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This longitudinal, case-control pilot study examined amygdala growth in rhesus macaque infants receiving the complete US
childhood vaccine schedule (1994-1999). Longitudinal structural and functional neuroimaging was undertaken to examine
central effects of the vaccine regimen on the developing brain. Vaccine-exposed and saline-injected control infants underwent
MRI and PET imaging at approximately 4 and 6 months of age, representing two specific timeframes within the vaccination
schedule. Volumetric analyses showed that exposed animals did not undergo the maturational changes over time in amygdala
volume that was observed in unexposed animals. After controlling for left amygdala volume, the binding of the opioid
antagonist [11C]diprenorphine (DPN) in exposed animals remained relatively constant over time, compared with unexposed
animals, in which a significant decrease in [11C]DPN binding occurred. These results suggest that maturational changes in
amygdala volume and the binding capacity of [11C]DPN in the amygdala was significantly altered in infant macaques
receiving the vaccine schedule. The macaque infant is a relevant animal model in which to investigate specific environmental
exposures and structural/functional neuroimaging during neurodevelopment.
Key Words: rhesus macaques, Macaca mulatta, non-human primates, animal model, neuroimaging, PET, MRI, amygdala,
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INTRODUCTION
The amygdala, a complexly interconnected limbic
system structure located in the temporal lobe of the
brain, is thought to play a central role in the expression
of emotions (reviewed by Aggleton 1992). In rhesus
macaques the amygdala has been associated with the
development of social and emotional behavior (reviewed
by Brothers 1990). When neonatal macaques received
lesions to the amygdala they showed increasing socioemotional disturbances including abnormal social
interaction, absence of facial and body expression, and
stereotypic behaviors (Bachevalier 1994). Amaral and
colleagues reported that infant monkeys with bilateral
Correspondence should be addressed to L. Hewitson
Email: lch1@pitt.edu
Received 1 April 2010, accepted 30 June 2010

amygdala lesions were still capable of interpreting and
generating social behaviors (Prather et al. 2001) but
failed to develop an appropriate fear response
(Antoniadis et al. 2009), implicating an important role
for the amygdala in regulating such responses (reviewed
by Amaral and Corbett 2003, Amaral et al. 2008,
Machado et al. 2009, Roozendaal et al. 2009). While
the human amygdala has been well studied longitudinally in both normal and disease states, there is a paucity of information regarding amygdala growth during
non-human primate development.
Evidence from animal model systems indicates that
endogenous opioids play an important role in neural
and behavioral ontogeny (Zagon et al. 1982). The primate amygdala has been shown to have a high avidity
for opioids. For example, high levels of [3H]diprenorphine (DPN)-binding in the amygdala of healthy adult
male cynomolgus monkeys (Macaca fascicularis) were
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observed when mapping opiate-receptor density by
autoradiography (Wamsley et al. 1982). In addition,
alterations in amygdala opioid-ligand binding is associated with toxic injury to the brain. Cohen and colleagues used high-resolution positron emission tomography (PET) to examine the long term influence of the
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on opioid-ligand binding in adult rhesus
macaques, in whom, as with humans, this agent produces a Parkinson’s-like syndrome (Cohen et al. 1998).
Using 6-deoxy-6-β-[18F]fluoronaltrexone (Cyclofoxy,
CF), a μ-and κ-opiate selective receptor antagonist
radioligand, the amygdala displayed a high avidity for
CF in the normal macaque, which was significantly
reduced in animals treated with MPTP 4-5 years earlier. Opioid-ligand binding in the amygdalae of infant
macaques during development has not been examined.
Longitudinal studies of non-human primates provides a complementary approach to clinical studies
since their environment can be selectively manipulated
and tightly controlled, and pre-and post-exposure testing enables the detection of deviations from normal
biological and behavioral trajectories. Non-human primates are particularly useful for studying aspects of
vaccine safety (Kennedy et al. 1997). In the 1990’s, the
majority of approved pediatric vaccines contained the
preservative thimerosal, an organic mercury compound with bactericidal and fungicidal properties
(Ball et al. 2001). During this time, the cumulative
exposure to mercury from thimerosal in infants undergoing immunization during the first 6 months of life
could exceed U.S. Environmental Protection Agency
guidelines (Clements et al. 2000). Thimerosal was
removed from most pediatric vaccines in the United
States in 2001 (Ball et al. 2001), based on the risk
assessment assumption that the dose-effect and doseresponse relationships of ethylmercury, the presumed
metabolite of thimerosal (Tan and Parkin 2000, Wu et
al. 2008), and methylmercury were the same. The
safety of the combined vaccine regimen per se, rather
than that of individual vaccines or vaccine components, is an important aspect of vaccine safety that has
not been examined. In order to more directly investigate the neurodevelopmental impact of the complete
US pediatric vaccine schedule (1994-1999), our model
examined structural and functional changes in the
amygdala before and after vaccination in the developing infant primate brain. Longitudinal development
and functional characteristics of the amygdala are

reported in vaccinated (exposed) and unvaccinated
(unexposed) animals, and data on the novel application
of [11C]DPN PET to the study of macaque central nervous system (CNS) development are presented.
METHODS
Animal Assurances
All procedures used in this research followed the
guidelines of the Animal Welfare Act and the Guide
for Care and Use of Laboratory Animals of the
National Research Council to ensure adequate measures were taken to minimize pain and discomfort.
Research protocols were approved by both the
University of Pittsburgh and the Magee-Womens
Research Institute and Foundation (MWRI&F)
Institutional Animal Care and Use Committees
(IACUC).
Animal Husbandry
The animals reported here were part of a larger
comprehensive 5 year study which included neurodevelopmental, behavioral and immunological observations. Rhesus macaque (Macaca mulatta) infants were
separated from their mothers at birth and reared in a
neonatal nursery according to the published protocols
(Ruppenthal and Sackett 1992). Separation was necessary for this study as mothering precludes neonatal
testing due to the distress caused to both the mother
and the neonate when temporarily separated (Suomi et
al. 1983, Sackett et al. 2002). The only way to rigorously test neonatal behavioral development is to
remove the infant from its mother at birth (Ruppenthal
and Sackett 1992, Sackett et al. 2002). This protocol
also permits the routine collection of blood, urine and
stool samples that were required for other aspects of
the study not reported here. The birth weights of all
infants were within the normal range for this species.
Environmental conditions were strictly controlled in
the nursery to eliminate differences due to factors such
as diet or infant handling. Infants were similarly isolated, housed, and raised as previously described
(Hewitson et al. 2010a). Briefly, infants received a
standard infant baby formula (Enfamil, Mead Johnson
and Co.) with the introduction of animal biscuits containing approximately 15% wheat gluten (Purina
Mills, St. Louis, MO) at approximately 1 month of age.
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Nursery caging contained a cloth surrogate device and
formula feeder until 21 days, when infants were rehoused in individual cages in the main rearing rooms.
At 4 months of age infants were weaned from formula
to water containing a bovine sodium caseinate
(American Casein Company, Burlington, NJ) to maintain the dietary casein level at approximately 40%. At
the same time, small pieces of fruit were introduced.
All infants underwent standard cognitive assessments
(not reported here) and daily social interactions within
their peer group (Ruppenthal and Sackett 1992) and
received standard environmental enrichment.
Study Design
For this pilot study, a total of sixteen male infant
rhesus macaques (Macaca mulatta) were randomly
allocated to either the exposed or unexposed study
group in order to complete peer groups (Ruppenthal
and Sackett 1992) such that each peer group contained
animals from either the unexposed or exposed study
group. Once a new peer group was started, new animals were assigned to this group until it consisted of 3
or 4 infants, the ages of which were less than 4 weeks

apart from their peers. Peer groups were physically,
but not visually, separated from each other to minimise any contact and reduce the risk of horizontal
transmission of infectious agents, while maintaining
the consistency of exposures to nursery staff, environment, food and water (Hewitson et al. 2010a). Four
infants were assigned to the unexposed study group
and received saline injections according to the schedule in Table I (although one control had to be withdrawn due to a scheduling an error). The remaining 12
infants were allocated to the exposed study group and
received the complete, age-adjusted childhood vaccine
regimen (Table I). We purposefully assigned a larger
number of animals to the exposed group in order to
optimize the chances of observing what we anticipated
to be an uncommon or idiosyncratic effect.
Vaccine Dosing and Administration
The following single dose, preservative-free vaccines were purchased and thimerosal added as previously described (Hewitson et al. 2010a) in order to
mimic the pediatric vaccines used between 1994-1999
(Centers for Disease Control, 1995): RECOMBIVAX

Table I
Pediatric vaccine
schedule (1990’s)

Birth

2 Months

4 Months

6 Months

12-18 Months

48 Months

Macaque vaccine
schedule¶

Birth

2 Weeks

4 Weeks

6 Weeks

12-18 Weeks

52 Weeks

HB (12.5μg)

HB (12.5μg)

HB (12.5μg)

DTaP (25μg)

MMR1 (0μg)

MMR2 (0μg)

DTaP (25μg)

DTaP (25μg)

Hib (25μg)

DTaP (25μg)

DTaP (25μg)

Hib (25μg)

Hib (25μg)

Vaccines
administered
(EtHg content)

Hib (25μg)

EtHg (μg) boys

12.5

62.5

62.5

50

50

25

EtHg (μg)
primates†

1.98

9.9

9.9

7.92

7.92

3.96

Macaque equivalents of dosing and timing of US Pediatric Vaccine Recommendations in the 1990’s. Administered
vaccines and ethyl mercury (EtHg) content: Hepatitis B (HB; Recombivax, Merck) – 1.98 μg; Diptheria, Tetanus, acellular
Pertussis (DTaP; Infanrix, GlaxoSmithKline) – 3.96 μg; Haemophilus influenza B (Hib; PedvaxHIB, Merck) – 3.96 μg;
and Measles-Mumps-Rubella (MMR II, Merck) – 0 μg. The vaccination schedule for infant primates was adjusted based
on an approximately four-fold faster growth of macaque infants compared to humans (Burbacher et al. 2005; Ruppenthal
1989). †EtHg content for each vaccine was calculated based on a average weight ratio of approximately 6.3 for
boys:primates (Ruppenthal 1989).
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HB® (Merck) for the Hepatitis B (HB) vaccine;
INFANRIX® (GlaxoSmithKline) for the diphtheria
and tetanus toxoids and acellular pertussis (DTaP) vaccine; and Liquid PedvaxHIB® (Merck) for the haemophilus B (Hib) vaccine. The M-M-R® II (Merck) was
used for the measles, mumps, rubella (MMR) vaccine,
which has always been thimerosal-free. The thimerosal dose was standardized to the equivalent (µg/kg
body weight) administered to a male human infant on
the 5th percentile for weight. Standardization provided
a clinical-exposure dose that allowed valid comparison
of outcomes. Single dose vaccines were pooled and
then spiked with a stock thimerosal solution and analyzed for ethyl mercury concentration using an
Inductively Coupled Plasma Optical Emission
Spectrometer to verify that target concentrations were
achieved (Hewitson et al. 2010a). The dosed HB vaccine contained ~1.98 µg ethyl mercury per 0.5ml dose,
while the dosed DTaP and Hib vaccines contained
~3.96 µg ethyl mercury. The schedule of vaccine
administration was adjusted based on the approximately 4 to 1 faster growth of macaque infants
(Gunderson and Sackett 1984, Ruppenthal 1989), following previously published protocols (Burbacher et
al. 2005). Exposed infants received a 0.5ml intramuscular (i.m.) injection of each vaccine according to the
schedule in Table I, except for MMR which was given
sub-cutaneously. Unexposed infants followed the same
schedule of injections as exposed infants except that
each vaccine was replaced with 0.5ml saline, i.m.
Magnetic Resonance (MR) Image Acquisition
Neuroimaging studies (MR and PET) were undertaken for both exposed and unexposed animals at two
time points: Time One (T1) at approximately 4 months
of age and Time Two (T2) at approximately 6 months
of age. At T1 exposed animals had received only
thimerosal-containing vaccines equivalent to those
given up to 6 months of age (Table I). At T2, vaccine
exposure also included the primary MMR vaccine and
an additional DTaP and Hib booster, equivalent to
those vaccines given between 12-18 months of age for
children following the recommended pediatric schedule (Centers for Disease Control, 1995). These timeframes for neuroimaging were chosen to determine
whether the MMR may have contributed to any
observed neurological features. Animals underwent
MR imaging sessions on a Siemens 3T scanner at the

Brain Imaging Research Center at the University of
Pittsburgh. Three-dimensional (3D) T1 MPRAGE and
T2 structural images were acquired using a 12cm
Quadrature Birdcage coil (Nova Medical) and a
Siemens 3T Allegra MRI System. A complete set of
MRI data at both T1 and T2 were obtained from 9
exposed and 2 unexposed animals. The MR images
were used for volumetric analyses, as well as for anatomical co-registration to the PET images of [11C]DPN
and anatomical guidance of volume-of-interest (VOI)
definition. All image analysis was undertaken in an
observer-blinded fashion. Structural MRI scans were
segmented using open source NVM software
(Neuromorphometrics 1998) and analyzed by the same
MRI analyst for all images.
Positron Emission Tomography (PET)
Radiosynthesis of [11C]DPN was conducted as
described previously (Lever et al. 1987) from the precursor 3-O-trityl-6-O-desmethyl-diprenorphine (TDPN,
ABX GmbH, Radeberg, Germany). The average injected dose of [11C]DPN was 229±47 MBq with an average
specific activity of 30.3±13.7 GBq/µmol. A complete set
of PET data at both T1 and T2 were obtained from 9
exposed and 2 unexposed animals. PET imaging was
performed as described previously (Tai et al. 2001) on
a PET P4 scanner (Siemens Molecular Imaging,
Knoxville, TN). Prior to radiotracer injection, a 15-min
transmission scan was performed using a rotating 5
mCi 57Co point source for attenuation correction of PET
emission data (Carney et al. 2006). Following the injection of [11C]DPN, PET emission data were acquired in
list mode for a period of 60 min. The list-mode data
were histogrammed and rebinned using the FORE algorithm. 3D Sinograms were reconstructed using 2D filtered back-projection. Corrections for scatter, radioactive decay, random coincidences, and scanner dead-time
were applied. Absolute quantification of radioactivity
was performed by cross calibration of the microPET
system to a gamma counter using a solid 10 cm uniform
phantom containing a known radioactivity concentration of fluorine-18.
Image Co-Registration and Volume-of-Interest
(VOI) Determination
MR images were co-registered with [11C]DPN images to provide anatomical guidance of VOI determina-
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tion. Prior to the co-registration procedure, MPRAGE
MR datasets were re-sampled to match the voxel
dimensions of the PET images. Using the MedX software package (v.3.4.3), MR images were cropped to
remove extracerebral structures, and used to establish
the reference coordinate system for all subsequent PET
scans acquired in each animal. The initial 20 min of the
[11C]DPN emission data were summed and co-registered to the reference MR image using the Normalized
Mutual Information Algorithm (Maes et al. 1996,
Studholme et al. 1999) implemented in the PMOD software package (v. 2.85, PMOD Technologies Ltd.
Zurich, Switzerland). The dynamic [11C]DPN dataset
was resliced on a frame-by-frame basis using the transformation from the co-registration process. Serial PET
images acquired in the same animal were co-registered
to the reference MR image analogously. The quality of
the registration was checked by locating common anatomical landmarks in an orthogonal viewer displaying
the co-registered PET and MR images. VOIs were

defined on a fused image of co-registered MR and PET
image datasets using the PMOD data analysis package
(Figure 1). Each VOI was defined by hand tracing
either unilaterally or bilaterally on three to five contiguous image planes. VOIs were used to sample the
dynamic PET datasets to yield regional time-varying
measures of radioactivity concentration (time-activity
curves [TACs]). Twelve VOIs were defined: brainstem
(BST), amygdala (AMY), lateral thalamus (THL;
includes lateral thalamic nuclei, anterior and posterior),
dorsal caudate (DCD; includes dorsal and middle caudate, comprising the associative striatum), ventral caudate nucleus (VCD; includes ventral caudate, nucleus
accumbens, and portions of rostral putamen, comprising the limbic striatum), putamen (PUT; limited to
posterior aspects projecting to motor cortex, comprising the motor striatum), pregenual anterior cingulate
gyrus (CIN), occipital cortex (OCC; primary visual
and calcarine cortices), cerebellum (CER), and a basal
forebrain/hypothalamus (BSF, includes high opiate-

Fig. 1. Distribution of [11C]DPN specific binding and MR image co-registration in a representative control infant macaque.
Shown are parametric images of binding potential (BPND) at six levels through the brain (top row, superior to inferior). Also
shown are corresponding slices of the animal’s MR image (middle row) and a fusion of the BPND map and the MR image
(bottom row).
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binding structures posterior to the optic chiasm, including portions of the substantia innominata, medial and
lateral preoptic area of the hypothalamus, and the horizontal and vertical diagonal bands of Broca). Only data
for the amygdala are reported in this paper.
PET Data Analyses
The primary outcome measures of the PET data
analyses are indices of [11C]DPN-specific binding. Due
to the low body mass and blood volume of the young
animals used in this study (approximately 1-2 kg at
T1), it was not practical to conduct conventional compartmental analyses using arterial input-function data.
Rather, we employed fully image-based methods of
analysis based on the definition of an anatomical “reference” region devoid of specific binding of radiotracer (Lever et al. 1987). To estimate [11C]DPN-specific
binding, two strategies were investigated. The first
was the non-invasive Logan graphical analysis or reference Logan plot (rLP); (Logan et al. 1996), which is
an extension of the earlier graphical method developed
by Logan and colleagues to estimate the regional total
radiotracer distribution volume (DV) for reversibly
binding radiotracers (Logan et al. 1990). The rLP
method was used to derive estimates of the [11C]DPN
distribution volume ratio (DVR) and the reference-tissue derived binding potential (BPND). Both the DVR
and BPND outcome measures can be related to the free
binding-site pool (Bmax) and the ligand dissociation
constant (K D) (Innis et al. 2007).
The second method estimates radiotracer-specific
binding by comparing the radioactivity concentrations
between target (receptor-rich) and reference (receptordevoid) regions (Tissue Ratio; TR). Typically, the TR
is determined at steady-state kinetics, such that the
ratio of radioactivity concentrations between target
and reference region maintains a constant value over
the selected interval. The DVR outcome is comparable
to this Simple TR (target:reference), as both are indices
of the ratio of total to non-specific binding. The
Specific TR ([target-reference]/reference) is a more
representative index of pure specific binding, which is
therefore more comparable to the radiotracer BP. This
method was initially validated using data from a study
using [11C]carfentanil, a µ-opiate selective radiotracer,
and later applied to [11C]DPN studies (Lever et al.
1987). Here, the 50-90 min post-injection interval most
closely corresponded to the period of radiotracer

steady-state, and was thus selected as the interval over
which to evaluate the specific TR (TR_5090). BPND
was selected as the preferred outcome measure for the
rLP analyses, which was viewed to be most comparable to the specific tissue ratio outcome measure
(TR_5090).
Based upon prior studies, two reference regions,
cerebellar cortex (CER) and occipital cortex (OCC),
were evaluated for the TR and rLP analyses. OCC has
a paucity of μ-opiate receptors (Talbot et al. 2005) but
contains low levels of both κ- and δ-opiate receptors
(Sparks et al. 2002, Schumann et al. 2004), which
would bind the non-selective opiate receptor agent [11C]
DPN, and therefore underestimate specific binding.
Opioid receptors have also been reported in adult
human cerebellum (Schadrack et al. 1999), but not in
the infant macaque. In this study, the CER was consistently found to be the lowest region in terms of [11C]
DPN-specific binding, and therefore was the most
appropriate reference region for this analysis. Data are
therefore presented for CER as the reference region
only.
Statistical Analysis
In light of evidence of lateralization of amygdala
emotional-response patterns (Knight et al. 2005) and
functional independence of right and left amygdalae
(Irwin et al. 2004), the effect of exposure and time on
(a) volume and (b) [11C]DPN binding were undertaken
separately for right, left and whole amygdalae. Analyses
comprised Generalized Estimated Equation (GEE)
modelling which is an extension of the General Linear
Model (GLM) for longitudinal non-independent data.
GEE modelling also allows evaluation of non-normally
distributed data with specified link-functions (Hardin
and Hilbe 2003). Normality was assessed using normality plots and the Kolmogorov-Smirnov Test, with
Lilliefor’s correction. GEE modelling focussed on
between- and within-subject factors and covariates on
repeated measures of (a) volumetric data and (b) [11C]
DPN binding as outcome measures. A factorial model
incorporating an ‘exposure by time’ interaction term
was generated for each anatomical region. For analyses
using [11C]DPN binding as outcome, the effect of volume was controlled by including mean amygdala volume (left, right or whole, as appropriate) as a covariate.
Where interaction terms were significant, main effects,
whether statistically significant or not, are included in
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the model but are not interpreted (as per standard procedures). All GEE analyses assumed a linear model for
the outcome variable, with an identity-link function.
All working correlation matrices were defined as
‘exchangeable’. GEE analyses provide Wald-Chi
Square (χ2) statistics for main effects and interaction
terms, together with associated degrees of freedom
(df) and P values. Pairwise contrasts of Estimated
Marginal Means (EMMs) for within- and betweengroup comparisons generated pairwise mean differences with associated 95% Confidence Intervals (CIs),
df and P values for the group-difference. Post-hoc
comparisons used the Sequential Bonferroni correction to minimise the risk of Type One errors associated
with multiple comparisons, while also minimising the
reduction of power and Type Two errors associated

with classic Bonferroni correction (Nakagawa 2004);
df=1 in all analyses. Analyses were carried out using
SPSS v.18.
The analyses involve two binary predictors – time
(T1 vs. T2) and exposure (exposed vs. unexposed). A
main effect of time, manifested by a significant overall
difference in scores between T1 and T2 in the groups
as a whole (i.e. regardless of exposure) would represent
an overall maturational change with time. A main
effect of exposure manifested by a significant difference in the exposed vs. unexposed group (regardless of
time) would represent a difference between exposed
and unexposed animals. An interaction effect between
time and exposure, manifested by a significant time by
exposure interaction term, would indicate that the
effect of time is either mitigated or enhanced by expo-

Fig. 2. Parametric images of [11C]DPN-binding potential (BPND) of the amygdala. [11C]DPN-binding potential (BPND) at the
level of the amygdala (indicated by AMY) at Time 1 (T1; left column) and Time 2 (T2; middle column) in representative
unexposed (top row) and exposed (bottom row) animals. Corresponding slices from co-registered MR images are shown for
anatomical reference (right column). Maturational decline in [11C]DPN-binding is seen in the unexposed animal but is not
seen in the exposed animal.

154

L. Hewitson et al.

sure. In other words it would indicate that the trajectory of maturational change differs between exposed
and unexposed animals. In the absence of a significant
interaction term, any maturational change would occur
at the same rate and in the same direction, regardless
of exposure. A significant interaction term would suggest that this is not the case. If for example, maturational change continues in the same direction but is
significantly accelerated in one group relative to the
other, or if maturational change occurs in a different
direction in one group relative to the other, this would
be reflected in the strength and significance of the
interaction term.
In this study, outcome measurement at T1 occurs
approximately 2 weeks prior to the infants receiving
their scheduled vaccines at 3-4 months of age (equivalent to 12-16 months in humans; Table I) and outcome
measurement at T2 occurs approximately 4-6 weeks
after these vaccines are given. A significant ‘interaction’ term therefore suggests an effect of the vaccines
given at 3-4 months of age.
RESULTS
Volumetric analyses of the total brain
GEE modelling of total brain volume as outcome,
with both time (T1 vs. T2) and exposure (exposed vs.
unexposed) as binary predictors revealed a significant
main effect of vaccine exposure on total brain volume
(Wald χ2=4.74; P=0.029). The exposed animals had a
significantly greater total brain volume independent of
time (exposed vs. unexposed mean difference = 8020.82
mm3; SE = 3683.38; 95% CI = 801.53 to 15240.11;
P=0.029). There was no significant main effect of time
(Wald χ2=1.28; P=0.26) and no interaction between time
and exposure (Wald χ2=1.46; P=0.23). There were no
significant differences within groups over time although
the increase in volume between T1 and T2 for exposed
animals approached significance (Table IIa) and no significant differences in total brain volume in the exposed
vs. unexposed animals at either T1 or T2 (Table IIb).
Volumetric analyses of the amygdala
Total Amygdala Volume
GEE modelling with total amygdala volume as the
outcome, exposure and time as factors, and total brain

volume as a controlling covariate, indicated that for the
exposed group there was a slight, but non-significant
increase in total amygdala volume over time (P=0.81;
Table IIa). In contrast, for the unexposed group there
was a significant decrease in total amygdala volume
over time (P<0.0001; Table IIa). There was no statistically significant difference between groups in total
amylgdala volume at either time point. At T1, the mean
amygdala volume in the exposed group was slightly
lower than in the unexposed although not statistically
significant (P=1.0; Table IIb). The difference between
the groups at T2 was increased, with amygdala volume
in the exposed group being higher, but not statistically
significant (P=0.43; Table IIb).
Not surprisingly, given the different maturational
trajectories in exposed vs. unexposed animals, (unexposed decreasing and exposed increasing) there was a
statistically significant interaction between exposure
and time on total amygdala volume (Wald χ2=10.93;
P=0.001). However, there were no significant main
effects on total amygdala volume of either exposure
(Wald χ2=0.75; P=0.39) or time (Wald χ2=1.14;
P=0.29).
Right Amygdala Volume
As in the amygdala as a whole, after controlling
for total brain volume and using time and exposure
as factors, there was a statistically significant interaction between time and exposure such that the pattern of change over time in right amygdala volume
differed according to exposure status (Wald χ2=13.58;
P<0.0001). For the exposed group there was a nonstatistically significant increase in right amygdala
volume over time (P=0.16; Table IIa). For the unexposed group there was a significant drop in right
amygdala volume over time (P<0.0001; Table IIa).
There were no significant main effects on right
amygdala volume of either time (Wald χ2=0.06;
P=0.80) or exposure (Wald χ2=1.11; P=0.29). There
were no statistically significant differences between
exposure groups in right amygdala volume at either
time point. As was the case in the amygdala as
a5whole, mean volume in the exposed animals at T1
was slightly lower than in the unexposed animals
and the difference between the groups at T2 had
increased, with volume in the exposed animals
being higher, but it was not significant (T1: P=0.80;
T2: P=0.18; Table IIb).
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0.88

11.26

6.62

18.33

-3813.20

Lower

2.66

0.15

0.88

45.40

27.08

71.93

3989.52

Higher

95% Confidence
Interval

0.008

<0.0001

<0.0001

<0.0001

<00001

<0.0001

0.97

P

Within Group Differences Over Time Between Exposed and Unexposed Animals Giving Estimated Marginal Mean Differences, Standard Errors (SE) and 95% Confidence
Intervals (CIs).

Table IIa
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175.79

82.82

92.98

Total
Amy

Right
Amy

Left
Amy

5.61

5.82

5.40

Total
Amy

Right
Amy

Left
Amy

Binding

84847.44

Exposed

6.11

5.80

5.99

99.50

87.68

186.62

78185.22

Unexposed

Time One

Total
Brain

Volume

0.71

0.03

-0.37

6.51

4.87

11.37

6662.22

Mean
Difference

0.92

1.26

1.07

12.71

10.89

22.34

3080.87

SE

1.66

-3.20

-3.12

-23.91

19.53

-38.70

-1032.88

Lower

-3.08

3.26

2.38

36.93

29.27

61.43

1432

Higher

95% Confidence
Interval

1.00

1.00

1.00

1.000

0.80

1.00

0.12

P

5.77

5.55

5.67

92.98

102.09

199.03

87476.46

Exposed

4.65

5.65

5.10

71.17

70.83

141.29

78097.05

Unexposed

Time Two

1.12

-0.95

0.56

25.53

31.26

56.79

9379.41

Mean
Difference

1.07

1.20

1.11

18.35

15.58

33.12

4490.91

SE

-1.63

-3.20

-2.27

-21.74

-7.67

-28.52

-1837.56

Lower

3.89

3.01

3.39

72.79

70.18

142.11

20596.38

Higher

95% Confidence
Interval

Between Group Differences at Time Points One and Two Giving Estimated Marginal Mean Differences, Standard Errors (SE) and 95% Confidence Intervals (CIs)

Table IIb

1.00

1.00

1.00

0.82

0.18

0.43

0.12

P
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Left Amygdala Volume
For the exposed animals there was an increase in
left amygdala volume over time, although this was not
statistically significant (P=1.0; Table IIa). In contrast,
for the unexposed animals there was a significant
decrease in left amygdala volume from T1 to T2
(P<0.0001; Table IIa). As was the case in the amygdala
as a whole, and in the right amygdala, mean volume in
the exposed animals at T1 was slightly lower than in
the unexposed animals and the magnitude of this difference at T2 had increased, with volume in the
exposed animals being greater, but still not significantly so (T1: P=1.0; T2: P=0.82; Table IIb).
Overall, these data indicate that there was a statistically significant interaction between time and exposure on left amygdala volume, such that the pattern of
change over time differed according to exposure (Wald
χ2=6.29; P=0.01). While there was no significant main
effect of exposure on left amygdala volume (Wald
χ2=0.43; P=0.51), the main effect of time approached
significance (Wald χ2=3.61; P=0.06).
PET data analyses of region-specific [11C]DPNbinding in macaque brain
[11C]DPN was found to readily enter the infant primate brain (Figure 1) and to distribute in a manner that

was consistent with specific radiotracer binding, and
the known distribution of opiate receptors in the primate brain (Wamsley et al. 1982). CER was consistently the lowest region in terms of [11C]DPN retention
and therefore the most appropriate reference tissue.
TRs determined 50-90 min post-injection approached
a constant value in regions of low-to-mid receptor density, but sometimes failed to reach a plateau in regions
of high receptor-density. This may be attributable to
the effects of anesthesia, which may slow metabolism
and result in slower radiotracer clearance. It was
anticipated that the TR_5090 measures would underestimate specific binding in regions with high opioidreceptor density. While the application of the rLP
method has not been previously reported for [11C]DPN,
here the linearity condition was consistently met in all
regions (r2>0.98). BPND values determined using rLP
with CER as reference (rLPCER) were found to be comparable to those determined in prior compartmental
analyses of [11C]DPN in humans (Sadzot et al. 1991,
Schadrack et al. 1999).
In general, all measures of specific binding showed
a similar rank order in their respective specificbinding measures. The regions found to possess the
highest specific binding of [11C]DPN were consistently the chiasmatic area, the medial thalamus, and
amygdala. The brainstem, striatal regions (VCD,
DCD, PUT), and lateral thalamus were intermediate,

Fig. 3. [11C]DPN binding potential(BPND)values in the amygdalae. [11C]DPN binding potential (BPND) values (raw mean+1
SD) in left, right and total amygdalae at T1 and T2 in exposed and unexposed animals determined using the Logan Reference
Plot and the cerebellar cortex reference region rLP(CER).
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while the frontal cortex and cingulate showed the
lowest levels of [11C]DPN-specific binding. In general, the use of OCC as reference yielded a bias
towards lower indices of specific binding for both
the rLP and TR_5090 analyses, likely due to a small
component of specific binding present in OCC.
While the methods produced outcomes that were
highly correlated, regardless of which reference tissue was selected (CER or OCC), the TR-based methods were more variable than the rLP methods (Table

III). Overall, therefore, the rLPCER BP outcome measure was determined to be superior in terms of bias
and variability, and analyses below are presented for
this method. No correlation between the specific
binding measures in any brain region and the injected mass or injected mass per kg of diprenorphine
was observed, suggesting that variations in the in
vivo-specific-binding [11C]DPN were unrelated to
the carrier mass of diprenorphine in the radiopharmaceutical injectate.

Table III
Method
rLP (CER)*

rLP (OCC)*

TR_5090
(CER)*

TR_5090
(OCC)*

DCD

VCD

PUT

LT

MT

FC

AC

BSM

AMY

BF

M

2.97

4.49

2.29

3.08

6.19

1.43

2.32

4.72

5.69

7.03

SD

0.84

1.04

0.53

0.98

1.3

0.6

0.71

1.03

1.62

1.85

CV
(%)

28.3

23.2

23

32

20.9

42.1

30.8

21.7

28.5

26.3

mean

1.53

2.36

1.11

1.54

3.41

0.5

1.06

2.49

2.94

3.75

std.
dev

0.57

0.75

0.38

0.69

1.17

0.15

0.23

0.74

1.2

1.53

CV
(%)

37.7

31.9

34.5

44.8

34.2

30

21.5

29.7

40.8

40.7

mean

3.9

5.51

2.98

4.02

7.3

1.92

3.06

5.84

6.0

7.38

std.
dev

1.07

1.47

0.78

1.51

2.26

0.74

0.97

1.41

2.09

2.61

CV
(%)

27.4

26.8

26.2

37.4

30.9

38.7

31.7

24.1

34.8

35.3

mean

1.89

2.83

1.33

1.94

3.9

0.66

1.33

3.02

3.17

4

std.
dev

0.74

0.97

0.48

0.91

1.54

0.2

0.33

0.96

1.47

1.93

CV
(%)

39.1

34.2

36.2

46.8

39.4

29.9

24.9

31.8

46.5

48.1

Baseline PET Imaging Outcome Measures for All Animals.*Outcome measures represents non-displaceable binding
potential (BPND) computed from direct estimation of the distribution volume ratio (DVR), such that BPND = DVR –1,
measured by reference Logan plot (rLP) and tissue ratio (TR). Structures: (CER) Cerebellum; (OCC) Occipital Cortex;
(DCD) Dorsal Caudate; (VCD) Ventral Caudate; (PUT) Putamen; (LT) Lateral Thalamus; (MT) Medial Thalamus; (FC)
Frontal Cortex; (AC) Anterior Cingulate: (BSM) Brainstem; (AMY) Amygdala; (BSF) Basal Forebrain.
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[11C]DPN binding is influenced by vaccine
exposure and amygdala volume
GEE analyses evaluating the impact of vaccine
exposure on overall [11C]DPN-binding over time,
whilst controlling for amygdala volume, revealed a
number of significant observations. In exposed animals, mean [11C]DPN binding remained relatively stable over time compared with unexposed animals,
which exhibited a maturational decrease in [11C]DPN
binding (Figure 3). Figure 4 shows left (A) and right
(B) amygdala volume, together with left (C) and right
(D) amygdala binding, by time and exposure.
Interactions between variables are shown by non-parallel lines on the interaction graphs. Whether the interaction is statistically significant depends on the degree
to which the lines are non-parallel. Figures 4A-C illustrate significant interactions between time and exposure for left and right amygdala volume (A-B) and for
left amygdala binding (C), indicating that maturational
effects operate differently in exposed vs. unexposed
animals with regard to volumetric change in the
amygdala as a whole, and with regard to [11C]DPN
binding in the left amygdala alone.
Total Amygdala [11C]DPN Binding
For the total amygdala there was no main effect of
time (Wald χ2=0.98; P=0.32) or exposure (Wald
χ2=0.001; P=0.97) on [11C]DPN binding, and no significant interaction between time and exposure
(Wald χ2=0.78; P=0.38). The data do indicate a differential lateral effect of time according to exposure
status on [11C]DPN binding which is best described
by considering the left and right amygdala separately below).
Left Amygdala [11C]DPN Binding
There was a significant interaction between time
and exposure on [11C]DPN binding in the left amygdala (Wald χ2=11.82; P=0.001). This indicates that, after
controlling for left amygdala volume and the independent effects of time and exposure, the pattern and
degree of change over time in [11C]DPN binding in the
left amygdala varied according to exposure status. In
the unexposed group there was a significant decrease
over time (P=0.008; Table IIa). In contrast, in the
exposed group there was a non-significant increase

over time, (P=1.0). No other pairwise differences
approached significance either within or between
groups (P=1.0; Table IIa and b). For the left amygdala
there was no main effect on [11C]DPN binding of either
time (Wald χ2=1.52; P=0.22) or exposure (Wald χ2=0.05;
P=0.83).
Right Amygdala [11C]DPN Binding
For the right amygdala there was no main effect of
either time (Wald χ2=1.83; P=0.18) or exposure (Wald
χ2<0.0001; P=1.0) on [11C]DPN binding, and no significant interaction between time and exposure (Wald
χ2=0.04; P=0.84) with a decrease in both exposed
(P=1.0) and unexposed (P=0.0001) groups. While the
decrease was statistically significant in the unexposed
group, the concomitant decrease in the exposed group
meant that the maturational trajectory of binding was
not significantly different between the groups (Table
IIa).
In summary, at T1 there was a significant effect of
exposure on total brain volume (exposed > unexposed),
but no difference in amygdala volume between groups.
Changes occurring between T1 and T2 include a differential change in total amygdala volume between
groups (a significant decrease in unexposed animals
compared with a non-significant increase in exposed
animals) after adjustment for total brain volume, and
an increase in [11C]DPN binding in left amygdala compared with a decrease in binding in unexposed animals, after adjusting for amygdala volume.
DISCUSSION
The structural and functional CNS alterations
identified here provide a model to study the impact of
early environmental exposures on primate neurodevelopment. While, as a pilot study, the size of the
study groups limits the strength of the conclusions
that can be drawn, the use of statistical modeling and
repeated measures contributed to the study’s power
and increased the accuracy of the estimates.
Volumetric analyses identified significantly greater
total brain volume in exposed compared with unexposed animals at both measured time points. These
results raise the possibility that multiple vaccine
exposures during the previous 3-4 months may have
had a significant impact on brain growth and development. However, for the amygdala, volumetric and

160

L. Hewitson et al.

[11C]DPN binding differences between groups
appeared to be a function of more recent vaccine
exposures, the primary MMR vaccine and the DTaP
and Hib boosters given between T1 and T2. The functional observations on the differential avidity of the
amygdala for [11C]DPN after vaccine exposure are
novel and require further study.

Interestingly, a rapid increase in total brain volume
between 6 and 14 months is generally considered to be
a consistent finding for many children with an Autism
Spectrum Disorder (ASD) ( Piven et al. 1995, Courchesne
et al. 2001, Sparks et al. 2002), although this effect may
be age-related ( Courchesne et al. 2001, Aylward et al.
2002) and cannot be used as a biomarker for the disor-

Fig. 4. Raw mean values; interaction charts of time by exposure in volume (A-B) and binding (C-D) for the left (A, C) and
right (B, D) amygdala. Exposed animals represented by a dashed line; Unexposed animals represented by a solid line.
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der (Herbert 2005). An enlarged brain volume may be
due to a failure in programmed cell death or ‘neuronal
pruning’, a process which rids the brain of abnormally
functioning neural connections and optimizes coordinated neural functioning (Huttenlocher and Dabholkar
1997). When pruning fails to function, as may be the
case in ASD, brain size will increase and neural connectivity will be decreased (Hill and Frith 2003).
Neuropathological and neuroimaging studies of individuals with an ASD, a condition in which social functioning is often severely impaired (Schultz 2005), have
provided growing evidence of a central role for the
amygdala (Amaral et al. 2008, Kleinhans et al. 2009).
Cross-sectional studies that have stratified individuals
with ASD by age and behavioral phenotype have shown
that the amygdala is enlarged in younger children compared with neurotypical controls, rapidly achieves adult
size in childhood, and therefore does not undergo the
growth pattern observed during normal male adolescence
(Schumann et al. 2004). Several studies have also demonstrated an increase in amygdala volume in young children,
with the amygdala typically enlarged by approximately
15% relative to age-matched control subjects (Sparks et al.
2002, Schumann et al. 2004, Mosconi et al. 2009,
Schumann et al. 2009). In the present study, amygdala
volumes were significantly increased in the vaccine
exposed animals relative to the unexposed animals at T2.
The data suggest that vaccine exposure may be associated with significant disturbances in central opioidergic pathways in this model. An important role for opioid
ligand–receptor interactions in neuro-ontogeny and
behavior is recognized during pre- and post-natal development (Zagon and McLaughlin 1985). It has been
proposed that the presence of endorphines and exorphines - the latter of dietary origin - may contribute to
some behavioral symptoms reported in ASD (Reichelt
et al. 1981, Gillberg 1995). Neonatal assessments of this
same cohort of primates previously identified significant delays in the acquisition of neonatal reflexes
(Hewitson et al. 2010a) and behavioral deficits in tests
of cognitive function between 5-8 months of age
(Hewitson et al. 2010b) in exposed animals when compared with controls. However, the complexity of these
interactions limits any inferences with respect to the
precise relationship between structural and functional
changes in the amygdala and the previously reported
neurodevelopmental and neurobehavioral differences.
With respect to maturational changes in the amygdala, there is substantial evidence of a central role for

endogenous opioid systems in regulating the structural
development of the nervous system, with reported
effects upon cellular proliferation, migration, differentiation, and growth (reviewed by Zagon et al. 1982). The
majority of these findings have come from the experimental administration of opioid antagonists to rats during critical phases of brain development. The observed
effects were dependent on dose and duration of receptor-antagonist interaction, with paradoxical effects of
sustained opioid receptor blockade compared with temporary blockade, underscoring the complexity of the
developing central nervous system. Maturational changes seen in the experimental setting may be relevant to
the observed decline in [11C]DPN-binding in the unexposed animals over time. In rats, [MET5]-enkephalin,
β-endorphin, and opioid-receptor levels in the cerebellum reached their highest level in the first few weeks
post-partum, and subsequently declined to low levels
(Tsang et al. 1982, Zagon and McLaughlin 2004).
Others have demonstrated a significant 2- to 4-fold
decrease in the concentration of opiate receptors in
human fetal brain tissue during the last trimester of
pregnancy (Kinney et al. 1990). This may be attributable to a normal process of programmed neuronal apoptosis that can extend into infancy, and is consistent with
the enlarged amygdala volume and [11C]DPN-binding in
exposed animals over time that was observed here.
The absence of significant change in amygdala [11C]
DPN binding in exposed animals over time may be
attributable to a number of factors. These include the
maintenance of a relatively constant absolute number of
receptors, an increased occupancy of a reduced number
of receptors due to an increase in endogenous and/or
exogenous opioid ligands, or an increase in receptor
avidity. Receptor avidity is not a direct measure of opioid
receptor density, but rather a measure of both the intrinsic binding-constant and the number of unoccupied opioid receptors (Cohen et al. 1998) and thus, the results
might reflect both direct and indirect effects on opioid
receptor occupancy. The dynamics of any interaction of
this exorphine with amygdala receptors might be relevant
to the current findings. Interestingly, a recent report by
Hume and colleagues showed the in vivo binding of [11C]
DPN to be insensitive to competition by acute pharmacologic doses of several potent opiate agonists, such as
oxycodone (μ- and κ-opiate) and morphine (μ-opiate), but
extremely sensitive to buprenorphine (~90% reduction in
[11C]DPN binding), which is a partial agonist of the
μ-opioid receptor and an antagonist of the κ and δ opioid
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receptors (Hume et al. 2007). Chronic administration of
opioid antagonists has been reported to increase central
opioid receptors (Van Bockstaele et al. 2006). If, for
example, exorphines such as β-caseomorphine have a
role in this model, either acting as partial or selective
antagonists, or they exert a negative effect on endogenous
opioidergic systems (LaBella et al. 1985), they might
inhibit a maturational decline in opioid receptors and
account for the sustained avidity of the amygdala for [11C]
DPN in exposed animals. How these effects could be
potentially mediated by vaccine exposure is not known.
Additional histologic and molecular analyses of the
amygdala may provide mechanistic insights.
CONCLUSIONS
In this pilot study, infant macaques receiving the recommended pediatric vaccine regimen from the 1990’s
displayed a different pattern of maturational changes in
amygdala volume and differences in amygdala-binding
of [11C]DPN following the MMR/DTaP/Hib vaccinations between T1 and T2 compared with non-exposed
animals. There was also evidence of greater total brain
volume in the exposed group prior to these vaccinations
suggesting a possible effect of previous vaccinations to
which these animals had been exposed. Because primate
testing is an important aspect of pre-clinical vaccine
safety assessment prior to approval for human use
(Kennedy et al. 1997), the results of this pilot study warrant additional research into the potential impact of an
interaction between the MMR and thimerosal-containing vaccines on brain structure and function. Additional
studies are underway in the primate model to investigate
the mechanistic basis for this apparent interaction.
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