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Introduction

ABSTRACT

A functional polymorphism in the promoter region of the serotonin transporter (5-HTTLPR) gene has been
associated with variation in anxiety and hypothalamus-pituitary-adrenal (HPA) axis function in humans and
rhesus macaques. Individuals carrying the short allele are at a higher risk for developmental
psychopathology, and this risk is magnified in short allele carriers who have experienced early life stress.
This study investigated the relationship between 5-HTTLPR allelic variation, infant abuse, and behavioral and
hormonal responses to stress in rhesus macaques. Subjects were 10 abusive mothers and their infants, and 10
nonabusive mother-infant pairs. Mothers and infants were genotyped for the rh5-HTTLPR, and studied in the
first 6 months of infant life. For mothers and infants, we measured social group behavior, behavioral
responses to handling procedures, and plasma concentrations of ACTH and cortisol under basal conditions
and in response to stress tests. The proportion of individuals carrying the short rh5-HTTLPR allele was
significantly higher among abusive mothers than controls. Among mothers and infants, the short allele was
associated with higher basal cortisol levels and greater hormonal stress responses in the infants. In addition,
infants who carried the short rh5-HTTLPR allele had higher anxiety scores than infants homozygous for the
long allele. The rh5-HTTLPR genotype also interacted with early adverse experience to impact HPA axis
function in the infants. These results are consistent with those of previous studies which demonstrate
associations between serotonergic activity and anxiety and stress reactivity, and add additional evidence
suggesting that genetic variation in serotonergic function may contribute to the occurrence of abusive
parenting in rhesus macaques and modulate emotional behavior and HPA axis function.
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2002). These results suggest that 5-HTTLPR polymorphisms regulate
emotional behaviors and individual reactivity to stressful situations.

The human serotonin transporter gene (5-HTT) contains a length
polymorphism in the 5'regulatory region (5-HTTLPR) that alters in vitro
levels of transcriptional activity and density of the transporter protein
(Lesch et al., 1996). Of the two common alleles (long (I) and short (s)),
the short (low 5-HTT activity) allele has been associated with higher
neuroticism and anxiety (Greenberg et al., 2000; Lesch et al., 1996;
Mazzanti et al., 1998; Osher et al., 2000), suicide attempts (Baca-Garcia
et al, 2002), and alcoholism (Lichtermann et al, 2000). Individuals
carrying one or two copies of the short allele have also been reported to
exhibit greater amygdala activation in response to fearful stimuli
compared to individuals homozygous for the long allele (Hariri et al.,
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5-HTTLPR polymorphisms have also been found to moderate the
impact of early life stress on the development of depression. Caspi et
al. (2003) found that individuals who experienced early life stress
were more vulnerable to developing depression later in life if they
carried one or more copies of the short allele. Although a recent study
failed to replicate these findings (Surtees et al., 2006), other groups
have found similar gene by environment effects, such as Kaufman et
al. (2004), who not only found that abused children carrying at least
one short allele were more vulnerable to developing depression, but
that this was moderated by levels of social support. These findings
suggest that there are complex interactions between 5-HTTLPR
genotypes and life stress events that modulate vulnerability to the
development of psychopathology.

Rhesus monkeys (Macaca mulatta) possess a 21-base pair insertion/
deletion polymorphism that is orthologous to the human 5-HTTLPR
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length variant (rh5-HTTLPR) with two predominant alleles (short and
long) of similar effects on transcriptional activity in vitro (Bennett et al.,
2002). As in humans, rhesus monkeys with one or more copies of the
short allele exhibit greater levels of anxiety and are more behaviorally
reactive on temperament tests than individuals homozygous for the long
allele (Bethea et al., 2004; Champoux et al., 2002). There is also evidence
that rh5-HTTLPR allelic variation affects individual vulnerability to early
adverse experiences in rhesus monkeys. Among monkeys that were
separated from their mothers at birth and reared in adult absent peer-
only groups, individuals carrying at least one of the short allele variants
have been found to be more aggressive, sensitive to alcohol, and to have
lower orientation scores on temperament tests than mother-reared
animals with either genotype and peer-reared animals with the I/]
genotype (Barr et al, 2003a,b; Champoux et al, 2002). Peer-reared
animals with a short allele also had lower CSF levels of the serotonin
metabolite 5-hydroxyindoleacetic acid (5-HIAA), lower levels of basal
plasma cortisol, and higher levels of plasma ACTH in response to social
separation (Barr et al., 2004a,b; Bennett et al., 2002). This association
between the short 5-HTTLPR allele and HPA axis reactivity is of
importance, as serotonin is directly involved in the activation and
negative feedback of the HPA axis (Cassan and D'mello, 2001; Lowry,
2002). This evidence indicates that rh5-HTTLPR polymorphisms in
rhesus macaques are associated with similar behavioral and physiolo-
gical effects as found in humans, and may interact with early life stress to
impact development.

Child maltreatment is a form of early life stress that occurs in both
humans and rhesus monkeys. In large captive populations of rhesus
monkeys, between 2 and 10% of all infants are physically abused by
their mothers (Maestripieri, 1999; Maestripieri and Carroll, 1998;
Maestripieri et al., 1997a,b). Infant abuse is defined as violent behavior
including infant dragging, crushing, throwing, stepping or sitting on by
the mother. These behaviors are extreme, and are never exhibited, not
even in milder forms, by non-abusive mothers. Abusive behavior is
generally exhibited in the first 3 months of an infant's life, and
commonly repeated with successive infants. Infant abuse has a higher
prevalence in some matrilines and among related females, suggesting
an intergenerational transmission along the maternal line. Previous
research found an association between abusive behavior and increased
anxiety in these mothers (Maestripieri, 1994; McCormack et al., 2006;
Troisi and D'Amato, 1991), and, interestingly, a recent study suggests
that altered serotonergic function may be one of the mechanisms
underlying the intergenerational transmission of infant abuse in
rhesus monkeys (Maestripieri et al., 2006). In that study, approxi-
mately half of the female infants that were physically abused by their
biological or foster mothers in their first month of life exhibited
abusive parenting with their own offspring (Maestripieri, 2005), and
the group of abused females that later became abusive mothers had
lower CSF levels of 5-HIAA than those who did not (Maestripieri et al.,
2006). Although we reported that rh5-HTTLPR genotypic differences
among infants were not associated with significant differences in CSF
5-HIAA, we did not examine potential interactions between rh5-
HTTLPR genotype and early experience in the behavioral and
neuroendocrine developmental outcomes of abused and nonabused
infants. Furthermore, the rh5-HTTLPR genotype of abusive mothers
already present in our subject population has not been previously
investigated. Given the aforementioned associations between low
serotonergic activity and abusive behavior, the associations between
the short rh5-HTTLPR allele and anxiety, and because previous work
with nonhuman primates has detected an association between abusive
behavior and increased anxiety in abusive mothers, we were interested
in further exploring whether there is an association between abusive
behavior and the 5-HTTLPR short allele.

The purpose of the present study was to evaluate the effects of rh5-
HTTLPR polymorphisms on behavior and HPA axis function of rhesus
monkey mother-infant pairs living in social groups, and to examine
potential gene by environment interactive effects of this locus on the

developmental impact of infant abuse. We have previously character-
ized the behavioral, neuroendocrine and neurochemical correlates of
abusive mothering, and the developmental consequences of infant
abuse in the offspring (Maestripieri et al., 2006; McCormack et al.,
2006; McCormack et al., submitted for publication; Sanchez et al.,
2007). In the present study we genotyped abusive and nonabusive
mothers for the rh5-HTTLPR gene and investigated whether these
polymorphisms accounted for variation in behavioral and neuroendo-
crine responsiveness to stress in mothers and infants. Specifically, we
tested the following hypotheses: 1) abusive mothers would be more
likely to carry the rh5-HTTLPR short allele than nonabusive mothers;
2) mothers and infants with the short allele would show greater
behavioral reactivity to challenges and greater HPA axis activity under
basal condition and in response to stress than individuals with the
long allele; and 3) carrying the short allele would increase the
vulnerability to the effects of abuse on infant behavioral and
neuroendocrine development. The findings reported here provide a
broader understanding of the genetic factors associated with infant
abuse and how they moderate its developmental consequences in a
non-human primate model.

Methods
Subjects and housing

This study was conducted at the Field Station of the Yerkes
National Primate Research Center (YNPRC), Emory University, in
Lawrenceville, GA. Subjects were rhesus macaque mother-infant pairs
living in four large social groups. Each group consisted of two or three
adult males and 18-49 adult females with their sub-adult and juvenile
offspring. The groups were housed in 38 x38 m outdoor compounds
with indoor housing areas. Animals were fed in the morning and
evening (with excess chow typically remaining from the previous
feeding in order to avoid potential conflicts due to food availability),
and water was freely available. The studies described in this section
were performed in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and approved by the Emory University
Institutional Animal Care and Use Committee.

Ten multiparous adult females with a previous history of abusive
parenting and their newborn infants (6 female, 4 male) were included
in the study after substantiation of maternal physical abuse (Mal-
treated group; see definition below). For this, prior to the birth season,
fifteen adult females with a history of abusive parenting of most of
their prior offspring were assigned to the studies as “potentially
abusive mothers”. Of those fifteen, only 10 mothers whose frequency
and severity of abuse was substantiated and did not jeopardize their
infant's health were used in these studies (three of the infants were
removed from the studies due to severity of abuse and three
previously abusive mothers did not abuse their infants during our
observations, leaving nine abusive mother-infant pairs; a tenth
previously abusive mother was added to the study after she was
observed to abuse her infant during the first week of life).Ten non-
abusive mothers and their infants served as controls. Although the
selection of potentially “abusive” and “control” mothers was done
based on prior maternal history, final assignment of infants to either
the “abused” or “nonabused” groups was done based on direct
observation of mother-infant interactions during the first 4 weeks of
infant's life. Controls were matched to maltreated subjects by infant
sex (6 female, 4 male), infant age and, whenever possible, social group
of origin and the mother's dominance rank so that the two
experimental groups did not differ significantly on any of these
variables. Abusive mothers had an average of 6 prior offspring (range:
3-12), and the control mothers had an average of 6.2 prior offspring
(range: 2-12). In order to avoid confounding effects of heritability on
our HPA axis measures, the adult females were selected from different
matrilines (i.e., they were unrelated individuals).



540 K. McCormack et al. / Hormones and Behavior 55 (2009) 538-547

Behavioral data collection: mother and infant behavior in the
social group

Behavioral observations were made from an observation tower
situated at the corner of each social group. Behavioral data were
collected using binoculars and a handheld computer (Palm Pilot IIIXE)
programmed to record the frequency, duration and sequence of
behaviors. Three experienced observers collected the data. For
reliability purposes, prior to the beginning of data collection,
observers watched and recorded behavior until percent agreement
exceeded 90% and Cohen's Kappa exceeded 0.8.

Focal observations began on the second day of infant life. Each
mother-infant pair was observed for a 30-minute period, five times
per week during the first month of life, two times per week during the
second month of life, and one time per week from the third month
through the sixth month of life. This observation schedule was chosen
in order to best document the occurrence of infant abuse, as the
frequency of abuse is highest in the first month and decreases steadily
thereafter (Maestripieri, 1998; McCormack et al., 2006). Observations
were done between 7:00 and 11:00 AM, when the animals were most
active. Data collection included infant abuse, other mother-infant
interactions (time spent in contact and frequencies of: contacts made
and broken, rejections, and restrains), as well as the social and
nonsocial behavior of the infants (frequencies of vocalizations, anxiety
behavior, agonistic interactions with others, and social and solitary
play), following previous behavioral definitions described in a well-
established rhesus ethogram (Altman, 1962) and other publications
(Maestripieri, 1998; McCormack et al., 2006). The following maternal
behavior patterns were included in the infant physical abuse category
following previously published criteria for this species (Maestripieri,
1998; Troisi and D'Amato, 1983): infant dragging, crushing, throwing,
stepping/sitting on, rough grooming or abusive carrying. Infant abuse
was scored independently of all the other mother-infant interactions
(e.g. infant rejection). Abuse events did not last more than a few
seconds and therefore only frequencies were recorded, as is the
standard for this type of research (Maestripieri, 1998; Troisi and
D'Amato, 1983). Infant abuse was recorded as two separate events if
there was a transition in the pattern of behavior or if there was a pause
of at least 10 s during the behavior.

Experimental procedures

Training and awake blood sampling procedures

Prior to the studies of HPA axis function, animals were trained and
habituated to the experimental procedures in order to facilitate quick
blood drawing without anesthesia and to minimize arousal. Animals
are commonly trained to move on command from the outdoor corral
into an indoor capture unit, from this to a transfer box, and from the
box to a squeeze cage for awake blood sampling. Training is done
using positive reinforcement and following guidelines and protocols
approved by the YNPRC and Emory University IACUC. Because
individual training can be done only with animals 12 months or
older, the infants in the present study were carried by their mothers,
who had been previously trained and habituated to the procedures.

Once in the squeeze cage, the infant was quickly removed from the
mother, and a basal blood sample was collected from the mother and
the infant. Blood was collected in the awake state within <10 min
from the time the monkeys saw the experimenters approach their
outdoor compound. Research at the YNPRC has shown that, when
blood is collected with these training/habituation procedures, rhesus
monkeys exhibit minimal arousal and cortisol elevation (e.g. Blank et
al,, 1983) and that infants who have experienced these procedures
exhibit no alterations in normal development (Wilson et al., 1986). All
blood samples were collected via femoral (infant) or saphenous
(mother) venipuncture in pre-chilled polypropylene tubes containing
EDTA and immediately placed on ice. Plasma was separated by

centrifugation at 1000 xg for 10 min at 4 °C, then aliquoted and stored
at —80 °C until assayed.

Basal blood sample collection for cortisol measurements

Mother-infant pairs were captured at 1, 2, 3, 4, and 6 months of age
for the collection of blood samples to assess basal cortisol concentra-
tions. Mother-infant pairs were captured and released twice at each
age, on different days, to obtain an early morning sample (at sunrise)
and an evening sample (at sunset) for analysis of diurnal cortisol
secretion (Sanchez et al.,, 2005; Zeitzer et al., 2003). Because the
animals live under natural lighting conditions, we selected our time
points from sunrise and set times published by the U.S. Naval
Observatory in order to use the daylight, and not the clock time, as a
reference for our diurnal samples. This is important due to the acute
effect of light on plasma cortisol concentrations in the early morning,
in addition to the light's ability to shift the endogenous circadian
rhythm (Scheer and Buijs, 1999).

When infants were <4 months old, basal blood samples were
drawn only at the early morning time point, to avoid repetitive
disruption of the mother-infant pairs very early in life. When
collecting the diurnal samples, only one blood sample per week was
collected per mother-infant pair following a counterbalanced design
for order of diurnal time point collection. Blood samples were
collected during the same season for all experimental groups, to
control for circannual differences in HPA axis activity. Although the
animals were trained and habituated to the procedures, and the
mother's presence buffers the infants' physiological activations at the
ages of study (see findings below; and Gunnar and Vazquez, 2006 for
review), ACTH elevations could potentially be detected within the few
minutes that these procedures take. Thus, we focused on cortisol (and
not ACTH) for these basal measures.

ACTH and cortisol responses to stress

(1) Novel environment stress test in the presence of the mother
(2 months of age). Mother-infant pairs were quickly captured from
the social group and transported together to a novel testing room, where
they were placed (together) in a novel cage for 30 min. One blood
sample was collected from both infant and mother at the end of the test
(post-test: 30 min). The infant was then quickly returned to its mother
and the mother-infant pair immediately returned to the social group.
The basal measurement was taken on a different day in order to avoid
stress activations prior to the test due to separation. The presence of a
social companion (e.g., the mother) has been previously demonstrated
to buffer physiological and behavioral activations caused by stressful
stimuli such as novel environments and social separations in primates,
including rhesus monkeys (Gunnar and Vazquez, 2006; Heinrichs et al.,
2003; McCormack et al., submitted for publication).

(2) Separation and novel environment stress test, without the mother (3
and 6 months of age). Mother-infant pairs were quickly captured
from the social group, separated from each other, and placed in separate
cages (alone) in separate unfamiliar rooms for 30 min. A basalblood
sample was collected from both infant and mother at the beginning
(pre-test: 0 min) and another at the end (post-test: 30 min) of the stress
test. The infant was then quickly returned to its mother, and the mother-
infant pair was immediately returned to the social group. Mother-infant
separations at this age cause known behavioral and HPA axis stress
responses in rhesus monkey mothers and infants (Bowlby, 1968; Hinde
and McGinnis, 1977; for review see Sanchez et al., 2001).

Assessment of mother and infant behavioral responses to experimental
procedures

Every time mother-infant pairs were captured for blood sample
collection and experimental testing (monthly), both infants and
mothers were rated by an observer on two behavioral dimensions: 1)
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behavioral reactivity to capture and handling, and 2) mother-infant
interactions during the process. The scales used to assess the infants
reactivity were adapted from two sources: 1) the Behavioral Tempera-
ment Scale (Ruppenthal and Sackett, 1992), and 2) the state control
portion of the Neonatal Neurobehavioral Assessment (Schneider and
Suomi, 1992) that provides measures of temperament, in addition to
orientation and neuromotor functioning in infant rhesus monkeys. The
items and rating scales used are listed in Tables 1 and 2. Ratings were only
collected until infants were 4 months old because after that age their
behavioral responses became homogeneous, consisting of intense struggle.

Hormonal assays

Plasma concentrations of cortisol were assayed in duplicate 10 pl
aliquots by RIA using commercially available kits (Diagnostic Systems
Lab, Webster, TX). The sensitivity of this assay was 1.25 pg/dl and
intra- and inter-assay coefficients of variation in each assay were
<10%. ACTH plasma levels were assayed in duplicate 200 pl aliquots by
a two-site IRMA method using commercial kits (Nichols Institute
Diagnostics, CA). The sensitivity of the assay was 1 pg/ml and inter-
and intra-assay coefficients of variation were <6%.

rh-5HTTLPR genotyping

At the end of the study period, 4 ml of blood were drawn from
mothers and infants for the purpose of rh-SHTTLPR genotyping. DNA
was isolated from whole blood collected in EDTA-containing polypro-
pylene tubes using a commercial extraction kit (Gentra Systems, Inc).
The short (s: 398 bp) and long allele (I: 410 bp) alleles of the rhesus 5SHTT
gene promoter region were amplified using DNA primers (stpr5, 5’
GGCGTTGCCGCTCTGAATGC; intl, 5’CAGGGGAGATCCTGGGAGGG) and
polymerase chain reaction conditions modified from that of Lesch and
colleagues (1996). Amplicons were separated by electrophoresis and the
s and [ alleles identified by direct visualization by ethidium bromide
staining.

Data analysis

The distributions of the rh5-HTTLPR genotype in mothers and infants
in each group were analyzed with chi square tests. Data on maternal and
infant behavior in the social groups were analyzed using mixed-design

Table 1
Maternal assessment scale (adapted from Ruppenthal and Sackett, 1992; Schneider and
Suomi, 1992)

—_

. Predominant state in capture unit

0 =relaxed

1=somewhat agitated

2 =extremely agitated (body jerks and screams)

3 =frozen, hanging from mesh; difficult to transfer to box
Predominant state in squeeze cage

0=holding infant tightly

1=infant on and off of mother

2 =does not hold infant

. Initial reaction of mother to testers attempt to get infant (in cage)
0=not distressed at infant removal

1=moderately distressed, mild attempts to prevent removal
2 =very distressed, bites/grabs at tester, holds infant tightly
Mother's response during blood draw

0=no resistance (passive or compliant)

1=moderate resistance

2 = constantly resists tester's hold

. Occurrence of distress calls to infant

0=no obvious distress vocalizations

1=one vocalization (screams, grunts)

2 =two to four vocalizations

3 =many vocalizations

Response of mother to return of infant

0= takes infant immediately, holds it tightly

1=takes infant immediately, but does not hold it tightly

2 =does not take infant immediately

3 =rejects, hits infant

N

w

B

v

o

Table 2
Infant assessment scale (adapted from Ruppenthal and Sackett, 1992; Schneider and Suomi,
1992)

=

. Predominant state in capture unit
0 =alert, awake, and aware
1=alert, but somewhat agitated
2 =extremely agitated (body jerks and screams)
3 =freezing behavior, hanging from mesh
. Infant contact with the mother in capture unit
0=on mother
1=50% of time on mother
2 = off mother
. Degree to which infant clings to tester before and after blood draw
0= passive/no cling
1= moderate cling
2 = moderate cling with slight grasps and releases
3 =tight cling or frantic intermittent grasps and releases
. Infant's response during blood draw:
0=no resistance (passive or compliant)
1 =moderate resistance
2 = constantly resists tester's hold
. Ease with which infant was consoled or calmed:
0=not necessary to console
1=-easy to console
2 = consoles with difficulty
3 =cannot be consoled
6. Occurrence of distress coos or screams
0=no obvious distress vocalization
1=one coo or one scream
2 =2 coos, 3 or fewer screams
3 =many coos and/or screams
7. Occurrence of body jerks or tantrums
0=no obvious jerks or tantrums
1=one body jerk or tantrum
2 =two to four body jerks or tantrums
3 =many body jerks or tantrums

N

w

S

w

ANOVAs in which the fixed factors were group (abuse, non-abuse) and
genotype (I/1, I/s; see distribution of genotypes in “Results” for the
rationale for excluding the s/s genotype), and the repeated measure was
age (monthly averages of behavioral scores). Behaviors were analyzed as
either rates per 30 min (the observational period), or as proportions of
observational time. Because the main effects of group for these
behaviors in the social group have been reported extensively elsewhere
(McCormack et al., 2006), the focus of the behavioral analyses in this
study was on the genotype and the genotype-by-group effects.

Our analysis of the infant and mother responses during experi-
mental testing procedures was modeled after Schneider and Suomi
(1992). The behavioral responses of the mothers during testing
procedures was analyzed using mixed design ANOVA's with group and
genotype as fixed factors, and age as the repeated measure (month 1,
2, 3, 4). However, because the infants displayed high behavioral
variability at each of the monthly time points, due to species-typical
socioemotional development (Hinde, 1974; Hinde and Spencer-Booth,
1967), we chose to analyze each time point of the infant behavioral
responses separately using two-way between subjects ANOVA's, with
group and genotype as the fixed factors.

The cortisol and ACTH data were also analyzed using mixed design
ANOVA's, with group and genotype as fixed factors, and time as the
repeated measures factor (age, time of day — for diurnal cortisol, or
0 min vs.30 min — for stress tests). Because the main effects of group
for the infant HPA axis activity have been reported extensively
elsewhere (McCormack et al., submitted for publication), the focus of
the infant HPA axis analyses in this study was on the genotype and the
genotype-by-group effects. Regarding our findings for maternal HPA
axis activity, we report all main effects and interactions with group
(as these have not been previously reported).

When the assumption of sphericity for ANOVAs was violated, the
corrected Huhn-Feldt statistic was used. Post-hoc analyses of significant
interactions were performed with Bonferroni- corrected t-tests. Main
effects for the time variable are not specifically reported here because
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some have been previously reported (McCormack et al., 2006;
McCormack et al., submitted for publication) and the main focus of
this research was on the effects and interactions of group and genotype.
All data were analyzed using SPSS, version 13. Statistically significant
results were set at the p<0.05 level across each family of analyses.

Results
Genotype and abuse

One abusive mother, 1 abused infant, and 1 control mother could
not be genotyped for rh5-HTTLPR (animals had died by the end of the
study period, and no tissue was available for genotyping). Of the
remaining 9 abusive mothers, 1 individual had the [/I genotype and 8
had the I/s genotype. Of the 9 control mothers, 5 had the I/ genotype,
2 had the I/s genotype, and 2 had the s/s genotype. There was a
significant difference in the distribution of the rh5-HTTLPR genotype
among the abusive and non-abusive mothers ( ¥*(2, N=18)=8.27,
p=.02), with the short allele being more common among the abusive
mothers compared to the control mothers.

Of the 9 abused infants that could be genotyped, 1 had the I/I
genotype, 5 had the I/s genotype, and 3 had the s/s genotype. Of the
10 non-abused infants, 3 had the I/I genotype and 7 had the I/s
genotype. There was not a significant difference in the distribution of
the rh5-HTTLPR genotype among the abused and non-abused infants
(#*(2,N=19)=4.23,p=.12).

Given the low incidence of the s/s genotype in our subjects,
subsequent data analyses were limited to the comparison between the
I/l and I/s genotypes, similarly to analyses previously conducted in
this species (Barr et al., 2003a; Barr et al., 2004b; Champoux et al.,
2002). We have also chosen this approach, as opposed to evaluating
the I/s and s/s animals together in one group, based on recent
evidence in the literature suggesting that the short allele may not
always be additive in its effects, a phenomenon known as negative
heterosis (Middeldorp et al., 2007; Uher and McGuffin, 2008), and in
order to be consistent with other primate studies which compared the
I/l versus the I/s genotypes. The rh5-HTTLPR genotype distribution in
our colony is approximately 50% I/l and 50% “short” (40% /s, 10% s/s),
which is comparable to other primate centers (Barr et al., 2004a,b;
Bennett et al., 2002; Bethea et al., 2004).

Mother and infant behavior in the social group

We have previously reported main effects for group (McCormack
et al., 2006), such that (1) abusive mothers rejected their infants
more, spent less time in ventral contact and broke contact more often
with their infants during the first 3 months of life; and (2) the abused
infants exhibited more tantrums and screams during the same
developmental period, and broke contact with their mothers less
often than controls. Our current analyses of the social group data
(which focused on the genotype and genotype-by-group effects)
detected a significant rh5-HTTLPR genotype-by-group interaction for
infant anxiety rates (average frequency of yawns) (F(1,12)=4.80,
p=.049). Abused infants with the I/s genotype had the highest
anxiety rates, although post-hoc analyses revealed significant differ-
ences only with control [/s infants (abuse: 0.03 4 0.008; control: .004
+.008; t(10)=3.51, p=0.006). There were no other significant
genotype or genotype-by-group effects on any of the other infant
behaviors, nor were there any for the maternal behaviors.

Assessment of mother and infant behavioral responses to experimental
procedures

Mothers
There was a significant main effect of genotype on the mother's
response to capture and handling during procedures (Table 1,

Question 2), (F(1,12) =5.96, p=.03; Fig. 1A). Mothers with the I/s
genotype (.88 £.15) were less likely to hold their infants while in the
cage, compared to mothers with the I/] genotype (.21 +.14). There
were no other significant effects (group, genotype, or group-by-
genotype) for the maternal assessment questions.

Infants

There were several significant findings among the assessments of
infant behavioral responses, all at 3 months of age (Fig. 1B). Infants with
the I/s genotype were rated as more resistant to handling and
experimental procedures (Table 2, Question 4), (1.08 £.15) than /]
infants (.54-.29; F(1,12) =4.98, p =.045). Infants with the I/s genotype
were also rated as more difficult to console (Table 2, Question 5), and
exhibited more tantrums and body jerks (Table 2, Question 7) than I/]
infants in response to handling and experimental procedures (console:
1/s=2.094.28, I/1=.75+.48, F(112)=5.77, p=.04; tantrums/body
jerks: I[/s=2.084+.26, I/l=.25+.25), F(1,12)=11.33, p=.01). There
were no other significant effects (genotype, group, or genotype-by-
group) for any of the remaining questions at any of the other time points.

Basal plasma cortisol

Mothers

Across the first 6 months postpartum, there was a significant
month-by-genotype interaction for early morning basal cortisol (F
(2.38, 28.56) =6.77, p=.003). Fig. 2A illustrates that mothers with
the I/1 genotype had consistently stable baseline cortisol levels across
all 6 months, in contrast to the [/s mothers who in month 6, exhibited
significantly higher variability in basal cortisol levels. To further
examine this variability, difference scores were calculated for each
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Fig. 1. (A) Maternal behavioral reactivity during testing. Mothers with the I/s genotype
were more likely to not hold their infants while in the squeeze cage, compared to I/]
mothers (F(1,12) =5.96, p=.03; *p<.05, /s mothers versus I/s mothers). (B) Infant
behavioral reactivity during testing. Animals with the [/s genotype were more distressed
during the testing procedures. (Resistance: F(1,12)=4.98, p=.045; Consolability:
F(1,12) =5.77, p=.04; Tantrums: F(1,12) =11.33, p=.01; *p<.05, I/s versus I/I).



K. McCormack et al. / Hormones and Behavior 55 (2009) 538-547 543

>

Cortisol (ug/di)

B 60 -

40 - weactpeeas |4 (N=6)
g —a—|f5(n=10)
= 36 4
g .
5
o 24 4 I----- _____ -

12 — 1

moming night

Time of Day

Fig. 2. (A) Mothers basal levels of cortisol during the first 6 months postpartum.
Compared to I/I mothers, I/s mothers demonstrated higher variability in their basal
cortisol levels across the 6 months postpartum (F(2.38, 28.56) =6.77, p=.003). (B)
Mothers basal levels of cortisol across the day (month 6 postpartum). Mothers with
the I/s genotype secreted higher levels of basal cortisol across the day than [/ mothers
(F(1,10) =5.48, p=.04; *p<.05, I/l mothers versus [/s mothers).

animal by subtracting their month 1 cortisol values from their month
6 cortisol values. Mothers with the I/s genotype had greater mean
difference scores (19.16 pg/dl+4.43) than did mothers with the /I
genotype (2.37 pg/dl+£3.99; t(14)=2.57, p=.02), indicating a
significantly higher increase from month 1 to month 6 for the I/s
than I/] mothers. This spike in cortisol at month 6 coincides with the
beginning of the mating season, which often results in increased
mother-infant conflict and group competition. There were no other
significant main effects or interactions for basal HPA axis activity.
When the daytime cortisol rhythm of the mothers was examined
(at months 4 and 6), a significant main effect of genotype was
detected at month 6, (F(1,10) =5.48, p =.04; Fig. 2B). Thus, mothers
with the [/s genotype secreted higher levels of cortisol across the day,
but particularly in the early morning, (AM=45.07 pg/dl+4.94;
night=25.84 ng/dl+4.21) than did mothers with the I/l genotype
(AM =24.25+ 7.23; night=18.62 4-6.16). There were no other sig-
nificant main effects or interactions for diurnal HPA axis activity.

Infants

We have previously reported a month-by-group interaction on
basal cortisol secretion, so that at 1 month of age (when abuse rates
are the highest) the abused infants have higher basal cortisol levels
than controls (McCormack et al., submitted for publication). This
pattern is inverted after month 2, so that the abused infants tend to
have lower cortisol than controls. In our current analyses we detected
significant effects of rh5-HTTLPR genotype on infants HPA axis basal
function. A month-by-genotype interaction was detected for infant
basal cortisol levels (F(4,48) = 2.88, p=.03). Although post-hoc tests
were not statistically significant, data presented in Fig. 3A suggest that
I/s infants had higher cortisol levels than I/] infants when they were
1 month old, and that basal cortisol concentrations were similar
thereafter. There was also a significant month-by-genotype-by-group
interaction for basal cortisol levels (F(4,48)=3.28, p=.02, Fig. 3B).
Although the findings have to be interpreted with caution due to the
small sample size, during the first month, when abuse rates were the
highest, abused [/s infants had higher levels of cortisol compared to

all the other groups (control I/I: t(6)=3.091, p=.02; control I/s:
t(10) =2.23,p=.05; abused l/I: t(4) = 4.21,p = .01), however, this pattern
switched in month 2, such that control I/l infants had higher cortisol levels
than all the other groups (control I/s: {(8) =4.11, p=.003; abused I/s: t
(6)=3.62, p=.01; abused I/I: t(2) =4.08, p=.05). After month 2, no
significant differences were detected in relation to group or genotype.

No significant main or interaction effects of genotype were
detected on the infants’ month 4 and 6 diurnal pattern of cortisol
secretion.

ACTH and cortisol responses to stress

Mothers

There were no significant differences between the cortisol or ACTH
responses of [/l and I/s mothers (or interactions with group) during
the Novel Environment Stress Tests in either month 2 or 3. However,
during the month 6 test, a significant genotype-by-time (0 min versus
30 min) interaction was detected in the mothers' plasma cortisol
levels (F(1,12)=6.93, p=.02). Thus, whereas the [/l mothers
exhibited significant increases in cortisol levels from baseline
(0 min: 25.62+ 6.57 pg/dl) to the end of the separation period
(30 min: 46.27 +-6.72 pg/dl) (t(5) =2.93, p=.03), this stress-induced
increase was not shown by the I/s mothers (0 min: 45.08 +4.74;
30 min: 48.55+4.84 t(9) =2.00, p>.05), which seemed to be due to
the higher baseline cortisol levels in the latter (see above, under basal
cortisol analyses). There were no other significant main effects or
interactions for maternal HPA axis activity for the stress tests.

Infants
We have previously reported that abused infants exhibit higher
cortisol reactivity to stress, even when the mother is present
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Fig. 3. (A) Resting levels of infant cortisol. Infants with the I/s genotype had higher
levels of basal cortisol at month 1 compared to the I/] infants (F(4,48) =2.88, p=.03).
(B) Resting levels of infant cortisol. There was a significant month by genotype by group
effect (F(4,48)=3.28, p=.02). During the first month, abused I/s infants had the
highest levels of resting cortisol (*p<.05, abused I/s infants versus all others). During
the second month, control I/l infants had the highest levels of resting cortisol (*p<.05,
control I/ infants versus all others).
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(McCormack et al., submitted for publication). When we examined
the effects of rh5-HTTLPR genotype on cortisol reactivity during the
Novel Environment Stress Test (mother and infant together) at month
2, we found a significant genotype-by-time effect (F(1,12)=6.47,
p=.03). As shown in Fig. 4A, infants with the I/] genotype showed no
cortisol elevations during the stress test when the mother was present
(“buffering” effect: t(3) =1.02, n.s.).

In contrast, I/s infants showed significant cortisol elevations
in response to the novelty stress, despite their mother's presence
(t(11) =419, p<.01). Differences in the infants' ACTH responses were
similar to those observed for cortisol, (F(1,12)=7.65, p=.02; see
Fig. 4B), with I/ infants showing no ACTH elevations in response to
the stress test when the mother was present (t(3)=1.58, n.s.),
whereas [/s infants lacked such a maternal buffering effect, as
demonstrated by their significant ACTH elevations during the novelty
stress (t(11) =2.71, p=.02).

A significant genotype-by-group interaction was also detected in
the cortisol responses during the Novel Environment Stress Test at
month 2,(F(1,12) =6.30, p=.03). Although post-hoc tests were not
significant, and findings have to be interpreted with caution due to
the small sample sizes, Fig. 4C suggests that average cortisol levels
were higher for the abused I/s infants compared to the abused /]
infant, and higher for the control [/l infants compared to the control
/s infants.

Although no significant differences were detected in the responses
to the mother-infant Separation and Novel Environment Stress test at
month 3, a significant genotype-by-group effect was detected at
month 6 (F(1,12) =4.98, p=.04; see Fig. 4D). The pattern of effects is
similar to that detected in the month-2 stress test. Across the test,
abused I/s animals demonstrated higher levels of cortisol than the
abused [/l animal, (t(4)=4.54, p=.01). There were no other
significant findings for either cortisol or ACTH in response to the
month 6 mother-infant separations.

Discussion

The findings of this study provide evidence that the short allelic
variant in the rh5-HTTLPR locus accounts for an increased occurrence
of abusive parenting and low infant protectiveness among adult
rhesus macaque females, as well as increased behavioral reactivity and
HPA axis activity for both mothers and offspring. Moreover, many of
these genotypic effects are environmentally limited, indicating that
while the genotype may confer risk, phenotypic outcomes of such risk
are dependent on the early environment and context in which they are
measured. Consistent with previous evidence, psychopathological
outcomes, in this case infant abuse and its toll on the developing
offspring, seems to be a product of a gene by environment interaction.

The genotype analyses revealed that abusive mothers were more
likely to carry the short rh5-HTTLPR allele. In addition, across both
abusive and control mothers, animals with the short allele were less
likely to hold their infants during experimental procedures. Taken
together, these findings suggest that the short 5-HTTLPR allele is
associated with poor maternal care in this species, or at least with
physical abuse and low protectiveness of the infant during threatening
situations. These findings are consistent with previous reports of
altered brain 5HT function in macaque females exhibiting poor
maternal care. This includes evidence that abused rhesus monkey
females that become abusive mothers themselves have lower CSF
levels of the serotonin metabolite 5-HIAA than abused females that
did not perpetuate abuse with their own offspring (Maestripieri et al.,
2006) and with evidence that high rates of infant rejection is also
associated with low CSF 5-HIAA levels in the mothers (Maestripieri et
al., 2007). Taken together, these findings suggest that infant abuse
(and other forms of poor caregiving, such as infant rejection or low
infant protectiveness) by adult macaque females could be associated
with lower brain serotonergic function. Although previous findings
point to the role of maternal care experienced as an important
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Fig. 4. (A) Infant cortisol response to the Novel Environment Stress Test at month 2. Infants with the [/I genotype were buffered from an increase in cortisol during the test, while I/s
infants demonstrated an increase in cortisol to the test (F(1,12) =6.47, p=.03; *p<.01, I/s infants, 0 min versus 30 min). (B) Infant ACTH response to the Novel Environment Stress
Test at month 2. Infants with the I/I genotype were buffered from an increase in ACTH during the test, while [/s infants demonstrated an increase in ACTH to the test (F(1,12) = 7.65,
p=.02; *p<.05, I/s infants, 0 min versus 30 min). (C) Infant cortisol response to the Novel Environment Stress Test at month 2 (F(1,12=6.30, p =.03). Abused I/s infants had higher
levels of cortisol across the paradigm compared to the other groups. (D) Infant cortisol response to the Separation and Novel Environment Stress Test at month 6. Abused /s infants
demonstrated higher levels of cortisol compared to abused I/] infants (F(1,12) =4.98, p=.04; *p<.05, abused [/s versus abused I/I).
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determinant of both altered serotonergic function and perpetuation of
abuse later in life (Maestripieri, 2005; Maestripieri et al., 2006), the
results of the present study suggest that genetic factors may also play a
role. In particular, genetic predispositions for low serotonergic
function paradoxically associated with the short rh5-HTTLPR allele
seem to impact important maternal behaviors, supporting previous
evidence of gene by environment interactions modulating the
consequences of early adverse experiences (see, for example, Bennett
et al., 2002 and Caspi et al., 2003).

Previous studies in nonhuman primates have also characterized
abusive mothers as having higher levels of anxiety and being more
rejecting of their infants (McCormack et al., 2006; Maestripieri, 1998;
Troisi and D'Amato, 1984). Given that the human literature links the
serotonin transporter gene to anxiety-related traits in humans (Lesch et
al.,, 1996; Mazzanti et al., 1998; Osher et al., 2000) one possible
explanation for our findings is that the poor maternal care exhibited by
mothers with the rh5-HTTLPR short allele (abusive behavior, lower
infant protectiveness) could be related to higher levels of anxiety,
supporting a potential link between the rh5-HTTLPR short allele,
increased anxiety and alterations in proper maternal care. This
possibility needs to be tested in further studies with bigger sample sizes.

We also found that adult females with the short allele exhibited
higher basal cortisol secretion across the day, and greater variability in
morning cortisol across the 6 months postpartum. Associations
between the rh5-HTTLPR polymorphisms and HPA axis activity have
been previously reported (Barr et al., 2004a,b), and our study adds
additional evidence that the presence of the short rh5-HTTLPR allele
may have behavioral and stress reactivity implications (see below for
similar effects in the infants). In conclusion, our data suggest that the
presence of the short rh5-HTTLPR allele is associated with alterations
in the neuroendocrine mechanisms regulating anxiety and reactivity
to stress, and may also be associated with alterations in maternal care.
Although not possible in this study, due to our small sample size, it
would be important to evaluate whether mothers with the s/s
genotype exhibited even more severe phenotypes (i.e. greater
instances of abuse, exaggerated HPA axis responses, etc.) than those
with the I/s genotype. This would suggest that the short allele has an
additive effect, and confers an even greater risk to the development of
alterations in maternal behavior and HPA axis function.

Although our findings suggest a potential genetic influence on
maternal behavior, this does not negate the fundamental effect of
experience and environment in understanding maternal care. Pre-
vious research indicates that infant abuse is concentrated along
specific matrilines in both rhesus and pigtail macaques, such that
daughters of abusive mothers are more likely to abuse their own
offspring than those of non-abusive mothers (Maestripieri and Carroll,
1998; Maestripieri et al., 1997b). In an important cross-fostering study,
Maestripieri (2005) reported that abusive parenting may be explained
more by early life experiences than genetic inheritance. However, it
may be the case that the poor maternal care demonstrated by the
mothers in this study resulted from the interaction between early life
stress (being abused as an infant) and some genetic factors (such as
their rh5-HTTLPR genotype). Caspi et al. (2002) found a similar
interaction between the MAOA polymorphism and child abuse, such
that maltreated males were more likely to be antisocial and violent if
they had the low-activity MAOA genotype. As with the 5-HTTLPR, the
rhesus MAOA gene also contains a polymorphism that affects
transcriptional activity, and interacts with rearing experience to
influence aggressive behavior in adult rhesus males (Newman et al.,
2005). Clearly, given our small sample size, our results should be
interpreted with caution, and more research is needed to examine the
genetic and environmental influences on anxious behavior and
maternal care.

In this study, we also found effects for the rh5-HTTLPR genotype on
infant behavior. Infants with the short allele were more behaviorally
reactive during experimental procedures at month 3 (they exhibited

more tantrums, resistance to handling and were more difficult to
console), compared to [/l infants. These results are consistent with
other reports of behavioral reactivity of rhesus infants, and also
suggest that the short allele may be associated with increased
emotional reactivity and levels of anxiety and fear as exhibited in
the infants' social groups. Champoux et al. (2002) found that infants
with the I/s genotype were more difficult to console and demon-
strated higher levels of emotional distress, and Bethea et al. (2004)
found that infants with the s/s genotype had higher levels of anxiety
when exposed to various behavioral tests. It is also of interest that all
the behavioral reactivity differences detected in our study occurred
during month 3. This may be due to the fact that this is a critical
developmental period for rhesus macaques, with fearful behavior
becoming more prevalent and regulated (Kalin et al., 1991), in parallel
to an increase in exploratory behavior and an increase in responsi-
bility of keeping in contact with the mother (Hinde and Spencer-
Booth, 1967). Thus, the genotype effects detected on the infants’
behavioral reactivity, not only support the findings in the human
literature that the short 5-HTTLPR allele may be tied to anxiety-related
disorders (Lesch et al., 1996; Mazzanti et al., 1998; Osher et al., 2000),
but that the influence of the 5-HTTLPR genotype on emotional
behavior may emerge at a critical developmental juncture, shortly
after birth.

This study also revealed an association between the rh5-HTTLPR
genotype and infant HPA axis activity. Infants with the I/s genotype
exhibited higher basal morning levels of cortisol at month one, and
cortisol and ACTH responses to stress at month 2, compared to /]
infants. In addition, the rh5-HTTLPR genotype interacted with rearing
history to influence HPA activity. In a previous study we reported that
during the first month (when abuse rates were the highest), abused
infants had elevated basal cortisol, suggesting that this was a stressful
experience (McCormack et al., submitted for publication). We now
report that abused I/s infants showed the highest levels of resting
cortisol at this age compared to all other groups. This suggests that
during the first month, I/s infants may have been more vulnerable to
the effects of abuse on basal cortisol levels than the I/I infants. The
decline in cortisol after month 1, suggests a potential downregulation in
the HPA system in response/adaptation to the heightened levels of
cortisol during the first month (McCormack et al., submitted for
publication). This pattern of higher followed by lower basal cortisol
levels detected in the abused infants after the first month is consistent
with similar effects observed in monkeys exposed to other early adverse
experiences (Capitanio et al., 2005; Clarke et al., 1998; Dettling et al.,
2002; Sanchez et al.,, 2005; Shannon et al.,, 1998) and in human children
and adults with early life stress (Cicchetti and Rogosch, 2001; Gunnar
and Vazquez, 2001; Heim et al,, 2001; Tarullo and Gunnar, 2006).
Abused I/s infants also showed higher cortisol responses to stress (both
at months 2 and 6) compared to abused [/I infants. Although these
interaction effects have to be interpreted with caution due to the small
sample size, these results suggest that the HPA axis of abused /s infants
may be sensitized to early life stress, thus explaining the heightened
cortisol levels during stressful experiences.

A wide variety of studies have shown that humans with major
depressive disorder exhibit altered HPA axis functioning (Heim et al.,
2008; Plotsky et al., 1998). Previous studies of rhesus macaques also
reported a heightened HPA axis response to separation in I/s infants,
especially among peer-reared individuals (Barr et al., 2004a; Bennett
et al, 2002). In addition, targeted disruption of the serotonin
transporter gene in rodents also results in increased HPA axis
responses to stress (Lanfumey et al., 2000). Altogether, these findings
are consistent with the important role of serotonin regulating not only
HPA stress reactivity, but its negative feedback (Lanfumey et al., 2008;
Porter et al., 2004). In humans, individuals with the short allele who
experienced early abuse or neglect were also more likely to develop
depression later in life than individuals with the long allele (Caspi et
al., 2003; Kendler et al., 2005; see also Collier et al., 1996; Joiner et al.,
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2003, for a link between the short 5-HTTLPR allele and risk to develop
depression). In the current study we found that abused infants with
the I/s genotype had higher rates of anxiety and increased HPA axis
stress reactivity, which is compelling given the consistency with
previous human (Caspi et al, 2003; Kendler et al., 2005) and
nonhuman primate literature (Barr et al., 2003a,b; Champoux et al.,
2002) which report that the short allele confers vulnerability to
behavioral and HPA axis alterations in individuals with early adverse
experiences. Altogether, previous results, and the findings from our
study, suggest an important role of 5-HTT polymorphisms in humans
and nonhuman primates modulating the impact of early life stress on
anxiety-like behavior, basal HPA axis activity, and HPA axis reactivity
to stress. Clearly, further research with larger samples sizes is needed
to clarify the role that the serotonin transporter (and these allelic
variants) has in mediating development, and how early life stress may
impact this relationship.

The continued longitudinal investigation of abused and non-
abused monkeys will provide us with a broader picture of the effects
of early life stress and rh5-HTTLPR genotype on behavioral and
neuroendocrine development in nonhuman primates. Although the
findings of this study are intriguing and generally congruent with
those of human studies they also need to be interpreted with caution
due to our small sample size and replicated in future studies. Further
work with this nonhuman primate model of child maltreatment can
continue to inform human developmental psychopathology research
and have potential implications for intervention as well.
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