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Abstract

Maternal infection has emerged as an important environmental risk factor for neurodevelopmental 

disorders, including schizophrenia and autism spectrum disorders. Animal model systems of 

maternal immune activation (MIA) suggest that the maternal immune response plays a significant 

role in the offspring’s neurodevelopment and behavioral outcomes. Extracellular free water is a 

measure of freely diffusing water in the brain that may be associated with neuroinflammation and 

impacted by MIA. The present study evaluates the brain diffusion characteristics of male rhesus 

monkeys (Macaca mulatta) born to MIA-exposed dams (n=14) treated with a modified form of 

the viral mimic polyinosinic:polycytidylic acid at the end of the first trimester. Control dams 

received saline injections at the end of the first trimester (n=10) or were untreated (n=4). Offspring 

underwent diffusion MRI scans at 6, 12, 24, 36, and 45 months. Offspring born to MIA-exposed 
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dams showed significantly increased extracellular free water in cingulate cortex gray matter 

starting as early as 6 months of age and persisting through 45 months. Additionally, offspring 

gray matter free water in this region was significantly correlated with the magnitude of the 

maternal IL-6 response in the MIA-exposed dams. Significant correlations between brain volume 

and extracellular free water in the MIA-exposed offspring also indicate converging, multimodal 

evidence of the impact of MIA on brain development. These findings provide strong evidence 

for the construct validity of the nonhuman primate MIA model as a system of relevance for 

investigating the pathophysiology of human neurodevelopmental psychiatric disorders. Elevated 

free water in individuals exposed to immune activation in utero could represent an early marker of 

a perturbed or vulnerable neurodevelopmental trajectory.

Introduction

A significant body of evidence implicates maternal infection as one of the most important 

environmental risk factors for neurodevelopmental disorders, including schizophrenia and 

autism spectrum disorders 1–6. Additional evidence implicating neuroimmune mechanisms 

in neurodevelopmental disorders include genetic links to the major histocompatibility 

complex, which contains genes that are critical for adaptive immune function 7, and 

alterations in measures of immune function, such as serum cytokines and chemokines, 

that have been repeatedly observed in schizophrenia, bipolar disorder, and autism spectrum 

disorder 5, 8–12.

Given the critical role that neuroimmune mechanisms play in many aspects of normal 

brain development and healthy synaptic function, these findings have prompted interest in 

developing preclinical models that can offer better insight into the mechanism by which 

exposure to these inflammatory factors may increase the risk for neurodevelopmental 

disorders 13, 14. A large body of evidence from preclinical research using the maternal 

immune activation (MIA) model suggests that the maternal immune response is the critical 

link between exposure to a variety of viral and bacterial infections during pregnancy and 

alterations in fetal brain development 15–22. In the MIA model, dams are exposed to 

an immune-activating agent during pregnancy, which prompts an immune response and 

initiates a trajectory of atypical offspring neurodevelopment reflected in altered behavior, 

brain structure, and function in a proportion of offspring. Rodent MIA models manifest 

a wide range of behavioral and neuroanatomical phenotypes suggesting that prenatal 

immune challenge may serve as a “disease primer” that, in combination with other 

genetic or environmental factors, may alter neurodevelopmental trajectories 17, 23, 24. While 

comparisons between animal models and clinical disorders must be made with caution, 

MIA-exposed offspring do exhibit changes relevant to psychotic and autism spectrum 

disorders, including altered sensorimotor gating, reduced social behaviors, reduced working 

memory, increased sensitivity to dopamine receptor agonists, and reductions in cortical 

gray matter 5, 25. Alterations in fractional anisotropy (FA) have also been identified in 

MIA-exposed juvenile 26 and adult 27 mice undergoing diffusion MRI. An important recent 

development in the investigation of neuroimmune mechanisms of altered neurodevelopment 

is the emergence of a nonhuman primate (NHP) MIA model. This model offers unique 

advantages due to the increased similarity to human brain structure and function, cognition, 
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and social behavior 28. Initial studies using the NHP MIA model revealed changes in 

species-typical behavioral development 29, 30 and long-term alterations in the immune 

responses of offspring born to MIA-exposed dams 31. Weir and colleagues 32 noted evidence 

of neuropathology in these offspring, which showed reductions in the diameter of apical 

dendrites in the dorsolateral prefrontal cortex at 3.5–4 years of age (late adolescence) that 

has been recently replicated in a larger cohort of MIA-exposed NHPs 33. We have previously 

reported decreased frontal gray and white matter paired with subtle cognitive impairments 

in the present cohort of MIA-exposed rhesus monkeys that have undergone longitudinal 

brain and behavior phenotyping 34. Rhesus macaque offspring exposed to influenza in 

utero have also been shown to exhibit subtle behavioral changes in early development and 

reduced overall gray matter, with the most significant reductions in the cingulate and parietal 

cortex 35. Collectively, these studies suggest that rhesus monkeys prenatally exposed to 

immune challenge exhibit relatively normal patterns of early behavioral development despite 

atypical brain growth and immune system development. However, behavioral changes may 

become more pronounced as they approach puberty, a time that coincides with a sensitive 

period of neuronal reorganization and plasticity 36. Work by our group 37 using [18F]fluoro-

l-m-tyrosine (FMT) positron emission tomography (PET) also reveals that adolescent MIA-

exposed offspring from a separate cohort show elevations in striatal dopamine.

Maternal inflammation (i.e., maternal IL-6) has been shown to have strong associations with 

altered diffusion characteristics, particularly altered FA in human neonates38. Alterations 

in FA have also been regularly found in individuals with psychiatric disorders, including 

psychotic and autism spectrum disorders39–42, although newer multi-shell diffusion imaging 

methods offer a more detailed analysis of these neuroanatomical alterations. Pasternak and 

colleagues previously demonstrated the utility of measuring extracellular free water as a 

method of adjusting for free water in calculating fractional anisotropy 43, and also as a 

distinct biomarker that may be associated with inflammation. This and work from our group 
44, 45 have shown a pattern of increased free water and comparable free water-corrected 

FA in first-episode psychosis samples. In contrast, chronic samples appear to show more 

prominent reductions in FA 46. In addition, results of recent back-translational work in 

a MIA-exposed rat model 47 show increased extracellular free water in the white matter, 

particularly within the corpus callosum, external capsule, and striatum. However, the effect 

of MIA on extracellular free water in the nonhuman primate model has never been examined 

and offers a greater neuroanatomical and behavioral similarity to human samples.

The goal of the present study is to use brain diffusion characteristics in NHP offspring over 

the first four years of life to test the hypothesis that offspring of MIA-exposed dams will 

show higher extracellular free water in gray matter and specifically frontal and cingulate 

cortex. Tissue-specific FA (FA-t) will also be examined but is hypothesized to be less 

significantly impacted. Finally, we anticipate that maternal immune reactivity, measured by 

the peak IL-6 response after injection, will be positively associated with offspring free water 

measures.
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Materials and Methods

Experimental procedures were developed in collaboration with the veterinary, animal 

husbandry, and environmental enrichment staff at the California National Primate Research 

Center (CNPRC) and approved by the University of California, Davis Institutional Animal 

Care and Use Committee. All attempts were made to promote the psychological well-

being of the animals participating in this research. These efforts included social housing, 

an enriched diet, positive reinforcement strategies, and minimizing the duration of daily 

training/testing sessions.

Animal Selection and MIA Procedures

Animals in this study represent the same cohort reported by Vlasova and colleagues34. 

Consequently, we present some of the methods in a condensed form. Pregnant dams between 

five and twelve years of age were selected (based on age, weight, parity, and the number 

of live births) from the indoor time-mated breeding colony at the CNPRC and assigned to 

MIA (n=14) and control (n=10 saline-treated and n=4 untreated) groups. Synthetic double-

stranded RNA (polyinosinic:polycytidylic acid [Poly IC] stabilized with poly-L-lysine [Poly 

ICLC]) (Oncovir, Inc.; 0.25 mg/kg i.v.) or sterile saline (equivalent volume to Poly ICLC) 

was injected at 07:30 hours in the cephalic vein in awake animals on gestational day (GD) 

43, 44, and 46. Blood samples collected 6 hours after the second (GD 44) and third (GD 46) 

Poly ICLC injections confirmed a strong pro-inflammatory cytokine response as indexed by 

the change in IL-6 from baseline samples as described in Vlasova et al. 2021 34. Following 

recent guideline recommendations for improving the reporting of MIA model methods, 

the checklist from Kentner and colleagues 48 is provided as supplementary material. One 

offspring from the MIA group was euthanized at 6 months of age due to an unrelated health 

issue and is not included in any free water analyses. A second animal from the MIA group 

was euthanized at 42 months of age due to an unrelated health condition and therefore does 

not contribute data at the final timepoint and is not included in the IL-6 correlation but is 

included in longitudinal free water analyses.

Rearing Conditions and Husbandry

Infants were raised in individual cages with their mothers, where they had visual access 

to other mother-infant pairs at all times. For 3 hours each day, one familiar adult male 

and four familiar mother-infant pairs were allowed to freely interact in a large cage (3 m 

long x 1.8 m wide x 2 m high) to provide enrichment and facilitate species-typical social 

development. The infants were weaned from their mothers at 6 months of age and were 

continuously paired with a familiar peer from their rearing group. Weanlings continued the 

same group socialization routine, with the addition of a non-related adult female, through 

approximately 18 months of age and remained with treatment-matched permanent pairs 

thereafter. In addition to the longitudinal neuroimaging studies, the offspring participated in 

behavioral testing paradigms throughout development, as described in Vlasova et al. 34.

Neuroimaging

Magnetic resonance images were collected at 6, 12, 24, 36, and 45 months of age using 

a Siemens Magnetom Skyra 3-T (Davis, California) with an 8-channel coil optimized for 
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nonhuman primate brain scanning (RapidMR, Columbus, Ohio). While twenty-four animals 

were also scanned at one month of age (and three animals at three months), poor image 

quality and low gray/white T1 image contrast prevented analysis for the present study. 

Animals were sedated with ketamine for intubation and then anesthetized with isoflurane 

(1.3–2.0%) at varying rates to maintain a steady state of anesthesia. Respiration and heart 

rate were continually monitored throughout imaging by trained CNPRC staff. Two animals 

showed sensitivity to isoflurane and were consequently sedated with propofol at subsequent 

time points. A third animal initially showed isoflurane sensitivity and received propofol for 

the six-month scan but was tested and cleared to receive isoflurane for the remaining time 

points. Once the animal was placed in and centered at the mid-line of the MR-compatible 

stereotaxic frame, the 8-channel receiver coil was attached to the stereotaxic frame using a 

custom connector. The center point of the 8-channel coil was positioned at AP+10 on the 

stereotaxic frame, and the Skyra table was then “landmarked” at AP+10 on the stereotaxic 

frame so that the center of the animal’s brain was at isocenter. Fluids were maintained with 

saline at a rate of 10 ml/kg/hr for the duration of the MRI scan.

Acquisition Parameters: T1 weighted images (480 sagittal slices) were acquired with 

TR=2500 ms, TE=3.65 msec, flip angle=7°, field of view 256×256, voxel size during 

acquisition was 0.6×0.6×0.6 mm which was interpolated during image reconstruction in 

the scanner to 512×512 voxels with a resolution of 0.3×0.3×0.3 mm. Diffusion data were 

acquired with the following settings: TR=5600-msec, echo time=90 msec, 0.7 mm in-plane 

resolution, and 42 slices at 1.4 mm slice thickness. The sequence included 64 directions 

acquired F-H with the following b-shells: 11 x b=0, 23 x b=500, 22 x b=900, 19 x b=1400. 

Additional b=0 images were collected in the opposing phase encoding direction to correct 

for susceptibility-induced distortion.

Image processing: All images were processed without knowledge of group assignment 

and only with knowledge of age at scan. T1 weighted images were aligned to a common 

atlas 49, bias field corrected, and brain masked using AutoSeg_3.3.2 50. Brain masks 

were manually corrected if necessary. Following this preprocessing, T1 weighted images 

were segmented into gray matter (GM), white matter (WM), and cerebrospinal fluid 

(CSF) using NeosegPipeline_v1.0.8 51. The University of North Carolina lobar parcellation 

(https://www.nitrc.org/projects/unc_macaque/) 52 was employed to parcellate the tissue 

segmentations into 24 lobar brain regions using the multi-atlas fusion in AutoSeg_3.3.2 
50. All segmentation and parcellation results were visually quality controlled.

Diffusion images were thoroughly inspected visually for artifacts, and DTIPrep 53 was 

used to identify slice-wise, interlace-wise, and gradient-wise intensity artifacts. Images 

with artifacts were discarded, and the remaining underwent susceptibility-induced distortion 

correction using opposite phase encoding b=0 images and the FSL topup tool 54, 55. Data 

were corrected for eddy currents and realigned using FSL eddy 56, including rotation of 

b-matrices. The Dipy diffusion imaging library 57 and included free water elimination 

model 58 were used to calculate all diffusion metrics. This model expands the typical DTI 

model and assumes that each voxel contains two components: an anisotropic tissue-bound 

component and an isotropic extracellular free water component. In this study, we evaluated 
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both the free water component and tissue-specific fractional anisotropy (FA-t), which 

reflects traditional FA with the free water component eliminated. To align diffusion data 

with the segmented and parcellated regions of interest, fully processed mean b=0 images 

were nonlinearly warped to each individual animal’s T2-weighted image using Advanced 

Neuroimaging Tools (ANTs) SyN 59, 60. This nonlinear transformation was then applied to 

each animal’s free water and FA-t images to bring the diffusion measures into the same 

space as the segmented and parcellated regions of interest. As suggested by the Dipy 

toolbox, we thresholded FA-t and free water output to remove voxels with greater than 70% 

free water, which limits artifacts caused by voxels with large free water fractions (i.e., voxels 

containing largely cerebrospinal fluid). The code used to process data presented in this 

manuscript are publicly available (https://github.com/NIRALUser and https://github.com/

TCANLab/NHPfwtools), and measurement data are shared at the NHPfwtools repository as 

well.

Figure 1 depicts the a priori regions of interest (ROI) that were selected (whole-brain, 

prefrontal, frontal, cingulate, and temporal limbic) based on the body of literature 

highlighting neuroanatomical alterations associated with MIA 61–64. Free water was 

examined separately in white and gray matter ROIs and FA-t was examined only in the 

white matter of each ROI.

Statistical analysis

Statistical analysis employed linear mixed-effects models 65 to model free water measures 

trajectories and to evaluate group differences between 6 and 45 months of age. An advantage 

of this approach is the ability to use all available data for an individual, to account for 

the effect of covariates of interest, and to model heterogeneous variances (across groups 

or time). Outcomes were white and gray matter free water (FW) and FA-t in whole-brain, 

prefrontal, frontal, cingulate, and temporal limbic regions. Separate models were fitted for 

each ROI, and to aid model convergence, all outcomes were rescaled by multiplying with 

100. A fourth-order orthogonal polynomial model was sufficiently complex to describe 

all the outcomes in our data adequately. Orthogonal polynomials are transformations of 

natural polynomials that make the individual terms independent (i.e., remove the correlation 

between, for example, linear and quadratic age), thus allowing for a more precise evaluation 

of differences in free water trajectories. We accounted for within-subject correlation due to 

the repeatedly measured outcomes using a random intercept and random slopes for the linear 

up to quadratic trends. We followed a two-step process to identify the best-fitting model 

for each outcome. We first selected the covariance structure that was the most appropriate, 

using a model that included fixed effects for the group (MIA vs. control), linear, quadratic, 

cubic, and quartic orthogonal polynomials for age at scan (measured in years), and all the 

interactions between group and polynomial effects of age. In the second step, we examined 

whether models with higher-degree polynomials and interactions provided a better fit than 

simpler models. We sequentially removed the highest degree polynomial and interaction 

terms and compared all resulting models to identify the model with the lowest corrected 

Akaike information criterion (AIC) 66, 67. The corrected AIC (a finite-sample corrected 

version of AIC) is a measure of overall model fit, penalized for the number of predictors 

to avoid overfitting. The performance of models was considered similar if the difference 
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in corrected AICs was smaller than 2. In cases where the performance of two models was 

similar, we also examined the Bayesian information criterion (BIC) 68, and we confirmed 

that the reported model also had a lower BIC. All models were validated both graphically 

and analytically. Tests were two-sided, with α = 0.05. All analyses were conducted in SAS 

version 9.4. (SAS Institute Inc., Cary, NC).

Results

MIA Effect and Developmental Trajectories

As reported by Vlasova and colleagues 34, blood samples revealed a strong increase in 

IL-6 levels from baseline in MIA-exposed dams compared to saline controls (Figure 

2). Additionally, there were no significant differences between groups in any gross 

measure of offspring development, including growth trajectories (weight, crown-rump, 

head circumference), neuromotor reflexes, and overall health. However, the MIA-exposed 

offspring in this study showed measurable cognitive deficits that were selective to tasks 

requiring high levels of sustained attention and cognitive flexibility, beginning at 18 months 

of age 34.

Neuroimaging Results

Assessment of diffusion data after quality control procedures revealed an average of 3.3 

volumes (range of 0 to 18) were discarded per animal. Importantly, the number of discarded 

images did not differ between treatment groups (p=0.64), and there was no significant 

interaction with time (p=0.62). A significant main effect of time was noted, with more 

volumes discarded at later time points in both groups (p<0.001). An example image of the 

type of artifacts that were identified and led to discarded data is presented in the supplement 

(Figure S1).

Summary information for all diffusion measures and regions of interest is presented in Table 

1, and results of the best-fitting statistical models are summarized in Table 2. None of the 

models revealed group-by-age interactions. Free water ROI analyses revealed a significant 

main effect of group and age in the cingulate gray matter (Figure 3), with higher free water 

in the MIA offspring than in controls and higher free water over time. Other regions of 

interest showed only significant effects of age. ROI analyses of FA-t in white matter revealed 

only significant effects of age, with no main effects of group. For ease of viewing these 

patterns, estimated effect sizes for the group differences were calculated using mixed-effects 

models 69 and displayed in the supplement (Figure S2).

To evaluate whether the magnitude of the maternal immune response played a role 

in developmental changes in diffusion characteristics of the offspring, we computed 

Spearman’s rank correlations between summaries reflecting relevant and interpretable 

aspects of IL-6 and FW data. Maternal IL-6 response was summarized by the peak level 

(i.e., the maximum) after the second and third injections, which may be interpreted as 

the maximum effect of the injection. Free water in ROIs where a significant free water 

group effect was identified was summarized by calculating the area under the curve for 

each individual trajectory, standardized by the length in the study. This approach was 
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preferable to averaging because the imaging was performed at unequal time intervals, and 

there was a slight variation in the ages at the scan across offspring. These correlations 

were conducted separately in the two groups, using only the animals who had complete 

data (12 MIA, 10 Control). As shown in Figure 4, free water and maternal IL-6 reactivity 

were significantly correlated in cingulate gray matter (Spearman’s ρ=0.71, p=0.01) in the 

MIA-exposed offspring, but not the control group (ρ=.02, p=0.96).

Given significant reductions in regional brain volume and subtle behavioral deficits noted in 

the same cohort by Vlasova and colleagues 34, we performed post-hoc analyses exploring 

the relationship between these volumetric/behavioral findings and free water. Specifically, 

we conducted Spearman’s rank correlations between brain volume and free water within 

regions that showed either significant group differences in brain volume34 (prefrontal gray, 

frontal gray, frontal white) or significant group free water differences (cingulate gray). 

Additionally, we examined the relationship between free water and brain volume in whole-

brain gray and white matter. These six correlations were based on the area under the 

curve summaries calculated as described above for free water and brain volume. Finally, 

in terms of behavioral data, we focused on the relationship between cingulate gray matter 

free water and behavioral metrics that showed significant group differences in our previous 

study34, which include CPT (Continuous Performance Task) false alarms and ID/ED (Intra/

Extradimensional) miss rate.

Exploratory analyses evaluating the relationship between brain volume and free water 

(supplementary Table S1) revealed significant inverse associations between these measures 

in the MIA-exposed offspring in whole-brain, frontal, prefrontal, and cingulate gray matter 

as well as whole-brain white matter. One significant positive relationship was identified 

between free water and frontal white matter volume in the control offspring. Using Fisher 

r-to-z transformations to test whether the relationship between brain volume and free water 

was statistically stronger in one group compared to the other, we identified a significantly 

stronger (more negative) relationship between these measures in MIA compared to control 

offspring in frontal and prefrontal gray matter as well as frontal and whole-brain white 

matter (see Table S1 in supplement). Analyses exploring the relationship between free water 

and behavioral measures (CPT false alarms and ID/ED misses) revealed no significant 

relationships in either group (all p>0.34).

Discussion

The present study revealed, for the first time, a pattern of elevated extracellular free 

water in the cingulate cortex gray matter in NHP MIA offspring. Furthermore, these 

elevations emerged as early as 6 months in development and were stably elevated over 

the 4-year study period, equivalent to childhood through late adolescence. These free water 

alterations occurred in the absence of significant differences in white matter integrity as 

measured using FA-t. Furthermore, and importantly, maternal plasma IL-6 levels were 

significantly associated with elevated FW in the MIA offspring, providing additional 

evidence for a robust causal link between maternal immune response and subsequent 

atypical neurodevelopment.
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Free water elevations have recently been reported in an MIA rat model 47. These data 

parallel the present study in showing free water elevations in the absence of FA-t 

group differences, suggesting that MIA-induced changes in offspring may be specific to 

extracellular diffusion characteristics as opposed to white matter integrity per se. Di Biase 

and colleagues reported higher extracellular free water in the white matter, particularly 

within the corpus callosum, external capsule, and striatum, and did not report analyses of 

gray matter FW. Notably, the finding of MIA-induced FA alterations in offspring in rodent 

models is inconsistent. In MIA mouse models, both increases and decreases in FA have been 

reported depending upon the region examined and the age of the MIA offspring 26, 27, 70. 

However, these studies did not account for the free water component, which should provide 

better specificity on how these diffusion characteristics are altered.

The present NHP MIA model provides an opportunity to explore MIA-induced free water 

elevations reported in rodent models in a species more closely related to humans. It has 

been argued from human studies that the presence of increased FW may reflect the presence 

of neuroinflammatory or some other neuroimmune perturbation at illness onset44–46, 71. 

However, such an interpretation is arguably indirect as other mechanisms that might lead 

to increased extracellular volumes in gray and white matter, such as atrophy, could also 

lead to this result. In an effort to address this concern, recent work by our group identified 

a relationship between higher free water in a first-episode schizophrenia sample and an 

important antioxidant and free radical buffer in the brain, glutathione 45. This correlational 

analysis revealed that individuals with higher free water also showed lower glutathione 

levels, providing converging evidence for a measurable neuroinflammatory or neuroimmune 

perturbation. In addition, recent work in the rat MIA model by Di Biase and colleagues 47 

identified an association between white matter extracellular free water and proinflammatory 

peripheral cytokine levels, providing further evidence for immune involvement. The results 

of the present study in the MIA nonhuman primate model provide additional support for 

this interpretation since manipulating the maternal immune response at a critical time during 

pregnancy resulted in a developmental alteration in cingulate FW in the offspring.

Finally, we recently reported an early and stable onset of reduced frontal and prefrontal 

brain volume in this cohort of NHP MIA offspring 34. Our current findings of robust and 

novel inverse relationships between free water and brain volume in frontal, prefrontal, and 

cingulate gray matter in this sample offer additional insight into MIA’s impact on NHP 

offspring brain development. Histological studies suggest that volume reductions in MIA 

rodent offspring may be related to reduced neuronal density, particularly of GABAergic 

neurons 72–75. One driver of these reductions may be altered pyramidal neuronal migration, 

which has been reported in MIA offspring 72, 73, 76, 77. In addition to neuronal count, rodent 

MIA models highlight reductions in synaptic density 78, although this has not been found 

in nonhuman primates32. Instead, Weir and colleagues32 identified reduced apical dendrite 

diameter and an increased number of oblique dendrites recently replicated in a larger NHP 

MIA model cohort 33. While we did not identify group differences in white matter free 

water, we did identify significant relationships between whole-brain white matter and the 

corresponding free water fraction, specifically in MIA offspring. Work by Richetto and 

colleagues in a rodent MIA model79 highlights alterations in transcriptional and epigenetic 

factors related to myelin stability proteins and an MIA-driven alteration in myelin “quality” 
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that might inform this relationship. However, at this stage, it is difficult to disentangle 

whether free water increases are a consequence of altered volumetric trajectories, whether 

the balance of tissue-bound versus extracellular free water might contribute to neuronal 

morphology and structure, or rather that brain volume and free water alterations reflect 

the influence of a third variable and different mechanisms. Nonetheless, the fact that these 

relationships are mainly present in and stronger in MIA offspring compared to control 

offspring provides converging evidence that these measures are complementary indicators of 

the impact of MIA on neurodevelopment.

The finding that dams with a higher IL-6 response to poly-ICLC gave birth to offspring 

with higher free water in the cingulate cortex also provides a potential mechanism by 

which MIA may induce changes in offspring neurodevelopment. Studies in rodents have 

suggested that IL-6 plays a prominent role in mediating MIA-induced changes in fetal 

brain development and behavior 80. Additionally, our recent work in the rodent MIA model 

has identified individual variation in the maternal immune response as a predictor of the 

severity of offspring behavioral phenotypes 81. These data also align with work by Garay 

and colleagues 82 that identified increased levels of largely pro-inflammatory cytokines in 

the brains of MIA mice offspring, particularly in frontal and cingulate cortices. The link to 

human brain development has also been highlighted by Rasmussen and colleagues 38, who 

found that higher maternal IL-6 levels were associated with lower FA values in the uncinate 

fasciculus in neonates. Furthermore, developmental changes in FA were found to mediate 

the relationship between maternal IL-6 and infant cognition one year later. Taken together, 

these animal model systems and human studies highlight a robust relationship between 

maternal inflammation and offspring brain and behavioral development.

The present study has several limitations that must be acknowledged. As with any study 

involving an animal model, one must use caution in overinterpreting and ascribing direct 

links to a particular disorder in humans. While many characteristics of the MIA model have 

face validity as relevant to psychiatric disorders, such as schizophrenia (e.g., elevated striatal 

dopamine 83, 84, altered prepulse inhibition 80, reduced social behavior 85, and reduced 

prefrontal brain volume 35), commonalities are also seen with autism spectrum disorder 

(e.g., repetitive behaviors and reduced social behavior 85). The sample size is also relatively 

modest, and as such, we had the power to detect only moderate to large effect sizes. While 

we attempted to minimize the number of statistical tests by identifying a limited number of a 

priori regions of interest, it should be noted that we did not correct for multiple comparisons. 

There is also emerging evidence that sex may play an important role in MIA studies 86, 87, 

and the present study was limited to male offspring. Studies in a new cohort that will allow 

us to gain insights into possible sex differences in the nonhuman primate MIA model are 

currently underway.

These results, together with the anatomical results reported by Vlasova and colleagues 34, 

provide strong evidence for the construct validity of the NHP MIA model as a system of 

relevance for investigating the pathophysiology of human neurodevelopmental psychiatric 

disorders. Recent theories propose that activation of the immune system during pregnancy 

may act as a disease primer that leaves the organism vulnerable to additional environmental 

insults during development that may increase the risk for psychopathology. Elevated free 
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water in individuals exposed to immune activation in utero could represent an early marker 

of a perturbed or vulnerable neurodevelopmental trajectory. The current MIA NHP cohort 

will ultimately undergo cellular and molecular analyses of brain tissue, enabling us to shed 

more light on the nature of altered neurodevelopment associated with MIA and its impact on 

cellular and molecular mechanisms in the NHP brain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Depiction of regions of interest: a) prefrontal, b) frontal, c) cingulate, d) temporal limbic, e) 

whole-brain gray matter, and f) whole-brain white matter.
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Figure 2: 
Depiction of peripheral blood IL-6 response in MIA-exposed (a) and control dams (b) after 

PolyIC:LC or saline injection, respectively. To allow the plotting of both groups on the same 

figure, the y-axes ranges are different for the two groups.
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Figure 3: 
Free water fraction in cingulate gray (a) and white (b) matter across time in MIA-exposed 

(red) and Control (blue) offspring.
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Figure 4: 
Correlations between the summary measure of free mater fraction in cingulate gray matter 

and maternal immune response in MIA-exposed and Control offspring. The graph shows 

rank-transformed data and Spearman’s rank correlations (ρ).
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Table 2.

Summary of the linear mixed-effects modelsa examining trajectories of free water (FW) measures from 6 to 45 

months in MIA-exposed and Control offspring

Fractional Anisotropy White Matter FW Gray Matter FW

Model Term Estimate (SE) P-value Estimate (SE) P-value Estimate (SE) P-value

Whole-Brain Measures

Intercept 91.80 (0.64) < 0.001 32.80 (0.35) < 0.001 40.32 (0.75) < 0.001

MIA (vs. Control) −0.30 (0.42) 0.48 0.39 (0.22) 0.08 0.77 (0.48) 0.12

Linear 7.91 (0.16) < 0.001 3.98 (0.24) < 0.001 6.26 (0.29) < 0.001

Quadratic −2.05 (0.15) < 0.001 −1.20 (0.13) < 0.001 −1.87 (0.26) < 0.001

Cubic 0.24 (0.15) 0.10 −0.61 (0.19) 0.002 −0.59 (0.26) 0.03

Quartic 0.50 (0.15) 0.001 0.98 (0.19) < 0.001 0.76 (0.26) 0.004

Prefrontal Measures

Intercept 89.62 (0.82) < 0.001 24.10 (0.44) < 0.001 34.23 (0.71) < 0.001

MIA (vs. Control) 0.24 (0.53) 0.65 0.35 (0.29) 0.24 0.36 (0.45) 0.43

Linear 5.30 (0.22) < 0.001 4.50 (0.23) < 0.001 6.29 (0.30) < 0.001

Quadratic −1.23 (0.20) < 0.001 −1.58 (0.23) < 0.001 −1.68 (0.29) < 0.001

Cubic −0.35 (0.20) 0.09 −0.95 (0.23) < 0.001 −0.70 (0.29) 0.02

Quartic 1.00 (0.20) < 0.001 1.45 (0.23) < 0.001 1.09 (0.29) < 0.001

Frontal Measures

Intercept 100.15 (0.76) < 0.001 28.45 (0.36) < 0.001 36.81 (0.69) < 0.001

MIA (vs. Control) 0.06 (0.49) 0.90 0.09 (0.22) 0.67 0.25 (0.45) 0.58

Linear 7.08 (0.16) < 0.001 4.45 (0.25) < 0.001 4.79 (0.27) < 0.001

Quadratic −2.01 (0.15) < 0.001 −1.19 (0.19) < 0.001 −1.71 (0.24) < 0.001

Cubic −0.06 (0.15) 0.68 −0.93 (0.19) < 0.001 −0.63 (0.24) 0.01

Quartic 0.68 (0.15) < 0.001 1.23 (0.19) < 0.001 0.87 (0.24) < 0.001

Cingulate Measures

Intercept 92.93 (0.99) < 0.001 24.26 (0.43) < 0.001 38.93 (1.00) < 0.001

MIA (vs. Control) −0.58 (0.64) 0.37 0.13 (0.25) 0.61 1.55 (0.66) 0.03

Linear 5.34 (0.28) < 0.001 2.76 (0.28) < 0.001 5.92 (0.34) < 0.001

Quadratic −1.42 (0.28) < 0.001 −0.75 (0.27) 0.006 −1.67 (0.32) < 0.001

Cubic – – −0.74 (0.31) 0.02 −0.54 (0.31) 0.09

Quartic – – 1.06 (0.33) 0.002 0.63 (0.31) 0.048

Temporal Limbic Measures

Intercept 87.27 (0.98) < 0.001 36.21 (0.59) < 0.001 45.37 (0.67) < 0.001

MIA (vs. Control) −0.86 (0.64) 0.19 0.15 (0.38) 0.70 0.29 (0.44) 0.52

Linear 5.87 (0.25) < 0.001 3.64 (0.26) < 0.001 3.90 (0.25) < 0.001

Quadratic – – -0.75 (0.26) 0.004 −0.75 (0.24) 0.002

Cubic – – – – −0.22 (0.24) 0.35

Quartic – – – – 0.46 (0.24) 0.053

Abbreviations: MIA, maternal immune activation, SE = standard error.
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a
Mixed-effects linear regression fitted to13 MIA-exposed (n = 1 missing data at 45 months) and 14 control offspring using up to fourth-order 

orthogonal polynomial models. To aid model convergence, all outcomes were rescaled (by multiplying with 100). Random intercepts and slopes 
were used to account for within-animal dependence. Initial models included fixed effects for the group (MIA vs. control), linear, quadratic, cubic, 
and quartic orthogonal polynomials for age at scan (measured in years), and interactions between the group and the effects of age. Higher-degree 
polynomial and interaction terms were sequentially removed, and models were compared to identify the reported models using the lowest corrected 
Akaike information criterion. Note that in this approach, the intercept term does not stand for the y-intercept but rather is the average y-value of the 
modeled curve, the linear term reflects a monotonic change in free water, and the quadratic term reflects an increase following a decrease in free 
water. The cubic and quartic terms tend to capture minor details in the curve’s tails.
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