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Rearing Effects on Cerebrospinal Fluid Oxytocin
Concentration and Social Buffering in Rhesus Monkeys
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Mother-reared (MR) and nursery-reared (NR) male rhesus monkeys exhibit profound and persistent differences in social and emotional
behavior. Compared to MR animals, NR monkeys show reduced reciprocal social behaviors and increased agonistic behavior and high
levels of stereotypy. Cerebrospinal fluid oxytocin (CSF OT) in NR monkeys was significantly reduced compared to MR monkeys
measured at |8, 24, and 36 months of age. Correlations between OT and individual social behavioral profiles measured across rearing
conditions also revealed a significant association between OT and the expression of affiliative social behaviors including allogrooming and
reciprocal intermale mounting at each age examined. In contrast, CSF vasopressin levels did not differ according to rearing history, but did
correlate with fearful behaviors independent of rearing history. Differential rearing was not associated with differences in basal or stress-
related plasma cortisol, although these levels did progressively decline as monkeys matured. MR but not NR monkeys were able to use a
social companion to buffer their response to a stressor, but OT levels did not appear to be sensitive to the presence of a social
companion in either group. These results are consistent with earlier reports from studies of rodents suggesting an important role for

central OT pathways in the development of social affiliation.
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INTRODUCTION

While recent studies have reported genes for social behavior
(reviewed in Insel and Young, 2000), nearly 50 years of
research has documented the powerful effects of rearing
environment on adult social interaction. Birds reared by
parents of another species fail to develop species-typical
calls (Immelmann, 1969). In rats, variations in rearing
environment ranging from normative differences in mater-
nal licking and grooming to more extreme interventions
such as social isolation are associated with altered stress
responsiveness and changes in social behavior in adulthood
(Hall et al, 1998; Liu et al, 2000). Human infants raised in
socially deprived environments show decreased social
interaction as children, exhibiting some of the features of
autism (Rutter et al, 1999). As a particularly close model of
this human syndrome, rhesus monkeys reared in a nursery
away from the mother manifest deficits in social interaction
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and increased self-directed behaviors. First described by
Harlow (Harlow et al, 1955; Harlow and Harlow, 1962;
Harlow and Suomi, 1974), many laboratories have repli-
cated the social behavior deficits of rhesus monkeys raised
in a nursery (Champoux et al, 1991; Sackett, 1984; Suomi et
al, 1971).

Although we have extensive research documenting the
behavioral deficits of nursery-reared monkeys, we know
relatively little about associated neurobiological and neu-
roendocrine correlates (Ginsberg et al, 1993a,b; Sanchez et
al, 1998; Siegel et al, 1993) These neural changes are of
interest not only because of their potential relevance to
autism but because they may indicate how normal
maternal-infant interactions support neural development.
The current study was undertaken as a longitudinal
comparison of monkeys in two rearing conditions: nur-
sery-rearing (NR) vs seminaturalistic mother-rearing
(MR). Specifically we planned to test the following three
hypotheses:

1. Based on recent studies of the role of neurohypophyseal
peptides in social affiliation of rodents (Insel, 1992),
these two groups of monkeys will differ in central
concentrations of oxytocin (OT) and vasopressin (AVP).

2. Based on earlier data of rearing effects on stress
responsiveness, these two groups of monkeys will differ



in their plasma concentrations of cortisol either at
baseline or following a stressor.

3. Based on the evidence for deficits in social interaction,
these two groups of monkeys will differ in their ability to
use a social companion to buffer the effects of a stressful
environment.

By studying these monkeys at 18, 24, and 36 months, we
tested each of these hypotheses at critical times of
development between the juvenile state (18 months) and
reproductive maturity (36 months). Our results demon-
strate that NR have reduced concentrations of central OT
and that this reduction is correlated with deficits in social
behavior.

METHODS
Subjects

A total of 12 male rhesus monkeys (Macaca mulatta, Indian
origin) born between April and May 1999 in six large
breeding groups maintained at the Yerkes National Primate
Research Center Field Station. Infants born to these
monkeys were assigned to two different rearing conditions:
NR and MR. All infants were derived from mothers of
midlevel social status.

Rearing Conditions

NR monkeys were removed from their mothers within 48 h
of birth, and raised according to standard nursery protocols
at the Yerkes Main Station facility. Accordingly, infants
were individually housed for the first 45-60 days and bottle
fed by nursery care staff. Each infant was then pairhoused
with another of the NR subjects, forming three social pairs.
These pairs were continuously housed together during the
day except for 4- to 6-h intervals each day (between
10:00am and 4:00 pm) when they were separated for
individualized feeding and bottle training. At approximately
3 months of age individualized feeding was discontinued
and the animals remained pair housed in the nursery
facilities without interruption throughout the remainder of
the first year.

MR monkeys were recruited from the same birth cohort
as NR monkeys. The criterion for the selection of these
infants included age matching for NR monkeys, midlevel
social status, and no prior history of veterinary intervention
requiring maternal separation during the first year of life. At
approximately 1 year of age they were removed from their
natal groups, transported to the Yerkes Main Station, and
housed with a familiar companion. Following a 4-week
quarantine, these social pairs along with the cohort of NR
monkeys were transferred to a new housing room located at
the Yerkes Main Station.

Each animal was housed in a 1.3 m’ cage equipped with a
removable, porous (9-5 cm diam holes) partition to control
social contact with the adjacent cage. Members of each pair
of monkeys were routinely separated by the partition at
approximately 5:00 pm each day. The partition was removed
each morning at approximately 9:00 am to permit unrest-
ricted social contact through the day. This process
facilitated a predictable pattern of vigorous social interac-
tion each morning.
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Assessment of Social Behavior

Videocage. A custom-built videocage (1.5m high x 1.5m
wide x 0.75 m deep) was constructed to permit videotaping
of social pairings. This cage was equipped with casters to
permit mobility and two 20" shelves, one high, the other
low. Panels could be inserted at the end of each shelf to
separate the animals if necessary. A guillotine door was
located on each end of the cage to permit access directly
from the home cages. The front of the cage was covered with
clear Plexiglas panels and the remainder of the cage was
covered in wire mesh.

Round-robin pairings of differentially reared monkeys. At
18, 24, and 36 months of age, every monkey was recruited
for a 3- to 4-week study of comparative social interactions
with an unfamiliar NR (uNR), unfamiliar MR (uMR), or
home-cage (HC) partner in the videocage. Each 1-h
observation of pair interactions was separated by 1 week
and the order of pairing with different partner types (uNR,
uMR, HC) was systematically varied. Each subject conse-
quently was videotaped for a total of 3h. All videotaped
sessions were conducted in the colony housing room.

At 1 week after completion of each round-robin study,
samples of blood and cerebrospinal fluid (CSF) were
collected from each subject to assess basal measures of
cortisol and CSF neuropeptides.

Novel Cage and Social Buffering Test

At approximately 37 months of age, beginning 1-2 weeks
after basal plasma and CSF samples were collected following
round-robin pairings, novel-cage stress challenges were
conducted to determine if there was a differential response
between the two rearing groups. Stress-related blood and
CSF samples were collected between 9:30 and 10:30 am.
Each animal was tested once per week in one of the three
conditions and the order of testing was systematically
varied between animals. For basal levels, each subject was
administered anesthetic in his HC and immediately
transferred to an adjacent treatment room for biofluid
collection. In the alone condition, each animal was first
transferred to a cage located in a novel room for 30 min, and
then anesthetized before biofluid collection. In the compa-
nion condition, each animal along with his cage mate was
first transferred to a cage located in a novel room for
30 min, then both were anesthetized for biofluid collection.
Behavior was videorecorded and subsequently coded for
analysis.

Ethogram

A comprehensive ethogram was adapted (Altmann, 1962;
Hinde and Spencer-Booth, 1967) to cover a range of social
and nonsocial behaviors. Briefly, all bouts of motor and
stationary activity, agonistic, and nonagonistic social
behaviors and vocalizations were coded for real-time
computer-assisted data entry. Definitions were designed to
provide a comprehensive and exhaustive description of
social and nonsocial behaviors. Motor and social behavior
categories were not mutually exclusive. Total frequencies
and/or durations for each behavioral element were com-
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puted as appropriate and expressed as the rate or total time
per hour observation. Social behaviors were further
grouped according to affiliative, aggressive, and defensive
behaviors. Affiliative behaviors include measures of allo-
grooming, genital inspection, sitting in contact, clinging,
touching, and intermale mounting. Intermale mounting was
included in this category based on the interpretation of
Reinhardt et al (1986). Aggressive behaviors included cage-
shaking, hitting, wrestling, biting attack, and open mouth
threats. Elements included in defensive behavior included
fear grimace, defensive crouch, escape behavior, and
screaming. A category designed to quantify time spent
engaged in solitary behaviors included self-grooming,
object manipulation, solitary stationary-alert, and solitary
walking. Abnormal or stereotyped behaviors included
thumb sucking, self-biting, and other idiosyncratic, highly
repetitive motor patterns.

Videotapes were scored using focal animal techniques
(Altmann, 1974) with commercially available computer-
assisted data collection technology (Noldus, Observer™).

Observer Training and Reliability

Multiple observers were trained to intra- and interobserver
reliabilities of >80% for frequency and duration of social
and motor behaviors on a predesignated 60 min training
tape. Additional reliability at >80% was obtained for 2-
30 min segments from different tapes from each observation
set selected to represent vigorous social interactions (ie 18,
24, 36 months).

CSF and Plasma Samples

Approximately 1 week following completion of each round-
robin behavioral study, each subject was administered doses
of ketamine (5mg/kg) and Telazol (4-5mg/kg) in his HC
and immediately transferred to an adjacent treatment room
for blood and CSF fluid collection. Blood was drawn from
the femoral vein, and CSF was obtained from the cisterna
magna. Baseline blood and CSF samples were collected
between 9:30 and 10:30am. For all studies, blood was
transferred to EDTA-coated tubes and stored on ice,
centrifuged at 4°C, and plasma aliquots stored at —80°C.
Cisternal CSF samples were immediately frozen on crushed
dry ice and subsequently stored at —80°C. Unless otherwise
indicated, the interval from initial contact to initial blood
collection was less than 5 min and for CSF less than 10 min.

Hormone Determinations

Unextracted CSF samples (20 pl) were assayed in duplicates
for OT and AVP immunoreactivity by RIA. Plasma were
diluted in a 5:1 ratio with assay buffer and assayed in
duplicate for OT. No further extraction was applied.
Determinations were prepared by the Yerkes National
Primate Research Center Endocrine Core Laboratory using
commercially prepared kits produced by R&D Systems
(Minneapolis, MN; cat. DE-1900 (EIA kit)). The sensitivity
of assays was <5.0 pg/ml for OT and <4.0 pg/ml for AVP.
Crossreactivity of the OT assay for AVP was <0.001.
Crossreactivity of the AVP assay for OT was <0.001. The
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intra- and interassay coefficients of variation at the relevant
concentrations in each assay were approximately 10%.

OT levels in CSF were measured at 18, 24, and 36 months
of age. AVP levels were only measured at 18 and 24 months
of age.

Plasma cortisol determinations were prepared using a
commercially prepared kit (Diagnostic Systems Labora-
tories, Webster, TX; cat. DSL-2000). The range for this assay
at 10pl was 1.25-150 pug/dl. The intra- and interassay
coefficients of variation at the relevant concentrations in
each assay were <10%.

Statistical Analyses

To compare behavioral scores during play sessions we used
a multifactor ANOVA with repeated measures: a between-
subject factor was used for rearing history (MR vs NR) and
repeated measures included partner type (HC, uNR, and
uMR) and age (18, 24, and 36 months). For CSF
neuropeptide levels, two-way ANOVAs were used to assess
the rearing history (between-subjects factor) and age
(within-subjects factor). Where appropriate, post hoc New-
man-Keuls Test comparisons were performed to examine
individual main or interaction effects (Winer, 1971).

Behavioral data collected during the Novel Cage test failed
tests of homogeneity of variance. Consequently, we used
pairwise Mann-Whitney U contrasts to examine NR and
MR differences in the behavior.

RESULTS
Behavior

Group differences in social and motor behavior were
significant and persisted from 18 to 36 months of age. In
particular, NR monkeys spent significantly less time
engaged in affiliative social (primarily allogrooming and
sitting in close contact) behaviors (F(1,10) =13.17, p <0.05;
Figure 1, left). The number of affiliative behaviors expressed
depended on partner type (F(2,20) =4.27, p<0.05) with the
highest rate found for an HC partner and lowest for a uNR
partner (data not shown). NR monkeys showed increased
frequency of aggressive (primarily wrestling and pursuit)
behaviors (F(1,10) =4.60, p=0.05; Figure 1, middle) but
comparable frequencies of defensive behaviors (Figure 1,
right) compared to MR monkeys. Neither aggressive nor
defensive behaviors were influenced by partner type. The
rate of expression of defensive (primarily escape and
defensive crouch) behaviors did increase with age
(F(2,20) =8.20, p<0.05) with the largest increase measured
from 18 to 24 months in both NR and MR monkeys.

NR monkeys spent significantly more time engaged in
solitary behaviors (F(1,10)=4.55, p<0.05; Figure 2,
middle) and NR but not MR monkeys also reliably
expressed persistent, abnormal repetitive behaviors
(F(1,10)=7.418, p<0.05; Figure 2, left). The latter were
present throughout the study.

Measures of walking and running (Figure 2, right) did not
differ between rearing groups although time spent engaged
in motor activity did decrease with age (F(2,20)=32.04,
p<0.05).
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Social behaviors in MR and NR monkeys. Data represent the measures (mean + | SEM) of social activity including the amount of time engaged

in affiliative behavior (left), and frequencies of aggressive (middle) and defensive postures (right) during three |-h play sessions scheduled at 18, 24, and 36
months of age. Open symbols represent the social initiatives of NR monkeys. Closed symbols represent the social initiatives of MR monkeys. Asterisks
indicate differences (p <0.05) determined by Neuman—Keuls contrasts following repeated measures of ANOVA.
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Figure 2 Nonsocial behaviors in MR and NR monkeys. Data represent measures of nonsocial motor behaviors (mean + | SEM) including the frequency
of stereotyped or abnormal repetitive behavior (left); time spent engaged in solitary behaviors (middle); and walking, running, or jumping between perches
(right) during three |-h play sessions scheduled at |8, 24, and 36 months of age. Open symbols represent NR monkeys; closed symbols MR monkeys.
Asterisks indicate differences (p <0.05) determined by Neuman—Keuls contrasts following repeated measures of ANOVA.

Basal OT, AVP, and Cortisol

NR monkeys had significantly decreased levels of CSF OT
compared to MR monkeys (F(1,20) =14.53, p<0.05) at 18,
24, and 36 months. No significant differences or interac-
tions were detected for age or rearing history (Figure 3, left).
CSF AVP levels measured at 18 and 24 months did not differ
according to rearing history or age (levels were not
determined at 36 months), nor were there significant
interactions detected between age and rearing history
(Figure 3, right). Plasma OT levels measured at 36 months
of age did not significantly vary by rearing history (Figure 3,
middle), nor did plasma OT values correlate with CSF levels
collected in the same session (data not shown).

We also examined the correlation of individual CSF OT
levels with the expression of affiliative behavior during the
round-robin test at each age. OT levels were correlated with
time spent engaged in affiliative social behavior at each of
the observation sessions (18 months: r=0.517, p =0.08; 24

months: r=0.641, p<0.05; 36 months: r=0.814, p<0.05).
AVP significantly and negatively correlated with elements of
fearful behaviors including frequency of fear grimaces at 18
months (r=—0.718, p<0.05) but not 24 months of age.

Basal levels of plasma cortisol significantly decreased
according to age (F(2,20) =7.54, p<0.05) but not rearing
history nor was significant interaction detected between age
and rearing history. Basal plasma cortisol levels did not
correlate with elements of social or nonsocial behavior, nor
were significant correlations detected between CSF levels of
OT, AVP, and plasma levels of cortisol.

Novel Cage Stress Response and Social Buffering

During the novel cage test without a companion, no
significant differences were detected between the behaviors
expressed by NR and MR monkeys. MR and NR monkeys
displayed comparable levels of abnormal repetitive beha-
viors in the alone condition. Both groups showed compar-
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Figure 3 OT and AVP in MR and NR monkeys. Data represent measures of OT and AVP (mean pg/ml £+ | SEM) in NR (open symbols and bars) and MR
monkeys (closed symbols and bars) at several ages during the study. The left panel depicts OT detected in CSF at 18, 24, and 36 months of age. At 36
months we examined OT levels in plasma collected during the same session as CSF samples (middle panel). Also depicted are CSF AVP levels (right panel)
measured at 18 and 24 months. Asterisks indicate differences (p<0.05) determined by Neuman—Keuls contrasts following three-way ANOVA with
repeated measures for age.
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Figure 4 Response to a stressor at 36 months. Data represent behavioral and endocrine responses of NR (open symbols and bars) and MR monkeys
(closed symbols and bars) to a 30-min novel cage test with (pair) and without (single) a familiar social companion. The left panel represents the mean ( + |
SEM) frequencies of abnormal/repetitive behavior. The middle panel depicts the mean ( + | SEM) time engaged in social contact behavior. Plasma levels
depicted in the right panel represent samples collected within 5 min of capture (basal), or after 30 min in a novel cage with and without a social companion.
Asterisks represent p <0.05 determined by Mann—Whitney U comparisons. For cortisol, asterisks represent cortisol differences (p <0.05) between single
and pair conditions measured by paired t-tests. Plus symbols represent differences (p <0.05) between NR and MR monkeys within condition measured by

independent t-test.

able, elevated levels of cortisol after a 30 min test, but no
significant differences in CSF OT or AVP compared to their
basal levels. During the test with a companion, all monkeys
vocalized less and spent less time self-grooming compared
to the alone condition. In the paired condition, NR monkeys
had more repetitive behavior (U=0, z=2.56, p<0.05;
Figure 4, left) and less social behavior (U=0, z=2.56,
p<0.05; Figure 4, middle) compared to MR monkeys. MR
but not NR monkeys showed a modest but significant
reduction in cortisol elevation if a familiar companion was
present (#(5) =2.15, p<0.04 (one-tailed); Figure 4, right).
No differences in CSF OT were associated with the presence
of a companion during testing compared to the alone
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condition, although NR monkeys had significantly lower OT
levels compared to MR monkeys independent of the testing
condition (F(1,10) =4.08, p<0.05).

DISCUSSION

As expected from previous studies, monkeys removed from
their mother shortly after birth and raised in standard
nursery conditions develop a syndrome characterized by
decreased affiliation, increased aggression, and increased
self-directed, repetitive behavior. This study tested three
hypotheses with the following results. First, NR monkeys



had decreased levels of CSF OT through 36 months of age.
CSF OT (but not plasma OT or CSF AVP) correlated with
affiliative behavior independent of the rearing condition,
whereas CSF AVP correlated negatively with fearful
behaviors. Second, basal plasma cortisol measures were
not different between the rearing conditions and did not
reliably correlate with measures of social interactions.
Thirdly, MR but not NR monkeys appeared to benefit from
the presence of a familiar companion during a stress-
provoking challenge. Consistent with differences in affilia-
tive behavior, MR but not NR monkeys showed an increase
in social contact, a reduction in abnormal repetitive
behaviors, and a reduced cortisol response in the presence
of a familiar companion. Taken together, these results
suggest that rearing conditions have long-term effects on
both social behavior and central OT concentrations. Several
investigators have described the emergence of social deficits
in rhesus monkeys following maternal loss and subsequent
rearing in standard primate nursery care (Chamove et al,
1973; Erwin et al, 1973; Sackett, 1967, 1972). The deficits
appear less severe than those associated with rearing in
social isolation, but nevertheless reflect significant and
persistent impairment in social, cognitive, and emotional
behavior for these animals (Champoux et al, 1992; Sackett,
1967; Suomi, 1991). Social deficits appear to be only
partially reversible with intensive socialization with nor-
mally reared peers and appear to present a significant risk
factor for impaired performance in stress-provocative
environments (Champoux et al, 1991; Fahlke et al, 2000;
Shannon et al, 1998). Our findings are consistent with
previous reports and confirm that deficits in positive social
interactions by NR monkeys are particularly evident in
reciprocal behaviors such as allogrooming and intermale
mounting.

The mechanisms by which early social deprivation results
in subsequent social deficits are largely unknown. Just as
early visual experience appears critical for the development
of normal visual acuity, one might hypothesize that social
experience early in development modulates the develop-
ment of neural pathways required for subsequent social
behavior. Indeed, several recent studies in rats have
described the long-term neural as well as behavioral
consequences of variations in early social experience.
Reduced maternal grooming and licking is associated with
significant and persistent differences in the adult offspring’s
emotionality (Caldji et al, 1998), cognition (Zaharia et al,
1996), hypothalamic CRH, and AVP mRNA expression (Liu
et al, 1997), as well as binding to GABA,, CRH, o,-
adrenergic (Caldji et al, 1998), and glucocorticoid receptors
in the brain (Sutanto et al, 1996). Two independent groups
have reported a decrease in OT receptor binding in the
amygdala, following repeated mother-infant separations or
decreased maternal licking and grooming (Francis et al,
2000; Noonan et al, 1994).

While these studies in rats have demonstrated the
importance of licking and grooming, the proximate factors
contributing to abnormal social development in primates
are less clear. A variety of extrinsic and intrinsic factors
have been suggested, including absence of tactile comfort
(Harlow, 1958), lack of vestibular stimulation (Sackett,
1965), loss of control (Mineka et al, 1986), maternal
regulation of development (Hofer, 1996), and impaired
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social cognition (Anderson and Mason, 1978; Capitanio and
Mason, 2000). Of course, our NR and MR groups differed in
many aspects of rearing. In addition to remaining with their
mothers, the MR group was raised outdoors in a complex
seminaturalistic environment with considerably more
sensory stimulation in their first year relative to monkeys
in the NR condition. Various nonsocial aspects of the MR vs
NR environments may have contributed to the observed
differences: outdoor housing, light cycles, and environ-
mental complexity. However, recent results with brief
maternal separations of monkeys housed under seminatur-
alistic conditions have found similar deficits in affiliative
behaviors (and CSF OT), suggesting that the main factor
contributing to the observed MR-NR differences was not a
general difference in the rearing environment, but a specific
loss of maternal care (authors’ unpublished data). Never-
theless, the differential contributions of social or other
factors (eg reliability of social support or chronic/repeated
stress) to the phenotype obtained here remain to be
determined and are the subject of ongoing studies.

Is the reduction in CSF OT related to the social deficits in
the NR group? Several lines of evidence have linked central
OT pathways to social cognition and social motivation. OT
appears to facilitate the initiation of maternal care in rats
and sheep (reviewed in Insel and Young, 2000), the
development of pair bonds in prairie voles (Insel and
Hulihan, 1995), and the development of social memory in
mice (Ferguson et al, 2000). Mice with a deficiency of OT
have a profound and selective social amnesia, which can be
reversed by central OT injections (Ferguson et al, 2001).
Although OT has been shown to be important in learning
about maternal-associated cues in rat pups (Nelson and
Panksepp, 1996), there is little previous evidence that social
interaction during development alters OT synthesis or OT
release.

In addition to our data suggesting that central OT
pathways in the rhesus monkey may be affected by
differential rearing histories, a similar association between
OT CSF levels and social behavioral traits has recently been
described in a comparative study of pigtail and bonnet
macaques (Rosenblum et al, 2002). The authors report that
the more gregarious bonnet macaques have consistently
higher levels of CSF OT and lower levels of CRH compared
to less affiliative pigtail macaques.

In contrast to some (Higley et al, 1992) but not all (Clarke,
1993; Meyer and Bowman, 1972; Shannon et al, 1998)
previous studies, our NR monkeys did not have elevated
cortisol levels. The absence of a group difference in basal or
poststress cortisol may reflect our limited sampling proce-
dure or age-related differences. We used single point
samples under three conditions and did not assess the
dynamics of the cortisol response to stress, nor did we assess
the response to an endocrine (eg metyrapone) challenge. In
addition, to accommodate relatively rapid collection of CSF
samples corresponding to plasma samples, animals are
anesthetized for biofluid collection. While blood samples
were collected within 5min of contact and injection, a
potential contribution of anesthetic to our endocrine
measures cannot be ruled out. A significant, age-dependent
decrease in plasma cortisol did emerge in both NR and MR
monkeys, and compares with results recently described by
Champoux and Suomi (unpublished observations).
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One of the benefits of strong social relations is the
protection they appear to provide against the adverse
consequences of stress (Cobb, 1976). Efforts to examine
social buffering of stress in animals, much of it in
nonhuman primates, has recently been summarized in a
review by Levine (2000). Initial evidence of social buffering
emerged in studies of highly provocative mother-infant
separations in squirrel monkeys. When an infant squirrel
monkey is removed from its mother it shows a profound
stress response. This response can be significantly reduced
if the infant remains in a familiar environment with familiar
companions (Wiener et al, 1987). According to Levine, the
critical variable for this effect is the presence of familiar
companions. The stress-reducing properties of familiar
companions persist into adulthood in squirrel monkeys, but
appears to require the presence of more than a single
companion (Coe et al, 1982; Vogt et al, 1981); however see
also Hennessy (1984). Studies in rhesus (Gunnar et al, 1980;
Gust et al, 1994) and bonnet (Boccia et al, 1997) macaques
describe similar stress-reducing benefits of social compa-
nions and suggest that for some measures of stress (T-cell
suppression) a single familiar companion can effectively
buffer stress effects. These data provide strong evidence that
social companions can effectively modulate the effects of
stress in nonhuman primates. Remarkably, little is known
about the interaction of postnatal rearing experience and
the capacity of familiar companions to modulate stress.
Hennessy (1984) describes evidence of social buffering in
squirrel monkeys reared on inanimate maternal surrogates.
Notably this effect was achieved under conditions where
social buffering was ineffective in MR monkeys.

In the current studies, NR monkeys appear to have a
relative deficit in the capacity to use social support in a
provocative situation. This was expressed both in the
decreased amount of social contact with a companion,
elevated stereotypies, and elevated cortisol response com-
pared to MR monkeys. Whether this deficit represents a
consequence of reduced OT remains to be determined.
Several studies have described the potential anxiolytic or
antistress effects of central OT administration in rats
(Uvnas-Moberg et al, 1994), mice (McCarthy, 1996;
McCarthy et al, 1996), and squirrel monkeys (Winslow
and Insel, 1991a,b). However, it is not clear that these
exogenous elevations of OT are related to differences in
endogenous OT described here. There are several reports
relating CSF and plasma levels of OT to human psycho-
pathologies including OCD (Leckman et al, 1994), anorexia
and depression (Frank et al, 2000), and Prader Willi
syndrome (Martin et al, 1998). Differing basal levels and
modulation of plasma OT levels have also been associated
with differing levels of emotionality (Turner et al, 1999).
The data presented here suggest that OT process may also
contribute to the stress-protective effects of social support
in humans (Coyne and Downey, 1991; Greenwood et al,
1996; Vilhjalmsson, 1993).

The behavioral profile of the NR monkeys (lack of
reciprocal behavior, stereotypies, decreased affiliation)
resembles some of the characteristic features of autism.
Although there are no data on CSF OT in autism, plasma OT
is reduced markedly in children with autism (Modahl et al,
1998), apparently because of a problem with C-terminal
processing of the immature peptide (Green et al, 2001).

Neuropsychopharmacology

While these results suggest that autism may involve a
mutation or variation in one of the post-translational
processing enzymes for OT, our results show a relation
between decreased CSF OT and social deficits based on an
environmental not a genetic intervention. Ongoing studies
examine the differential contribution of social and other
environmental factors to social and emotional development,
and extend these manipulations to both male and female
monkeys.

In summary, CSF OT levels were persistently reduced in
male rhesus monkeys with significant social deficits. OT
levels were positively related to the expression of affiliative
social behaviors. In a novel environment, MR but not NR
monkeys appeared to derive buffering from a social
companion. Taken together these data suggest that abnor-
mal rearing influences the normal development of brain OT
systems and social competence in rhesus monkeys.
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