
© The Author(s) 2019. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permission@oup.com.

Cerebral Cortex, March 2020;30: 1573–1585

doi: 10.1093/cercor/bhz188
Advance Access Publication Date: 26 October 2019
Original Article

O R I G I N A L A R T I C L E

Maternal Interleukin-6 Is Associated With Macaque
Offspring Amygdala Development and Behavior
Julian S.B. Ramirez1, Alice M. Graham1, Jacqueline R. Thompson2,
Jennifer Y. Zhu1, Darrick Sturgeon1, Jennifer L. Bagley2, Elina Thomas1,
Samantha Papadakis3, Muhammed Bah1, Anders Perrone1, Eric Earl1,
Oscar Miranda-Dominguez1, Eric Feczko1,4, Eric J. Fombonne5,6,7,
David G. Amaral8,9,10, Joel T. Nigg1,5, Elinor L. Sullivan2,5,11 and
Damien A. Fair1,3,5,12

1Department of Behavioral Neuroscience, Oregon Health & Science University, Portland OR, USA, 2Divisions of
Neuroscience and Cardiometabolic Health, Oregon National Primate Research Center, Beaverton OR, USA,
3Neuroscience Graduate Program, Oregon Health & Science University, Portland OR, USA, 4Department of
Medical Informatics and Clinical Epidemiology, Oregon Health & Science University, Portland OR, USA,
5Department of Psychiatry, Oregon Health & Science University, Portland OR, USA, 6Department of Pediatrics,
Oregon Health & Science University, Portland OR, USA, 7Institute for Development & Disability, Oregon Health
& Science University, Portland OR, USA, 8MIND Institute, University of California Davis, Davis CA, USA,
9Department of Psychiatry and Behavioral Sciences, and Center for Neuroscience, University of California
Davis, Davis CA, USA, 10California National Primate Research Center, University of California Davis, Davis CA,
USA, 11Department of Human Physiology, University of Oregon, Eugene OR, USA, and 12Advance Imaging
Research Center, Oregon Health & Science University, Portland OR, USA

Address correspondence to Damien A. Fair, Department of Behavioral Neuroscience, Oregon Health & Science University, 3181 SW Sam Jackson Park
Road, L470, Portland, OR 97210, USA. Email: faird@ohsu.edu

Abstract
Human and animal cross-sectional studies have shown that maternal levels of the inflammatory cytokine interleukin-6
(IL-6) may compromise brain phenotypes assessed at single time points. However, how maternal IL-6 associates with the
trajectory of brain development remains unclear. We investigated whether maternal IL-6 levels during pregnancy relate to
offspring amygdala volume development and anxiety-like behavior in Japanese macaques. Magnetic resonance imaging
(MRI) was administered to 39 Japanese macaque offspring (Female: 18), providing at least one or more time points at 4, 11,
21, and 36 months of age with a behavioral assessment at 11 months of age. Increased maternal third trimester plasma IL-6
levels were associated with offspring’s smaller left amygdala volume at 4 months, but with more rapid amygdala growth
from 4 to 36 months. Maternal IL-6 predicted offspring anxiety-like behavior at 11 months, which was mediated by reduced
amygdala volumes in the model’s intercept (i.e., 4 months). The results increase our understanding of the role of maternal
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inflammation in the development of neurobehavioral disorders by detailing the associations of a commonly examined
inflammatory indicator, IL-6, on amygdala volume growth over time, and anxiety-like behavior.
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Introduction
Numerous studies in humans and animals have shown that
variation in the in utero environment can affect fetal brain
development and subsequently influence behavior (Rees
and Harding 2004; Rees and Inder 2005; Sullivan et al. 2010;
Piontkewitz et al. 2011; Mills et al. 2016). One factor receiving
significant attention in this regard, in both animal and
human studies, is maternal inflammation. Specifically, the
inflammatory cytokine interleukin-6 (IL-6) plays a major role
in fetal brain development (Smith et al. 2007; Hunter and Jones
2015; Glaus et al. 2017; Graham et al. 2017; Wu et al. 2017).
Previous studies in human and animal models have linked
maternal IL-6 to various behavioral outcomes and alterations
in offspring brain function and structure (Smith et al. 2007;
Bilbo and Schwarz 2009; Enayati et al. 2012; Kalmady et al.
2014; Graham et al. 2017; Wu et al. 2017; Gustafsson et al.
2018; Rasmussen et al. 2018; Rudolph et al. 2018). However,
while neurodevelopmental trajectories have been discussed and
investigated at the level of one or two time points, few studies
have investigated the impact of maternal IL-6 on offspring
brain development in sufficient density to estimate growth
trajectories.

The amygdala may be a suitable exemplar for measuring the
effect of maternal inflammation on brain growth trajectories.
Levels of the maternal pro-inflammatory cytokine IL-6 during
pregnancy have been associated with infant amygdala structure
and function, and related behavioral outcomes across multiple
studies (Smith et al. 2007; Enayati et al. 2012; Graham et al. 2017;
Gustafsson et al. 2018; Rasmussen et al. 2018). In humans, we
have demonstrated that higher levels of maternal gestational IL-
6 are associated with increased bilateral amygdala connectivity
and right-amygdala volumes, which mediated an effect on
lower impulse control at 24 months of age (Graham et al.
2017). Other works have also recently demonstrated that
infant functional connectivity between various brain networks
are related to maternal IL-6 levels (Rudolph et al. 2018;
Spann et al. 2018). Lastly, new data suggests that heightened
maternal IL-6 levels relate to decreased integrity of structural
connectivity between the amygdala and prefrontal cortex
(uncinated fasciculus) in the neonatal time period and an
increased rate of change in this structural connectivity from
the neonatal period to 1-year-of-age (Rasmussen et al. 2018).
In total, these human studies provide strong support for
associations between maternal IL-6 levels during pregnancy
and offspring amygdala development and emotionality. Here,
this association is further investigated in a nonhuman primate
(NHP) model, which offers several advantages for examining
early developmental trajectories and isolating various factors
of interest.

Though modern technologies have made studying brain-
behavioral relationships possible in the human population,
rodent and NHP models continue to be useful. Animal models,
allow direct control over confounding variables such as
socioeconomic status, diet, and other complex environmental
influences that are often observed in human populations. For
example, rodent models have been instrumental in pinpointing

the initial causal relationships between maternal inflammation
and brain and behavioral outcomes (Parker-Athill and Tan
2010; Wong and Hoeffer 2018; Wu et al. 2017). These types of
studies set the stage for further investigation in a NHP model
to offer a more accurate translational comparison. NHPs closely
mirror the complex behaviors, brain structures, and functions
present in humans (Orban et al. 2004; Hutchison and Everling
2012; Gottlieb and Capitanio 2013; Miranda-Dominguez, Mills,
Carpenter et al. 2014a; Miranda-Dominguez, Mills, Grayson,
et al. 2014b; Grayson et al. 2016; Casimo et al. 2017; Xu et al.
2018). Fetal NHP exposure to maternal inflammatory factors,
nutrition, and secreted lipids is also closely comparable to
humans due to similar placental structure and function. Since
NHPs have a similar gestational and developmental timeline
to humans with the majority of brain development occurring
prenatally, NHPs are beneficial for examining the association of
inflammatory cytokines secreted by the placenta (Sullivan and
Kievit 2016). Finally, examining neurodevelopmental processes
requires repeated assessments of the brain. In humans, repeated
measures in brain imaging are challenging, particularly during
early development. NHPs provide an opportunity for well-
controlled repeated assessments, which allow for capturing
neurodevelopmental processes as opposed to single snapshots
of development.

Here, we investigate how maternal IL-6 levels during preg-
nancy relate to offspring amygdala structural development and
behavior in a well-characterized cohort of Japanese macaque
(Macaca fuscata) offspring (Sullivan et al. 2010, 2012; Thomp-
son et al. 2017) We assessed how maternal IL-6 levels dur-
ing pregnancy are associated with offspring amygdala develop-
ment over the equivalent time frame of human infancy into
puberty in a longitudinal Japanese macaque model. We fur-
ther examined association pathways between maternal IL-6
offspring and anxiety-like behavior via alterations in amygdala
structure.

Materials and Methods
Macaque Study Overview

We conducted this study using a set of primates comprising a
well-defined NHP primate model of maternal Western-style diet
(WSD) or control diet (CTR) (Sullivan et al. 2010, 2012; Thompson
et al. 2017). Such a sample better reflects “real world” human
populations in Western and developing countries (Thompson
et al. 2018). Notably, IL-6 has been found to be similar between
the two maternal diet groups, while still displaying large indi-
vidual differences (Thompson et al. 2018). Rather than focusing
on diet, the current study focused on differences in maternal
IL-6 concentrations. Detailed characterizations of the maternal
and offspring phenotypes have been described in earlier reports
(McCurdy et al. 2009; Sullivan et al. 2010, 2012, 2017; Comstock
et al. 2013; Thompson et al. 2017). All aspects of the study were
approved by the Oregon National Primate Research Center Insti-
tutional Animal Care and Use Committee following National
Institutes of Health guidelines on ethical use of animals.
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Subjects

Mothers consumed either a WSD (TAD Primate Diet no. 5LOP,
Test Diet, Purina Mills) or a CTR diet (Monkey Diet no. 5000;
Purina Mills) for 1.2–8.5 years prior to offspring birth (age at
offspring birth [mean {M} ± SEM]: CTR M = 9.44 ± 0.38 years; WSD
M = 9.32 ± 0.37 years). Details on the maternal diet (Supplemen-
tary Table 1) and offspring rearing were recently described in
a prior publication (Thompson et al. 2017). Briefly, offspring
stayed with their mothers until weaning (∼8 months of age),
at which point they were housed in peer social groups of 6–10
juveniles and 1–2 unrelated female adults. Of the total subjects
(n = 56; Female n = 26; CTR n = 23), the majority (n = 41; Female
n = 19) consumed a CTR diet post-weaning; a subset consumed a
WSD post-weaning (n = 15; Female n = 7) to account for potential
effects of the postnatal diet. All of these factors were considered
in subsequent analyses (see below).

Anxiety-like Behavior

Offspring underwent behavioral testing at the 11-month
(M = 10.87 ± 0.03) time point (n = 44, Female n = 22; CTR n = 18).
Subjects missing behavioral data do not systematically differ
in sex (sample: M = 0.50, missing: M = 0.66, P = 0.31), maternal
diet (sample: M = 0.59, missing: M = 0.58, P = 0.96), or Amygdala
Intercept (sample: M = 208.13, missing: M = 211.01, P = 0.45),
and slope (sample: M = 17.87, missing: M = 18.56, P = 0.73) (see
Analysis Overview below for details on the modeling). Behavioral
tests and procedures were performed as previously described
(Thompson et al. 2017). In brief, animals underwent the human
intruder and the novel object test. Typical and atypical stress
responses on these tests were scored to form a single anxiety
composite expressing the percent duration of total anxiety-
like behaviors exhibited. More details are described in the
supplementary materials.

Maternal IL-6 Concentrations

Plasma was collected from mothers during their third trimester
(48.96 ± 1.06 days) before offspring birth (maternal age: 9.13 ±
0.39 months). These procedures have been previously described
(Thompson et al. 2018) and are further explained in the
supplemental materials of this manuscript. IL-6 values below
the lower limit of quantification (LLOQ) of 1.23 pg/mL were
excluded, resulting in a total of 46 subjects with usable IL-
6 data (Female n = 21; CTR n = 16). Subjects missing IL-6 data
do not systematically differ in sex (sample: M = 0.53, missing:
M = 0.56, P = 0.90), maternal diet (sample: M = 0.64, missing:
M = 0.33, P = 0.09), or Amygdala Intercept (sample: M = 207.99,
missing: M = 210.30, P = 0.44), and slope (sample: M = 17.65,
missing: M = 19.20, P = 0.32). For the current study, IL-6 levels
were logarithmically transformed across all subjects in order to
normalize the distribution and center the outliers closer to the
mean.

MRI Acquisition

Offspring MRI scans were acquired at 4 (M = 4.37 ± 0.05), 11
(M = 11.09 ± 0.04), 21 (M = 21.11 ± 0.05) and 36 (M = 36.53 ± 0.09)
months of age. MRI data were acquired on a Siemens TIM Trio
3 Tesla scanner using a 15-channel knee coil modified for
scanning monkey heads. Prior to scanning, macaques were
sedated with a single dose of ketamine (10–15 mg/kg) for
intubation and maintained on <1.5% isoflurane anesthesia

throughout the scan. Macaques were monitored throughout the
session for abnormalities in heart rate, respiration, or peripheral
oxygen saturation. For each macaque, we collected a total of four
T1-weighted anatomical images (TE = 3.86 ms, TR = 2500 ms,
TI = 1100 ms, flip angle = 12◦, 0.5 mm isotropic voxel) and one
T2-weighted anatomical image (TE = 95 ms, TR = 10 240 ms, flip
angle = 150, 0.5 mm isotropic voxel). Other scans were collected
at this time; however, they were not used for the present study.

MRI Preprocessing

The current study used a modified version of the Human Con-
nectome Project (HCP) minimal preprocessing pipeline (Glasser
et al. 2013) for use in macaques. Processing included the use
of the FMRIB Software Library (FSL) (Smith et al. 2004; Wool-
rich et al. 2009; Jenkinson et al. 2012) and FreeSurfer image
analysis suite (http://surfer.nmr.mgh.harvard.edu/) (Dale et al.
1999; Fischl et al. 1999). Structural scans were averaged. Study-
specific templates were created for each age group from aver-
aged T1-weighted (T1w) images using previously established
methods (Scott et al. 2016) with Advanced Normalization Tools
(ANTs) (version 1.9; http://stnava.github.io/ANTs/). For each sub-
ject, age-specific templates were registered and warped to the
subject’s averaged T1w image using FSL and ANTs. Affine trans-
formations and warps from this registration were then applied
to the template mask and segmented in order to delineate white
and grey matter structures and subcortical regions such as the
amygdala. Subject automated segmented brain images (asegs)
and masked structural images went through modified versions
of the PreFreeSurfer, FreeSurfer, and PostFreeSurfer stages of the
modified HCP pipeline (Glasser et al. 2013). Gradient distortion
corrected T1w volumes were first aligned to the Yerkes19 (Don-
ahue et al. 2016) AC-PC axis and then nonlinearly normalized
to the Yerkes19 macaque surface-based atlas. AC-PC aligned
T1w volumes are segmented using the recon-all FreeSurfer func-
tions and previously defined asegs. The initial pial surface is
calculated by finding voxels, which are beyond ±4 standard
deviations from the grey matter mean. Next, the preliminary
pial surface and white matter surface were used to define an
initial cortical ribbon. The original T1w volume was smoothed
with the ribbon using a Gaussian filter with a sigma of 2.5 mm.
Then, the original T1w image was divided by the smoothed
volume to account for low frequency spatial noise. This filtered
volume was used to recalculate the pial surface, but now using
±2 (instead of ±4) standard deviations as the threshold to define
the pial surface. These segmentations were then used to gen-
erate an individualized 3D surface rendering, using a number
of surface features including subject curvature, sulcal depth,
and myelination. These surfaces were registered to the Yerkes19
macaque surface-based atlas. This registration process allows
all data types (cortical thickness, sulcal depth, function activ-
ity, functional connectivity, etc.) to be aligned directly within
and between individuals (Xu et al. 2019). The pipelines follow
our previous standards for human data and the ABCD project
(available at: https://github.com/DCAN-Labs/ or https://github.
com/ABCD-STUDY/abcd-hcp-pipeline), and are currently being
prepped for a similar release.

A rigorous quality control assessment was conducted on the
processed MRI data by quality control trained raters to deter-
mine the final MRI numbers used in the study (N = 48; Female
n = 22; CTR n = 19). Rating was conducted on a 1–3 scale with 1
indicating a good quality registration and image, and 3 indicat-
ing a poor quality. An additional reviewer assessed the subjects,
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which received a score of 2 to determine if they were deemed
usable or excluded from the study. Quality was based on artifacts
such as poor surface delineations, ringing artifacts that result
from movement in the scanner, abnormal warping of the brain,
or excessive blurriness of the image. The amygdala volumes
for this study were defined by the outputs from the Freesurfer
stage of the pipeline, which were vetted by this quality control
assessment (Examples detailing the quality of the structural
outputs for all of the ages have been added as Supplementary
Figs. 1–4). Of the subjects, which were determined good enough
to use for analyses, a total of 30 subjects had scans for two or
more different time points. Due to the nature of the longitudinal
design, subject numbers varied for the 4 (n = 17; Female n = 6;
CTR n = 8), 11 (n = 25; Female n = 11; CTR n = 11), 21 (n = 27; Female
n = 13; CTR n = 10), and 36 (N = 31; Female n = 16; CTR n = 11) month
time points. Subjects missing MRI data do not systematically
differ in sex (sample: M = 0.54, missing: M = 0.5, P = 0.83), maternal
diet (sample: M = 0.60, missing: M = 0.5, P = 0.59), or IL-6 level
(sample: M = 8.55, missing: M = 6.19, P = 0.41). Of the initial 56
animals, 39 animals had both IL-6 and MRI data (Female n = 18;
CTR n = 13). These 39 animals (4 month n = 15, 11 month n = 20,
21 month n = 25 and 36 month n = 24) were used for the analyses
of this study. Missing data from different time points were later
addressed in the analysis.

Analysis Overview

This study used latent growth curve models to investigate brain
growth over time in relationship to maternal IL-6. Latent growth
curve models derive from the structural equation modeling
(SEM) framework, and allow for the estimation of a growth
trajectory over time in relationship to other factors (McArdle
and Epstein 1987; Meredith and Tisak 1990; Muthén 2002). This
analysis framework allows one to first construct an unconditional
model to identify the best fitting model of the typical growth
trajectory. Once this is established, predictors and covariates
can be added to create the conditional model. This conditional
model can then be further refined to only include statistically
relevant covariates by systematically reducing the covariates of
the model to define the final model to use (Singer and Willett
2003; Lee and Thompson 2009; Curran et al. 2010; Muthén and
Muthén, 1998-2017).

Data were analyzed in version 8 of Mplus (Muthén and
Muthén, 1998-2017) to create the latent growth curve models
using the robust maximum likelihood estimator to accom-
modate non-normal data, and the full information maximum
likelihood method to handle missing data (Enders 2001).
Extensive research has documented the utility of this method
for estimating longitudinal parameters in studies with missing
data at various time points (Enders 2001; Raykov 2005; Buhi 2008;
Jeličić et al. 2009; Schlomer et al. 2010; Larsen 2011; Peyre et al.
2011; Gustavson et al. 2012). Model fit criteria for these analyses
were based on a Comparative Fit Index (CFI) and a Tucker-
Lewis index (TLI) above 0.90, and a Root Mean Square Error
of Approximation (RMSEA) below 0.1 (Bentler 1990; Maccallum
et al. 1996; Schumacker and Lomax 2004).

Establishing the Unconditional Model

We investigated left (LA) and right (RA) amygdala volumes
separately (Fig. 1) to account for potential-lateralized effects,
which may occur as a result of prenatal influences (Qiu et al.
2015). An important initial step when conducting latent growth

models is to pinpoint the optimal functional form of the
developmental trajectory of your data by testing different
growth forms (Curran et al. 2010). To establish this best fitting
unconditional models of typical amygdala volume development,
we first tested a linear growth curve model; however, the model
fit was poor (LA: χ2 (4) = 30.45, P < 0.01, CFI = 0.58, TLI = 0.48,
RMSEA = 0.37, RA: χ2 (4) = 16.70, P = 0.01, CFI = 0.78, TLI = 0.73,
RMSEA = 0.26). When adding a quadratic term, the model did not
converge. Thus, we adjusted the parameters to a spline growth
curve model as the mean amygdala volumes were neither quite
linear nor quadratic across the 4 (M = 207.93), 11 (M = 231.28),
21 (M = 246.60), and 36-month (M = 266.03) time points. For the
spline model, we freed the second and third time points, and
suppressed the nonsignificant 36-month variance and slope
with intercept variance to improve model fit. Spline models can
be more accurate when describing biological growth systems,
and are often used to substitute asymptotic models in data sets,
which do not reach the asymptote (Aggrey 2002; Kahm et al.
2010). As the brain develops at different rates depending on the
region (Ball and Seal 2019), spline models often best describe this
nonlinear trajectory, as has previously been shown in a study
in marmosets (Sawiak et al. 2018). Furthermore, a chi-square
difference test indicated that the spline model significantly
improved the model fit (LA: χ2 (1) = 23.41, P < 0.001, RA: χ2

(1) = 11.69, P < 0.001), which was used for the rest of the analysis
(LA: χ2 (5) = 7.04, P = 0.22, CFI = 0.97, TLI = 0.97, RMSEA = 0.09, RA:
χ2 (5) = 5.01, P = 0.29, CFI = 0.98, TLI = 0.98, RMSEA = 0.07).

This model determined our two latent growth variables, the
intercept (starting point) and slope (growth over time). The 4-
month time point was coded as zero in our analysis to define
the intercept. This is common practice in latent growth curve
modeling. The number given to the intercept indicates the start-
ing point for the model to identify growth over time (Muthén
2002; Muthén and Asparouhov 2002). Hence, the intercept mean
growth factor parameter indicates the average of the outcome
over individuals at the time point with the time score that is
coded as zero (i.e., 4 months in this case). Additionally, the
intercept variance parameter indicates the variance at our 4-
month time point excluding the residual variance.

Establishing the Conditional Model

Having identified our best fitting unconditional model, we next
introduced our predictor of interest (maternal IL-6) and potential
covariates of interest. For this, we first defined which potential
covariates to include in our final model. Additional models run
to determine the covariates for our final left and right amygdala
models are described in more detail in the supplemental mate-
rials. In brief, all covariates were initially added to the model;
however, to improve the model fit and trustworthiness of our
parameter estimates, we removed nonsignificant covariates for
the left and right amygdala models (Supplementary Table 2).

As amygdala size is related to total brain volume (TBV)
(O’Brien et al. 2011), we also modeled typical TBV unconditional
growth trajectories and used TBV slope and intercept from
these models as covariates in our amygdala volume analysis.
Additional covariates with possible associations with offspring
brain and behavioral development were introduced to the model
to account for potential confounding variables. Covariates that
were tested included: 1) maternal age at offspring birth, 2)
maternal pre-pregnancy percent body fat, 3) number of prior
pregnancies, 4) maternal diet, 5) offspring post-weaning diet,
6) offspring sex, and 7) offspring TBV slope and intercept.
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Figure 1. Here we depict raw left (A) and right (B) amygdala development over the four different time points. Error bars are depicted as SEM. Individual data points
defined as non-significant outliers by the SPSS statistical software are seen above some of the bars as open circles. Macaque offspring amygdalae ROIs were defined
using the modified version of the human connectome pipeline (C).

Offspring age at scan was not included as a time varying
covariate as scans were scheduled to occur at the same age
for all animals within each age group. Variation is measured
in days (i.e., neither months nor years), were typically the
result of scheduling conflicts or external complications, and are
relatively small for each age (4-month mean age in days = 133.17,
SD = 5.31, Min = 125, Max = 152, 11-month mean age in days
=336.58, SD = 6.62, Min = 329, Max = 352, 21-month mean age
in days = 643.84, SD = 6.74, Min = 630, Max = 669, and 36-month
mean age in days = 1114.10, SD = 15.90, Min = 1083, Max = 1162)
(further justification in supplemental materials).

Adding a Mediation to the Model

For the final refined conditional model, we planned to also
examine the relevance of IL-6-amygdala associations for

anxiety-like behavior by testing for statistical mediation.
Specifically, we tested for the indirect effect of maternal IL-6
on anxiety-like behavior via amygdala volume using the “model
indirect” command in Mplus. As anxiety-like behavior was only
collected at the 11-month time point, we planned to test for
this only in relation to 4-month amygdala volume using the
intercept of our model.

Results
Amygdala Volume Increased Over Time and Varied
Significantly Among Individuals

We first examined the development of LA and RA volumes
(Fig. 1) to determine our unconditional model, before contin-
uing to our final model that examined how IL-6 related to
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Table 1. Model statistics for the right and left unconditional amygdala model.

Unconditional left amygdala Unconditionalright amygdala

Parameter Estimate S.E. Estimate S.E.

Intercept mean ∗∗∗208.47 1.946 ∗∗∗217.917 2.302
Intercept variance ∗∗∗95.166 27.974 ∗86.182 34.739
Slope mean ∗∗∗17.939 0.834 ∗∗∗15.827 0.899
Slope variance ∗∗∗22.267 5.948 ∗∗18.364 5.657
Intercept & slope covariance Restricted Restricted

amygdala volume development and behavior via the amygdala.
This unconditional model showed amygdala volume devel-
opment with a significant positive intercept (LA: M = 208.43,
P = 0.001, RA: M = 217.92, P < 0.001) and slope (LA: M = 17.94,
P < 0.001, RA: M = 15.83, P < 0.001), which is indicative of the
observed data in Fig. 1, Table 1 and Supplementary Table 2.
Importantly, there was enough variance across subjects in both
the slope and intercept terms to conduct the conditional models
investigating whether amygdala trajectories were associated
with maternal exposure to IL-6 and anxiety-like behavior. This
finding was true for both the left (intercept: 95.17, P = 0.001;
slope: 22.27, P = 0.001) and right (intercept: 86.18, P = 0.013;
slope: 18.36, P = 0.001) amygdalae. These analyses defined our
typical amygdala volume development and established an
unconditional model to test our predictor of interest (Table 1
and Supplementary Table 2).

Establishing Our Final Model to Use for the Analysis

Once our amygdala volume trajectories were established via our
unconditional models (Table 1) (also see LGM steps in Methods),
we next determined the conditional model, which described
how IL-6 related to amygdala volume development and also
asked if early amygdala volumes at 4-month mediated the rela-
tionship between IL-6 and anxiety-like behavior at 11-month of
age. Covariates included in the final left amygdala model were
the TBV slope and intercept, and covariates included in the final
right amygdala model were TBV, maternal diet, pre-pregnancy
percent body fat, maternal age, and offspring sex.

Since changes in brain characteristics often drive behavioral
differences, our final models included anxiety-like behavior and
only the significantly relevant covariates for the left and right
amygdala models (Table 2). We aimed to see if maternal IL-
6 directly or indirectly associated with anxiety-like behaviors
via the amygdala volume intercept of our model. Anxiety-like
measures were only available at the 11-month time point; hence
the mediation analysis only included the amygdala volume
intercept, as the behavioral measures were not available across
time.

Our final model for the left amygdala volumes resulted in a
moderately well-fitting model (χ2 (18) = 23.68, P = 0.166, CFI = 0.94,
TLI = 0.92, RMSEA = 0.09). Our final left amygdala volume model
explained 62% (R2 = 0.62) of variance for the intercept and 70%
(R2 = 0.70) for the slope. There was still a significant amount of
variance in both the intercept and slope (see Table 2), which was
not explained in the final model. This indicates that there are
other factors, which we have not included in our study, which
may play an important role in explaining individual differences
in the trajectory of amygdala development across this time
period.

For the right amygdala, we were not able to determine
a usable model fit deeming the results for this hemisphere
untrustworthy (χ2 (39) = 146.31, P < 0.001, CFI = 0.38, TLI = 0.30,
RMSEA = 0.27). The poorly fitting right amygdala final model
explained 31% (R2 = 0.31) of variance for the intercept and 88%
(R2 = 0.88) for the slope. Regardless of model fit, IL-6 only showed
a significant relationship with left but not right amygdala
volume development. Hence, aside from reporting the findings
in Table 1, all further investigations focused on the left amygdala
volumes. Results from the final left amygdala model can be seen
in Table 1 and Fig. 2.

IL-6 Levels Relate to Smaller Left Amygdala Volume at
4-Months and More Rapid Growth Over Time

In the context of the final model, maternal IL-6 levels were sig-
nificantly associated with lower left amygdala volume intercept
(B = -0.744, P < 0.001); the model also showed that maternal IL-
6 exposure significantly predicted increased amygdala volume
slope (B = 0.451, P = 0.004). Our TBV slope and intercept latent
variable covariates also predicted an increase in amygdala vol-
ume slope but not intercept (Intercept: B = 0.255, P = 0.078, Slope:
B = 0.701, P < 0.001). Table 1 and Fig. 2 depict these findings.

To facilitate visualization and interpretation purposes only,
subjects were categorized into high and low IL-6 groups using
a median split and compared at each time point to depict how
the growth trajectories differ depending on the level of maternal
IL-6 during pregnancy (Fig. 3A). Furthermore, to visualize the
relationship between IL-6 and amygdala volumes independent
of the TBV effect, TBV intercept and slope values were regressed
out from amygdala volume intercept and slope, respectively
(Fig. 3B,C). Having identified a link between maternal IL-6 and
amygdala volumes, we next sought to examine whether these
findings related to anxiety-like behaviors.

Larger Amygdala Volumes at 4-months Are Associated
With Decreased Anxiety-like Behavior at 11-months
and Mediate an Indirect Effect of IL-6 Levels on
Anxiety-like Behavior

Results for the behavioral aspect of our final model indicated
that left amygdala intercept significantly predicted anxiety-like
behavior at 11-months of age (B = −0.779, P = 0.014). Higher amyg-
dala volumes at “4-months-of-age” were associated with a lower
anxiety at this time point. There was no significant direct effect
of IL-6 on anxiety-like behavior (B = –0.574, P = 0.062). However,
we observed a significant indirect effect of IL-6 on anxiety-like
behavior at 11-months via the amygdala intercept (B = 0.580,
P = 0.039) (Fig. 3D). Furthermore, adding an extra parameter for
11-month volumes as a “sensitivity analysis” did not change
our results (Supplemental materials). Thus, higher maternal



Maternal IL-6 in relationship to macaque offspring development Ramirez et al. 1579

Table 2. Model statistics for the final right and left amygdala model

Final left amygdala model Final right amygdala model

Parameter Estimate S.E. Estimate S.E.

Intercept mean ∗∗∗18.672 5.075 ∗∗17.776 5.140
Intercept variance ∗0.381 0.150 ∗∗∗0.688 0.148
Slope mean 1.106 0.721 ∗∗2.394 0.811
Slope variance ∗0.305 0.141 0.121 0.074
Intercept & slope covariance Restricted Restricted

Predictors of intercept

IL-6 ∗∗∗-0.744 0.110 −0.147 0.194
TBV intercept 0.255 0.144 0.295 0.255
Maternal diet N/A N/A 0.228 0.270
Offspring sex N/A N/A 0.352 0.243
Pre-pregnancy % body fat N/A N/A 0.397 0.312
Maternal age at offspring birth N/A N/A −0.443 0.227

Predictors of Slope

IL-6 ∗∗0.451 0.157 0.034 0.109
TBV slope ∗∗∗0.701 0.107 ∗∗∗0.820 0.066
Maternal diet N/A N/A −0.144 0.141
Offspring sex N/A N/A ∗∗∗-0.379 0.185
Pre-pregnancy % body fat N/A N/A −0.348 0.185
Maternal age at offspring birth N/A N/A 0.034 0.174

Mediation: (IL-6→amygdala intercept→anxiety-like behavior)

Indirect ∗0.580 0.281 0.024 0.047
Direct †− 0.574 0.307 −0.020 0.169
Intercept →anxiety ∗-0.779 0.316 −0.162 0.196

Note: †P < 0.10; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. N/A indicates covariates not included in the final model.

Figure 2. Spline latent growth curve models were used to model our results. 4 (n = 15), 11 (n = 20), 21 (n = 25) and 36 (n = 24) amygdala volumes were used to construct

intercept and slope latent variables. Predictor (IL-6) and the covariate (Total Brain Volume) were introduced into the model to determine the extent to which they
related to the latent variables. Finally, an indirect mediation effect was tested using only the intercept of this model to see how maternal IL-6 relates to anxiety-like
behavior at 11-month of age via the amygdala intercept (not slope) at “4-months-of-age”. Thick solid lines indicate that the relationship was significant (P < 0.05) while
dotted lines indicate insignificant relationships. Note: ∗P < 0.05;∗∗P < 0.01;∗∗∗P < 0.001.

IL-6 during pregnancy was associated with elevated anxiety-like
behavior at 11-months of age via differences in the “4-months”
amygdala volume intercept of our model.

Discussion
The current study offers novel insights into our present under-
standing of how the maternal environment affects offspring
brain development and behavior. These findings are the first

to demonstrate that maternal IL-6 is associated with offspring
macaque amygdala volume development and indirectly related
to anxiety-like behavior through effects on the amygdala. We
showed that heightened levels of IL-6 during pregnancy pre-
dict lower left amygdala volumes at 11-months-of-age and an
increased rate of amygdala volume development. Furthermore,
we showed that elevated maternal IL-6 levels predict higher
anxiety-like behavior via the differences in amygdala volume
at 4-months-of-age (statistical mediation). These findings are
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Figure 3. Maternal IL-6 associated with left but not right amygdala volumes and indirectly related to anxiety-like behavior via the amygdala intercept. Animals were
median split into high and low IL-6 levels purely for visualization purposes in order to show that higher maternal IL-6 was associated with lower amygdala volumes
at the intercept but an increased slope (A). Total brain volume values were regressed from amygdala volume values to more accurately visualize the association of

the amygdala intercept (B) and slope (C) on IL-6 using these residuals. The mediation results are depicted in D and show a significant indirect, but not direct, effect
of maternal IL-6 on anxiety-like behavior at 11-months via the amygdala intercept. Individual estimates are shown in text on the arrows. The total indirect effect
on anxiety-like behavior is depicted in the continuous line from IL-6 to anxiety-like behavior through the amygdala volume intercept. The results of the individual
connections (IL-6 to amygdala volume intercept & amygdala volume intercept to anxiety-like behavior) are illustrated in the lines between these variables. Note:
∗P < 0.05; ∗∗P < 0.01;∗∗∗P < 0.001.

noteworthy as they corroborate several lines of work in humans
and rodent models identifying an association between 1) mater-
nal inflammatory cytokines and behavioral outcomes in NHPs,
2) maternal inflammatory cytokines and the newborn brain and
rate of development in NHPs, and 3) the relationship between
brain and behavioral outcomes.

Our findings showed a significant, positive, indirect rela-
tionship between maternal IL-6 and offspring anxiety-like
behavior via amygdala volumes. This finding is relevant to the
mental health literature, as several lines of evidence highlight
negative valence systems as a core component dimension of
several developmental psychopathologies (Schatz and Rostain
2006; Insel et al. 2010; Cuthbert 2014; Karalunas et al. 2014).
Furthermore, negative valence behaviors, such as anxiety and
depression symptomatology, have repeatedly been linked to
heightened inflammation during pregnancy in rodent (Hava
et al. 2006; Lucchina et al. 2010; Enayati et al. 2012) and human
(Kiecolt-Glaser et al. 2015; Simanek and Meier 2015) literatures.
Other disorders, such as, attention-deficit/hyperactivity disor-
der (ADHD), autism spectrum disorder (ASD), and schizophrenia

have shown similar correspondence to maternal inflammation
in human (Tohmi et al. 2004; Parker-Athill and Tan 2010; Bronson
and Bale 2014; Wong and Hoeffer 2018) and rodent models
(Patterson 2009; Estes and McAllister 2016). These findings add
to the growing body of literature highlighting the effects of the
immune system on long-term mental health outcomes during
the earliest periods of brain development (Knuesel et al. 2014;
Estes and McAllister 2015).

Interestingly, the findings in the present study were, in some
ways, at odds with our previous report of higher maternal
inflammation linked to larger amygdala volume in human
infants (Graham et al. 2017). In the human infant study, larger
right amygdala volumes at 4-weeks old were associated with
higher maternal IL-6 during pregnancy. In contrast, here,
we showed lower left amygdala volumes at the intercept in
association with IL-6. Because these new findings incorporate
the rate of change, while in the original human publication
only one time point (the neonatal period) was examined,
our interpretation of the original publication is refined. In
the NHP model, maternal IL-6 concentrations predicted an
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increase in the rate of left amygdala volume development
(slope); the human data was acquired at the “point” on the
human developmental “curve” at which the NHP model could
potentially predict an association between increased amygdala
volumes and IL-6 after the increased growth rate. It was
interesting to observe slightly larger right than left amygdala
volumes in our study (Table 2). As we saw an increased rate of
development associated with IL-6 in the left, it is possible that
we would have seen a significant association with the right
amygdala at an earlier time point before volumes increased
at a greater growth rate (slope). Support for this hypothesis is
further strengthened in a similar collaboration investigating the
association of maternal IL-6 with human infant frontolimbic
white matter tract integrity across two time points (4 weeks
and 12 months of age) (Rasmussen et al. 2018). Similar to the
current findings, this study found that IL-6 was associated with a
decrease in fractional anisotropy (FA) of the uncinate fasciculus
proximal to the amygdala at the first time point. However, IL-6
was also associated with a positive increase in rate of FA across
the first year of life, comparable to the findings that are reported
in our current study (Rasmussen et al. 2018).

Importantly, direct comparisons of NHP studies to human
findings can often be complicated, as the brains develop at
different rates. Indeed, while the human brain undergoes maxi-
mum growth right around birth, maximal brain growth happens
approximately 60 days prior to birth in monkeys (Brambrink
et al. 2010). The macaque brain is already above 50% of its full
adult size at birth compared with the human infant brain, which
is only approximately 35% of its full adult size. Because critical
developmental processes such as myelination, synaptogenesis,
and neurogenesis also occur at slightly different stages (Clancy
et al. 2001; Workman et al. 2013), the impact of in utero envi-
ronmental influences may vary across these two species and
influence different stages of brain development.

Our finding that early amygdala volumes associate with later
behavioral outcomes, and that the rate of amygdala growth
changes across time is particularly significant because the
majority of longitudinal human studies lack the dense sampling
to examine this critical question. However, evidence from the
available literature on human mood disorders is consistent with
our overall findings, as smaller amygdala volumes have been
linked to children with mood disorders, and the association
either dissipates or is reversed into adulthood (Hajek et al. 2009;
Warnell et al. 2017). Other neuropsychiatric disorders, such as
ASD and ADHD, often share comorbidity with anxiety and are
also associated with changes in amygdala volume development
(Schatz and Rostain 2006; White et al. 2009). While children with
ADHD have smaller amygdala volumes at early ages (Hoogman
et al. 2017) (similar to our intercept findings), children with ASD
(Nordahl et al. 2012) have larger and faster developing amygdala
volumes (similar to our slope findings). Though amygdala
volumes alone are unlikely to account for the entirety of sequela
across these disorders, they may explain specific component
behaviors such as anxiety (Amaral et al. 2003). Finally, the
difference in findings from our previous human work (Graham
et al. 2017) relating larger right amygdala volumes to impulse
control behaviors and our current findings relating smaller left
amygdala volumes with increased anxiety-like behaviors may
further explain the complex nature of how the amygdala is
associated with behavioral development.

While we believe these findings give promising novel insights
into the association of maternal inflammation on offspring
brain behavioral development, our study has some limitations,

which we address here. This study utilized NHPs as part of
an ongoing longitudinal study; however, behavioral data at the
time of analysis were only cleaned and available for the 11-
month time point. It is likely that a more complete longitudinal
behavioral assessment would greatly benefit the overall inter-
pretation of our findings. While “typical”amygdala development
was assessed in our unconditional model, we used a spline
model in place of a linear or quadratic model. A more complete
data set would likely allow the models to converge in either a
linear or quadratic fashion. With only seven NIH funded primate
research centers in the United States, these types of data are
particularly rare and difficult to acquire. Very few studies exist,
which use infant monkeys scans, across multiple time points.
Hence, future studies will greatly benefit from open access con-
sortium studies such as the PRIME Data Exchange (Milham et al.
2017). With the current scarcity in available data, it is important
to note that due to the nature of the longitudinal design and
species, a substantial portion of the subjects had missing data,
with the fewest data points at the 4-month time point. However,
missing data is a common occurrence in longitudinal studies,
and has been extensively addressed using the full information
maximum likelihood estimator used in this study (Collins et al.
2001; Enders 2001; Graham 2003; Raykov 2005; Buhi 2008; Jeličić
et al. 2009; Schlomer et al. 2010; Larsen 2011; Peyre et al. 2011;
Gustavson et al. 2012). While our models were able to explain
a large portion of the variance for the intercept and slope,
significant variance still remained in our final model (Table 2).
Other factors such as genetics, other cytokines, cortisol, or envi-
ronmental stressors experiences post birth may also play an
important role in explaining individual differences of amygdala
volume trajectories (Graham, Pfeifer, Fisher, Carpenter, et al.
2015a; Graham, Pfeifer, Fisher, Lin, et al. 2015b; Graham et al.
2016, 2019; Buss et al. 2017). These other factors may also explain
the difference in variance explained between the left (62%) and
right (31%) intercept and our results only showing that IL-6
was significantly associated with the left amygdala volume. In
addition, even though maternal and post-weaning diet did not
significantly impact our model, having a more complete data set
of this covariate, and a more complete picture of the inflamma-
tory “milieu,” might offer a more comprehensive understanding
of potential associations of diet on inflammation and subse-
quent brain development. It is important to note that other
factors such as obesity, glucose/insulin homeostasis, and diet
can all independently contribute to different aspects of offspring
neurodevelopment and should be studied in concert for future
experiments. Furthermore, this study used TBVs as covariates in
the model. Though we consider the addition of this covariate as
a strength, there is still debate in the field regarding how best
to handle the effect of TBV, as different correction methods may
lead to different results and interpretations. Complex familiar
relationships between the mothers of this study could also be a
potential confound of the study. As we did not have the power
to address this problem using the batch analysis approach, our
closest comparison to this measure was using the number of
maternal pregnancies as a covariate, which was not found to
be a significant confounder. Similarly, we did not control for
age at scan, as we did not have the power to address this time
varying covariate and obtain a trustworthy model. However,
even when including this variable as a time varying covariate,
it did not change the findings in the light of this untrustworthy
model (more details on this in the Supplemental Materials and
Methods section). Finally, previous research has shown that IL-6
concentrations can fluctuate over time during pregnancy; here,
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we measured IL-6 concentrations during the third trimester.
However, this timing can also be considered a strength, as this
critical window in development with regard to IL-6 has been
shown to be highly influential to postnatal brain development
(Rudolph et al. 2018) and, thus, may provide some specificity
to our results. Nonetheless, our findings are likely to benefit
from future work that characterizes the dynamics of maternal
inflammation across pregnancy using multiple measurements.

The results from the present report increase our current
understanding of how maternal inflammatory cytokines may
impact brain and behavior relationships over time. Previous
findings independently relating maternal inflammation with
anxiety-like behaviors and amygdala volume differences are
supported by our findings—indeed, these relationships are
integrated together in the context of brain development
over time. Though other risk factors, brain regions and
behaviors undoubtedly contribute to these relationships, our
findings suggest a promising avenue of study for future
investigation. Finally, in light of rising obesity rates, stress,
consumption of WSDs, and their effects on increased maternal
inflammatory states, our findings are timely, relevant, and
offer a deeper understanding of how the maternal immune
system shapes long-term brain and behavioral development in
offspring.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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