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A B S T R A C T

Males as compared to females display increased impulsivity and inefficient inhibitory control and are more
frequently diagnosed with disorders characterized by impulsivity. We previously demonstrated male rats make
more impulsive action responses (i.e. premature responding) than females on the 5-choice serial reaction time
task (5-CSRTT). Furthermore, pre-pubertal male rats make more impulsive choice responses (i.e. choosing an
immediate small reward over a delayed larger reward) than females on a delayed-based reward T-maze task. The
goal of the current work was to determine if gonadal hormones impact sex differences in impulsivity in adult
rats. In an initial experiment, male and female rats underwent sham surgeries or were gonadectomized either
pre-pubertally or during adulthood and tested on the 5-CSRTT in adulthood. Males displayed more impulsive
action responses than females regardless of hormone status. In a second experiment, females received testos-
terone or vehicle injections on postnatal days 1 and 2. Males received vehicle injections. All rats were gona-
dectomized prior to puberty and tested on the 5-CSRTT in adulthood. Females treated neonatally with testos-
terone and control males made more impulsive action responses than control females. In another set of
experiments, manipulation of gonadal hormones led to no differences in performance on the delayed-based
reward T-maze task in males and females. Results indicate that no sex difference is apparent in impulsive choice
on a delayed-base reward task in adult rats. They also reveal that adult sex differences on a task of impulsive
action is mediated by organizational effects of gonadal hormones acting during the neonatal period and not
impacted by hormones acting during puberty or adulthood.

1. Introduction

Males as compared to females display increased impulsivity and
inefficient inhibitory control across the lifespan (Bayless and Daniel,
2012; Bayless et al., 2013; Hyten et al., 1994; Whelan et al., 2012).
Impulsivity can be defined as actions without proper forethought or
deliberation and is categorized as either an impulsive action or im-
pulsive choice (Evenden, 1999; Weafer and de Wit, 2014). Impulsive
actions constitute a lack of behavioral control resulting in an inability
to suppress premature or inappropriate actions and can be measured in
both humans and rodents utilizing stop-signal and serial reaction time
tasks that require subjects to suppress a response until properly cued
(Eagle and Baunez, 2010). Impulsive choice represents an inability to

properly deliberate over alternative options and is often tested via de-
layed-reward tasks (Dalley et al., 2008). Results of research in our lab
reveal male rats as compared to female rats to exhibit greater levels of
impulsive action in adulthood (Bayless and Daniel, 2012) and impulsive
choice prior to puberty (Bayless et al., 2013).

Sex differences in brain morphology and behavior have been de-
termined to be heavily influenced by gonadal hormone exposure, acting
early during development through old age. It is well established that
this hormonal influence first acts early during prenatal and neonatal
periods of development to sexually differentiate brain and behavior (for
review, see Wallen and Baum, 2002). Phoenix et al. (1959) first showed
prenatal testosterone exposure to masculinize and defeminize behaviors
in rodents, launching an organizational-activational hypothesis behind
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sexual differentiation. Exposure to steroid hormones during the peri-
natal window leads to permanent brain organizing effects from acti-
vation of androgen and estrogen receptors that can enhance male ty-
pical behaviors and suppress female typical behaviors later on
(McCarthy, 2008).

Puberty has been determined as an additional period of organiza-
tion of brain and behavior as a result of changes in levels of gonadal
hormones (Schulz et al., 2009). Pubertal onset is marked by an increase
in pulsatile release of gonadatrophin-releasing hormone (GnRH) which
in turn leads to secretion of luteinizing hormone (LH) and follicle-sti-
mulating hormone (FSH) from the pituitary (Watanabe and Terasawa,
1989). These hormones in turn lead to increased stimulation of the
gonads to produce a surge in gonadal sex hormones. This gonadal
steroid hormone surge has been directly linked to permanent organi-
zational sex-specific changes in brain morphology including cell death
and cell phenotype (Forger, 2006), levels of markers of white matter
(Darling and Daniel, 2019) as well as adult behavior (Schulz et al.,
2004, 2006).

In addition to organizational effects, sex differences in brain and
behavior can be mediated by activational hormone effects. Activational
effects are those exerted by circulating hormones in adult organisms,
are transient in nature, and exist only in the presence of the hormones
(Adkins-Regan and Leung, 2006). Activational effects of hormones are
thought to result from actions on existing neural circuits, many of
which were likely organized by hormones acting neonatally or at
puberty. Adult sex behavior in rats, which can be eliminated and re-
instated by the respective removal or administration of gonadal hor-
mones, is a classic example of activational actions of gonadal hormones
(Takahashi, 1990).

The goal of the present study is to test the hypothesis that gonadal
hormone exposure mediates adult sex differences in impulsivity. We
explored the ability of gonadal hormones to exert organizational effects
either during the neonatal or pubertal periods or activational effects
during adulthood to impact adult performance of male and female rats
on measures of impulsive action and impulsive choice. To measure
impulsive action behavior in adult rats we utilized the five-choice serial
reaction time task (5-CSRTT) (Robbins, 2002). The task takes place in
an operant chamber with five holes (apertures) in the rear of the
chamber. A rat (or mouse, Sanchez-Roige et al., 2012) is trained to
make nose pokes in a lit hole to receive a food reward. Impulsive action
is measured by premature nose pokes (responses made after initializing
a new trial but made before stimulus direction) (Bayless and Daniel,
2012; Diergaarde et al., 2008). Previous work in our lab has shown
adult male rats to make more impulsive premature nose pokes than
females on the 5-CSRRT (Bayless and Daniel, 2012).

To measure impulsive choice, we utilized a delay-based reward T-
maze task. In this task, rats must differentiate and choose between an
immediate small food reward and a larger but delayed food reward.
Impulsivity is measured as the choosing of low, immediately gratifying
rewards versus large but delayed rewards. We have previously de-
monstrated that before puberty, male rats make more impulsive choices
than female rats and that difference was due to organizational effects of
gonadal hormones acting during the neonatal period (Bayless et al.,
2013). Given that we see this pre-pubertal sex difference in impulsive
choice, it is of interest to see if this differences carries on into adulthood
and to what degree gonadal hormone exposure may contribute to
maintenance or loss of such a difference. Such a change would suggest
that an organizational effect seen in neonatal rats may later be im-
pacted by further organization during puberty, shown to be another
window where organization takes place in the presence of changes in
gonadal hormone level (reviewed by Schulz et al., 2009).

In the current study, we conducted two sets of experiments to test
our hypothesis that gonadal hormones impact adult levels of im-
pulsivity. In the first set of experiments, we determined the ability of
neonatal, pubertal, and adult gonadal hormones to impact the pre-
viously identified sex difference (Bayless and Daniel, 2012) in adult

performance of impulsive action on the 5-CSRTT. In the second set of
experiments, we determined if the sex difference in impulsive choice on
the delay-based reward T-maze task we previously identified in pub-
ertal rats (Bayless et al., 2013) would be present in adulthood and also
if gonadal hormones, acting at puberty or in adulthood, impacts adult
levels of impulsive choice.

2. Experimental Procedures

2.1. -Choice Serial Reaction Time Task (5-CSRTT)

The 5-CSRTT was used to measure impulsive action in Experiments
1A (Section 2.2.) and 1B (Section 2.3.).

2.1.1. Apparatus
Animals were trained and tested in one of four separate 25 x 25 cm

aluminum chambers (Lafayette Instrument Co., Lafayette, IN), each
housed in sound attenuating cabinets. The rear wall of each chamber
was convexly curved and contained five apertures, each 2.5 cm square,
4 cm deep, and set 2 cm above floor level. Each hole could be illumi-
nated with a 3 W light bulb located at the rear of the hole and had an
infrared photocell beam monitoring the entrance. Each chamber was
illuminated by a house light. On the front wall, 25 cm from each nose-
poke hole, there was a food magazine where 45 mg food pellets (Test
Diet, Richmond, IN) could be automatically dispensed. Each animal
received one session of training per day throughout the experiment.
House lights were on unless stated otherwise.

2.1.2. Behavioral Training
First, animals were successively shaped to retrieve a food reward

from the food tray and to poke any of the holes to receive food rewards.
Then, each animal was trained daily for 30 min on the 5-CSRTT by
passing through several training stages of increasing difficulty. Each
session was terminated after 100 trials had been completed or 30 min
had expired. An animal was moved to the next training stage once it
performed 100 trials at> 80 percent correct and<20 percent omis-
sion for two consecutive days. Each rat was always trained in the same
conditioning chamber. Females were always trained in the same two
chambers while males were always trained at the same time as the fe-
males in the other two chambers. Animals were trained at approxi-
mately the same time of the light phase each day.

For the initial training stage, animals were placed in the chamber
and could initiate the first trial by retrieving a single food pellet from
the food tray. After a fixed 5 sec inter-trial interval (ITI), one of the five
horizontal lights would illuminate for a maximum of 60 sec (cue
duration) or until a response had been made. From the time the light
first turned on, the animal had 60 sec (limited hold period) to respond
by making a nose poke into the previously lit aperture. Correct re-
sponses were immediately rewarded with delivery of a food pellet into
the food magazine, and retrieval of the food restarted the next trial after
a 5-sec ITI. Several types of errors were recorded: i) Nose pokes during
the ITI were recorded as premature responses, ii) Repeated nose pokes
into the correct aperture were recorded as perseverative responses; iii)
Responding into a non-lit aperture was recorded as an incorrect re-
sponse; iv) Failure to respond within the limited hold period was re-
corded as an omission. All errors were punished by switching off the
house light for a 5 sec time-out period, and no food was delivered.
Responses to holes during this period would restart the time-out period.

For subsequent training stages all parameters remained the same,
but the stimulus duration was successively decreased from 60 sec to 0.6
sec and the limited hold period was successively decreased from 60 sec
to 5 sec. For the final baseline training stage, the cue duration was
reduced to 0.5 sec. Training with this protocol continued until animals
perform 100 trials at a baseline criterion of> 70 percent correct
with< 20 percent omissions for five consecutive days.
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2.1.3. Behavioral Testing
Following training, a series of manipulations to challenge perfor-

mance, as described below, were introduced for one daily session each
and when intact females were at the proestrous stage of the estrous
cycle. Animals received three days of baseline training between each
behavioral challenge.

2.1.3.1. Baseline. Light stimulus lasted for 0.5 sec. A 5 sec ITI was
presented before onset of stimulus. Animal was given 5 sec to respond
before an omission was counted. Each session consisted of 100 trials.

2.1.3.2. Unpredictable Long Inter-Trial Interval Challenge. As seen in
previous results (Bayless and Daniel, 2012), this challenge is more
likely to draw out impulsive responding than other challenges and was
the measure of primary interest in the current work. Time before the
onset of the light stimulus was pseudorandomly lengthened to 4.5, 5.5,
6.5, or 7.5 sec distributed across the 100 trials. This condition
challenges impulsive action control because of the increase in time
between trials and the decrease in predictability of the stimuli.

2.1.3.3. Other Challenges. Although our primary interest in the current
study was to assess impulsive responding that would be most apparent
under the Unpredictable Long Inter-Trial Interval condition, we did
conduct other challenge conditions to assess impact of our
manipulations on measures of attention. Short Stimulus challenges
attentional performance by decreasing the duration of the stimuli.
Unpredictable Short Inter-Trial Interval challenges attention by
pseudorandomly shortening time between trials.

2.1.4. Behavioral Measures
Throughout testing, the following behavioral measures were re-

corded by automated computer software (ABET II, Lafayette
Instruments) on a PC connected to conditioning chambers.

2.1.4.1. Premature responses. This measure is the primary measure of
interest in the current study. The total number of trials in which a rat
poked into an aperture during the ITI reflects deficits in inhibitory
control processes of response preparation and is the primary measure of
impulsive action.

2.1.4.2. Perseverative responses. The total number of additional nose
pokes made into the apertures following either a correct or an incorrect
response reflects deficits in inhibitory control processes of response
control and is a secondary measure of impulsive action.

2.1.4.3. Percent correct. The total number of correct responses relative
to the total number of trials completed indicates overall attentional
performance.

2.1.4.4. Percent omissions. The percentage of trials in which a rat failed
to respond during the limited hold period can reflect a failure to detect
the stimulus due to inattentiveness or due to motivational and/or motor
deficits.

2.1.4.5. Speed. Two measures of speed were collected. Correct response
latency is the time between onset of stimulus and a correct nose poke.
Reward latency is the time between a correct nose poke and retrieval of
food from the magazine. Differences in response latency can indicate
changes in decisional mechanisms, whereas differences in reward
latency can indicate changes in motivational factors. If both measures
are affected, motivational and/or motor functions could be affected
(Muir et al., 1996; Robbins, 2002).

2.2. Experiment 1A: The effect of gonadectomy prior to pubertal onset or in
adulthood on adult levels of impulsive action

2.2.1. Subjects
Pre-pubertal Long-Evans hooded rats (male n = 24, female n = 24,

age approximately 21 days of age on arrival), were purchased via
Harlan Sprague-Dawley, Inc. (Indianapolis, IN). Rats were pair housed
in a temperature-controlled vivarium under a 12 -h light/dark cycle
(lights on at 7:00am). Animals were weighed daily following behavioral
training and food was provided in their home cages to maintain their
weights at 85% of their free-feeding weights while allowing for growth
of approximately 2% of their body weight each week. All procedures for
this and subsequent experiments were in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals
(1996) and approved by the Tulane University Institutional Animal
Care and Use Committee.

2.2.2. Gonadectomy
Eight females and eight males were gonadectomized at 28 days of

age and prior to puberty. An additional eight females and eight males
were gonadectomized in adulthood, at 70 days of age. The remaining
animals remained gonadally intact. For control purposes, half of the
intact groups underwent sham surgery at 28 days of age and half at 70
days of age. Surgeries were performed while under anesthesia induced
by injections of ketamine (100 mg/kg, ip; Bristole Laboratories;
Syracuse, NY) and xylazine (7 mg/kg, ip; Miles Laboratories; Shawnee,
KS). Females were ovariectomized or underwent sham ovariectomy.
Males were castrated or underwent sham castration. At the time rats
were killed, right uterine horns of females and ischiocavernosa muscle
weight of males were extracted and weighed to confirm gonadectomy
status.

2.2.3. Behavior
Beginning when rats were approximately 80 days of age, behavioral

training and then testing was completed on the 5-CSRTT (∼6 months of
age) as described under Section 2.1.

2.2.4. Vaginal Cytology
To control for effects of fluctuating ovarian hormones on perfor-

mance, testing took place when intact females were at the proestrous
stage of the estrous cycle (when levels of estrogen are at their highest).
Vaginal smears of females were collected by lavage each morning and
analyzed daily beginning two weeks prior to behavioral testing. Males
underwent sham smears during which a small amount of water was
placed on the genitals using a medicine dropper. Behavioral challenge
conditions were administered when a female was at the proestrous
stage of the estrous cycle. Each male and gonadectomized female was
yoked to and assigned to be tested on the same day as an intact female.

2.2.5. Statistical Analyses
2.2.5.1. Baseline. To assess the stability of baseline performance at the
end of training, performances across the last five days of training were
analyzed for all dependent variables using repeated measures ANOVAs
with day as the within-subjects factor and sex and surgery as between-
subjects factors. To assess possible changes in baseline performance
during behavioral challenge testing, performances across the initial
baseline data and baseline data collected the day before each
behavioral challenge condition were analyzed for all dependent
variables using overall repeated measures ANOVAs with day as the
within-subjects factor and sex and surgery as the between-subjects
factors.

2.2.5.2. Unpredictable Long Inter-Trial Interval. Each measure was
analyzed using repeated measures ANOVA with ITI duration as the
within-subject factor and sex and surgery as between-subject factors.
Significant main or interactive effects were probed by Fisher’s LSD post
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hoc test as appropriate.

2.2.5.3. Other Challenges. Each measure for the Short Stimulus condition
was averaged across trials and analyzed by two-way ANOVA with sex
and surgery as between-subject factors. Each measure for the
Unpredictable Short Inter-Trial Interval condition was analyzed using
repeated measures ANOVA with ITI duration as the within-subject
factor and sex and surgery as between-subject factors.

2.3. Experiment 1B: The effect of neonatal gonadal hormone exposure on
adult levels of impulsive action

2.3.1. Subjects
Male and female Long Evans rats (male n = 10, female n = 10)

were purchased via Harlan Sprague-Dawley, Inc. (Indianapolis, IN) for
breeding purposes. Females were allowed to deliver normally 22-23
days after conception. Litters were culled to 5 males and 5 females
when possible to reduce variability in maternal care. Rats were weaned
at 21 days of age and group housed by sex and treatment condition.

2.3.2. Neonatal Manipulation
On day of birth and 24 h later, female pups received injections (s.c.)

of either 150 μg of testosterone propionate in 0.1 ml of sesame oil ve-
hicle (n = 8) or oil vehicle (n = 8). Male pups received vehicle in-
jections (s.c.) (n = 8). Testosterone dose was based on previous studies
examining organizational effects of testosterone exposure (Bayless
et al., 2013) and its activation of androgen receptors in the brain
(Zhang et al., 2008) to influence behavior. Pups were given India Ink
foot paw tattoos to label groups.

2.3.3. Gonadectomy
All male and female rats were gonadectomized at 28 days of age

(immediately prior to onset of puberty). Results from Experiment 1A
showed neither pubertal nor adult gonadal hormone exposure influ-
ences adult levels of impulsive action (Section 3.1.2). Therefore, rats
were gonadectomized prior to puberty to eliminate irregularities neo-
natal-manipulated intact rats may exhibit in pubertal development.

2.3.4. Behavior
Beginning when rats were approximately 80 days of age, behavioral

training and then testing was completed on the 5-CSRTT (∼6 months
age) as described under Section 2.1.

2.3.5. Statistical Analyses
Analyses were as described in Experiment 1 except that there was

one between-factor (treatment).

2.4. Delay-Based Reward T-Maze Task

The delay-based reward T-maze task was used to measure impulsive
choice in Experiments 2A (Section 2.5) and 2B (Section 2.6).

2.4.1. Apparatus
Behavioral testing was conducted in a plastic T-maze (arms: 10 cm

wide × 40 cm long × 20 cm high) with a black floor and clear walls.
The start arm (north) led to two goal arms (east and west). A clear
plastic 25-cm-high sliding door, placed 5 cm into the entrance of each
goal arm, confined the rat into a goal arm upon entrance. A second clear
plastic 25-cm-high sliding door, placed 5 cm from the end wall of each
goal arm, controlled access to the food reward.

2.4.2. Behavior
2.4.2.1. No-Delay Trials. Animals were habituated to the maze for two
15-minute periods across two days during which they had free access to
Froot Loops placed in goal arms. Following habituation, rats were
trained to choose between a low-reward arm that contained one piece

of Froot Loop and a high-reward arm that contained five pieces of Froot
Loop. Rats were trained and tested in assigned male/female pairs in
which rats alternated trials each session. The location of the high-
reward arm was counterbalanced across pairs and treatment groups but
always in the same location for any given rat. The maze was cleaned
with ethanol between trials. Each session started with a forced trial into
each of the low-reward and high-reward arms during which a black
plastic sliding door blocked access to the opposite arm. The order of
these forced trials alternated each session. Following the forced trials,
rats were given five choice trials in which they were free to choose
either the low-reward or high-reward arm. When a rat entered an arm,
the first sliding door was lowered to confine the rat in the arm. The
second sliding door was then lifted to provide immediate access to the
food reward. Sessions of this No-Delay condition continued until rats
were choosing the high-reward arm on at least 80% of trials for two
consecutive sessions. All rats achieved criterion performance within 3
days of training.

2.4.2.2. Delay Trials. After all rats reached criterion on the No-Delay
sessions, rats were given three 15-sec Delay sessions. The goal of the
first session at each delay was to habituate and expose rats to delay
conditions. Performance during the final two sessions was used for
analyses. During these sessions, a 15-sec delay was imposed when rats
entered the high-reward arm. The 15-sec delay on the high-reward arm
was imposed during two forced trials and five choice trials. When a rat
entered the high-reward arm, the first sliding door was lowered to
confine the rat in the arm. The rat then had to wait 15 sec before the
second sliding door was lifted to provide access to the larger food
reward. When a rat entered the low-reward arm, the first sliding door
was lowered to confine the rat in the arm and the second sliding door
was lifted to provide immediate access to the smaller food reward. After
three 15-sec Delay sessions, rats were given three 30-sec Delay Sessions
and then three 45-sec Delay sessions using identical procedures except
the delay duration on the high-reward arm was increased.

2.5. Experiment 2A: The effect of sex on adult rat levels of impulsive choice

2.5.1. Subjects
Ten female and ten male Long-Evans hooded rats, approximately 70

days of age, were purchased from Harlan Sprague-Dawley. Rats were
housed in same-sex pairs. Animals were weighed daily following be-
havioral testing and food was provided in their home cages to maintain
their weights at 85% of their free-feeding weights while allowing for
growth of approximately 2% of their body weight each week.

2.5.2. Statistical Analyses
The percentages of high-reward arm choices during the choice trials

from the final two sessions of the No-Delay condition were averaged
and analyzed using a one-way ANOVA with sex as the factor.
Percentage of high-reward arm choices during the choice trials from the
final two sessions of each Delay condition were averaged and analyzed
using a repeated measures ANOVA with delay as the within-subjects
factor and sex as the between-subjects factor. To examine female per-
formance across the estrous cycle, the percentages of high-reward arm
choices from each delay session were analyzed using a repeated mea-
sures ANOVA with delay session as the within-subjects factor and es-
trous cycle stage as the between-subjects factor.

2.6. Experiment 2B: The effect of gonadectomy in adulthood or prior to
pubertal onset on adult levels of impulsive choice

2.6.1. Subjects
Subjects were previously used in Experiment 1A (Section 2.2.).

Following testing in Experiment 1A, rats began training and then
testing (∼7 months of age) on the Delay-Based Reward Task.
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2.6.2. Statistical Analyses
Analyses for No Delay and Delay conditions were as described under

Experiment 2A (Section 2.5.) except two between subjects factors, sex
and surgery, were applied.

3. Results

3.1. Experiment 1A: The effect of gonadectomy prior to pubertal onset or in
adulthood on adult levels of impulsive action

3.1.1. Baseline Session
One male gonadectomized prior to puberty and one male gona-

dectomized in adulthood failed to reach criterion level performance
during training and were excluded from all analyses. Other animals
successfully acquired the task, as indicated by criterion performance,
within 100 training sessions. There were no effects on any measure of
sex or surgery during the last five days of training, indicating stable
performance. No significant change in baseline performance occurred
across baseline sessions conducted between behavioral challenge
testing days. There was no main effect of sex or surgery or treatment on
levels of impulsive action at Baseline condition (Fig. 1A) nor on two
measures of speed, correct response latency and reward collection la-
tency (Table 1), indicating that there was no sex difference in motor or
sensory function, motivational factors, or the overall ability of the an-
imals to perform the task (Robbins, 2002).

3.1.2. Unpredictable Long Inter-Trial Interval
For premature responding, the primary measure of impulsivity, a

significant main effect of sex was revealed F(1,40) = 13.01, p = .001),
with males displaying increased premature responses as compared to
females (see Fig. 2A). There was no main effect of surgery and no in-
teraction between sex and surgery, indicating that neither pubertal nor
adult gonadectomy impacted performance. There was a significant
main effect of ITI duration (F(3(120) = 60.28, p< .0001) indicating
that, as expected, animals displayed greater premature responding as
ITI duration increased (see Fig. 2B). A significant interaction of sex and
ITI duration was found (F(3,120)=, p< .0001) with males making
significantly more premature responses than females at the longest ITI

Fig. 1. Impact of sex and gonadal hormones on impulsive action responding on
the 5-CSRTT under baseline conditions. (A) Mean total number of premature
responses in adult male and female rats that were gonadally intact (Intact
Controls, male n = 8, female n = 8), gonadectomized pre-pubertally (Pre-pub
GDX, male n = 8, female n = 8), and gonadectomized in adulthood (Adult
GDX, male n = 8, female n = 8). No main or interactive effects were revealed
at baseline conditions. (B) Mean total number of premature responses in adult
male (Male Controls, n = 8) and female rats (Female Controls, n = 8) treated
with vehicle neonatally and adult female rats treated with testosterone pro-
pionate neonatally (Female + T, n = 8). No main or interactive effects were
revealed at baseline conditions.

Table 1
Experiment 1A Speed Measures at Baseline and Under Long Inter-Trial Interval
(ITI) Conditions.

Correct Response Latency Reward Collection Latency

Baseline Long ITI Baseline Long ITI
(M±SEM) (M±SEM) (M±SEM) (M±SEM)

Female Intact 0.98±0.04 0.92± 0.07 1.01± 0.04 1.22±0.05
Male Intact 0.91±0.04 0.93± 0.08 1.03± 0.04 1.03±0.04
Female Pre-pub

GDX
1.01±0.04 1.03± 0.07 1.07± 0.04 1.12±0.05

Male Pre-pub GDX 0.96±0.05 1.06± 0.08 1.01± 0.03 1.13±0.06
Female Adult GDX 0.97±0.04 0.95± 0.07 1.11± 0.04 1.02±0.05
Male Adult GDX 0.98±0.05 0.94± 0.08 0.99± 0.03 1.03±0.05

Pre-pub, Pre-pubertal; GDX, gonadectomy.

Fig. 2. Impact of sex and gonadal hormones acting pre-pubertally or in adult-
hood on impulsive action responding on the 5-CSRTT under long inter-trial
interval conditions. Mean total number of premature responses in adult male
and female rats that were gonadally intact (Intact Controls, male n = 8, female
n = 8), gonadectomized pre-pubertally (Pre-pub GDX, male n = 8, female n =
8), and gonadectomized in adulthood (Adult GDX, male n = 8, female n = 8)
(A) averaged over all inter-trial intervals or (B) across inter-trial intervals.
There was a significant main effect of sex (* p< 0.001) and significant effect of
inter-trial intervals duration (p<0.001).
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of 7.5 sec (p< .005). No interactions were revealed between surgery
and ITI duration nor sex and surgery and ITI.

On measures of speed (correct response latency, reward collection
latency), there were no significant main or interactive effects (Table 1).
On other measures (perseverative responses, percentage correct, per-
centage omissions), there were no significant main or interactive effects
(data not shown).

3.1.3. Other Challenges
There were no main or interactive effects on any measure during the

Short Stimulus and Unpredictable Short Inter-Trial Interval challenge
conditions (data not shown). These results are in contrast to our pre-
vious results in which females as compared to males displayed in-
creased omissions under these challenge conditions, results suggestive
of a sex difference in vigilance (Bayless and Daniel, 2012). Investigation
of potential explanation of result discrepancy is ongoing.

3.2. Experiment 1B: The effect of neonatal gonadal hormone exposure on
adult levels of impulsive action

3.2.1. Baseline Sessions
Animals successfully acquired the task, as indicated by criterion

performance, within 100 training sessions. Performance remained
stable across the last five days of baseline training, and there were no
significant treatment effects on any measure during the last five days of
training. In addition, no significant change in baseline performance
occurred across baseline sessions conducted between behavioral chal-
lenge testing days. There was no main effect of treatment on levels of
impulsive action at Baseline condition (Fig. 1B) nor on the two mea-
sures of speed, correct response latency and reward collection latency
(Table 2), indicating that there was no effect of treatments in motor
function, sensory function, motivational factors, or the overall ability of
the animals to perform the task (Robbins, 2002).

3.2.2. Behavior Testing
3.2.2.1. Unpredictable Long Inter-Trial Interval. For premature
responding, the primary measure of impulsivity, a significant main
effect of treatment was revealed (F(2,20) = 5.67, p = .011) (see
Fig. 3A). Posthoc analyses revealed that females given testosterone
exhibited significantly increased premature responses (p< .003) and
control males exhibited a trend towards increased premature responses
(p = .093) as compared to control females. There was a significant
main effect of ITI duration (F(3,60) = 32.98, p< .0001) indicating that
as expected, animals displayed greater premature responding as ITI
durations increased (see Fig. 3B). A significant interaction of treatment
and ITI duration was found (F(6,60) = 27.43, p< .0001) with both
control males (p< . 05) and females receiving testosterone (p< . 001)
making significantly more premature responses than control females at
the longest ITI of 7.5 sec.

On measures of speed (correct response latency, reward collection
latency), there were no significant main or interactive effects (Table 2).
On other measures (perseverative responses, percentage correct, per-
centage omissions), there were no significant main or interactive effects

(data not shown).

3.2.3. Other Challenges
There were no main or interactive effects on any measure during the

Short Stimulus and Unpredictable Short Inter-Trial Interval challenge
conditions (data not shown).

3.3. Experiment 2A: The effect of sex on adult rat levels of impulsive choice

3.3.1. Performance on the Delay-Based Reward Task
As illustrated in Fig. 4A, male and female adult rats displayed si-

milar levels of impulsive choice behavior. Analysis of the percentages of
high-reward arm choices from the final two sessions of the no delay
condition revealed no significant main effect of sex, indicating that
male and female rats equally preferred the larger reward over the
smaller reward when rewards were immediately available. Analysis of
the percentages of high-reward arm choices across delay condition re-
vealed no significant main effect of sex, indicating that adult male and
female rats did not differ in terms of number of high-reward arm
choices. There was a significant main effect of delay, F(2, 20) = 30.61,
p< .001, indicating that choice of the high-reward arm decreased with
the increasing delay for each sex. There was no significant interaction
between sex and delay. In addition, there was no main effect of estrous
cycle stage, delay session, or interaction between estrous cycle stage
and delay session in females, indicating that impulsive choice behavior
did not vary across the stages of the estrous cycle. Overall, results

Table 2
Experiment 1B Speed Measures at Baseline and Under Long Inter-Trial Interval
(ITI) Conditions.

Correct Response Latency Reward Collection Latency

Baseline Long ITI Baseline Long ITI
(M±SEM) (M±SEM) (M±SEM) (M±SEM)

Female Control 0.78± 0.04 0.89± 0.05 1.00± 0.04 1.12± 0.04
Male Control 0.82± 0.05 0.83± 0.06 1.08± 0.04 1.13± 0.04
Female + T 0.81± 0.04 0.88± 0.05 1.07± 0.04 1.02± 0.04

T, testosterone propionate.

Fig. 3. Impact of sex and testosterone acting during the neonatal period on
impulsive action responding on the 5-CSRTT under long inter-trial interval
conditions. Total number of premature responses in adult male (Male Controls,
n = 8) and female (Female Controls, n = 8) rats treated with vehicle neonatally
and adult female rats treated with testosterone propionate neonatally (Female
+ T, n = 8) (A) averaged over all inter-trial intervals (Main effect of treatment,
p<0.05; * p< 0.05 and # p = .093 as compared to Female Controls); and (B)
across inter-trial intervals (Main effect of inter-trial interval, p< 0.001, and
interactive effect of treatment and inter-trial interval, p< 0.001; * = p<0.05
as compared to Female Controls at the 7.5 second inter-trial interval).
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indicate that the sex difference in impulsive choice seen prior to pub-
erty (Bayless et al., 2013) does not persist into adulthood.

3.4. Experiment 2B: The effect of gonadectomy in adulthood or prior to
pubertal onset on adult levels of impulsive choice

Because we see a sex difference in impulsive choice prior to puberty
(and before the pubertal hormone surge and in the absence of adult
circulating hormones) (Bayless et al., 2013) and not in adulthood
(Section 3.3), we determined if we could reinstate the sex difference
seen prior to puberty by removal of pubertal or adult gonadal hor-
mones.

3.4.1. Performance on the Delay-Based Reward Task
As illustrated in Fig. 4B, male and female adult rats, regardless of

hormone status, displayed similar levels of impulsive choice. Analysis of
the percentages of high-reward arm choices from the final two sessions
of the No-Delay condition revealed no significant main effects of sex or
surgery, indicating that all groups preferred the larger reward over the
smaller reward when rewards were immediately available. Analysis of
the percentages of high-reward arm choices across Delay conditions
revealed no significant main effect of sex or surgery, indicating that
neither sex or hormone status impacted choice of high- and low-reward
arm choices. There was a significant main effect of delay, F(3, 48) =
41.572, p< .001, indicating that choice of the high reward arm de-
creased with the increasing delay. There were no significant interac-
tions. Results confirm the lack of sex difference in adulthood seen on
this impulsive choice task in Experiment 2A on the Delay-Based Reward

Task and indicate that neither pubertal nor adult levels of gonadal
hormones impact impulsive choice in adults.

4. Discussion

4.1. Gonadal hormone influence on mediating sex differences in adult
impulsive action

Results of the present experiments indicate that exposure to gonadal
hormones during the neonatal period, and not during puberty or
adulthood, leads to observed sex difference in levels of impulsive action
in adult rats. In Experiment 1A, we compared performance of adult
gonadally intact male and female rats as well as those gonadectomized
immediately prior to puberty and in adulthood on an impulsive action
task. A sex difference in impulsive action was maintained under all
conditions, with males committing more impulsive responses than fe-
males, regardless of hormone status. In Experiment 1B, we compared
performance of adult females that had been treated with testosterone
during the neonatal period to adult male and female gonadally intact
adult controls on the same impulsive action task. Females treated with
testosterone neonatally made significantly more impulsive responses
than female controls and were not different from male controls. Results
demonstrate that gonadal hormone exposure during the neonatal per-
formance exerts organizational effects on adult behavior resulting in
increased impulsive action in males as compared to females. They also
demonstrate that pubertal and adult levels of hormones do not impact
sex-specific performance on this measure of impulsivity. Of note, our
control females exhibited reduced levels of impulsive action in
Experiment 3A versus 1B. While these females still exhibited elevated
impulsive action under the longest delay of 7.5 s, their levels of im-
pulsive action were reduced at shorter delays. While the direct cause of
this reduced impulsive behavior is unknown, one possible difference
may be rearing practices with rats in Experiment 1B being shipped in at
a peri-pubertal time point versus self-rearing in Experiment 3A. Future
investigation should examine to what degree the stress of shipping
during this age frame impacts adult levels of impulsive action.

Our findings of an adult sex difference in impulsive action in rats
match those previously reported in our lab and others in rodent models
(Bayless and Daniel, 2012; Jentsch and Taylor, 2003) and in go/no-go
tasks in humans with men making more inhibitory errors than women
(Sjoberg and Cole, 2018). No sex difference was found in rats in a lever
press go-no go task (Swalve et al., 2018). The mixed results (reviewed
by Fattore and Melis, 2016) may be due to different methodologies in
testing for impulsive action in rodents, particularly as related to the
challenge level of the task used. In the current work, only under chal-
lenging conditions of a long inter-trial interval, in which the stimulus is
unpredictably lengthened, do males make more impulsive responses
than females. This effect is strengthened when examining premature
responses during the longest delay of 7.5 seconds, showing males to
have greater difficulty in inhibiting premature responding under per-
iods of increased challenge. Additionally, to ensure that differences in
responding were not due to differences in motivation for reward nor
speed to answer, reward response latency and reward collection latency
were measured. No sex differences were seen in either reward response
latency nor reward collection latency, demonstrating that the sex dif-
ference in impulsive action is not due to motivation or appetitive dif-
ferences.

Whereas sex differences in impulsive action have been widely ob-
served, the influence of gonadal hormones on their underlying decision-
making processes has been less so. To our knowledge, we show for the
first time the neonatal critical window to be a period of organization for
this adult sex difference in behavior. Previous results in our lab de-
monstrated a neonatal organizational effect on pre-pubertal impulsive
choice (Bayless et al., 2013) adding evidentiary support for gonadal
hormone exposure during this period of major brain development to be
key in the development of brain structures involved in decision making

Fig. 4. Impact of sex and gonadal hormones acting pre-pubertally or in adult-
hood on impulsive choice responding on a delay-based reward T-maze task. (A)
Effect of increasing delay for high reward on percentage of high reward arm
choices in adult male and female gonadally intact adult rats (male n = 10,
female n = 10). No main or interactive effects were revealed. (B) Effect of
increasing delay for high reward on percentage of high reward arm choices in
adult male and female rats that were gonadally intact (Intact, male n = 8,
female n = 8), gonadectomized pre-pubertally (Pre-pub GDX, male n = 8,
female n = 8), and gonadectomized in adulthood (Adult GDX, male n = 8,
female n = 8). No main or interactive effects were revealed.
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specifically. Both in that experiment and in our results, females exposed
to testosterone saw a masculinization of impulsive behavior. The me-
chanism by which this testosterone exposure organizes impulsive be-
havior is not yet known. Hormones can promote cell survival or death
in a sexually dimorphic manner (Forger, 2006) which has implications
for behavioral output. Perinatal testosterone exposure has also been
shown to lead to lateralization of the brain and increased cell death in
the right hemisphere (Geschwind and Galaburda, 1985). This increased
lateralization is seen in ADHD subjects, a disorder with higher pre-
valence in males than females (Seidman et al., 2005). Additionally,
perinatal gonadal hormones have been shown to alter dopamine pro-
jecting cortical circuitry (Kritzer, 1998). Any or all of these changes in
morphology and neurotransmitter function may contribute to a sex
difference in impulsive action. These differences are especially of im-
portance when considering therapeutic avenues of approach for
treating disorders of impulsivity. For example, modern pharma-
cotherapies have utilized rodent models to target different neuro-
transmitter systems for the treatment of impulse control disorders (re-
viewed by Winstanley, 2011). Sex differences in these systems may
impact to what degree such therapies are efficacious. Further in-
vestigation needs to be done as to what structural changes occur due to
exposure of gonadal hormones during development, changes made to
structures involved in impulsive behavior.

4.2. Gonadal hormone influence on adult impulsive choice

Previous work in our lab revealed that across two experiments that
pre-pubertal males displayed increased impulsive choice as compared
to pre-pubertal females on a delayed-reward based task. (Bayless et al.,
2013). Interestingly, the present results indicate that this sex difference
apparent before puberty does not persist into adulthood. Results of
Experiment 2A revealed that males and females displayed similar levels
of impulsive choice on a delayed-reward based task. Therefore, we
hypothesized that gonadal hormones acting either during puberty or in
adulthood would mediate this age-related loss of sex-specific impulsive-
choice behavior. However, results of Experiment 2B were not suppor-
tive of this hypothesis. Neither gonadectomy prior to puberty nor
during adulthood impacted adult levels of impulsive choice in males
and female rats. Our findings suggest that age rather than gonadal
hormones mediates the transition from male-increased levels of im-
pulsive choice as compared to females that occurs pre-pubertally (see
Bayless et al., 2013) to similar levels of impulsive choice across sexes as
occurs in adulthood seen in the present study.

In the current work, no sex difference in impulsive choice in adult
rats was displayed across two experiments. In both experiments, male
and female rats became more impulsive as delay increased choosing the
immediate reward over delayed high reward more often. However, the
overall impact on impulsivity of increasing the delay differed across the
two experiments in our current study. Rats used in Experiment 2B,
which displayed overall decreased impulsive choices as compared to
rats used in Experiment 2A, were older at the time of testing and had
been previously used in an impulsive action study. It remains to be
determined if either increased age and/or previous operant con-
ditioning training leads to enhanced ability to inhibit impulsive choice
behavior. Interestingly, in a dual behavior and brain imaging study
using fMRI, neither behavior correlates nor neutral substrate correlates
were found between subjects on impulsive action and impulsive choice
tasks (Wang et al., 2016). This supports our findings that impulsive
choice and action are dissociated behaviors from one another.

Previous research has shown mixed results with regard to sex dif-
ferences in impulsive choice, with females sometimes exhibiting greater
levels of impulsive choice vs. males (Koot et al., 2009; van Haaren et al.,
1988) and some studies finding no sex difference at all (Perry et al.,
2007, 2009; Smethells et al., 2016). Impulsive choice, usually measured
in delayed discounting tasks, has seen mixed results when studying sex
differences in human subjects as well. In a review by Weafer and de Wit

(2014) human sex differences in impulsive choice have been shown to
be question and task specific with women making more impulsive
choices than males for hypothetical rewards and males making more
impulsive choices for real rewards. It could be that the lack of sex
difference in adulthood in impulsive choice displayed revealed in the
current work is task specific.

5. Conclusion

The current investigation extends previous findings showing neo-
natal gonadal hormone exposure is critical for early sexual differ-
entiation of brain and behavior. Our findings determine this window is
of particular importance for the development of an adult sex difference
in impulsive action, a behavior not affected by loss of pubertal or adult
gonadal hormones. These data illustrate the importance of an early time
frame for hormonal contribution to sex differences in behavior. Future
studies should examine the impact on brain mechanisms implicated in
impulsive action of neonatal gonadal hormone exposure.
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