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Abstract
Social and emotional behavior are known to be sensitive to both developmental iron deficiency
and monoamine oxidase A (MAOA) gene polymorphisms. In this study, male rhesus monkey
infants deprived of dietary iron in utero (ID) were compared to iron sufficient (IS) controls (n=10/
group). Half of each group had low MAOA activity genotypes and half had high MAOA activity
genotypes. A series of social response tests were conducted at 3 to 14 months of age. MAOA
genotype influenced attention to a video of aggressive behavior, emotional expression (fear
grimace and sniff) in the social intruder test, social actions (displacement, grooming) in the social
dyad test, and aggressive responses to a threatening picture. Interactions between MAOA and
prenatal ID were seen in response to the aggressive video, in temperament ratings, in affiliative
behavior in the social dyad test, in cortisol response in the social buffering test, and in response to
a social intruder and to pictures with social and nonsocial themes. In general the effects of ID were
dependent on MAOA genotype in terms of both direction and size of the effect. Nutrition/
genotype interactions may shed new light on behavioral consequences of nutritional deprivation
during brain development.
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Introduction
Iron deficiency (ID) is the most common single nutrient deficiency worldwide. Iron
deficiency anemia (IDA) is most prevalent during the 3d trimester of pregnancy (33.9% in
US) and in infants 12–18 months of age (18.0% in US) (CDC, 2011). Behavioral
consequences of ID and IDA in 6–12 month old infants are well documented (Lozoff, 2007).
Early observations of altered emotional response and delayed motor development were
followed by large, systematic international studies linking infant IDA with later IQ and
school performance deficits even when anemia was corrected with supplements. Most
recently, long term followup of infants with chronic iron deficiency showed internalizing
and externalizing behavior problems at 5 years of age and in early adolescence (11–14 years
of age) (Corapci et al., 2011). This effect was hypothesized to originate in affective and
social interaction changes associated with infant ID (Armony-Sivan et al., 2011, Chang et
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al., 2011, Corapci et al., 2011, Lozoff et al., 2008), and 3d trimester ID (Tamura et al., 2002,
Wachs et al., 2005). However, the externalizing behavior problems were persistent when
activity during infancy had been low, suggesting that other factors were in play to create
susceptibility to the long term consequences of ID for behavioral competence.

Externalizing behavior problems are one of the areas of research associated with MAOA
polymorphisms in humans. In particular, interaction of low MAOA transcription
polymorphisms with environmental factors such as early abuse and deprivation (Derringer et
al., 2010, Enoch et al., 2010, Kinnally et al., 2009) has been found to promote occurrence of
conduct disorder, antisocial behavior, and violent behavior. Other developmental stressors
such as poor nutrition and exposure to toxic agents have not yet been studied for their ability
to interact with MAOA polymorphisms to alter these important aspects of human behavior.

We have established a nonhuman primate model to examine the effects of 3d trimester iron
deficiency on infant behavioral development in the rhesus monkey that uncovered a strong
affective component to the syndrome produced (Golub et al., 2007, Golub et al., 2006a,
Golub et al., 2006b). In addition we have been able to access information from colony wide
genotyping for monoamine oxidase A (rhMAO-A-LPR) promoter polymorphisms (Newman
et al., 2005) at the California National Primate Research Center (CNPRC). In the current
experiment, we study a potential interaction of prenatal iron deficiency with MAOA
polymorphism in male rhesus monkeys.

The focus for this interaction study was response to social challenge of monkeys 3 to14
months of age. In addition to the extensive literature linking MAOA polymorphisms to
aspects of social behavior in humans, there is also a small literature in nonhuman primates
(Karere et al., 2009, Kinnally et al., 2010, Newman et al., 2005), This work complements
other research effort on the influence of serotonin and other monoamine neurotransmitters
on modulation of social behavior in nonhuman primates (Fairbanks et al., 1999, Fairbanks et
al., 2001, Manuck et al., 2003). Here we included a series of structured social challenges in a
more extensive one-year test battery. In addition, we included noninvasive measures of brain
monoamines (CSF monoamine metabolites and PET scans for striatal dopamine D2 receptor
binding (DRD2)). CSF monoamines are influenced by developmental iron deficiency in
monkeys (Coe et al., 2009), and by MAOA polymorphisms in humans (Aklillu et al., 2009,
Jonsson et al., 2000, Zalsman et al., 2005). DRD2 receptors numbers are altered in iron
deficiency in rats (Beard et al., 2003, Unger et al., 2007, Unger et al., 2008) and in MAOA-
deficient transgenic mice (Levant et al., 2001).

Materials and methods
Assurance of compliance with animal codes

All procedures followed the Guide for the Care and Use of Laboratory Animals of the
National Research Council. CNPRC is accredited by the Association for Accreditation of
Laboratory Animal Care. Protocols for this project were approved prior to implementation
by the UC Davis Institutional Animal Care and Use Committee (IACUC).

Animals and animal care
The nonhuman primate model for diet-induced third trimester iron deficiency has been
described previously (Golub et al., 2006), including information on caging, environmental
control and diet composition. Briefly, time-mated rhesus monkeys were assigned to iron
sufficient (100 ppm iron, IS group; n=10) or iron deficient (10 ppm iron, ID group; n=10)
purified diets at 35–45 days gestation. Animal selection utilized CNPRC electronic records.
Breeders were screened for prior reproductive history and the two groups were balanced as
much as possible for age, weight and parity. Dams within the same group were housed in
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pairs. Fetal sex was also determined at this time (Jimenez & Tarantal, 2003) and only
pregnancies with a male fetus were selected for the study. Subjects were limited to the same
sex to increase power by decreasing intragroup variability due to sex differences. Males
were chosen because they were more sensitive to some behavioral effects of prenatal iron
deficiency in previous studies.

Ultrasound exams were conducted at gestation day (GD) 90 to confirm fetal viability. After
birth, nonpurified iron sufficient diets (Purina Lab Diet #5037) were provided, and,
additionally, dams and infants in the ID group were given supplemental iron in the early
postnatal period. Two mother-infant pairs from the same group were housed together in a
double cage in indoor colony rooms limited to subjects of this experiment. Weanlings were
re-paired with a new peer based upon the availability of an age appropriate companion.
Eight out of 10 pairs were comprised of one IS and one ID infant; one pair contained two IS
infants and one contained two ID infants. All but five of the infants were of Indian descent;
the five Indian-Chinese hybrids, ranging from 12.5% to 37.5% Chinese, were in both the ID
group (n=3) and IS group (n=2).

Genotyping
As previously described (Karere et al., 2009, Kinnally et al., 2010) genomic DNA was
isolated from lymphocytes from routine blood samples obtained at 3 months of age from
most rhesus infants in the colony. Genotyping of the MAOA length polymorphic region
used primers designed from the published sequence for rhesus. Genotypes were determined
with STrand software and confirmed by direct sequencing. CNPRC colony population
genetics (Kinnally et al., 2009) indicate that 57% of male infants are hemizygous for VNTR
polymorphisms with 4, 5 or 6 repeats, associated with high MAOA transcription (Newman
et al., 2005), while 43% have the low MAOA activity polymorphism (7 repeats). These
proportions are similar to human populations. In the IS group, 5 infants had the low MAOA
activity genotype and 5 had the high MAOA activity genotype. The genotypes were also
balanced within the ID group (low-MAOA, n=4; hi-MAOA, n=5). Weanling cagemate pairs
consisted of both mixed (low-MAOA/hi-MAOA, n=4) and identical (low-MAOA/low-
MAOA, n=2; hi-MAOA/hi-MAOA, n=3) genotypes. One infant had an ambiguous genotype
(6.5 repeats) and was therefore excluded from analyses of diet*MAOA interactions.

Assessment schedule
A summary of the social assessments presented in this report is provided in Table 1. The
complete schedule of assessments, including nonsocial and nonbehavioral evaluations, is
provided in Supporting Information, Table S1.

Growth, hematology and iron status evaluations
The infants were evaluated at birth, 6 months, 12 months and 22.5 months of age for growth
(body weight and morphometrics), hematology, and iron status parameters (ferritin, plasma
iron, ZPP, TIBC, %Tf saturation). These data will be reported in detail separately.

CSF monoamine metabolites
Cerebrospinal fluid samples (0.5 mL) were obtained by cisternal puncture at 4 months of age
using ketamine (10 mg/kg) and medetomidine (20–40 μg/kg) reversed with atipamezole
(20–40 μg/kg). Samples were frozen until analysis when a 50 μL aliquot of CSF was used
for HPLC analysis. Perchloric acid (50 μL) and internal standard 3,4-dihydroxybenzylamine
(DHBA; 10 μL) were added to each aliquot, and then samples were passed through a 0.2
μm micro-Sephadex column to remove endogenous substrates. Samples were loaded onto a
refrigerated ESA model 542 autosampler and 10 μL of sample was injected onto an ESA
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MD-150 narrow-bore HPLC column (150 × 2 mm; ESA Inc). The mobile phase consisted of
75 mM sodium phosphate, 1.7 mM 1-octanesulfonic acid, 25 μM ethylenediaminetetracetic
acid, 7.0 μM triethylamine, and 10% v/v acetonitrile in a volume of 2 L (pH 3.0). Once
separated, compounds were measured with a coulometric detector (ESA model 5300, guard
cell potential, +400 mV; working cell potentials, −174 mV and 350 mV). The
neurotransmitter metabolite peak areas were integrated using EZ Chrom Elite software and
quantified against known standards.

PET scans for dopamine D2 receptor
Animals were anesthetized with ketamine (10 mg/kg i.m.), intubated and connected to
isoflurane anesthesia for imaging utilizing the first generation microPET scanner, P4
(Siemens Preclinical Imaging). [11C]-Raclopride was synthesized at the Center for
Molecular and Genomic Imaging. Approximately 2.0 mCi of [11C]-Raclopride was injected
5 seconds after the start of the scan. Dynamic PET scans were acquired for 90 minutes, then
a 57Co transmission scan was acquired. Listmode data were histogrammed into dynamic
frames as follows: 10 frames of 60 seconds, 5 frames of 120 seconds, 4 frames of 300
seconds, and 5 frames 600 seconds. Attenuation sinograms were generated from forward
projecting the smoothed segmentated transmission images. Images were reconstructed with
a 3DRP reconstruction protocol utilizing attenuation and scatter corrections. Data analysis
was performed using Inveon Research Workplace. Regions of interest (caudate, putamen)
were drawn on the PET images of the striatum (left and right). Cerebellum was used as a
reference tissue. Kinetic modeling determined the binding potential of raclopride in the
striatum. Scans from two infants could not be used due to technical problems.

Video of Adult Male from the Biobehavioral Assessment
The biobehavioral assessment has been described previously (Golub et al., 2006, Golub et
al., 2009). Briefly, most 3–4 month old infants in the CNPRC colony, including the infants
in this study, were separated from their home environments for 25 h and given several
successive assessments including response to videos of adult monkeys, and a rating of
temperament. For the adult video test, a 10 min video of an adult male monkey which
contained segments showing aggressive displays was shown on a monitor 1 m from a test
cage with a clear plexiglass front holding the infant. Looking directed at the monitor was
scored for frequency and direction, and species-typical behaviors related to fear and
aggression were scored for frequency from videorecordings made during the session. The
temperament of each infant was rated on a scale of 1 to 7 (1 being total absence and 7 being
extremely large amount) in 16 different categories by a trained observer at the conclusion of
the 25 h test period. The definitions of the temperament categories are in Supporting
Information, Table S4. Additional tests not involving social stimulation (home cage
observations, human intruder, plasma cortisol responsiveness, response to novel object in
the holding cage, and visual novelty preference) are not reported here.

Dyadic social interaction
This multiple session, round-robin approach to social dyadic testing helps remove the
influence of different partners in evaluating social interaction. The test was conducted as a
10 min session once or twice a week for a total of 20 sessions between the ages of 8 and 12
months of age. It evaluated the ability of the monkeys to regulate their social interactions,
primarily play (Golub et al., 2005). The monkey infant was paired with all other monkey
infants (excluding its cagemate) currently in the experiment in a round robin manner. Most
monkeys had eight play partners. Three monkeys had more than 20 sessions (22, 23, 27) to
accommodate the need for play partners. Behavior was coded during the session by
observers trained for reliability using the Observer software (Version 5.0, Noldus
Information Technology, Wageningen, The Netherlands). The ethogram included five states
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(duration recorded): four affiliative social behaviors (rough and tumble play, chase play,
cling and grooming) and a nonsocial state. Frequencies of individual social behaviors
(lipsmack, displace, mount, fear grimace, threat, sniff, genital inspection as well as motor
stereotypies) were also recorded. Initiator and recipient of each behavior were recorded. The
same state durations were used in the data set for both members of the dyad. For analysis,
values were summed across all sessions, and adjusted to 20 for infants with >20 sessions.
Derived variables included percent active affiliation (play/play+cling).

Social/nonsocial intruder
This test of anxiety and impulsivity is based on previous work with adult monkeys (Bethea
et al., 2004, Fairbanks et al., 1999, Manuck et al., 2003). It was comprised of two sessions
15 to 20 min in length conducted between 11 and 12 months of age. The subject in its home
cage was separated by a metal grate from an adjacent cage. The social intruder (unfamiliar
young adult male rhesus) or nonsocial intruder (remote control car followed by a familiar
(apple) and unfamiliar (pineapple) fruit) were placed in the adjacent cage. Behavior was
scored by observers trained for reliability using The Observer software. Behavioral
evaluation focused on approach and proximity to the intruder. The subject was either in
close proximity or far proximity to the intruder at all times; the first occurrence of “near
proximity” was used as the latency to approach the intruder. Other ethogram behaviors
included touching and sniffing at the metal grate; pacing; freezing; aggressive behaviors
such as lunge, hit, threaten; and distress behaviors such as yawn, scratch, shake, stereotypy,
fear grimace and lipsmack.

Social buffering
This test evaluates the ability of a familiar cagemate to mitigate the stressfulness of a novel
environment (Winslow et al., 2003). The test consisted of two 30 min sessions conducted
one week apart in 7–8 month old infants, one with the subject alone in a standard cage
located in an unfamiliar workroom and one with the cagemate in a second novel workroom.
The order of sessions (alone and with cagemate) was balanced for each group. Sessions were
video recorded for coding using established ethograms on The Observer. After each session
an 0.5 mL blood sample was obtained for analysis of cortisol by RIA (Golub et al., 2009).

Picture elicited emotional response
This test evaluates vocalizations and facial expressions when viewing either threatening/
frightening images or familiar/neutral images (Kyes et al., 1995). Infants 12 to 14 months of
age viewed a brief (11.5 min) slide show on three consecutive days. The eight slides (see
Figure 4) were: a plain light green colored slide; fruit (apple slice and half peeled banana); a
snake; a cage (identical to the home cage); an adult male monkey with open mouth stare; a
mother and infant monkey; two monkeys grooming; and a technician dressed in protective
clothing wearing leather gauntlet/handcatching gloves. The pictures were prepared as a
Powerpoint slide show. Three slide orders were used for each monkey, randomized across
sessions. Each slide was displayed for 30 sec followed by a 1 min interslide interval of a
black screen. The test cage had a plexiglass front and each session was video recorded for
later coding using The Observer. Time looking at the monitor, activity, and stereotypy were
scored for duration and an ethogram was used to score the incidence of individual
vocalizations and facial expressions.

Statistical analysis
Most variables were analyzed by ANOVA using general linear models (JMP9.0, SAS,
Carey, NC). Effects evaluated were diet group (iron deprived, ID; iron sufficient, IS),
MAOA genotype category (hi-MAOA, low-MAOA expression) and diet*MAOA
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interaction. One infant in the study had an ambiguous MAOA VNTR (6.5 repeats). Due to
lack of empirical data on MAOA expression with this polymorphism, this infant (in the ID
group) was excluded from data analyses including the MAOA variable. In addition to
ANOVA, planned comparisons were conducted comparing ID and IS groups within each
MAOA genotype group. Because the infants were tested in two yearly cohorts, cohort was
examined for association with major endpoints and included as a covariate when p<.10.

Each test was structured to focus on a different aspect of social-emotional responsiveness
and included one or two “apical” variables related to the purpose of the test. Most tests also
included coded behavioral observation using an ethogram. To limit the statistical tests
performed, and resulting potential for false positive results, individual items in the
ethograms were not evaluated unless effects were seen on apical variables. Additionally,
components of the ethogram were grouped into composite scores.

Results
Postnatal growth and health

As indicated in Figure 1, prenatally iron deprived infants were not growth retarded or
anemic during the evaluation period. More details on growth, iron status, and hematology
will be provided separately. These endpoints were not found to reflect MAOA genotype or
interactions of diet with MAOA genotype, with the exception of head circumference at birth
(corrected for gestational age) which was lower in the ID than in the IS subgroup of the low
MAOA category.

CSF monoamine metabolites
No effects of MAOA, diet, or diet*MAOA interactions were found for the CSF analysis.
Although peaks for the three monoamine transmitters and their metabolites were examined,
only 5HIAA and HVA had quantifiable values. Values were very similar across individuals
and groups. Data are provided in Supporting Information, Table S2.

PET for D2 receptor in striatum
Binding potential measure for dopamine D2 receptors (DRD2) in right and left caudate and
putamen did not show significant diet or diet*MAOA interaction, while the MAOA effect in
the two-way ANOVA was marginally significant (.05<p<.10) for right side values.
Discarding the diet variable from the ANOVA, low-MAOA infants had significantly lower
DRD2 binding potentials than the hi-MAOA group for right caudate F(1,15)=4.76, p=0.045
and right putamen F(1,15)=5.11, p=0.039. The mean difference was close to significant for
left caudate (p=0.10) and left putamen (p=0.052). Binding potentials are in Supporting
Information, Table S3.

Response to video of adult male
Under the two conditions of the test, a video of an adult male showing both nonsocial and
aggressive behaviors, ANOVA showed a strong effect of the MAOA variable on the amount
of time spent facing toward the monitor (F(1,15)=6.98, p=0.018) and away from the monitor
(F(1,15)=14.79, p=0.002) during the aggressive segments of the video (Figure 2A). A third
category, “out of view”, was used if the infant’s face was positioned such that gaze direction
could not be determined. There were no effects on the “out of view” category. The low-
MAOA group spent more time facing the monitor than the hi-MAOA group. Discrete
behaviors were combined into an index of aggressive behaviors (cage shake, threat, bark)
and fearful behaviors (self-clasp, fear grimace, scream). These indices were higher during
the aggressive than the nonsocial segments of the video (aggressive: F(1,19)=7.44, p=0.013;
fearful: (F1,19)=8.80, p=0.008). MAOA genotype did not significantly affect either of these
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indices during either the nonsocial or aggressive segments. Diet group did not influence the
time facing the monitor or the aggressive behavior indices. Notably, little aggressive
behavior was seen in these young infants; less than half of the infants demonstrated more
than one aggressive behavior during the aggression segment. However, a diet*MAOA
interaction was seen for the fearful behavior index during aggressive video segments
(F(1,15)=4.74, p=0.046) Planned comparisons between ID and IS infants within genotype
category were not significant. The hi-MAOA ID infants showed the least fearful behavior
while the low-MAOA ID infants had higher emotional scores than the low-MAOA IS
infants.

The infants responded to the aggressive segments of the videos with behaviors related to
fearful displays in adults. An interaction pattern suggested that hi-MAOA infants,
particularly the hi-MAOA ID infants demonstrated the least fearful behaviors while low-
MAOA ID infants demonstrated the most fearful behaviors.

Temperament ratings
There were no main effects of MAOA or diet group on temperament ratings (data not
shown), although several ANOVA suggested a potentially relevant effect size (p=
0.05<p<0.10). Significant diet*MAOA interactions were found for two descriptors,
“fearful” (F(1,15)=7.07,p=0.018) and “slow” (F(1,15)=4.89, p=0.043). A marginal
interaction was also seen for “confident” (F(1,15)=4.01, p=0.064). For the “fearful”
descriptor, planned comparisons showed ID and IS infants differed only within the hi-
MAOA genotype category, with the ID infants having lower “fearful” ratings (p=0.006).
The complementary pattern was seen for the “confident” scores, with hi-MAOA ID group
having the highest “confident” scores, significantly higher for the ID infants in the hi-
MAOA vs. low-MAOA genotypes (p=0.04). For the “slow rating” the direction of the ID
effect was different within the two MAOA categories, with higher “slow” rating within the
hi-MAOA category and a lower rating with the low-MAOA category, but planned pairwise
(ID/IS) comparisons were not significant. Description of the behaviors used for rating these
temperaments are provided in the Supporting Information Table S4.

Taken together, the data from the 3–4 month old infants indicated that the hi-MAOA ID
infants were generally less fearful, more confident and slower moving than IS infants with
the same genotype. In the low-MAOA group, the opposite pattern was seen.

Social Intruder
An apical endpoint for this test was time spent in half of the cage closest to the intruder.
Effects were not significant for total time spent near the stranger, but significant
diet*MAOA interaction was seen for the average duration of each visit to that side of the
cage (F(1, 12)=11.43, p=0.005)(Figure 2B). For the hi-MAOA genotype, the ID group had
shorter visits to the side of the cage near the stranger than the IS group (p=0.026). For the
low-MAOA genotype, ID infants had longer visit to the side of the cage near the stranger
than IS infants (p=0.029).

Analysis of individual social behaviors such as sniff and present to groom as well as facial
expressions and vocalizations (Figure 2B) illustrated that in general hi-MAOA infants had
more positive social responses (sniff, lipsmack, present), and less negative social responses
(threat, fear grimace), although not all reached statistical significance: fear grimace, F(1,
15)=5.47, p=0.034; sniff, F(1,14)=5.96, p=0.028, lipsmack p=0.052, threat p=0.14). There
were no diet effects or diet*MAOA interactions for these variables.

For purposes of comparison, a test with nonsocial intruders (remote control toy, novel fruit)
was also conducted. This test, previously used for adult monkeys living in an outdoor
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environment, was not effective in indoor-reared, test-experienced infants in our sample.
Only about 1/3 of the infants made any response to the mechanical toy intruder. ANOVA
did not demonstrate differences between groups in latency to inspect, touch and eat the
familiar or novel fruit.

Overall the data from intruder tests in the year-old infants indicated positive social response
to the stranger in the hi-MAOA group, and less regulated approach to the stranger in the ID
infants of the low-MAOA group.

Social dyadic interaction
This test allowed assessment of direct physical social interactions. The main focus was
affiliative behavior (play, cling). (Infants at this age do not display aggressive actions).
Effects were not seen on individual affiliative behavior or the sum of all affiliative
behaviors. However the ratio of the duration of active (play) to all (play and cling) affiliative
behavior demonstrated a diet*MAOA interaction (F(1,15)=5.89, p=0.028). Neither of the
planned comparisons was significant. Data shown in Figure 2C indicate the interaction was
generated by difference in direction of ID and IS means under the two MAOA genotype
categories. ID infants in the hi-MAOA genotype demonstrated active affiliate behavior
(play) almost exclusively, while IS counterparts demonstrated about 60% active affiliative
behavior. In contrast, the active/passive affiliation was less in the ID than the IS infants from
the low-MAOA genotype group. The difference in the ratio of active to passive affiliation
was determined by both more play and less cling in the individual infants with higher ratios.

An MAOA effect was seen for the number of grooming episodes (F(1,15)=5.97, p=.027).
Hi-MAOA infants spent more time grooming than low-MAOA infants. Vocalizations were
not scored for this test but facial expressions (threat, fear grimace, lipsmack) were not
affected by diet or MAOA. Of the additional discrete physical interaction behaviors
observable in this situation (displace, sniff, genital inspect, mount) an effect of MAOA was
seen for displace (approach and replace an infant who moves away upon approach)
(F(1,15)=6.60, p=0.021). Hi-MAOA infants initiated more displacements than low-MAOA
infants. As in social video and confined stranger tests, infants showed very little behavior
that could be classified as aggression-related; fifteen of the 20 infants averaged <1 threat per
session. Vocalizations were not scored for this test but facial expressions (threat, fear
grimace, lipsmack) were not affected by diet or MAOA.

The MAOA genotype appeared as an important determinant of physical social interaction in
this test with the hi-MAOA group showing more grooming and more displacements than the
low-MAOA group. The ID influence was on the use of active vs. passive affiliation (play vs.
cling) and was modified by MAOA genotype. The ID infants with the hi-MAOA genotype
showed more active affiliation (play) while the ID infants with the low-MAOA genotype
showed less active affiliation than corresponding IS infants with the same genotype.

Social buffering
Figure 3A shows the social buffering effect in all subjects as reflected in reduction in
emotional responses (crouch, scream, threat, bark), stereotypy, and plasma cortisol. The
apical variable was the difference between plasma cortisol after the alone and peer sessions
in the novel environment (Figure 3B). A diet*MAOA interaction was seen for this variable
(F(1,15)=5.73, p=0.030). ID infants showed less social buffering than IS infants within the
low MAOA genotype category (p=0.023). A diet*MAOA interaction was also seen for
partner clinging (F(1,15)=7.20, p=0.017), which was higher in the ID than the IS infants
within the low-MAOA group (p=0.033).
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Picture-elicited emotional response
As illustrated in Figure 4, response to the eight pictures differed markedly in terms of
looking durations (RMANOVA, picture, p<0.0001), looking frequencies (RMANOVA,
p=0.003), as well as emotional response to the pictures (RMANOVA, p=0.03). Response to
the pictures was also affected by diet*MAOA interactions. In general the low-MAOA ID
group was more responsive to the pictures with social-emotional content.

For looking durations (Figure 4A), response to the inanimate pictures was generally less
than to the social pictures and the technician picture. A significant diet*MAOA interaction
was seen across all pictures during the first exposure (session 1: F(1,15)=5.20, p=0.038)
(Figure 4B). The low-MAOA ID group had significantly higher looking durations than the
low-MAOA IS group across all pictures (p=0.022). The interaction was also significant for
the three social pictures as a group (grooming, aggressive male, mother/infant: F
(1,15)=5.81, p=0.029, low-MAOA ID vs. IS p=0.041), and for the technician picture:
diet*MAOA F(1,15)=5.19, p=0.039, low-MAOA ID vs. IS, p=0.066. As seen in Figure 4B
the difference between the means of the ID and IS groups were in the opposite direction in
the hi-MAOA group. However this difference was not significant in planned pairwise
testing.

For looking frequency (Figure 4C), the snake picture elicited the highest rates of looking
(with a corresponding lower duration of each look). A significant diet*MAOA interaction
was seen for this picture (F(1,15)=4.87, p=0.043) with a significant pairwise comparison
between the low-MAOA ID and IS groups (p=0.048). A diet*MAOA interaction was also
seen for the cage picture, but pairwise comparisons were not significant. For all pictures,
looking frequency was highest in the low-MAOA ID infants.

For looking habituation (session 1–3), an diet*MAOA interaction was seen across all
pictures (F(1,15)=4.96, p=0.042, data not shown). Habituation was greater in the low-
MAOA ID vs. IS group (p=0.034), perhaps reflecting the greater initial duration of looking
in the low-MAOA ID group. No interaction was seen for individual pictures.

The apical variable for this test was the frequency of display of emotional (fear and
aggressive) behaviors (Figure 4D). These composite indexes were evaluated for the first
exposure of the pictures, session 1. In RMANOVA across all pictures, the effect of picture
on the combined index of fear and aggressive behaviors did not reach significance
(F(1,15)=2.90, p=0.070) (Figure 4E). There was an effect of MAOA (F(1,15)=5.93,
p=0.028), and a diet*MAOA interaction (F(1,15)=5.90, p=0.028) for the combined index. In
addition the MAOA effect was independently shown for the aggression index F(1,15)=4.97,
p=0.041, and the diet*MAOA interaction was shown for the fear index (F(1,15)=4.89,
p=0.043) (data not shown). For both interactions, the low-MAOA ID and IS groups differed
in planned comparisons (fear, p=0.010, fear+aggression, p=0.004).

For individual pictures, the emotional response diet*MAOA interaction was significant for
the grooming picture (F(1,15)=4.79, p=0.045, low-MAOA ID/IS p=0.037), and the snake
picture (F(1,15)=6.68, p=0.021, low-MAOA ID/IS p=0.001). For the technician picture, the
MAOA main effect was significant (F(1,15)=9.77, p=0.007). This MAOA effect was due
primarily to aggressive behaviors (F(1,15)=9.34, p=0.008).

Stereotypy (data not shown) was also examined as a possible response to emotion-eliciting
slides. Twelve of 20 subjects showed no stereotypy (n=9) or only 1 incidence of stereotypy
(n=3) during the slide presentations. These infants were distributed evenly between the ID
(n=6) and IS (n=6) groups. In monkeys exhibiting stereotypies during testing, the lowest
incidence of stereotypy occurred for the snake (10%) and technician (13%) slides, while the
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highest occurred for the blank slide (22%) and the empty cage slide (24%), suggesting that
stereotypy was suppressed rather than aggravated by emotion-eliciting slides. There was no
diet or MAOA effect, and no interaction, for the stereotypy endpoint.

Discussion
This study provides both an insight into behaviors affected by MAOA polymorphisms in
normal infants, and a new potentially important environmental interaction, with
developmental nutrition. It also brings some focus to a sensitive early developmental period
for gene-environment interactions, the fetal period.

A main effect of MAOA genotype was seen in several socio-emotional tests (Figure 5). In
general the low-MAOA infants may be described as having less emotional regulation and/or
more emotional responsiveness than the hi-MAOA group. An integrative concept might be
that hi-MAOA leads to more effective regulation of behavior in challenging situations. This
finding parallels a single study of human infants (Zhang et al., 2011) which found better
emotional regulation reflected in gaze aversion from a threatening visual stimulus (White et
al., 2009) in 6-month old infants (girls only) with high expression MAOA polymorphisms.

In humans, both low and high MAOA transcription genotypes have both been associated
with heightened risk of neurobehavioral disorders. Specifically risk for hyperactivity and
conduct disorder in children was associated with low-MAOA genotype (Enoch et al., 2010),
while risk for autism (Cohen et al., 2011, Tassone et al., 2011), suicide in depression (Lung
et al., 2011) and impulsive violent criminal recidivism (Tikkanen et al., 2010) were
associated with the hi-MAOA genotypes. These risks can be modified by sex, ethnicity,
child abuse, and alcohol abuse (Armony-Sivan et al., 2011, Aslund et al., 2011, Kim-Cohen
et al., 2006, Tikkanen et al., 2010). In addition to interacting with environment to increase
risk of abnormal behavior, MAOA genotypes are associated with differences in personality
and temperament (Buckholtz et al., 2008, Longato-Stadler et al., 2002, Tsuchimine et al.,
2008). The present study extends to infancy the lifespan periods when MAOA genotypes
can influence behavior in combination with environmental influences.

Prenatal ID interacted with MAOA genotype in each of the tests. The pattern of the
interaction generally indicated that the effect of ID depended on genotype, either in that the
ID effect was seen only or predominantly in one of the MAOA polymorphism categories
(“selective” interaction), or the ID effect appeared in both MAOA groups, but the direction
of the effect differed (“criss-cross” interaction) (Figure 5). Notably, of the three other studies
of MAOA polymorphisms and behavior in rhesus (Karere et al., 2009, Kinnally et al., 2010,
Newman et al., 2005), two also found interaction with an environmental variable, rearing
environment, which influenced emotional responses in rhesus in different directions
depending on genotype (Karere et al., 2009, Newman et al., 2005).

Our previous studies of behavior in infant and juvenile monkeys deprived of iron prenatally
suggested a syndrome of reduced emotionality and less inhibition of behavior in novel
situations. During infancy, testing indicated lower inhibitory response to novel environment
(Golub et al., 2006). As juveniles, prenatal ID led to less emotionality in a novel
environment, shorter latencies to respond and fewer trials with no response while learning
cognitive tasks (Golub et al., 2007). This syndrome more closely paralleled the ID effect in
the hi-MAOA group than the low-MAOA group of the present study. Genotyping was not
available in previous studies, and both males and females were tested, so that direct
comparisons cannot be made.

We examined the social-emotional response of infants in five quite different situations not
expected to elicit the same type of responses or intensity of response. Emotional
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responsiveness was assessed as the frequency of facial expressions, vocalizations and
behaviors associated with fear and aggressive displays in older monkeys (Hinde & Rowell,
1962). While these components of aggressive behavior are seen in the infants they have not
matured into adult patterns of social interaction that could be called aggressive. The possible
influence of MAOA genotype on aggression relevant to studies of violence and conduct
disorder in humans (Buckholtz & Meyer-Lindenberg, 2008, Grigorenko et al., 2010, Taylor
& Kim-Cohen, 2007) would have to be tested in adult nonhuman primates. The present
study is more relevant to human findings of an association between MAOA genotype and
personality/ temperament (Buckholtz et al., 2008, Fahlke et al., 2002, Huang et al., 2004,
Sebastian et al., 2010, Tsuchimine et al., 2008, Williams et al., 2009). More importantly it
addresses the as yet little explored area of MAOA polymorphism and infant behavior.

Monoamine systems in brain are easily proposed as the site for interacting influences of
MAOA and ID but more specific mechanism hypotheses are difficult. The classification of
high and low activity MAOA genotypes is based on MAOA gene transcription in in vitro
systems, not enzyme activity. Attempts to evaluate functional differences in central
monoamine neurotransmission with noninvasive methods in humans have not found
consistent patterns (in CSF assays) (Aklillu et al., 2009, Ducci et al., 2006, Jonsson et al.,
2000, Williams et al., 2003, Zalsman et al., 2005), or changes in monoamine oxidase protein
levels (with PET studies) (Fowler et al., 2007). The current study did not find genotype
differences in CSF monoamine metabolites at 4 months of age. Because monoamine systems
as reflected in CSF change dramatically in rhesus during the first year of life (Coe et al.,
2009, Higley et al., 1991, Higley et al., 1992), later sampling is needed. We also failed to
find difference in DRD2 binding via PET. DRD2 binding is associated with a variety of
behavioral traits in adult humans (Egerton et al., 2010, Kim et al., 2011, Zald et al., 2008),
but similar work has not been done in infants and children.

As regards iron deficiency, early studies documented decreased peripheral MAO activity in
iron deficient rats (Youdim & Green, 1978), but no effects of iron deficiency on CNS MAO
activity have been found (Ashkenazi et al., 1982, Mackler et al., 1979, Schauer et al., 1989,
Shukla et al., 1989, Youdim et al., 1980). However, monoamine neurotransmitter levels in
brain are altered by developmental iron deficiency in rodents. Both MAOA and MAOB are
found in brain with differential localization and function (Shih et al., 2011, Westlund et al.,
1985) and metabolic disturbances secondary to iron deficiency may modify activity of both
of these enzymes while MAOA polymorphisms would only influence MAOA. A change in
the balance of the two could underly the differential “criss-cross” interactions of MAOA
genotype and ID.

If MAOA genotype and ID interact to influence monoamine transmitter systems in
emotional regulation, a brain circuit of interest would be the serotonin system in
orbitofrontal cortex and its connections with amygdala and cingulate cortex. This circuit is
well studied in nonhuman primates (Izquierdo & Murray, 2004, Man et al., 2011, Roberts,
2011, Way et al., 2007), in connection with MAOA polymorphism and psychopathology in
humans (Gottfried et al., 2003, Lewis et al., 2011, Meyer-Lindenberg et al., 2006, Volkow et
al., 1999, Winstanley et al., 2004) and also in MAOA hypomorphic mice (Bortolato et al.,
2011)

An equally interesting hypothesis concerning the site of MAOA*ID interactions involves
processes basic to structural brain development, like cell division and differentiation,
myelination and synapse formation. This hypothesis is suggested by recent studies of
MAOA influences on early brain development (Cheng et al., 2010, Wang et al., 2011) and
also structural brain differences associated with MAOA polymorphisms (Meyer-Lindenberg
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et al., 2006). Myelination and synapse formation are processes also known to be influenced
by developmental iron deficiency in rodent studies (Georgieff, 2008, Lozoff et al., 2006).

While some attention has been directed toward genetic variations in iron regulatory genes
that influence the risk for developing anemia (Beutler et al., 2010, Lee et al., 2001), no
information to date has been directed at genes modifying risk of iron deficient infants for
developing childhood behavior disorders. The nonhuman primate model of iron deficiency
offers the opportunity to extend the observation that the two common human MAOA
polymorphisms provide markedly different backgrounds for adapting to the impact of
environmental factors.

The reappearance of the genotype*interactions in several social tests over the first year of
life in our study supports persistent trait-like effects. Limitations of the study include the
small group size (n=4–5/group), and multiple statistical tests on the same groups. Low
power promotes false negative results, while multiple tests promote false positives. In many
cases detection of significant interactions was not followed up by significant pairwise
comparisons to clarify the nature of the interaction. Replication in other samples is needed
for confident generalization of influences to behavior of all young rhesus.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Normal growth and hematology through two years of life as represented with body weight
and plasma hemoglobin.
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Figure 2.
MAOA-ID interactions on three social challenge tests. Main effects and interaction from
ANOVA are shown under each graph. Post hoc comparisons of ID and IS groups within
genotypes are shown above the bars. Mean ± sem are shown.
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Figure 3.
Monkeys were placed in a novel environment either alone or with their cagemate for the
Social Buffering test. A. Response to the novel environment in the alone and peer conditions
is shown for all infants. B. Effects on social buffering as reflected in a decrease in plasma
cortisol between the alone and peer conditions, and in the duration of clinging during the
peer condition. See Figure 2 for formatting conventions.
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Figure 4.
Diet*MAOA interactions on test of picture elicited emotional response. See Figure 2 for
formatting conventions.
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Figure 5.
Summary of types of diet*MAOA interactions, and endpoints demonstrating interactions in
social-emotional testing.
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Table 1

Social Assessment and Nonbehavioral Assessment Schedule
Summary of assessments by age, and corresponding apical variables, for social tests contained in this report.
See Supporting Information, Table S1, for a complete list of assessments throughout the study.

Age Sessions Assessment Apical variable

Day of birth 1 CBC, blood samples for iron status and lymphocyte assay,
morphometrics

Body weight, hemoglobin

3–4 months 1 day Biobehavioral assessment
 Adult nonsocial/aggression video
 Temperament rating

Time looking at nonsocial and aggressive
video segments
Rating on 16 temperament scales

4 months 1 CSF sample 5HIAA, HVA

6 months 1 CBC, blood samples for iron status, morphometrics Body weight, hemoglobin

7–8 months 2 Social buffering Change in plasma cortisol

8–12 months 1–2/week Social dyadic interaction Affiliation behavior

11–12 months 2 Social intruder Proximity to intruder

12 months 1 CBC, blood samples for iron status, morphometrics Body weight, hemoglobin

12–14 months 3 Picture-elicited aggression Fear, aggressive behavior

18–24 months 1 PET scan DRD2 binding potential

22.5 months 1 CBC, blood samples for iron status, morphometrics Body weight, hemoglobin
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