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Abstract
BUCCI, D.J., M.E. HOPKINS, A.A. NUNEZ, S.M. BREEDLOVE, C.L. SISK, J.T. NIGG. Effects
of sex hormones on associative learning in the spontaneously hypertensive rat.

Pavlovian conditioning of a visual stimulus paired with food was examined in spontaneously
hypertensive rats (SHR), which are a commonly used model for Attention-Deficit/Hyperactivity
Disorder (ADHD), and in Wistar rats (normoactive control). In gonadally intact rats of both strains,
males spent more time in the food cup following onset of the light than did females, indicating a
stronger association of the conditioned stimulus (CS) with reward. Gonadectomy carried out in
adulthood affected conditioning differently in the two strains. In Wistar rats, gonadectomy had no
effect on conditioned responding in females, but reduced conditioned responding in males,
effectively eliminating the sex difference in behavior. This result suggests that circulating androgens
in male Wistar rats normally aid conditioning in this task. In contrast, gonadectomy enhanced
conditioning in both sexes in the SHR rats, indicating that androgens and/or estrogens impair
conditioned associations in this strain. These data indicate that gonadal steroids can influence
conditioning in rats and that the valence of steroid action on this behavior is strain-dependent. To
the extent that SHR serves as a model of ADHD in humans, the influence of steroids on associative
learning may play a role in the expression of ADHD-like behaviors.
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Introduction
Attention-Deficit/Hyperactivity Disorder (ADHD) is among the most common childhood
psychological disorders, affecting approximately 3–5% of children and persisting into
adolescence and adulthood for an estimated 60–80% of people who are affected [1]. It is now
well established that ADHD is more common in boys than girls, with sex ratio estimates ranging
from 2:1 to 5:1 [2,3,4] across clinic and population samples. Nonetheless, given the high
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prevalence rates for ADHD, a significant number of girls have the disorder, although
historically they have been under-researched and under-identified. Moreover, there is evidence
that in adulthood the prevalence rate in females and males is equivalent [5].

Recent studies suggest that the neural and cognitive mechanisms involved in ADHD may differ
by sex, in parallel to sex differences in the behavioral and cognitive manifestation of the
disorder. Only a few studies have compared boys and girls with ADHD on cognitive or neural
measures, but at least some of these studies suggest that girls exhibit more extreme cognitive
symptoms when matched to boys on symptom severity [6,7,8]. Twin studies suggest potential
sex differences in genetic influences on ADHD [9,10]. These types of findings underscore the
need to answer longstanding calls in the field for examination of sex hormone effects on
ADHD, as articulated in an NIH consensus statement over a decade ago [11]. These sex
differences suggest that ADHD could reflect permanent effects of perinatal gonadal hormonal
exposures (e.g., androgens) and/or ongoing effects of reproductive or adrenal stress axis
hormones. Although hormones are a likely route to sex differences, causal effects on behavior
and cognition are difficult to study without animal models.

The present study thus examined the influence of sex hormones on behavior in Spontaneously
Hypertensive rats (SHR), a commonly used animal model of ADHD [12]. Although no animal
model of ADHD is fully satisfactory, SHR rats exhibit deficits in sustained attention, increased
motor activity, shortened delay-of-reinforcement gradients, and altered learning and extinction
reminiscent of impairments associated with ADHD [13,14,15,16,17]. Hypofunctional
dopaminergic and noradrenergic systems are present in SHR rats and have been argued to be
similar to the neurochemical abnormalities observed in groups of children with ADHD [12].
Yet to date, only a few studies have examined sex differences in SHR rats (or other animal
models of ADHD), and although these are not conclusive, they raise the possibility of sex
differences in the strain with regard to learning and behavior [18]. Moreover, only two studies
have investigated the effects of perinatal hormone manipulations on behavior in SHR rats, and
no studies have examined the influence of sex hormones on behavior in adulthood in this strain
or any other animal model of ADHD.

Male and female SHR rats were trained in a Pavlovian conditioning task in which a visual
stimulus was paired with food reward. The ability of SHR rats to learn a simple stimulus-reward
association was compared to male and female Wistar rats (a common, normo-active strain).
The activational role of sex hormones in mediating behavioral differences was examined by
including additional groups of male and female SHR and Wistar rats that had undergone
gonadectomy as adults. After the conditioning procedure was finished, all rats were tested in
an open field apparatus to assess locomotor activity. It was hypothesized that if circulating sex
hormones contribute to sex differences in SHR rats, then we would expect to observe sex-
different effects of gonadectomy in this strain.

Materials and methods
Subjects

Intact and gonadectomized male and female SHR and Wistar rats were obtained from Harlan
Laboratories, Indianapolis, IN, USA. Gonadectomy was performed by the supplier 1 week
before the rats were shipped to the laboratory. Upon arrival, all rats were 8 weeks of age. Sample
sizes for the Wistar strain were 8 intact males, 9 castrated males, 8 intact emales, and 10
ovariectomized females. For the SHR strain there were 9 intact males, 11 castrated male, 9
intact females, and 11 ovariectomized females. Rats had free access to water and food (Purina
standard rat chow; Nestlé Purina, St. Louis, MO, USA) during a seven-day acclimation period
and maintained on a 14/10-hr light-dark cycle. Rats were subsequently handled and weighed
daily for three days to establish baseline body weights and then body weights were gradually
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reduced to 85% of baseline over a 10 day period. Rats were housed individually during the
experiment because they had undergone surgery and it was necessary to avoid the possibily
that grooming by cagemates would irritate the wound, and because the behavioral procedures
required food restriction, requiring that each rat was fed a specific amount of food each day
depending on his/her weight. Animals were monitored and cared for throughout the experiment
in compliance with the principles of laboratory animal care, including the Association for
Assessment and Accreditation of Laboratory Animal Care guidelines, the Guidelines for the
Care and Use of Mammals in Neuroscience and Behavioral Research, and the Dartmouth
College Institutional Animal Care and Use Committee.

Apparatus
The conditioning procedures took place in standard operant conditioning chambers (24 cm ×
30.5 cm × 29 cm; Med Associates, St. Albans, VT, USA) constructed of aluminum front and
back walls, clear acrylic sides and top, and grid floors. The chambers were enclosed in sound-
attenuating cabinets (62 cm × 56 cm × 56 cm) equipped with exhaust fans for air flow and
background noise (~68dB). A dimly illuminated food cup was recessed in the center of one
end wall and a 6-W jeweled panel light, which served as the visual conditioned stimulus (CS),
was located 5 cm above the opening. An infrared photobeam was located across the entry of
the food cup to monitor placement of the snout into the food cup to retrieve food pellets.

Behavioral Procedures
Rats were first trained to eat from the food cup during a single 30-min session in which two
45-mg food pellets (Noyes, New Brunswick, NJ, USA) were randomly delivered into the food
cup 8 times. The subsequent ten daily conditioning sessions each lasted for approximately 30
min and included six trials consisting of a 10-sec presentation of the panel light co-terminating
with delivery of two food pellets. The inter-trial intervals averaged 5 min and varied from day
to day.

Analysis of Conditioning Data
Breaks in the infrared photobeam located across the entry of the food cup were monitored by
the computer during presentation of the light as well as during the 5-sec period before the start
of a trial (pre-CS responding) and the 5-sec period immediately after food was delivered (post-
CS responding). Two measures of conditioned responding were analyzed: the amount of time
spent with the snout inside the food cup, and the number of entries into the food cup. The time
spent with the snout inside the food cup was particularly important because measures of
response rate or the number of responses can be affected by the hyperactive phenotype of SHR
rats [17] and potentially confound an accurate assessment of learning ability. Group differences
in conditioned responding were assessed using a repeated measures analysis of variance
(ANOVA) with Strain (Wistar or SHR), Sex, and Treatment (intact or gonadectomized) as the
between-subjects variables and Session as the within-subjects variables. All analyses were
followed up with pair-wise comparisons (Fishers PLSD) and were conducted using an alpha
level of 0.05.

Open Field Exploration
One day after the final conditioning session locomotor activity was assessed in an open field
apparatus. The open field chamber (43.2 × 43.2 cm) was composed of plexiglas walls and was
connected to a computer running Open Field Activity Software (Med Associates). The chamber
was equipped with 16 photobeams mounted on the sides to monitor locomotor activity. On the
test day, rats were placed individually in the open field chamber and were allowed to explore
the chamber for 15 min, during which time the total distance traveled was monitored by the
computer. The chamber was cleaned with Quatricide disinfectant between testing each rat.
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Analysis of Activity Data
The total distance traveled was averaged into five 3-min blocks. Locomotor activity was
analyzed using a repeated measures ANOVA with Block as the within-subjects variable and
Strain (Wistar or SHR), Sex, and Treatment (intact or gonadectomized) as the between-subjects
variables. In addition, correlations between locomotor activity in the open field and conditioned
responding during the light were assessed by calculating Pearson correlation coefficients. An
alpha level of 0.05 was used for all analyses.

Results
Conditioning Task

The amount of time spent with the snout inside the food cup during presentation of the light
served as the primary measure of conditioned responding and is presented in Figures 1A
(Wistar rats) and 1B (SHR rats). As expected, responding increased over the trials in all groups
as training progressed, indicating that rats learned to associate the light with food reward. This
was confirmed by a repeated measures ANOVA that revealed a significant main effect of
Session [F(9,603)=78.5, p<0.0001]. In addition, there was a significant main effect of Sex [F
(1,67)=5.8, p<0.02] but no Sex X Strain (p>0.3), Sex X Treatment (p>0.4), or Sex X Strain X
Treatment interaction (p>0.3), indicating that male rats spent more time with their snouts in
the food cup than female rats regardless of strain or treatment. Lastly, there was a significant
Strain X Treatment interaction [F(1,67)=4.8, p<0.03] and a significant Strain X Treatment X
Session interaction [F(9,603)=3.3, p<0.001]. Post-hoc analyses revealed that gonadectomy
improved conditioning in male and female SHR rats (p<0.05) but not in Wistar rats (p>0.2).

Time spent in the food cup during the 5 sec prior to the start of a trial (pre-CS responding) was
very low in all groups of rats, indicating that placing the head into the food cup was specific
to presentation of the CS (Figure 2A). A repeated measures ANOVA revealed only a significant
effect of Strain [F(1,67)=17, p<0.0001]. The mean amount of time spent in the food cup prior
to onset of the light was slightly higher for Wistar rats (0.32 ± 0.03 sec) than for SHR rats (0.18
± 0.02 sec). Responding during the 5 sec period after the visual stimulus was turned off and
food was delivered (post-CS responding) is illustrated in Figure 2B. A repeated measures
ANOVA only revealed that post-CS responding was slightly was higher in SHR rats (4.1 ± 0.1
sec) than Wistar rats (3.8 ± 0.1 sec), i.e., a main effect of strain [F(1,67)=6.9, p<0.01], consistent
with the model of greater reward sensitivity in the SHR strain.

In addition to measuring the amount of time spent with the snout in the food cup, we also
analyzed the number of entries into the food cup during presentation of the light. There were
no significant differences detected (Ps>0.2), indicating that any differences in the amount of
time spent in the food cup were not simply due to one or more treatment groups committing
more food cup entries.

Locomotor Activity
Data were not available for one of the intact male SHR rats, so the analysis of locomotor activity
was carried out using 74 rats. The distance traveled by Wistar and SHR rats in the open field
is illustrated in Figure 3A and 3B, respectively. A repeated measures ANOVA revealed a main
effect of Block [F(4,56)=43.2, p<0.0001] indicating that locomotor activity habituated over
the course of the 15 min test session, as is typical in this type of design. In addition, there was
a significant main effect of Sex [F(1,66)=17.5, p<0.0001] indicating that overall, female rats
traversed a greater distance than male rats. The main effect of Strain was also significant [F
(1,66)=35, p<0.0001] in that Wistar rats exhibited greater locomotor activity than SHR rats.
Lastly, the Sex X Treatment interaction was significant [F(1,66)=7.4, p<0.01); post-hoc
comparisons revealed that gonadectomy increased locomotor activity in male rats but
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decreased locomotor activity in female rats. Notably, there were no significant correlations
between locomotor activity measured in the open field test and the time spent in the food cup
during presentation of the light (r<0.15, p>0.2).

Discussion
ADHD is a disorder that cannot be understood without grasping the reasons for sex differences
in its prevalence and possibly, in its expression [6,7,8]. Research on sex hormones is among
the most important routes of investigation for solving this question, yet basic animal studies
of hormonal effects on learning and behavior relevant to ADHD have been lacking. The present
study thus examined the activational effects of sex hormones on behavior in a common albino
strain of rats (Wistar) and in SHR rats, a widely-studied animal model of ADHD [12]. In a task
designed to assess the ability of rats to learn a simple stimulus-reward relationship, we found
that male rats exhibited more conditioned responding than female rats regardless of strain or
gonadal intactness. However, gonadectomy differentially affected conditioning in the two
strains in that the loss of circulating hormones improved conditioning in SHR rats but not in
Wistar rats. These findings have several implications for understanding the activational affects
of hormones on simple cognitive function in males and females as well as the interaction of
sex hormones and genotype in ADHD.

The finding of a sex difference in conditioning is not surprising in light of previous research
on sex differences in learning in humans as well as laboratory animals. For example, many
studies of spatial learning ability in rats indicate that males out-perform females [19,20,21,
22], although some studies suggest otherwise [23]. Likewise, studies in humans provide
evidence of a sex difference in spatial learning and memory in favor of males [24] and recent
studies in mice indicate that androgen receptor stimulation usually has beneficial effects on
learning [25]. On the other hand, adult female rats outperform males in acquisition of a
conditioned eyeblink response [26]. In the current study, while the direction of the sex
difference was the same in both strains of rats, the developmental origin of the sex difference
in conditioning may differ in the SHR and Wistar strains. In the Wistar rats, the sex difference
in conditioning appears to be abolished by gonadectomy, primarily because castration of males
reduces their response to the level of females. Ovariectomy of Wistar females is without effect.
These findings suggest that the sex difference in response of intact individuals in this strain is
“activational” in males, accounted for by the normal sex difference in circulating androgens.
Removing circulating androgens in males abolishes the sex difference. Thus future studies
could pursue the question of which brain regions are being affected by androgens to increase
responding in males of this strain. It would also be interesting to know whether providing
female Wistar rats with male-typical levels of testosterone would increase their responses.

In contrast, the sex difference in conditioning in SHR rats appears to be independent of adult
gonadal hormones, as it persists following gonadectomy. This sex difference may therefore be
“organizational”, caused by androgen-induced masculinization of the brain of males perinatally
[27]. Although the sex difference in responsiveness in SHR rats is not dependent on circulating
gonadal hormones, gonadectomy nevertheless has a dramatic effect on conditioning in both
sexes. This finding strongly indicates that circulating gonadal hormones inhibit this behavior
in both sexes of this strain. This is consistent with the recent finding that castration reversed
deficits in stroke-prone SHR rats in a spontaneous alternation task and also normalized aberrant
levels of androgen receptors [28,29]. As ovaries secrete relatively little androgen, these
findings suggest that estrogens may normally inhibit conditioning in this strain. Presumably
estrogenic stimulation of the gonadally intact males’ brains is via aromatization of testosterone
to estrogens [27]. If so, then the decreased responsiveness of Wistar males following castration
may reflect the loss of estrogen stimulation of the brain. As mentioned above, one could then
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ask why estrogen stimulation of the brains of Wistar males alters conditioning in the opposite
direction from SHR males.

The differential effect of gonadectomy in the two strains suggests that gonadal hormones
indeed affect conditioning, but that the nature of the effect depends on the genetic background.
While this finding complicates a global understanding of the role of gonadal hormones in
cognitive function, it suggests that the genetic background that makes SHR rats appear
behaviorally distinctive from other strains may achieve this effect by altering response to
steroid hormones. Thus one question that could be pursued in future studies is whether the
SHR or Wistar strains are most representative of rats in general. If future studies find that
gonadectomy consistently reduces conditioning in other rat strains, then the SHR response to
castration, being in the opposite direction, may represent a critical difference responsible for
the other behavioral distinctions in this strain. In other words, the distinctive response to
gonadal hormones seen in SHR rats may be responsible for the ADHD-reminiscent behavior
of these animals.

It is informative to compare the results of our study to those obtained in two previous studies
in which sex hormones were manipulated perinatally. In one study, treating male SHR rats
with testosterone early in life (postnatal day 10) impaired spatial memory when rats were later
tested at postnatal day 45 [30]. A second study reported that androgen treatment on postnatal
day 7 resulted in increased distance traveled in an open field apparatus [31]. Both of these
findings are consistent with the present data in that removal of testosterone in adult SHR rats
improved conditioning.

The pattern of results obtained in the conditioning task does not appear to be confounded by
systematic differences in performance between strains or sex. For example, increased
locomotor activity was observed in females in the open field test, consistent with previous
findings [32]. Although it is possible this may have contributed to the sex difference in
conditioned responding, analysis of pre-CS food cup behavior did not reveal any sex
differences in baseline food cup responding. In addition, there was no correlation between
locomotor activity and any measure of conditioned behavior. Moreover, the effects of
gonadectomy on locomotor activity and associative learning were not in the same direction.
We also do not believe that the results can be explained by the effects of gonadectomy on the
hypertensive phenotype of SHR rats. First, hypertension is usually not present in this strain
until later in adulthood [33,34]. Secondly, the effects of gonadetomy on hypertension are in
opposite directions in males and females [35,36], whereas the effects on behavior were in the
same direction in this study. Finally, we point out that although gonadectomy has been shown
to differentially affect eating behavior in males and females [37], we did not observe any sex
differences in post-CS responding; that is, males and females spent similar amounts of time in
the food cup when food was delivered. Thus the sex differences in learning are not likely
attributable to differences in motivation.

One potential issue with the intact females in this study is that it was not determined which
day of the estrous cycle they were in when locomotor activity was assessed. To the extent that
diestrus or proestrus or estrus is over-represented on that particular day, this could have skewed
the group mean (e.g., females usually more active on the day of estrus). However, previous
studies indicate that there are no differences in open field activity across different stages of
estrus in female SHR rats [38]. With regard to the conditioning procedure, each female would
be expected to have gone through at least 2 full cycles over the course of the conditioned
sessions and so cyclic variation in hormone levels might be expected to “even out” over the
10 days of trials.
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The observation that locomotor activity in the open field was greater in Wistar rats compared
to SHR rats in our study is consistent with others that have used Wistar rats as a comparison
strain. Indeed, SHR rats do not exhibit hyperactivity in an open field when compared to
common albino strains such as Wistar or Sprague-Dawley rats [39]. Instead, locomotor activity
appears increased in SHR rats only when they are compared to WKY rats (but see [40]) which
were derived from the same albino Wistar-Kyoto stock [38]. Although some have argued that
this makes WKY the most suitable comparison strain in studies involving SHR rats, mounting
data indicates that the behavioral profile of WKY rats is unlike any other albino strain and that
these rats may not serve as an appropriate “normal” comparison strain [13,42]. There is
evidence that WKY rats are abnormally hypoactive [43,44,45] and they are currently being
investigated as a model of depression [46,47,48]. There is also evidence that they do not share
as much genetic background with SHR rats as originally suggested [49,50]. Thus, many current
studies involving SHR rats use Wistar or Sprague-Dawley rats as a comparison strain. Although
the lack of hyperactivity in the open field in SHR rats could be used to argue against the use
of SHR rats as a model of ADHD, it is important to consider that assessing activity via distance
traveled in an open field may not be the best measure of hyperactivity. More relevant measures
of activity might be obtained by assessing task-relevant responding in operant reinforcement
schedules, for example. In that setting, SHR rats exhibit hyperactivity and impulsive motor
behavior compared to both WKY as well as more common albino strains [51], but see [52].

In summary, the findings presented here provide evidence for sex differences in simple learning
in SHR rats. These data are consistent with the few other studies that have investigated sex
differences in behavior in this strain as well as studies in humans that indicate that females
with ADHD may have greater cognitive impairment [6,7,8]. The performance of male and
female SHR rats has been shown to differ in an operant discrimination paradigm [18,53] as
well as a Pavlovian model of conditioned inhibition [54]. In the latter study, female SHR rats
were slower to learn a serial feature negative discrimination, consistent with a greater deficit
in inhibitory behavior compared to males. However, gonadectomy affected males and female
SHR rats similarly, indicating that circulating sex hormones in adulthood are not sufficient to
explain the observed sex difference in adulthood. These data suggest that pre-existing
differences early in development may be responsible for the finding that girls exhibit more
severe cognitive dysfunction than boys diagnosed with ADHD. In addition, another major
finding of the present study was that the organizational versus activational effects of sex
hormones may affect SHR rats differently than other strains of albino rats. If this result turns
out to be consistent across other behavioral domains related to ADHD (e.g., inhibition, working
memory, sustained attention), it would provide evidence that the distinctive response to gonadal
hormones in SHR rats may also contribute to sex differences in ADHD-like behavior. Further
studies are also needed to more fully characterize the effects of sex hormones on behavior in
SHR rats by comparing the effects of gonadectomy and possibly hormone replacement at other
times during development, e.g., perinatally.
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Figure 1.
Amount of time spent inside the food cup during presentation of the visual CS in male and
female intact and gonadectomized Wistar (A) and SHR rats (B). Gonadectomy enhanced
conditioning in SHR rats but not in Wistar rats. Data are mean ± S.E.M.
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Figure 2.
Amount of time spent inside the food cup prior to CS onset (A, pre-CS behavior) and after the
CS was turned off and food was delivered (B, post-CS responding). Data are means across all
10 session ± S.E.M.
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Figure 3.
Distance traveled in the open field apparatus by male and female intact and gonadectomized
Wistar (A) and SHR rats (B). Female rats exhibited more locomotor activity than males rats.
In addition, Wistar rats traveled a longer distance than SHR rats. Data are mean ± S.E.M.
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