
the large, risky reward significantly more than females. Data are
represented as the mean ± SEM percent choice of the large, risky
reward. An asterisk indicates statistical significance.
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Effects of testosterone administration on risk taking in males
Previous work showed that chronic administration of a high dose
of T to intact males increases risk taking in the RDT [14]. Although
the dose used in this previous study resulted in supraphysiological
levels of T, it does suggest that, in combination with the fact that
removal of endogenous T affected RDT performance, exogenous T
administration could attenuate ORX-induced decreases in risky
choice and potentially further increase risky choice in sham males.
Consequently, males were treated with T or vehicle for 7
consecutive days. Surprisingly, there was no effect of T in either
the ORX or sham males [dose, F(2,50)= 0.42, p= 0.66, ηp

2= 0.02;
dose X group, F(2,50)= 0.51, p= 0.66, ηp

2= 0.02; dose X group X
block, F(8,200)= 0.66, p= 0.72, ηp

2= 0.03; Fig. 5a, b].

Effects of estradiol administration on risk taking in males
Although risky choice in male rats was not responsive to
exogenous T, it is possible that it could be responsive to EB. Males
are sensitive to estradiol’s effects on memory independent of
gonadal status [37–40], and EB administration to ORX males alters

cocaine-seeking behavior [19]. Consequently, a subset of males
(ORX, n= 7; sham, n= 7) was given EB or vehicle for 7 consecutive
days. Initial analyses did not reveal a main effect of EB [F(1,12)=
2.55, p= 0.14, ηp

2= 0.18] nor interactions between EB and group
[F(1,12)= 0.09, p= 0.77, ηp

2 < 0.01] or between EB, group and
block [F(4,48)= 0.12, p= 0.98, ηp

2= 0.01]. Administration of EB did,
however, cause a significant increase in omissions during free
choice trials [F(1,12)= 4.93, p= 0.05, ηp

2= 0.29], suggesting that
the percent choice of large, risky rewards may not be the optimal
measure to assess effects of EB on choice performance. When the
number of lever presses for the large, risky reward was used in the
analysis, a trend toward a main effect of EB [F(1,12)= 3.29, p=
0.09, ηp

2= 0.22] and a significant EB X block interaction [F(4,48)=
2.80, p= 0.03, ηp

2= 0.19] emerged, which behaviorally manifested
as a significant decrease in large, risky lever presses in both ORX
and sham males [i.e., no main effect of group, F(1,12) < 0.01, p=
0.97, ηp

2 < 0.01; Fig. 5c, d]. Similar to the effects of EB in OVX
females, there was a significant decrease in win-stay behavior in
both ORX and sham males [dose, F(1,11)= 6.01, p= 0.03, ηp

2= 0.35;

Fig. 2 Effects of ovariectomies on risky decision making in females. a Prior to surgery, there were no differences in choice of the large, risky
reward between female rats that would go on to receive sham (n= 15) or ovariectomy (OVX; n= 16) surgeries. b After surgery, there was a
significant increase in choice of the large, risky reward in OVX females relative to sham females. c Prior to surgery, there were no differences in
win-stay or lose-shift performance between rats that would go on to receive sham or OVX surgeries. d After surgery, there were no differences
in win-stay or lose-shift performance between sham and OVX females. e There were no differences in the number of lever presses between
OVX and sham females on a progressive ratio (PR) schedule of reinforcement. f There were no differences in shock sensitivity between OVX
and sham females. Data are represented as the mean ± SEM percent choice of the large, risky reward (a, b), proportion of trials (c, d), number
of lever presses (e) or shock sensitivity thresholds (f). An asterisk indicates statistical significance.
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group, F(1,11) < 0.01, p= 0.98, ηp
2 < 0.01; dose X group, F(1,11)=

0.02, p= 0.89, ηp
2 < 0.01; Fig. 5e, f].

Effects of estradiol administration on shock sensitivity and food
motivation
One interpretation of the EB-induced decreases in risky choice is
that EB decreased motivation for the large reward, irrespective of
the associated risk. Alternatively, EB may render rats more
sensitive to footshock, causing them to shift their preference to
the small, safe reward. To address these possibilities, differences in
lever pressing in the PR (GDX and sham male and female rats) and
shock reactivity thresholds (females only) were assessed under EB
conditions. While there was no effect of EB on lever pressing for
food in OVX females [t(10)= 1.14, p= 0.30, ηp

2= 0.22; Fig. 4f], EB
significantly reduced lever pressing for food in sham females [t
(11)= 2.67, p= 0.02; Fig. 4e]. This indicates that, although EB may
reduce motivation to work for food (as evidenced in sham
females), such changes in motivation likely do not explain the EB-
induced decreases in risky choice in OVX females as EB had no
effect on PR responding in this group. There was no effect of EB
on shock reactivity in either OVX [t(15)= 0.17, p= 0.87; Fig. 4g] or

sham females [t(14)=−0.80, p= 0.44]. In males, there was no
effect of EB on lever pressing for food in either sham [t(6)= 0.96,
p= 0.37; Fig. 5g] or ORX [t(6)= 0.78, p= 0.46; Fig. 5h] males.

DISCUSSION
Previous work in both rodents and humans suggests that females
are more risk-averse than males [10, 11, 41, 42]. The results of the
current study show that these sex-typical patterns of risky decision
making are mediated at least in part by gonadal hormones in both
sexes, as OVX increased risk taking in females and ORX decreased
risk taking in males. Critically, neither of these effects were due to
differences in shock reactivity or food motivation. EB attenuated
the effects of OVX on choice behavior in females, further
supporting a role for ovarian hormones in female-typical risk
aversion. In contrast, T at physiological doses did not affect choice
behavior in either ORX or sham males. EB administration did
significantly reduce risky choice in males, however, irrespective of
gonadal status. Collectively, these data establish a causal role for
gonadal hormones in regulating risk taking and, in particular,
highlight estradiol’s ability to promote risk aversion in both sexes.

Fig. 3 Effects of orchiectomies on risky decision making in males. a Prior to surgery, there were no differences in choice of the large, risky
reward between male rats that would go on to receive sham (n= 14) or orchiectomy (ORX; n= 13) surgeries. b After surgery, there was a
significant decrease in choice of the large, risky reward in ORX males relative to sham males. c Prior to surgery, there were no differences in
win-stay or lose-shift performance between rats that would go on to receive sham or ORX surgeries. d After surgery, there was a significant
reduction in win-stay behavior in ORX rats compared to sham rats. e There were no differences in the number of lever presses between ORX
and sham males on a PR schedule of reinforcement. f There were no differences in shock sensitivity between ORX and sham males. Data are
represented as the mean ± SEM percent choice of the large, risky reward (a, b), proportion of trials (c, d), number of lever presses (e), or shock
sensitivity thresholds (f). An asterisk indicates statistical significance.
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Role of ovarian hormones in female-typical risk taking
Consistent with our predictions, OVX significantly increased risky
choice, an effect that was attenuated by EB administration.

Interestingly, the EB-induced decrease in risky choice in OVX
females was accompanied by a decrease in win-stay behavior, a
measure sometimes used as a proxy for reward sensitivity [43]. It is

Fig. 4 Effects of estradiol benzoate administration on risky decision making in sham and ovariectomized females. a There were no effects
of estradiol benzoate (EB) administration on choice of the large, risky reward in sham females (n= 15). b EB administration decreased choice
of the large, risky reward in ovariectomized (OVX) females (n= 16). c There were no effects of EB administration on win-stay or lose-shift
performance in sham females. d EB administration reduced win-stay behavior in OVX females, but had no effect on lose-shift behavior. EB
administration reduced lever pressing for food in sham (e) but not OVX (f) females. g There were no effects of EB in either OVX or sham female
rats. Data are represented as the mean ± SEM percent choice of the large, risky reward (a, b), proportion of trials (c, d), number of lever presses
(e, f), or shock sensitivity thresholds (g). An asterisk indicates statistical significance.
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important to note, however, that this decrease in win-stay behavior
is not equivalent to a decrease in food motivation, as EB did not
impact PR performance in OVX females. The finding that ovarian
hormones modulate choice behavior is consistent with previous

work showing that OVX increases preference for large, high effort,
over small, low effort rewards and that EB attenuates this effect
[17]. In further support of estradiol contributions to female risk
aversion, a neuroimaging study in human subjects demonstrated

Fig. 5 Effects of testosterone and estradiol on risky decision making in sham and orchiectomized males. a There were no effects of
testosterone (T) on choice of the large, risky reward in sham males (n= 14). b There were no effects of T on choice of the large, risky reward in
orchiectomized (ORX) males (n= 13). c Estradiol benzoate (EB) administration caused a significant reduction in lever presses to obtain the
large, risky reward in sham males (n= 7). d EB administration caused a significant decrease in lever presses for the large, risky reward in ORX
males (n= 7). e EB administration reduced win-stay behavior in sham males, but had no effect on lose-shift behavior. f EB administration
reduced win-stay behavior in ORX males, but had no effect on lose-shift behavior. g, h There was no effect of EB administration on lever
pressing in either sham (g; n= 7) or ORX (h; n= 7) males. Data are represented as the mean ± SEM percent choice of the large, risky reward
(a–d), proportion of trials (e, f), or number of lever presses (g, h). An asterisk indicates statistical significance.
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an indirect relationship between estradiol levels and risk taking
insofar as decreased risk taking was associated with reduced
nucleus accumbens activity, but only in females with high levels of
circulating estradiol [44]. Collectively, these findings indicate that
estradiol plays an important role in modulating choice behavior in
females.
There are, however, studies that report conflicting results. For

example, a study in rats reported ovarian hormones do not mediate
risk aversion in females, although this was in the context of foraging
behavior and did not involve explicit choices between safe and
potentially harmful options [13]. Additionally, a more recent study
showed that, compared to OVX females treated with EB, OVX
females decreased their risky choice in a probability discounting
task [45]. This discrepancy with the current findings, however, is
likely due to differences in the nature of the risks involved in the
decision-making tasks. This is a critical distinction given that the
neuropharmacology of decisions involving risk of explicit punish-
ment (current study) differs substantially from that of decisions
involving risk of reward omission (probability discounting) [46–48].
Considered together, these findings suggest that ovarian hormones
modulate female decision making, but their role may differ
depending on the type of decision costs involved.
It is important to note that OVX not only removes estradiol, but

also eliminates progesterone (P). This may explain why exogenous
EB did not completely rescue the effects of OVX. Indeed,
exogenously administration P decreases impulsivity in both
rodents [49–51] and humans [52], and risky choice behavior
varies with fluctuations of P in humans [53]. Interestingly,
however, several studies show that P has effects opposite those
of estradiol on drug-seeking behavior [54–56], suggesting that if P
were administered either with or without EB, OVX-induced
elevations in risk taking could be exacerbated. Given that very
little is known about the explicit role of P in risky decision making,
future experiments are necessary to determine how both ovarian
hormones, either individually or in combination, modulate female-
specific risky choice.

Role of testicular hormones in male-typical risk taking
ORX also altered decision making, decreasing risky choice relative
to sham males. This is consistent with a prior study showing that
ORX males exhibited decreased preference for larger, uncertain
rewards compared to ORX males treated with T in a probability
discounting task [31]. Surprisingly, T did not affect risky choice in
either the ORX or sham males in the current study. This finding is
at odds with studies showing that exogenous T can modulate
decision making in rodents. For example, T administration to
intact rats increases risk taking in the RDT [14] and decreases
choice of larger, uncertain rewards in favor of smaller, certain
rewards in a probability discounting task [15]. In light of this
previous work, one would expect that T would, at least, alter risky
choice in sham males; however, these prior studies used a higher
dose of T (7.5 mg/kg) than those used in the current study
(roughly 0.31 mg/kg and 1.25 mg/kg) for a longer duration of T
exposure, with the goal of modeling anabolic steroid abuse
[14, 15, 45]. Hence, if a higher dose of T had been used and/or if T
administration had been extended for a longer duration, there
may have indeed been increases in risky choice in sham, and
possibly ORX, males. The doses in the current study were chosen
to produce physiological T levels rather than model anabolic
steroid abuse levels. Notwithstanding, it is still unclear why, given
the effects of ORX on risky choice, T had no impact on choice
behavior in ORX males. One possibility is that the duration of
hormone deprivation preceding hormone treatment may have
been related to the inability of T to attenuate ORX-induced
decreases in risky choice. Although there is little evidence for such
a critical post-ORX window in which T must be administered to
influence cognition and behavior, this has been shown to be the

case with some effects of EB on behavior in females [30] and on
changes in receptor expression and hormone levels in the brain in
both males and females [30, 57]. Another possibility is that T is not
the critical androgen responsible for modulation of risk taking;
rather, it may be the T metabolite dihydrotestosterone (DHT),
which is considered to be a more potent androgen than T [58, 59].
Indeed, acute administration of this nonaromatizable androgen
can improve performance of avoidance-related behavior in ORX
males [60]. Because DHT is a metabolite of T, one might expect
that exogenous T, when metabolized to DHT, would have still
attenuated ORX-induced decreases in risky choice. On the other
hand, this may not be the case for chronic administration in ORX
males as levels of androgenic enzyme mRNA are reduced
following prolonged absence of circulating T, leading to a
reduction in T metabolites [57, 60, 61]. Clearly, understanding
ORX-induced decreases in risky choice and resolving questions
regarding T’s role in risky choice will require experiments focused
on the timing of T administration and/or androgenic metabolic
pathways.
It is worth noting that the differences in the restorative effects

of EB and T on GDX female and male behavior, respectively, may
be due to inequity in the strength of the chosen doses. For
instance, female sexual behavior (e.g., lordosis) is restored in OVX
females with 1–10 µg of EB [62–66], a range of doses significantly
lower than that used in the current study. In contrast, male sexual
behavior (e.g., mounting) is restored with 500 µg of T [67, 68], the
same dose used in this study but that was without effect in ORX
males. Hence, while the dose of T matches the dose used to
restore other ORX-induced deficits, the dose of EB (20 µg) used to
attenuate the effects of OVX on risk taking is higher than EB doses
used to restore other OVX-induced deficits. This raises the
possibility that lower doses of EB used to restore other behavior
in OVX females may have no effect on risk taking in OVX females.
While this is certainly conceivable, manipulations that affect sexual
behavior (e.g., GDX, hormone manipulations) do not necessarily
result in effects in the same direction in other behavioral contexts
[54, 69]. For example, while ORX abolishes male sexual behavior, it
has no effect on behavior related to cocaine self-administration
[54]. Finally, the dose of EB was carefully chosen based on
evidence showing it produces physiological levels of circulating
estradiol [27, 28] and is effective in restoring female drug-seeking
and choice behavior [18, 56]. It is nevertheless important to
consider these differences when constructing a meaningful
framework with which to understand how hormones contribute
to sex-typical behavior.

Estradiol regulation of risk aversion
Although males were insensitive to exogenous T administration,
both ORX and sham males responded to EB administration. Given
the increase in omissions on free choice trials, this effect was
observed only when analyzing the number of large lever presses,
initially suggesting that EB’s effect on risky choice may be
primarily due to its effect on motivation to work for food rather
than on risk taking per se. This explanation, however, is
incongruent with the fact that EB had no effect on lever pressing
for food in the PR test in males. It is more likely that the increase in
omitted choice trials is another manifestation of risk aversion, a
notion that has been explored in the context of female risk-taking
strategies [7, 10, 23]. While the EB-induced decrease in risky choice
in males was initially unexpected, there is precedent for EB
inducing female-typical patterns of choice behavior in males.
When given a choice between food and cocaine, females will
largely choose cocaine [18, 70], a preference that is abolished by
OVX and reinstated by EB administration [18]. In contrast, males
generally prefer food over cocaine, but when ORX males are
treated with EB, they predominantly choose cocaine [19].
Together with the current findings, this suggests that males and
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females are equally sensitive to estradiol’s ability to modulate risk
taking.
In addition to effects on choice performance, EB also selectively

reduced win-stay behavior in both ORX (and sham) and OVX rats.
Although increased risk aversion is more often accompanied by an
increase in lose-shift behavior [26], indicative of enhanced
sensitivity to negative feedback, a decrease in win-stay perfor-
mance may also reflect elements of risk aversion. Given the
probabilistic nature of punishment in the RDT, a more risk-averse
strategy, particularly at punishment probabilities of 50–75%,
would be to shift choices to the safer option immediately after
receiving a large, unpunished reward, as the same choice on the
next trial may not be so favorable. Finally, because EB caused a
further decrease in risky choice in ORX males (as opposed to an
increase, which could be considered an attenuation of ORX
effects), these data also suggest that hormonal regulation of risky
choice in males is not mediated through aromatization of T to
estradiol in the brain, consistent with the aforementioned
potential role of DHT in risky choice in males. Interestingly, male
sensitivity to EB may be specific to choice settings, as EB
administration to ORX males, in contrast to OVX females, does
not affect cocaine self-administration in the absence of a non-drug
option [6, 54]. Future experiments are therefore warranted to
understand how and under what conditions EB is able to
modulate male choice behavior.
Broadly, these findings suggest that, irrespective of sex and/or

gonadal status, estradiol promotes risk aversion and, therefore,
will decrease risk taking when administered to any system low in
estradiol. Based on this hypothesis, EB would decrease risk taking
in females without circulating estradiol (e.g., OVX), but would not
affect intact females (e.g., sham). Similarly, EB would decrease risk
taking in males regardless of gonadal status, due to their normally
low levels of circulating estradiol. All of these predictions were
borne out in the findings presented here. Further support for the
hypothesis that estradiol has a unidirectional role in choice
behavior irrespective of sex derives from previous studies in which
EB administration to either OVX or ORX rats resulted in an identical
shift in choice behavior and one that mimicked a pattern of choice
behavior specific to females [18, 19]. Notably, in contrast to the
current study, this previous study did not include male sham
controls [19] and therefore it is unknown whether, as observed
here, EB administration would have shifted choice behavior in a
similar direction as that observed in OVX and ORX rats.
One mechanism by which estradiol may promote risk aversion

in males and females is through modulation of dopamine (DA)
signaling. Estradiol mediates the enhanced sensitivity to DA-
induced changes in behavior in females [71, 72] and contributes to
the motivational and reinforcing properties of cocaine and
amphetamine [54, 73]. Additionally, OVX decreases, while EB
administration increases, amphetamine-induced striatal DA
release [71]. In the context of the RDT, administration of both EB
(current study) and the indirect DA agonist amphetamine [10, 46]
decrease risky choice, suggesting greater risk aversion in intact
females could be mediated by EB-induced increases in striatal DA
release. Clues to the mechanisms by which this might occur come
from evidence that EB administration to OVX females down-
regulates striatal DA D2R binding [74]. Although limited, there is
also evidence that estradiol can modulate DA signaling in males,
albeit via different mechanisms than in females. For example, in
contrast to females, ORX and subsequent EB administration does
not affect amphetamine-induced striatal DA release in males [75].
EB administration to ORX males, however, increases striatal DA
D2R binding [74], and high levels of D2R mRNA in both dorsal and
ventral striatum are associated with less risky choice in the RDT in
intact males [46, 76], suggesting the EB-induced decrease in risky
choice in at least ORX males is due to coincident increases in
striatal D2R availability. The fact that EB administration has the

same effect on risk taking in both sexes despite opposite effects
on striatal D2R availability could suggest that DA regulation of
risky choice is sexually dimorphic. In support of this idea, males
and females are differentially sensitive to the effects of manipula-
tions of D2R activity on risky choice in a rodent gambling task,
with male choice behavior selectively affected by D2R antagonists
and female choice behavior selectively affected by D2R agonists
[77]. Future experiments will test whether this also extends to
decision making involving risk of punishment (RDT).

CONCLUSION
In conclusion, this study demonstrated that risky decision making
is regulated by gonadal hormones in females and males. Removal
of ovarian hormones increased risky choice in females, an effect
that was ameliorated with exogenous EB administration, while
removal of testicular hormones decreased risky choice in males.
This latter effect was not attenuated by T, indicating that risky
choice in males has limited sensitivity to exogenous T adminis-
tration. Surprisingly, however, males, irrespective of gonadal
status, were sensitive to EB, with all males displaying a reduction
in risky choice. These findings are significant because they
highlight the necessity of including sex (and the associated
hormonal milieu) as a biological variable in the study of behavior
vulnerable to pathological conditions. Moreover, they begin to
reveal the poorly understood mechanisms underlying sex
differences in risky choice. Because many psychiatric diseases
associated with impaired decision making manifest differently
between sexes and are subject to hormonal influences (e.g.,
substance use disorder) [7], understanding how such mechanisms
contribute to sex differences in decision making could provide
additional knowledge about the etiology of certain sex-biased
pathological conditions.
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