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Abstract

Male bonnet monkeys (Macaca radiata) were subjected to the Variable Foraging Demand (VFD)

early stress paradigm as infants, MRI scans were completed an average of four years later, and

behavioral assessments of anxiety and ex-vivo corpus callosum (CC) measurements were made

when animals were fully matured. VFD rearing was associated with smaller CC size, CC

measurements were found to correlate with fearful behavior in adulthood, and ex-vivo CC

assessments showed high consistency with earlier MRI measures. Region of Interest (ROI)
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hippocampus and whole brain voxel- based morphometry assessments were also completed and

VFD rearing was associated with reduced hippocampus and inferior and middle temporal gyri

volumes. Animals were also characterized according to serotonin transporter genotype (5-

HTTLPR), and the effect of genotype on imaging parameters was explored. The current findings

highlight the importance of future research to better understand the effects of stress on brain

development in multiple regions, including the corpus callosum, hippocampus, and other regions

involved in emotion processing. Nonhuman primates provide a powerful model to unravel the

mechanisms by which early stress and genetic makeup interact to produce long-term changes in

brain development, stress reactivity, and risk for psychiatric disorders.
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1. Introduction

Childhood stress has been associated with increased risk of developing a variety of stress-

related mood and anxiety disorders (Heim et al., 2000). Moreover, numerous studies have

shown that early-life stress produces long-term changes in brain structure and function. The

effect of stress on hippocampus has been the focus of a number of structural neuroimaging

studies. The hippocampus is involved in declarative memory and spatial/contextual learning,

with afferent and efferent connections to limbic structures that regulate mood and cognition

(Schmidt and Duman, 2007). Hippocampal pyramidal cells are rich in glucocorticoid

receptors, which are thought to mediate their vulnerability to stress (McEwen and

Magarinos, 2001). Childhood adverse events have been associated with small hippocampal

size in adults (Bremner et al., 1997; Stein et al., 1997; Driessen et al., 2000; Vythilingam et

al., 2002) but not in children (De Bellis et al., 1999; Carrion et al., 2001; De Bellis et al.,

2001; De Bellis, 2002; Tupler and De Bellis, 2006; Woon and Hedges, 2008), suggesting

that hippocampal volumetric differences may not be apparent until adulthood (Karl et al.,

2006). In contrast, clinical studies have consistently reported smaller corpus callosum (CC)

area in children exposed to early-life stress (De Bellis et al., 1999; De Bellis et al., 2001; De

Bellis, 2002; Teicher et al., 2004), with conflicting findings in adults (Villarreal et al., 2004;

Kitayama et al., 2007). These data suggest that in contrast to structural changes in the

hippocampus that may only become evident many years after exposure to early-life stress,

differences in CC size are present early and possibly persist throughout life. Reductions in

CC size have also been reported in nonhuman primates exposed to early-life stress (Sanchez

et al., 1998; Coe et al., 2002), with changes in CC size correlated with cognitive deficits in

nonhuman primates (Sanchez et al., 1998). The association between CC size and behavioral

phenotypes, however, has not yet been characterized in nonhuman primates.

In light of the findings of reduced CC area in patients with childhood maltreatment and the

association of early-life stress with lower CC size in nonhuman primates, we examined the

behavioral effects of CC structure in male bonnet macaques subject to variable foraging

demand (VFD) rearing. VFD is an early-life stress paradigm in which infant bonnet

macaques are reared by mothers undergoing an experimentally-induced “perception” of food
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uncertainty (Gorman et al., 2002). VFD and non-VFD mothers and infants differ on a

number of behavioral and biological indices that persist throughout development, including

disrupted measures of maternal-infant attachment (Andrews and Rosenblum, 1991),

increased stress reactivity (Rosenblum et al., 2001), synchronized maternal-infant elevation

of cerebrospinal fluid (CSF) concentrations of corticotropin releasing factor (CRF; Coplan et

al., 2005), and reduced neuronal integrity (Mathew et al., 2003; Coplan et al., 2010b).

In this study, in addition to MRI measurements of the CC, hippocampus was measured by

both voxel-based morphometry (VBM) and ROI-approaches. VBM is an automated method

allowing identification of anatomical differences in the whole brain without the pre-

specification of regions of interest (Karl et al., 2006). Preliminary application of VBM

methods to adults with PTSD have confirmed prior ROI analyses and identified additional

novel areas that appear to be altered in patients with PTSD (Chen et al., 2006; Emdad et al.,

2006; Jatzko et al., 2006; Li et al., 2006). Therefore, in addition to the a priori planned ROI

analyses, an exploratory whole-brain VBM analysis was performed to screen for additional

regions affected by early-life stress.

Over the last few years there has been a burgeoning of research demonstrating that long-

term changes associated with early stress can be modified by polymorphic variation in the

serotonin transporter gene (SLC6A4). In humans and nonhuman primates, there are two

common functional alleles of 5-HTTLPR, the short (“s”) allele and long (“l”) allele

(Dannlowski et al., 2007). Although the exact mechanism by which 5-HTTLPR modifies

stress reactivity is unknown, the association of the “s” allele with vulnerability to stress is

robust. In nonhuman primates, 5-HTTLPR genotype does not predict the phenotype of

infants reared under optimal conditions (e.g. parent-reared). However, for nonhuman

primate infants reared under more stressful conditions (e.g. peer-reared), those with an “s”

allele show greater emotional distress, elevated hypothalamic pituitary adrenal (HPA) axis

response to stress, lower basal serotonergic function, and elevated CSF CRF (Bennett et al.,

1998; Champoux et al., 2002; Barr et al., 2003; Coplan et al., 2010a).

In the current investigation it was hypothesized that: 1) VFD rearing would be associated

with smaller CC and hippocampus, and 2) these brain changes would be related to individual

differences in behavioral measures of emotional reactivity. Exploratory analyses were also

conducted to determine the effects of 5-HTTLPR genotype on hippocampus volume and

corpus callosum area.

2. Materials and Methods

2.1 Subjects

Imaging and genetics data were available for 23 adult male Bonnet Macaques (Macaca

radiata): 14 VFD-reared and 9 normal reared. At time of MRI scanning, there were no

statistical differences between the groups in age (VFD: 59.1 ± 31.1 months; non-VFD: 66.3

± 31.7; t = 0.53, ns) or weight (VFD: 4.85 ± 1.3 kg; non-VFD: 5.2 ± 0.6, t=0.46, ns).

Jackowski et al. Page 3

Psychiatry Res. Author manuscript; available in PMC 2014 July 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.2 Procedures

Primates were socially-housed in the SUNY-Downstate Nonhuman Primate Facility. The

study was approved by the Institutional Animal Care and Use Committees of SUNY-

Downstate, Mount Sinai Medical School, and Veterans Administration West Haven

Connecticut campus.

2.2.1 Rearing Procedures—Mother-infant dyads were group-housed in pens of 5-7

dyads each, and stabilized for at least four weeks prior to VFD onset. After infants reached

at least 2-months of age, dyads were subjected to a standard VFD procedure that involved 8

alternating 2-week blocks in which maternal food was readily obtained (low foraging

demand; LFD) or more difficult to access (high foraging demand; HFD). During the HFD

conditions, the mothers had to find the food by digging through clean wood-chips. Adequate

food was always available under both conditions, and there were no differences in weight

between VFD and non-VFD mothers or infants. However, the unpredictability of foraging

conditions prevented VFD mothers from attending to the needs of their infants, thereby

achieving the early-life stress paradigm through the disruption of normative patterns of

maternal rearing and infant attachment (Coplan et al., 2005). After infancy, there were no

experimental manipulations to confound the VFD-rearing effects.

2.2.2 Scanning Procedure—On the day of the brain scan, study subjects were ushered

into familiar carrying cages and transported to Mount Sinai Medical Center in a dedicated

animal transport van with air-conditioning. The monkeys’ heads were positioned in a

Styrofoam headrest inside a human knee coil and taped snugly over the forehead to

minimize movement. Subjects remained anesthetized throughout scanning and were

continuously monitored by pulse oximeter.

MRI data were acquired in a 3-T Siemens Allegra scanner. The protocol for the structural

scans consisted of a three-plane sagittal localizer from which all other structural scans were

prescribed. The following structural scans were acquired: Axial 3D-MPRAGE

(TR=2500ms, TE=4.4ms, FOV=21cm, matrix size= 256×256, 208 slices with thickness=

0.82mm); Turbo spin echo T2-weighted Axial (TR=5380ms, TE=99ms, FOV=18.3cm ×

21cm, matrix=512×448, Turbo factor=11, 28 slices, thickness=3mm, skip 1mm).

2.2.3 MRI Data Pre-processing and Analysis—All MRI ROI and ex-vivo data

analyses were completed by raters blind to subjects’ rearing and genotype. The axial

MPRAGE series were imported into ANALYZE AVW 7.0 software platform. In order to

isolate whole brain from its surroundings, skull, surface CSF, and meninges were stripped

using a combination of tools including image thresholding, region growing, and manual

tracing.

To isolate cortical grey matter, a level set grey-white segmentation algorithm was applied

(Zeng et al., 1999). This method takes advantage of the nearly constant thickness of cortical

mantle and of unvarying surface boundaries of cortex: the outer surface given by CSF/grey

matter boundary and the inner one given by white/grey matter boundary. The two surfaces

were evolved simultaneously, each using its own image derived information while

maintaining coupling between the inner and outer surfaces at all times. A final
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representation of the cortical surface and an automated segmentation of cortex were output

in ANALYZE format.

CC area measurements were obtained at the midsagittal slice as determined by the presence

of the septum pellucidum. The CC was outlined and segmented into seven sections

according to Witelson (1989) using a semiautomated program. Intra-rater reliability

performed on all subregions of the CC for 10 ratings was 0.90 (P < 0.0001) for subregion 1

area, 0.94 (P < 0.0001) for subregion 2 area, 0.91 (P < 0.001) for subregion 3 area, 0.95 (P <

0.0001) for subregion 4 area, 0.97 (P < 0.0001) for subregion 5 area, 0.98 (P < 0.0001) for

subregions 6 and 7 area. The hippocampi were manually traced using a detailed set of

guidelines developed by Schumann et al. (2004) and adjusted, when necessary, to the bonnet

macaque brain morphology using a primate brain atlas (Witelson, 1989). The MPRAGEs

were reoriented to the hippocampal axis, i.e., horizontal axis was parallel to a line from

rostral to caudal pole of the hippocampus. The tracings were performed in oblique coronal

slices, but were also checked in sagittal and axial views. Repeated measurements were

performed in a random order on 5 subjects, and both intra-rater and inter-rater reliability

gave an ICC > 0.93 for right/left hippocampus.

An additional structural MRI data analysis was performed using VBM SPM5 (Wellcome

Department of Imaging Neuroscience, London, UK; www.fil.ion.ucl.ac.uk/spm). Briefly, a

single subject raised under normative conditions was chosen as the initial template. All

images were registered through linear (zooms, rotations, translations and shears)

deformations to the single subject template. An average image, called template henceforth,

was created with the obtained deformed images. Afterwards, the same original images were

linearly deformed to the created template and this step was iterated 20 times to minimize the

bias caused by utilization of a single subject as the initial template. On the 22nd step, original

images were linearly and also non-linearly registered to the final template. A brain mask

containing gray matter, white matter and CSF, was manually delineated for the template and

used to eliminate skull and meninges from the final registered images. In order to preserve

brain volume, images were scaled using the Jacobian matrix, so that the total amount of grey

matter in the resulting images remains the same as it would be in the original images. The

obtained images were finally smoothed with a Gaussian filter at Full Width at Height

Maximum equal to 4 mm.

2.2.4 Behavioral Measures of Emotional Reactivity—Twelve animals that

participated in this MRI study were subject to behavioral testing approximately two years

after neuroimaging as part of an interlocking research protocol. The animals were exposed

briefly to an intruder, a fear-stimulus which is a variation of a previously detailed masked

intruder test (Rosenblum et al., 2001). Emotional Responsivity was rated blind to rearing

and genotype status using a 3-point scoring scale. To receive a score of three for intruder

distress, subjects exhibited defensive behaviors including; fang-baring, growling, direct eye-

contact, pilo-erection, ear flexing, cage shaking, mouth gaping and lip smacking. The

defensive response represents an interpretation of the intruder threat as proximal. The least

distressed response received a score of “one” which was characterized by an animal that was

minimally defensive, relaxed and timid in response to the intruder, averting eye contact and

receding to the back of the cage, suggesting a perception of distal threat. A score of two
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describes a subject with intermediate levels of behavior, alternating between defensive and

relaxed behaviors. Each subject was observed by two observers blind to rearing condition

and genotype. 100% between-observer concordance was observed for the behavioral scoring

whose duration was 60 seconds.

2.2.5 Ex-vivo measurements of corpus callosum—Ex-vivo cross-sectional CC area

measurements were obtained from photographs of the fixed tissue in the mid-sagittal plane,

using the same measurement procedures as utilized for the MR images. The images were

converted to ANALYZE format and the CC was outlined and segmented into seven sections

according to the procedures developed by Witelson (1989) using a semiautomated program.

2.2.6 5-HTTLPR Genotyping—Genotypes were determined by PCR amplification

followed by size fractionation on a 2% agarose gel. Primers used were CAG CAC CTA

ACC CCC TAA TGT CCC TG and GAT TCT GGT GCC ACC TAG ACG CCA G. Each

10 μl reaction contained 20ng DNA, 1uM of each primer, 1 M betaine, 10 uM dNTPs, and

0.1unit KlenTaq polymerase, in manufacturer's PC2 buffer. Cycling parameters were 95°C

for 5 minutes followed by 30 cycles at 95°/72o for 30 and 60 seconds respectively, using an

MJR thermal cycler.

2.2.7 Statistical Analyses—Prior to conducting the ROI and analyses, the distribution of

the outcome measures was examined using Shapiro Wilk's test of normality. Skewed

distributions were corrected using standardized transformations. A 2 (rearing: VFD vs. non-

VFD) × 2 (genotype: l/l vs. s/l or s/s) factorial analysis of variance (ANOVA) was

conducted to examine group differences on total CC area and hippocampus volume, and

exploratory analyses were conducted to examine group differences within subregions of the

CC. Given the previous report of an effect of heritability on the hippocampal volume in

nonhuman primates (Lyons et al., 2001), we performed a one-way ANOVA for paternity

effects on half-siblings within each of the rearing groups. The one-way ANOVA was

performed within groups as there was a confound of rearing status and paternity. There were

no significant paternity effects on the CC area or the hippocampal volume. Age, weight,

total white matter and brain volume were examined as covariates, but none of these

variables were significant, except total brain volume. As a consequence, brain volume was

retained in the hippocampus and callosal ROI analysis. Significance was set at p ≤ 0.05, two

tailed, for all ROI analyses, and means and standard deviations are reported in the text and

tables. Given the small sample size, only descriptive summary statistics are provided to

examine interactions between genotype and rearing condition.

For the VBM analyses, statistical maps were created through a 2 (rearing: VFD vs. non-

VFD) X 2 (genotype: l/l vs. s/l or s/s) ANOVA design covarying for total intracranial

volume. As we had an a priori-expectation of finding reduced hippocampal and CC volume

in the VFD group in the VBM analyses, a lower threshold of p< 0.005 uncorrected was used

to display the maps. The ensuing detected volumetric differences were further assessed with

small volume correction (SVC) using a sphere radius of 2 mm, corresponding to a volume of

33.51 mm3 ((4/3)*3.14*(2 mm)). A voxel-level FDR-corrected p< 0.05 was used as a

criterion for significance. Given the small number of subjects, the statistical threshold was
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set at a relatively liberal level for the exploratory VBM analysis (p< 0.005, uncorrected for

multiple comparisons).

3. Results

3.1 ROI Results

3.1.1 Corpus Callosum Cross-Sectional Area—A significant main effect for rearing

condition was found, with smaller mid-sagittal cross-sectional area observed in VFD-reared

animals (F1,17=5.43, P <0.032; VFD: 90.0 mm2 ± 11.9; non-VFD: 98.4 mm2 ± 14.6) (see

Fig.1).

3.1.2 Hippocampal Volume—After controlling for total brain volume, a significant main

effect of rearing was found on the left side, with smaller hippocampi in VFD-reared animals

(F1,17=8.21, P < 0.01; VFD: 0.43 cm3 ± 0.04; non-VFD: 0.46 cm3 ± 0.02). There was no

effect of rearing on right hippocampal volume (F1,17=0.36, ns; VFD: 0.49 cm3 ± 0.05; non-

VFD: 0.47 cm3 ± 0.05).

3.2 VBM Results

3.2.1 Corpus Callosum—The VBM analysis provides an assessment of total CC volume,

not just mid-sagittal cross-sectional area. No significant main effect for rearing condition

was observed for CC volume.

3.2.2 Hippocampal Volume—Consistent with the ROI analysis results, there was a

significant rearing effect on left (pFDR_corrected: 0.010, Z-score: 2.67), but not right

hippocampal volume, with smaller left hippocampal volume in VFD-reared animals.

3.3 Brain-Behavior Analyses

To assess whether changes in CC size correlated with fearful behavior in adulthood,

responses to the Masked Intruder Stress Paradigm were assessed in 12 animals used in the

initial MRI study. The animals were exposed briefly to a masked intruder and fearful

responses were scored by raters who were blind to the rearing and genotype of the animals

(Rosenblum et al., 2001). The emotional responsivity measure correlated significantly with

the ROI CC assessments (R=-0.74, P < 0.01), such that the animals who exhibited the

lowest intruder stress had the largest CC mid-sagittal area.

3.4 Ex-vivo Corpus Callosal Measurements

Upon completion of the behavioral work, animals were sacrificed and tissue was collected

for further histological and biochemical characterization of structural changes noted in the

imaging studies. In addition, ex-vivo cross-sectional CC area measurements were obtained

from photographs of the fixed tissue in the mid-sagittal plane, using the same measurement

procedures as utilized for the MR images The MRI in-vivo and postmortem ex-vivo total

CC area measurements were highly correlated (r=0.82, P < 0.001), suggesting that

differences in CC size are stable across adulthood. A significant main effect for rearing

condition was also found with the ex-vivo measurements with significantly smaller mid-

sagittal cross-sectional CC area in regions 3 (F=4.53, P < 0.05), 4 (F=4.55, P < 0.05), and 7
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(F=5.70, P <0.05), and trends toward reduced CC area in regions 2 (F=3.68, P < 0.10) and 6

(F=3.19, P < 0.10).

3.5 Genotype Exploratory Results

3.5.1 Allele Frequencies—Six (43%) of the fourteen VFD-reared subjects carried the “s”

allele, either as “sl” or in one case, as an “ss” genotype. Two of the nine non-VFD subjects

(22%) were “sl” genotype. All remaining subjects were homozygous for the “l” allele. The

proportion of subjects with the “s” allele did not vary by rearing group (Fisher's Exact Test,

P >0.4).

3.5.2 ROI Results—The means, standard deviations, and F-values for the CC area

analyses are included in Table 2. VFD-reared animals with one or two “s” alleles had the

smallest cross-sectional CC area (see Fig. 1). Over 80% (5/6) of the VFD subjects with one

or two “s” alleles had smaller CC cross-sections than did any of the animals in the other

groups. Alternatively, no genotype effect was observed for left or right hippocampal

volume.

3.5.3 VBM Results—A significant main effect for genotype (pFDR_corrected: 0.002, Z-

score: 3.43) was found, and VFD-reared primates with one or two “s” alleles had reduced

posterior CC volume when compared to the other animals. However, no genotype effect was

observed for left or right hippocampal volume.

3.5.4 Whole-Brain Exploratory Analysis—There were significant genotype effects on

multiple subcortical and cortical brain regions (see Table 1). Primates who carried at least

one “s” allele had smaller volumes of cuneus bilaterally, left fusiform gyrus, and right

intraparietal sulcus. Moreover, greater volumes of right amygdala, right striatum, bilateral

middle temporal gyrus, right superior temporal gyrus, and right inferior frontal gyrus

volumes were observed in the primates with one or two “s” alleles. As these analyses were

not adjusted for multiple comparisons due to the small sample, these results should be

considered preliminary.

3.5.5 Brain-Behavior Analyses—: The 12 monkeys, assessed using the intruder stress

test, were: 4 VFD animals with one or more “s” alleles, 4 VFD animals who were

homozygous for the “l” allele, and 4 non-VFD animals who were also homozygous for the

“l” allele. As shown in Figure 3a, VFD-reared primates with one or two “s” alleles showed

significantly greater emotional responsivity than non-VFD animals, with ratings of the VFD

“l” subjects midway between the two groups.

4. Discussion

Few nonhuman primate studies have examined the effect of early-life stress on the corpus

callosum (CC) and the hippocampus (Table 3). In the current study, bonnet macaques

subjected to early-life stress were found to have a smaller mid-sagittal CC cross sectional

area than monkeys reared under normal conditions. This is consistent with earlier studies in

prepubescent nonhuman primates (Sanchez et al., 1998; Coe et al., 2002), but not with a

recently published report that found no differences in CC (Spinelli et al., 2009). Given the
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gender differences in the CC (Bachmann et al., 2003; Suganthy et al., 2003) and the gender-

by-early stress effect on the CC (Coe et al., 2002; see Table 3), it is possible that Spinelli

and collaborators (2009) were not able to detect a rearing effect on the CC as a result of

using a mixed-gender cohort. In addition, they were not able to investigate the sex-by-

rearing interaction due to a limited number of subjects.

Corpus callosum measurements in the current study were stable throughout life and

correlated with behavioral indices of fearfulness as assessed using the intruder stress

paradigm. This finding is consistent with human studies which have reported smaller CC

area (De Bellis et al., 1999) and reduced fractional anisotropy, a measure of white matter

integrity (Jackowski et al., 2008), to be associated with greater PTSD and anxiety symptoms

in children. It is currently unclear, however, whether changes in CC are directly involved in

regulating fearful behavior, or simply correlate with it.

As has been discussed elsewhere (Jackowski et al., 2008), the medial and posterior portions

of the CC contain interhemispheric projections from the auditory cortices, posterior

cingulate, insula, and somatosensory and visual cortices to a lesser extent. It also includes

connections from the inferior parietal lobe to the contralateral inferior parietal lobe, superior

temporal sulcus, cingulate, retrosplenial cortex, and parahippocampal gyrus (Pandya and

Seltzer, 1986). Several of the regions with interhemispheric projections through the medial

and posterior CC have connections with prefrontal cortical areas, and are involved in circuits

that mediate the processing of emotional stimuli and various memory functions -- core

disturbances associated with a history of early trauma.

This is the first imaging study to show structural hippocampal deficits in nonhuman primates

subject to early-life stress. These results are in contrast with previously reported two

prepubescent rhesus monkey and one early-adult squirrel monkey studies which showed no

differences in the hippocampal volume (Sanchez et al., 1998; Lyons et al., 2001; Spinelli et

al., 2009; see Table 3). Stress is known to affect the trajectory of brain development. In

rodents, early-life stress seems to affect the hippocampus though the effects are seen only in

adulthood and not during development (Andersen and Teicher, 2004). These findings

parallel human studies which showed an association between childhood adverse events and

small hippocampal size in adults (Bremner et al., 1997; Stein et al., 1997; Driessen et al.,

2000; Vythilingam et al., 2002) but not in children (De Bellis et al., 1999; Carrion et al.,

2001; De Bellis et al., 2001; De Bellis, 2002; Tupler and De Bellis, 2006; Woon and

Hedges, 2008). In the current study, bonnet macaques were scanned after puberty at about

four years of age. Thus, the difference in age can potentially account for the conflicting

results between our study and the previous rhesus monkey studies that examined animals of

less than 3 years of age (Sanchez et al., 1998; Spinelli et al., 2009). Lastly, the use of

different form of stress (i.e. intermittent social separation vs. VFD) and different type of

monkeys (i.e. squirrel vs. bonnet macaques) may explain the lack of rearing effect on the

hippocampus in the adult squirrel monkey study (Lyons et al., 2001).

Consistent with previous studies in adults with PTSD (Kitayama et al., 2005; Smith, 2005;

Karl et al., 2006), the nonhuman primates subjected to early stress had smaller left

hippocampal volume than the primates reared under normal conditions. The mechanisms
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responsible for the lateralization of hippocampal findings in humans and nonhuman

primates, however, are not currently understood. Preclinical studies of the effects of stress

suggest a minimum of four mechanisms by which hippocampal atrophy may result from

stress: dendritic atrophy, synaptic remodeling (synaptic overproduction and pruning),

increased neuronal death, and decreased rates of neurogenesis (Sapolsky et al., 1985;

Watanabe et al., 1992; Gould and Cameron, 1996; Sapolsky, 1996; Andersen and Teicher,

2004).

Reductions in middle and inferior temporal gyri were also noted in association with VFD

rearing. The middle temporal gyrus and inferior temporal gyrus subserve language and

semantic memory processing, visual perception, and multimodal sensory integration

(Onitsuka et al., 2004). Structural and functional changes in these regions have not been

systematically examined or reported (Karl et al., 2006; Etkin and Wager, 2007), and further

examination of these regions is required to verify the significance of these findings.

Given the limited number of subjects, the genetic findings should be considered preliminary.

In the current study, the exploratory examination of the genetic and rearing effects suggest

that CC reduction was most marked in VFD primates with one or two “s” alleles of the

serotonin transporter gene (5-HTTLPR). This pattern of findings was observed in the ROI

analysis of mid-sagittal cross sectional CC area, and by the VBM analysis examining CC

volume. Replication of these findings in larger samples that will allow for statistical testing

of these associations is needed. Additional work is also needed to characterize the

histological and biochemical processes that may be responsible for these effects on CC

development. Alternatively, no genotype or gene-by-rearing effect was evident in our

hippocampal measures. Future work is needed to assess whether gene-by-rearing interaction

affects more subtle histological or biochemical processes in the hippocampus.

Several limitations of the present study warrant mentioning. The MRI scans were performed

only in male subjects, so we do not know whether females are similarly affected.

Additionally the small number of “s” allele subjects in the non-VFD group is another

limitation of the study and consequently, a rearing condition by-genotype analysis could not

be performed. The small sample size and subsequent inability to control for multiple

comparisons in the exploratory VBM analyses is another weakness of the current

investigation. Use of more sophisticated VBM analyses to examine gray and white matter

separately is warranted in the future, together with postmortem studies to determine if the

CC findings are associated with changes in axon number, size, myelination, or both.

Additional histological and biochemical characterizations are needed to identify molecular

mechanisms responsible for gross morphological changes noted here and to help understand

how 5-HTTLPR and early-life stress modify both structure and function of circuits that

control stress reactivity.

This report describes the first longitudinal study to demonstrate a stable structural brain

change in white matter that correlate with fearfulness. Nonhuman primates provide a

powerful model in which to combine neuroimaging, behavioral, and postmortem analyses to

delineate the mechanisms by which early stress and genetic makeup interact to produce

long-term changes in brain development, stress reactivity, and risk for psychiatric disorders.
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Improved understanding of these processes will likely lead to the development of novel

strategies for the prevention and treatment of neuropsychiatric disorders.
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Figure 1. Corpus Callosum Mid-Sagittal Cross Sectional Area in VFD-Reared and non-VFD
Reared Non-Human Primates
Adult macaques reared under the high-stress, VFD conditions had significantly smaller

corpus callosum area compared to adult macaques reared under normal conditions (F=4.99,

P < .05). An examination of corpus callosum area measu rements, however, suggests the

decrease was primarily evident in the subgroup of VFD primates with one or two short

alleles of the serotonin transporter gene. VFD and non-VFD primates homozygous for the

“l” allele had comparable corpus callosum area scores. The small number of subjects in the

non-VFD group with one or two “s” alleles precluded completion of statistical tests of G*E

interactions.
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Figure 2. Voxel Based Morphometry Analyses
VFD rearing was also associated with reduced left hippocampal volume (arrow).
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Figure 3. Behavioral Ratings of Emotional Responsivity
(a) VFD primates with one or more “s” allele showed greater emotional responsivity during

the masked intruder stress paradigm than non-VFD subjects, with the ratings of the VFD “l”

subjects midway between the two groups. (b) corpus callosum measures correlated

significantly with the emotional responsivity measure, with the animals that exhibited the

lowest intruder stress having the largest corpus callosum mid-sagittal area.
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Table 1

Brain regions, P and Z scores corresponding to significant effects for rearing conditions, genotype, and

genotype by early condition interaction.

Brain Area SPM Analysis

P value (uncorrected) Z-score

Main effect for rearing condition

    Non-VFD > VFD

Hippocampus (left) 0.01 2.67

Right inferior temporal gyrus 0.001 4.60

Left middle temporal gyrus 0.005 2.61

    VFD > non-VFD

No differences --------- ---------

Main effect for genotype

    Genotype “ll > “ss/sl”

Corpus Callosum 0.002 3.43

Left cuneus 0.001 3.04

Right cuneus 0.002 2.96

Left fusiform gyrus 0.003 2.76

Right intraparietal sulcus 0.003 2.19

    Genotype “ss/sl > “ll”

Right superior temporal gyrus 0.001 3.90

Right inferior frontal gyrus/orbitofrontal gyrus 0.001 3.21

Left middle temporal gyrus 0.004 2.95

Right middle temporal gyrus 0.002 2.83

Right striatum 0.002 2.81

Right amygdala 0.003 2.24
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Table 2

Corpus Callosum Area: Effects of Genotype and Early Rearing Conditions

VFD Rearing Non-VFD Rearing F-Value* Genotype F-Value* Early Rearing

l/l s/l or s/s l/l s/l or s/s

N 8 6 7 2

Total Corpus Callosum Area 96.6 ± 9.4 81.1 ± 8.8 96.1 ± 10.2 106.6 ± 30.3 .011, ns 5.43, P < .032

    Region 1 - Rostrum 1 0.9 ± 0.5 0.6 ± 0.2 1.1 ± 0.9 0.7 ± 0.2 0.24, ns 0.31, ns

    Region 2 - Genu 2 23.4 ± 1.6 19.9 ± 1.8 24.0 ± 3.7 22.7 ± 3.0 2.71, ns 3.00

    Region 3 - Rostral Body 14.9 ± 2.3 12.8 ± 2.4 15.0 ± 1.3 17.1 ± 4.9 0.0, ns 3.56, P < .07

    Region 4 - Ant. Midbody 12.9 ± 1.7 10.8 ± 1.7 12.5 ± 2.5 14.8 ± 5.5 0.06, ns 3.33, P<0.09

    Region 5 - Post. Midbody 3 12.8 ± 1.8 11.3 ± 1.3 12.8 ± 2.1 15.4 ± 6.1 0.12, ns 2.40, ns

    Region 6 - Isthmus 2 10.5 ± 1.8 8.3 ± 1.1 10.0 ± 1.3 12.9 ± 4.8 2.71, ns 4.70, P < .05

    Region 7 - Splenium 21.2 ± 3.3 17.5± 3.2 20.8 ± 2.1 22.9 ± 6.3 0.0, ns 2.28,ns

Notes: Callosal measurements means and standard deviations are reported in mm .

1
= square root transformed values used for analyses, raw scores presented in Table.

2
= log transformed values used for analyses, raw scores presented in Table.

3
= rank transformed values used for analyses, raw scores presented in Table.

*
df=1,17
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Table 3

Summary of nonhuman primate structural imaging studies that examined early-life stress effect on the corpus

callosum cross-sectional area and the hippocampus volume.

Study Monkey species Approximate
age of MRI
acquisition

Approximate ELS timing No. of
subjects
in the
ELS
group

No. of
subjects
in the
control
group

Type of ELS Findings

Sanchez et
al., 1998

Rhesus 18 months Age 2-12 months 9 males 11 males Nursery rearing Reduced
CC area in
ELS group
No HC
differences

Coe et al.,
2001

Rhesus 7-11 months Day 90-140 of post-
conception (30% of
pregnancy)

6 males
5
females

3 males
2
females

Acoustical startle Reduced
CC area in
the males
of ELS
group
Enlarged
CC area in
the females
of ELS
group

Spinelli et
al., 2009

Rhesus 24-32 months Age 0-6 months 6 males
7
females

7 males
8
females

Peer rearing No CC
differences
Significant
main effect
of sex on
CC
(female >
male)
No HC
differences

Current study Bonnet 59-66 months Age 2-6 months 14 males 9 males Variable foraging demand Reduced
CC area in
ELS group
Reduced
left but not
right HC
volume in
ELS group

Lyons et al.,
2001

Squirrel 43-71 years Age 3-6 months 6 males
7
females

LFD: 7
males 6
females
HFD:
7 males
6
females

Intermittent social separation No HC
differences
Heritability
effect on
HC

Abbreviations: Early-life stress (ELS); Corpus callosum (CC); Hippocampus (HC); High foraging demand (HFD); Low foraging demand (LFD);
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