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Abstract
Social behavior changes dramatically during primate adolescence. However, the extent to which
testosterone and other gonadal hormones are necessary for adolescent social behavioral development
is unknown. In this study, we determined that gonadectomy significantly impairs social dominance
in naturalistic settings and changes reactions to social stimuli in experimental settings. Rhesus
macaques were castrated (n = 6) or sham operated (n = 6) at age 2.4 years, group-housed for 2 years,
and ethograms were collected weekly. During adolescence the gonadally intact monkeys displayed
a decrease in subordinate behaviors and an increase in dominant behaviors, which ultimately related
to a rise in social status and rank in the dominance hierarchy. We measured monkey’s reactions to
emotional faces (fear, threat, neutral) of conspecifics of three ages (adult, peer, infant). Intact
monkeys were faster to retrieve a treat in front of a threatening or infant face, while castrated monkeys
did not show a differential response to different emotional faces or ages. No group difference in
reaction to an innate fear-eliciting object (snake) was found. Approach and proximity responses to
familiar versus unfamiliar conspecifics were tested, and intact monkeys spent more time proximal
to a novel conspecific as compared to castrates who tended to spend more time with a familiar
conspecific. No group differences in time spent with novel or familiar objects were found. Thus,
gonadectomy resulted in the emergence of significantly different responses to social stimuli, but not
non-social stimuli. Our work suggests that intact gonads, which are needed to produce adolescent
increases in circulating testosterone, impact social behavior during adolescences in primates.
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Introduction
Human adolescence represents a period of increased incidence of antisocial behavior, risk-
taking, anxiety, mood disorders and increased chance of expressing the first schizophrenia
symptoms (particularly social withdrawal). Thus, a greater understanding of the factors
involved in normal and abnormal social development in adolescence may help to maximize
the chance of a successful transition into normal adulthood. Gonadal hormones, including
testosterone, are known to play key roles in brain development, mood, behavior and cognition
and can modulate symptoms of psychiatric disorders (Akhondzadeh et al., 2006; Angold &
Costello, 2006; Halari et al., 2004; Ko et al., 2006; Toufexis, Myers, & Davis, 2006). Much
research on the neurobiological and behavioral impact of sex steroids has focused either on the
effects of testosterone during early fetal/neonatal development or during adulthood (Cochran
& Perachio, 1977; Huhtaniemi, Nevo, Amsterdam, & Naor, 1986; Mazur, 1976; Rose,
Holaday, & Bernstein, 1971). However, adolescence is a critical transition period between
childhood and adulthood, which encompasses significant increases in sex steroids along with
unique reproductive, neural and behavioral changes (Blakemore & Choudhury, 2006; Casey,
Jones, & Hare, 2008; Yurgelun-Todd, 2007). Our work focuses on how sex steroids may be
directly involved in the behavioral and/or neurobiological changes during adolescent
development. This is our first report, from a series of experiments, which is aimed at testing
how gonadectomy impacts the neurobiology of behavior in the adolescent male rhesus
macaque.

Adolescents are more susceptible to drug abuse, have a greater propensity for risk-taking and
spend more time in social interactions than children or adults (Spear, 2000). Structural imaging
studies indicate both progressive and regressive changes occur during adolescence in specific
brain regions involved in social development, especially the prefrontal cortex and amygdala
(Giedd et al., 1999; Gogtay et al., 2004; Schumann et al., 2004; Sowell, Thompson, Holmes,
Jernigan, & Toga, 1999). In functional imaging studies, adolescents showed increased activity
of social brain networks as compared to adults, including anterior cingulate, orbital frontal,
medial prefrontal and posterior superior temporal cortex (Blakemore, den Ouden, Choudhury,
& Frith, 2007; Monk et al., 2003; Moriguchi, Ohnishi, Mori, Matsuda, & Komaki, 2007). In
this study, we postulate that sex hormones are involved in orchestrating changes in social brain
networks and test if gonadectomy would result in differences in social behavior during
adolescence.

Testosterone, aside from its traditional roles in the development of sexual circuitry early in
life, has organizational effects on sex-specific behavior as late as puberty in male rats and
hamsters (Primus & Kellogg, 1989, 1990; Schulz, Menard, Smith, Albers, & Sisk, 2006; Sisk,
Schulz, & Zehr, 2003). Monkeys have more similar endocrine systems and comparable
anatomy of frontal brain regions to humans, in addition to having complex social relationships
and cognitive abilities, which makes monkeys ideal models for studying complex
developmental phenomenon in humans (Plant, 2006). Successful adolescent development of
primates depends on the emergence of appropriate social behavior. Like humans, adolescent
male rhesus macaques undergo considerable social changes during the transition from juvenile
to adult. In the wild, pubertal male monkeys usually leave their natal group at around 3 years
of age and must emigrate to a new social group in order to socialize and breed (Vessey &
Meikle, 1987). For males, sexual maturity occurs at about 3.5 – 4 years of age (Van Wagenen
& Simpson, 1954) and significant increases in testosterone occur during this time (Gordon,
Rose, & Bernstein, 1976). Correlational studies have reported associations between
testosterone levels and social dominance in adolescent chimpanzees and rhesus macaques
(Anestis, 2006; Rose, 1978). Social dominance is an important predictor of establishment in a
new group and male reproductive success (Vessey & Meikle, 1987). Thus, gonadally produced
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testosterone may represent a particularly important influence on eventual reproductive success
in rhesus macaques via its effect on social dominance. However, since these are correlational
studies, the extent to which the increase in testosterone and other gonadal hormones drive the
maturation in social behavior and change in social dominance rank in adolescence is not clear,
as it is possible that greater social competency and stature leads to an increase in the production
of gonadal hormones. The purpose of this study was to determine if gonadectomy just prior to
puberty leads to specific changes in social behavior as compared to non-social behavior. Over
a period of two years, we monitored natural changes in social behavior between an intact and
castrated group of monkeys, and we also tested the monkey’s responses to social (emotional
facial expressions and novel conspecifics), as compared to non-social stimuli (fear-provoking
stimuli and novel objects).

Methods
Subjects

All animal procedures used in this study conformed to the National Institute of Health Guide
for the Care and Use of Laboratory Animals (DHEW Publication 80-23, Revised 1985, Office
of Science and Health Reports, DRR/ NIH, Bethesda, MD). A total of 12 male rhesus macaques
(Macaca mulatta) were chosen from those born at the National Institute of Health Animal
Center’s (NIHAC) primate field station as history of maternal social status, matriline rank,
birth and health records and experimental history are available for these juveniles. The field
station consists of approximately 5 acres of land with a large pond, many trees and
approximately 100 monkeys from three different matrilines. The 12 monkeys (n = 6
gonadectomized group and n = 6 intact group) were taken from the field station at
approximately 27 months of age and were moved to enclosed housing. We received 8 monkeys
in the first year of the study and 4 additional monkeys in the second year of the study. This
was due to constraints in acquiring monkeys which is determined by the size of the birth cohort,
the number of males and the number of other projects that are being conducted. Two equally
sized separate social groups of monkeys were established. Pairs (one monkey to be
gonadectomized and one monkey to remain intact) were assigned to group housing with four
monkeys in each social group in year 1, six monkeys in each social group in year 2 and one
social group of four monkeys in year 3. Groups were housed in one of several large indoor/
outdoor habitats ranging from the smallest (3’7” by 5’ by 8’10”) to the largest (33’ by 4’4” by
10’) based on housing availability. Monkeys had water and primate chow available ad
libitum, and were supplemented with treats (i.e., fresh fruit, peanuts) several times per week.
All monkeys weighed between 3.2 and 5.39 kg, had basal morning testosterone levels of less
than 0.06 ng/mL and showed no other signs of puberty, such as canine teeth or descended
testes, at the beginning of the study. We selected male animals who were closely matched for
age (born within 40 days) for a given birth cohort. At age 29 months (~2.4 years), half of the
monkeys from each social group were selected at random for gonadectomy (n = 6) or a sham
operation (n = 6) with the constraint the resulting groups were comparable with regard to
average matriline rank, maternal rank and body weight. As a rough estimate, one monkey year
equates to about 4 human years, although many aspects of monkey postnatal development are
relatively accelerated or delayed when comparing across species. Table 1 shows the
experimental groups did not differ systematically on any of these factors at the start of the
study.

Surgeries
Animals were sedated with 6 mg/kg telazol IM and placed on isoflurane anesthesia. A midline
incision was made between the inguinal rings to allow access to both scrotal tunics. The tunic
was opened, testicle exteriorized, double ligated and removed. After hemostatis was ensured,
a neuticle was placed and the tunic was closed with 4.0 PDS. Sterilized neuticles (CTI
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Corporation, 0.75 inches, natural shape) were surgically implanted in the castrated monkeys
to control for any obvious visual differences in the gross outward appearance of the genitalia
resulting from castration. The surgical procedure was repeated to the opposite testicle and the
skin incision was closed with 4-0 PDS via subcuticular pattern. The animals were recovered
and returned to individual holding cages for three days until the cuts were healed and then they
were returned to their social groups. Post surgical antibiotics and analgesics were administered.
The sham control animals underwent the same anesthesia administration and recovery at the
same exact time (yoked to their control) but did not have any further surgical manipulations
performed.

Endocrine Measurements
Blood samples were drawn every 6–8 weeks beginning at age 28 months, one month prior to
surgery, and continuing to the conclusion of the study. Samples were taken at two different
daily times, 9:30 am and 11:00 pm, to track the diurnal variations in testosterone in addition
to the monthly and seasonal variations. The 11:00 pm blood draws were initiated at age 38
months for eight animals (gonadectomized n = 4, intact n = 4), and at age 30 months for four
animals (gonadectomized n = 2, intact n = 2). All samples were drawn under ketamine
anesthesia (0.05 mg/kg body weight). Approximately 3 mL of blood was drawn in an EDTA
lined vacuum tube from all animals on the same day within a 30-minute window and animals
were weighed at the time of the blood draw. Samples were centrifuged and plasma was stored
at −80°C. Plasma concentrations of testosterone, estradiol and leutinizing hormone (LH) were
measured by radio immuno-assay at the Yerkes National Primate Research Center Biomarkers
Core Lab at Emory University.

Social Dominance (Ethograms)
Behavior in the home cage social groups was observed by trained raters for 25 minute sessions
approximately once per week per cage for the duration of the study (from age 30 months to 50
months). Observations were made between 10:00 am and 4:00 pm and the monkeys were
acclimated to the presence of the observers for several minutes before observations began.
Ethograms were used to categorize behavior into 24 different categories (e.g., Winslow, Noble,
Lyons, Sterk & Insel, 2003) and over seventy ethograms were collected from each social group
over the course of this study. In the 25 minute observation period for each ethogram, all
monkeys within each social group were observed using a time sampling procedure and thus
all the time periods were sampled evenly for each subject and the behavior from the castrates
and the intact animals were collected under identical conditions.

To measure social dominance, social behaviors were classified as dominant or subordinate.
We selected behaviors based upon previous reviews of social dominance in macaques (e.g.,
Altman, 1962) and dominant behaviors included initiating a mount, displacement, and chasing.
Conversely, subordinate behaviors included receiving a mount, avoiding, and fleeing from
another monkey. Social dominance was defined as the difference between the total number of
observed dominant behaviors and subordinate behaviors for each monkey in each observation
session. These difference scores were then averaged across two time periods in order to
compare the dominance hierarchy before and after the pubertal increase in testosterone. The
first time period, “pre-puberty,” corresponded to age 30 months to 36 months and the second,
“post-puberty,” corresponded to age 39 months to 50 months. Thirty-nine months was
considered the time point at which puberty began since this was the first month intact monkeys
expressed nighttime plasma testosterone levels that were significantly higher than that of
gonadectomized monkeys. Changes in social behavior were also determined from the ethogram
data by calculating the average frequency of dominant and subordinate behaviors during the
pre-pubertal and post-pubertal period for each monkey.
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Emotional face task and snake task
Monkeys were tested in a Wisconsin general testing apparatus (WGTA) during the emotional
face task. To perform tasks in the WGTA, the monkey was placed in a cage (24” × 28” × 30”)
adjacent to a white plastic tray containing 3 wells in which small food rewards can be placed
(board- 38” across, wells 2” apart). The experimenter sat behind a divider and viewed the
monkey indirectly through a video camera screen. Between trials, an opaque screen was
lowered between the monkey and the testing tray. All animals were acclimated to the testing
apparatus over months.

At age 43 months (after the onset of puberty) the latency to retrieve a food treat placed in front
of photographs of novel monkey faces was tested. Twenty-eight photographs of novel monkeys
were used. The photographs were obtained from the NIMH primate core archives, and the
Yerkes and Oregon primate center websites. Photographs were chosen that showed monkeys
facing as forward as possible for eye contact and then converted to a grayscale image and
equated for size and contrast. Images were classified into three age groups: baby, peer or adult
and three different emotional valences: neutral, fear grimace, or threat. There were therefore
ten classifications of photographs presented: Adult Neutral, Adult Fear, Adult Threat, Peer
Neutral, Peer Fear, Peer Threat, Baby Neutral, Baby Fear, Baby Threat and Control. The control
stimuli consisted of two different solid grey shapes the approximate size of the faces in the test
photographs (3” × 5”). A mini-marshmallow was placed in front of each photograph and after
the screen was raised, the monkey’s latency to retrieve the reward was measured. If the monkey
failed to retrieve the treat within one minute, the trial was terminated and a score of 60 seconds
was recorded. All monkeys successfully retrieved a treat from in front of the control stimuli
20 times during training. All sessions were videotaped and the difference scores for response
latencies were calculated by subtracting the average latency to respond to the control stimuli
from the average latency to respond to each category of photograph listed above for each
monkey.

Monkeys were also tested for their reaction to different objects unrelated to faces in the WGTA,
including an innately fear eliciting rubber snake. At approximately 44 months of age, the
latency to retrieve a treat placed in front of ten different objects was measured. The non-snake
objects were small toys without any discernable facial features and small enough to be grasped
single-handedly by the monkey. The size of each toy approached but did not exceed 6.35 cm
× 6.35 cm by 6.35 cm (height × width × length). The toys had been used by our group in prior
studies but were novel to the monkeys on day one and were not expected to produce a fear
reaction. The series of single objects were presented to each monkey over three days with each
monkey being tested with each object on each day. The food reward was placed in front of
each object and the trial ended after the reward was retrieved or 60 seconds elapsed. The order
of object presentation was random with the constraint that the rubber snake was not presented
either first or last. Testing was conducted over three consecutive days and all sessions were
videotaped and response latencies were scored. Response latencies to the rubber snake and to
the toy objects were measured and analyzed by three-way ANOVA [with the independent
variables, testing day (1, 2 or 3), valence of the object (neutral or fear), and experimental
condition of the monkey (castrated or intact)]. To be consistent to what was done for the
emotional face task difference scores were calculated for each monkey by subtracting the
average latency to respond to the other nine objects from the latency to respond to the rubber
snake.

Social novelty test
The novelty tests occurred between the ages of 52 and 53 months. The social novelty test took
place in a large wire cage (3’7” by 5’ by 8’10”) in a separate room from the home cage. Each
monkey was removed from their home cage and placed alone in a large testing cage containing
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two smaller holding cages at opposite ends of the testing cage, four meters apart. The smaller
cages were similar to one another and allowed the monkey within the cages to view and interact
with the test monkey through the bars of the cage. The subject monkey was left alone in the
cage for an initial 15 minute acclimatization period. After acclimatization, a familiar monkey
from the subject’s home cage was introduced to one of the holding cages placed at the end of
the test area. After a 15 minute period spent with the familiar monkey, a novel monkey from
a different housing colony and age-matched to the subject was introduced to the second holding
cage located at the opposite end of the test area. This marked the beginning of a final 15 minute
period which the subject could choose to spend time closer to the familiar or closer to the novel
monkey at opposite ends of the test area. The position of the novel and familiar monkeys were
counterbalanced between groups. A video camera placed above the test cage was used to record
the movement and the location of the subject in the test area. The test area was divided into
eight equal sized quadrants and a quadrant proximate to the novel monkey and a quadrant
proximate to the familiar monkey were demarcated. The latency of time to approach the novel
and familiar monkey quadrant (secs), the total number of approaches and the total duration of
time spent in each of these quadrants (secs) was measured.

Object novelty test
The object novelty test took place in a set of three adjacent holding cages that were located in
the home cage. The walls of these holding cages were arranged to allow free movement between
each cage. The test subject was allowed to enter these cages and acclimatize for a 15 minute
period. After acclimatization, a novel play object # 1 was attached by a chain to the wall at one
end of the cages. The test monkey was once again allowed to freely explore the three
compartments for 15 mins. After this familiarization period, novel play object # 2 was attached
to the side wall at the opposite end of the cages. The monkey was then allowed to freely explore
the three compartments and interact with the two objects for a further 15 mins. During this
period, the latency of time to initially approach each object (secs) as well as the total number
of times each object was approached, and the total duration of time (secs) spent touching the
novel object (#2) and familiar object (#1) were measured.

Results
Weight and Endocrine Measures

Total body weight measurements taken from 4 months of age and continuing throughout the
study showed no significant differences between the intact and castrate monkeys at any point
although a slightly lower mean group weight for the castrated monkeys was found at the middle
time points (Figure 1, top panel). To account for diurnal hormone fluctuations, testosterone
was measured from blood plasma taken at 9:00AM (Figure 1, middle panel) and 11:00PM
(Figure 1, bottom panel). For intact monkeys, average testosterone levels at night were
approximately 10 fold higher than morning levels (t (5) = 8.74, p < 0.001, paired t-test).
Morning testosterone levels in intact animals were not significantly different from that of
gonadectomized animals before surgery, (t (10) = 1.86, p > 0.05). After surgery, the average
morning testosterone levels in the intact monkeys were two to three times higher than the
gonadectomized monkeys until age 49 months when it significantly increased to 12 to 30 times
higher than the gonadectomized monkeys (t(10) = 8.02, p < 0.001, comparing group difference
scores before 49 months vs after 49 months). Night time testosterone levels were comparable
among the subset of monkeys from which we collected data before surgery (Figure 1, bottom
panel), however testosterone levels were over 70 times higher in the intact group relative to
the gonadectomized group at 38 months, t (10) = 3.87, p = 0.002. Although no significant
differences in weight were observed between groups, a significant correlation was found
between weight and morning testosterone levels for intact animals (r = 0.84, p < 0.04). No
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significant correlations between weight and testosterone levels were found for gonadectomized
animals.

To control for any possible changes in estradiol due to pubertal castration, we measured serum
estradiol. Estradiol levels were below the normal assay range (estradiol < 5.00 pg/mL) at all
times sampled for both the castrate and intact groups. In order to confirm that gonadectomy
was complete and that hypothalamic response was normal, Lutenizing hormone (LH) was
measured once at 9:30 am and once at 11:00 pm when the monkeys were approximately 3 years
old. LH was significantly higher in gonadectomized animals than intact animals both in the
morning (4.0 ± 0.8 ng/ml vs. 0.4 ± 0.1 ng/ml; p = 0.001, unpaired t-test) and at night (8.0 ± 2.0
ng/ml vs. 0.9 ± 0.2 ng/ml; p = 0.006, unpaired t-test).

Social Dominance
Social dominance (defined as the difference between the number of observed dominant and
subordinate behaviors) was compared before and after the onset of puberty We defined the
beginning of puberty as the first time point where testosterone differed significantly (after 38
months of age, Figure 1) and avoided using any behavioral measures from the previous two
months in either calculation as testosterone levels were beginning to rise (months 36–38). In
both social groups, each intact monkey showed an increase in dominance score while each
gonadectomized monkey showed little change in dominance score. Each monkey’s individual
score was used as a ranking system to define the social hierarchy of each social group. In the
first group (Figure 2, Group 1), the dominant monkey (alpha) was gonadectomized and was
subsequently superceded in rank by the second and third place monkeys, both of whom were
intact monkeys and so experienced the normal rise in testosterone in adolescence. The most
subordinate member in this social group, an intact monkey, also slightly superceded the original
alpha gonadectomized monkey by the end of the study. The remaining two gonadectomized
monkeys also lost rank to the originally subordinate intact monkey, resulting in the three intact
monkeys occupying the first three positions in the social hierarchy and the three
gonadectomized monkeys occupying the bottom three subordinate positions. In the second
social group (Figure 2, Group 2), the dominant monkey, an intact, was able to maintain his
status, and the closely ranked remaining monkeys separated as the dominance hierarchy was
established across puberty. As is clear in the figure, this separation resulted in each intact
monkey attaining the highest three dominant positions while the gonadectomized monkeys
occupied the lowest three positions. Overall, we demonstrated that intact monkeys tended to
increase their social status and castrated monkeys tended to decrease in their social status over
the two year observation period.

We also found the intact and gonadectomized groups displayed opposite changes in the amount
of dominant and subordinate behavior across the study. Intact monkeys significantly increased
their proportion of dominant behaviors compared to gonadectomized monkeys (Figure 3 left
panel; t (10) = 2.75, p = 0.02, unpaired t-test). In contrast, gonadectomized monkeys
significantly increased their proportion of subordinate behaviors compared to intact monkeys
(Figure 3, right panel; t (10) = 2.88, p = 0.016, unpaired t-test). These behavioral changes are
consistent with the increases and decreases in social rank described above and confirms that
social dominance reflects not only the total number of behaviors displayed but also the relative
proportion of dominant or subordinate interactions.

Correlations between testosterone, matriline rank, maternal social status and social dominance
during the post-pubertal period among the intact monkeys were also calculated to determine
the strength of the relationship between these variables. The results of this analysis are
presented in Table 2.
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The only statistically significant correlation among the intact group was a strong correlation
between matriline rank and social dominance (r = -0.85, p < 0.05), indicating that individuals
born in more dominant matrilines were also more dominant among their own social group.
However, matriline rank was not strongly correlated with social dominance among the
gonadectomized group (r = 0.05). The highest correlation among gonadectomized monkeys
was between matriline rank and morning testosterone r = +0.68 (p > 0.05). There were two
non-significant trends between testosterone and social dominance, and testosterone and
matriline rank among intact monkeys (r = +0.71 and −0.74), indicating higher levels of
testosterone were related to greater social dominance scores and higher matriline rank (lower
number).

Emotional face task and snake task
Intact and gonadectomized monkeys differed in their response to photographs of threatening
faces and of baby monkey faces. In general, castrated animals had longer latencies to retrieve
the food reward than intact monkeys, regardless of age or expression of the face in the
photograph (Figure 4, top and middle panels; F (1, 8) = 8.1, p = 0.006). In post-hoc comparisons,
we found that monkey faces with threatening (fear-eliciting) expressions elicited a greater
latency to retrieve a food treat in gonadectomized animals as compared to intact animals (Effect
size = 1.37, Figure 4, top panel, p = 0.03). The latency to retrieve a treat in front of neutral and
fear-expressing (submissive look) faces were not significantly different (Effect size= 0.77 and
0.56 respectively, both p > 0.05). Age of monkey face also influenced responses, where
gonadectomized monkeys were slower to retrieve a treat in the presence of the infant monkey
faces (Effect size = 1.15, Figure 4, middle panel, p = 0.04). Gonadectomized monkeys were
also about twice as slow to take a treat in front of an adult monkey face, but this difference did
not reach statistical significance (Effect size = 0.61, p > 0.05). Both groups had a similar latency
in the presence of a peer monkey face (Effect size = 0.45, p > 0.05).

When the latency to retrieve a food reward in front of an object was measured the average
latency of all monkeys to reach for a treat in the presence of a rubber snake was about three
times longer as compared to the average latency to reach for a treat in presence of other toy
objects (F = 22.16, p < 0.0001). Also, the greatest increase in latency produced by the presence
of the snake occurred on the first day of the testing as compared to the second and third day
(F = 6.03, p < 0.01). However, there was no effect of experimental group (castrates versus
intacts, all effect sizes < 0.2), nor was there an interaction between treatment group and day
or object type (fear evoking versus non-fear evoking, all F < 2.4, all p > 0.10). While the
gonadectomized group tended to take slightly longer to retrieve the treat on all testing days,
no significant differences between the castrated group and intact group in their average latency
to retrieve a food reward in front of a snake was found when expressed as a difference score
(Effect size = 0.38, F = 0.44, p = 0.51, Figure 4 bottom panel). We did detect a main effect of
test day with significantly longer latencies on Day 1 (F = 3.25, p = 0.05), but no interaction
effect was detected suggesting equal rates of habituation over the three days in the castrates
and intacts (F = 0.08, p = 0.91) although there was substantial variation in monkey response
times on days 2 and 3.

Social and Object Novelty
Intact and gonadectomized monkeys also differed in their response to a novel monkey.
Gonadectomized monkeys spent more time in the familiar quadrant than the novel quadrant
during the social novelty test, while the intact monkeys displayed the opposite tendency (Figure
5, top panel). This interaction was significant, F (1, 10) = 6.09, p < 0.05. Post-hoc LSD tests
revealed that intact monkeys spent more time, on average, with the novel monkey than the
gonadectomized group, effect size = 1.30, p = 0.04. The amount of time spent with the familiar
monkey while higher in the castrates, was not significantly different between groups, effect
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size = 0.86, p = 0.19. The results of the number of approaches as well as the latency to make
the initial contact were consistent with the duration of contact measure. In general, the
gonadectomized group took longer to approach the novel monkey [29.95 (22.48) vs 9.97 (4.51)]
seconds) and they made slightly fewer approaches [5.67 (1.41) vs 6.00 (1.46)] than the intact
group. Conversely, they were faster to approach the familiar monkey [25.02 (10.26) vs 59.75
(20.52) seconds] and they made more approaches [7.33 (1.41) vs 5.50 (1.73)] than the intact
group.

The results of the object novelty test found that both groups, on average, spent more time with
the novel object than the familiar object (Figure 5, bottom panel). Thus, the main effect of
object novelty status was significant, effect size = 1.12, F (1, 10) = 5.50, p = 0.04. However,
there were no significant main effects when comparing the intact and castrated group, effect
size = 0.04, F < 1.0, which suggests that the reaction to novel objects is similar among these
groups, unlike the reaction to a novel monkey. Both groups were also faster to approach the
novel object and made more approaches to it than the familiar object. There were no differences
between groups on either of these measures, p > 0.05.

Discussion
In our study, the onset of puberty in intact male monkeys, as marked by a significant increase
in nocturnal testosterone just after 3 years of age, resulted in a rise in social dominance rank
and significantly impacted reactions to social stimuli, such as fearful faces and preference for
novel monkeys. However, reactions to non-social stimuli did not appear to be different between
the gonadally intact and castrated monkeys during adolescence.

We found pubertal elevations in nocturnal testosterone in developing male monkeys precedes
detectable pubertal changes in morning testosterone by about 10 months, which agrees with
previous studies showing that nocturnal plasma testosterone levels can become elevated as
early as 2.5 years of age (Rose, 1978). The developmental delay in increased morning
testosterone levels has also been found by other studies in rhesus macaques (Plant, 1985) and
adolescent males of other species including humans (Wu, Borrow, Nicol, Elton, & Hunter,
1989). Additionally, an increase in body weight is commonly associated with puberty onset,
however. no significant differences in total body weight between the intact and gonectomized
groups were found at any stage of this study. Therefore, gonad function cannot be the primary
driving force behind pubertal changes in body size. Instead, some other factor independent of
circulating testosterone may drive overall increases in body weight at this time, such as growth
hormone. Furthermore, our observations suggest the changes in the social behavior of the intact
males (discussed below) are not due to differences in body size or other physical cues such as
size of the scrotal sac (as this was controlled for in our study).

In the current study, intact monkeys increased their dominant behavior and decreased their
subordinate behavior relative to the gonadectomized monkeys. Intact monkeys also increased
their social dominance rank relative to gonadectomized monkeys. These results suggest that
gonadal hormones, such as testosterone, help an individual gain or maintain social status in
rhesus macaques. Previous experiments have given mixed results on the relationship between
testosterone and social dominance in monkeys (Bouissou, 1983). For example, Cochran found
that treating gonadectomized adult rhesus macaques with the androgen receptor agonist
dihydrotestosterone propionate resulted in an increase in dominance ranking for treated males
over untreated males (Cochran & Perachio, 1977). However, other studies failed to find a
correlation between dominance ranking and fecal testosterone levels (Barrett, Shimizu, Bardi,
& Mori, 2002). And in at least one study, an agonadal adult male rhesus macaque rose in social
dominance after placement in several different heterosexual colonies, becoming the alpha male
on multiple occasions and exhibiting typical age- and status-specific sexual and social behavior
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(Bernstein, Gordon, & Peterson, 1979), which suggests that other factors apart from circulating
gonadal hormones also influence social rank such as maternal social status (e.g., Dixon &
Nevison, 1997).

Because information regarding maternal rank as well as three generations of matriline rank
were available from the NIMH primate core, the present study was also able to report on the
influence of maternal and matriline rank on measured testosterone levels and social behavior.
A significant correlation was found between matriline rank and social dominance after puberty,
indicating that individuals from high ranking families were more dominant, and providing
evidence that genetic background may contribute to social behavior in these monkeys.
However the correlation between matriline rank and social dominance was absent among the
gonadectomized monkeys, which strongly suggests the effect of matriline rank on social
behavior is dependent on the presence of gonadal hormones such as testosterone. Strong (albeit
non-significant) correlations between matriline rank and testosterone, and testosterone and
social dominance are also consistent with the suggestion that matriline rank exerts its influence
on social behavior via gonadal hormones. Nevertheless, other factors such as genetic
background or early rearing may also play a role in determining position within the social
hierarchy.

Recent studies have found that adolescence is associated with unique behavioral and functional
brain changes. For example, adolescent vervet monkeys show more impulsive behavior toward
intruders than adult or juvenile monkeys (Fairbanks, 2001; Fairbanks et al., 2004), while
adolescent humans have a higher level of amygdala activation when viewing face stimuli than
children or adults (Hare et al., 2008). The amygdala undergoes considerable structural change
during adolescence (Schumann et al., 2004) and faces evoke potent firing in over half of the
neurons in this region (Gothard et al., 2007). Thus, we expected reactions to emotional faces
and unfamiliar conspecifics to change in our adolescent monkeys as well. The emotional face
task we used required the monkey to interact with the challenge stimulus in order to receive a
food reward. The behavioral responses of the gonadectomized group were not affected by either
the age or the expression of the photographed faces, while the intact animals were faster to
take the reward when placed in front of an infant face or a face displaying an open-mouth. The
similar response of intact monkeys to infant faces and open-mouth expressions probably
reflects the fact that both infants and the open-mouth gaze are social stimuli which evoke fear-
like behavior in adolescent male monkeys (Chamove, Harlow, & Mitchell, 1967; Sackett,
1966), and thus may signify an impending threat. Male monkeys would be severely punished
by a mature mother female if they approached or attempted to interact with an infant monkey
and the open-mouth gaze is a salient social threat from other monkeys. It should also be
mentioned that reactions to fear-grimaces are likely to differ from the human response to a
fearful face (typically evoking fear in us) since when another monkey is fear expressing (fear
grimace) this is a sign of submission.

To determine if there was a more generalized effect of gonadectomy on reactions to fear-
eliciting stimuli, we also tested the monkey’s reaction to a food reward placed in front of a
rubber snake. Snakes are a fear-eliciting stimulus to monkeys (Mineka, Davidson, Cook &
Keir, 1984), and monkeys with lesioned amygdale are less fearful of the snake and retrieve
food treats faster than non-lesioned monkeys (Amaral, Capitanio, Machado, Mason, &
Mendoza, 1997; Prather et al., 2001). In our study, the intact and the gonadectomized group
both took longer to retrieve the food reward in the presence of the snake compared to the other
objects, but there was no clear evidence the two treatment groups differed. This result contrasts
with the significant difference we observed in response to the face stimuli, and appears to
indicate some fear-related regions of the brain such as the amygdala are functioning normally
in the ‘snake task’ among the two groups. So rather than a general change in amygdala function,
the results of the face task may reflect more subtle hormone sensitive amygdalar changes which
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result in different reactions to social cues. Other research has indicated that sex hormones such
as estrogen can change the reward value of faces in a relatively gender- and species-specific
manner. For example, female rhesus will press a button to look longer at male rhesus faces
during peaks in their estrogen cycle, but not female faces or faces of humans or chimpanzees
(Lacreuse, Martin-Malivel, Lange & Hendon, 2007). Rises in testosterone, similar to the effect
of estrogen, may have also increased the ability of intact monkeys to make differential
responses to emotional faces of conspecifics.

We also tested whether the intact and castrate groups differed in their response to a novel
conspecific. We found that intact monkeys spent more time in close proximity to a novel male,
compared to the gonadectomized monkeys. In contrast, the results of an object novelty test did
not reveal any significant group differences in novelty-seeking in general. Both groups spent
more time with the novel toy than the familiar toy. These results are consistent with the
suggestion that sex hormones increase interest in, or reduce fear towards, novel conspecifics.
Other research has found knocking out the estrogen receptor (either alpha or beta) in female
mice reduces the preference for novel conspecifics in a similarly designed social discrimination
task using rodents (Choleris et al., 2006; Lacreuse et al., 2007). Given that testosterone in the
brain can be converted to estrogen by aromatase, the present results may also reflect the action
of sex steroids on estrogen receptors through aromatization of testosterone to estrogen. Indeed,
monkeys, rats and humans express estrogen receptor alpha in brain areas implicated in social
behavior, including amygdala and prefrontal cortical areas, which would allow direct hormone
modulation of social behavior (Montague et al., 2008; Perlman, Matsumoto et al., 2005;
Perlman, Webster, Kleinman & Weickert, 2004; Wang et al., 2004). Further work is needed
to address whether gonadectomy produced changes in the neurobiology of these regions
implicated in social behavior.

The present results have implications for our understanding of social impairments in people,
which are also associated with a decreased response to or absence of sex hormones. Decreased
testosterone levels, such as that due to Klinefelter’s syndrome, is associated with increased
distress during social encounters and less assertiveness (van Rijn, Swaab, Aleman & Kahn,
2008). Testosterone may also support normal social behavior during adolescence in humans.
Lower levels of salivary testosterone or decreases throughout the day in adolescent boys (and
girls) are associated with higher anxiety and problems with attention and depression (Granger
et al., 2003). The present results also suggest that altered sex hormonal levels during puberty
could negatively impact an individual’s ability to respond appropriately in a challenging social
situation, such as being confronted by an unfamiliar person. Sex hormones have also been
linked to psychiatric disorders that are characterized by alterations in social behavior including
schizophrenia (Akhondzadeh et al., 2006; Halari et al., 2004), anxiety (Toufexis et al., 2006)
and depression (Angold & Costello, 2006). In other work, we have found that patients with
schizophrenia may be unable to respond normally to the pubertal surge in sex steroids due to
the presence of lower or truncated estrogen receptor alpha in the prefrontal cortex (Perlman,
Tomaskovic-Crook et al., 2005; Weickert et al., 2008). Thus, it may be that schizophrenia
develops in part due to a blunted ability of the brain to respond to testosterone, albeit in a
different fashion than gonadectomy which eliminates testosterone. One implication of our
current study is if patients have a blunted response to sex hormones, this may contribute to
some of their deficits in social functioning. For example, schizophrenia is associated with a
deficit in or altered brain activity when recognizing angry or fearful facial expressions (Morris,
Weickert, & Gur et al., 2007; Turetsky et al., 2007), a result which may correspond to the
failure to respond differentially to emotional facial expressions among gonadectomized
monkeys.

Adolescence is a period in which individuals undergo fairly dramatic changes in their social
behavior yet few studies have reported significant behavioral changes that are specific to social
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cognition and which cannot be explained by general changes in anxiety or attention
(Blakemore, 2008; Spear, 2000). Our study shows for the first time that the reactions to social
stimuli in adolescent male rhesus macaques are sensitive to gonadectomy. Gonadectomy
changed behavioral responses to social cues, such as threatening facial expressions and novel
conspecifics, but it did not appear to affect the fear response to snakes or interest in novel toys.
These results are consistent with growing evidence that increases in sex hormones during
adolescence or menstruation are associated with increases in attention to social cues as well as
social behavior. This is relevant to our understanding of deficits in social behavior among
people with schizophrenia, which often emerges during or shortly after adolescence.
Furthermore, it sets the stage for future research to determine the molecular changes which are
responsible for the development of normal social behavior in sex hormone–sensitive brain
areas.
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Figure 1.
Weight and testosterone levels throughout adolescence. The top panel shows body weights
(kg) did not differ significantly between the intact animals (filled circles) and gonadectomized
animals (unfilled circles) at any time point. The middle panel shows morning testosterone levels
were significantly different between groups beginning at 49 months of age (*** p < 0.001).
Night testosterone levels were significantly different between the intact group as compared to
the gonadectomized group beginning at 38 months age (** p < 0.01). Data represent mean ±
SEM.
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Figure 2.
Social dominance difference scores (defined as the difference between the total number of
observed dominant and subordinate behaviors per monkey per ethogram session) before
puberty (Pre) and after puberty (Post). In both cohorts, all but one intact animal (Intact ●)
increased their dominance ranking while the gonadectomized animals (Gdx Δ) lost ranking or
stayed equivalent over time.
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Figure 3.
Changes in the average frequency of dominant and subordinate behaviors were measured
relative to the change in total social behaviors for each monkey. The left panel shows intact
animals (Intact ●) had a significantly higher ratio of change in dominant behavior frequency
to change in social behavior frequency than gonadectomized animals (Gdx ○) (p = 0.02). The
right panel shows the ratio between the change in subordinate behavior frequency and change
in social behavior frequency was significantly larger for gonadectomized animals (p = 0.02).
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Figure 4.
Latency to retrieve a food reward from in front of a photograph of a novel monkey or a rubber
snake relative to the latency to retrieve a reward from in front of a blank picture or neutral
object are plotted (means and SEMs). The top panel shows gonadectomized animals (Gdx,
white bars) were significantly slower than intacts (Intacts, black bars) to respond to pictures
of monkeys with threatening facial expressions (* p < 0.05). The middle panel shows
gonadectomized animals were significantly slower to respond to pictures of infant monkeys
than intact animals (** p < 0.01). The bottom panel shows there was no significant differences
in response time to a rubber snake between groups, and responses for both groups got faster
after the first testing day.
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Figure 5.
The average total duration of time (sec) each group spent in the proximate quadrant with the
novel and familiar monkey (top panel) and the novel and familiar object (bottom panel) during
the final test session are plotted (means and SEM). The intact group (black bar) spent
significantly more time with the novel intruder than the gonadectomized group (white bar) (*
p < 0.05). There were no significant differences between groups in the object novelty test,
however both groups spent significantly more time with the novel object compared to the
familiar object (* p < 0.05).
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