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A B S T R A C T

Maternal infection during pregnancy has been linked to the emergence of neurodevelopmental disorders. Pre-
clinical animal models of maternal immune activation (MIA) have provided critical mechanistic links between 
maternal cytokines and alterations in offspring brain and behavioral development. While most preclinical work 
on MIA used rodent models, nonhuman primate (NHP) models have strong translational potential due to their 
greater similarity with humans. Previous NHP MIA models have replicated rodent findings of atypical offspring 
behavior emerging as animals mature, but few studied MIA-induced alterations in infancy. Here, we present a 
unique contribution on early milestones of attention in males using a rhesus monkey NHP MIA model. During an 
assessment of imitation conducted at 1 week-old, MIA-exposed offspring deviated from species-typical abilities to 
imitate social signals from human demonstrators. During a visual paired comparison task at 1 month, MIA- 
exposed offspring looked longer at novel abstract stimuli than control animals. A similar response was 
observed at 3–4 months when MIA-exposed offspring looked longer at novel monkey faces than control animals. 
The atypical response to novel social stimuli exhibited by MIA-exposed offspring appears contingent on how 
different the novel stimuli looked compared to the familiar stimuli, where MIA animals looked longer at easy 
discriminations compared to control animals. These results indicate that attentional processes in MIA-exposed 
offspring may be disrupted early in development, potentially resulting in longer visual stimuli processing 
times. Disruption of early attentional processes in the NHP MIA model may provide translational insights to 
identify children impacted by gestational exposure to maternal infections.

1. Introduction

Epidemiological and clinical evidence has identified a diverse range 

of chronic and acute inflammatory conditions during pregnancy that are 
associated with an increased risk of offspring neurodevelopmental dis-
orders (Bauman and Buss, 2022; Han et al., 2021a,b). Maternal infection 
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during pregnancy has emerged as a particular area of interest due to a 
global increase in emerging infectious diseases (Jones et al., 2008). 
Although the vast majority of women who experience infection during 
pregnancy will go on to have neurotypical offspring, mounting epide-
miological evidence suggests that for some pregnancies, maternal 
infection may increase the likelihood of offspring neurodevelopmental 
disorders such as autism spectrum disorder (ASD), attention deficit hy-
peractivity disorder, schizophrenia (SZ) and Tourette syndrome (TZ) 
(Meyer, 2019). The diversity of maternal viral and bacterial infections 
(such as rubella, influenza, herpes simplex, cytomegalovirus, toxoplas-
mosis and others) associated with offspring neurodevelopmental disor-
ders suggests that maternal immune response is the critical link between 
maternal infection and altered fetal neurodevelopment (Kim et al., 
2024; Han et al., 2021a,b). However, understanding the mechanisms by 
which maternal infection influences offspring development in humans is 
challenging to disentangle both logistically and ethically due to a myriad 
of factors human offspring may be exposed to.

Preclinical models of maternal immune activation (MIA) offer a 
system for testing hypotheses and identifying causal relationships with 
significant translational potential for human studies (Bauman and Van 
de Water, 2020). In these animal models, pregnant dams are experi-
mentally exposed to an immune challenge at a specific time during 
gestation, and MIA-exposed offspring are compared to control offspring. 
However, the experimental manipulation of MIA can vary across models 
and studies due to differences in gestational age, immunogen, and dose, 
resulting in different advantages and disadvantages when selecting a 
particular model (Kentner et al., 2019). Using rodent and nonhuman 
primate (NHP) models, causal relationships have been identified be-
tween maternal infection and behavioral abnormalities that mirror 
those indicative of ASD and SZ in humans (Brown and Meyer, 2018; 
Careaga et al., 2017; Estes and McAllister, 2016). MIA-exposed rodents 
exhibit behavioral abnormalities such as disruptions to communication, 
abnormal social behaviors, and increased repetitive behaviors (Meyer, 
2013; Jouda et al., 2019). Previous research has shown that rodent MIA 
offspring also show differences in cognitive performance, such as defi-
cits in working memory, cognitive flexibility, and sensorimotor gating 
(the ability to filter out extraneous information to focus attention and 
avoid overstimulation) (Meyer, 2013). However, a recent review of the 
effects of MIA on rodent learning and memory shows variation and 
conflicting directionality in these results, suggesting that these re-
lationships may be more complex and potentially context-dependent 
(Sal-Sarria et al., 2024). This indicates that more research is war-
ranted on how MIA influences the development of species-typical 
attentional processes, particularly in the early stages and across 
development.

Although rodent MIA models have provided foundational mecha-
nistic insights (for review see Guma et al., 2019; Gumusoglu and Ste-
vens, 2019; Woods et al., 2021), NHP models are valuable analogs due to 
their physiological and phylogenetic similarity with humans. Addi-
tionally, NHPs show unique similarities with humans, such as higher 
social complexity and diversity of behavioral repertoires. NHPs also 
share with humans a heavy reliance on visual stimuli compared to ol-
factory stimuli, as well as morphological similarities such as increased 
neural cortical folding, placental structure, gestational timelines, and 
offspring neurodevelopmental stages (Tarantal et al., 2022). NHP MIA 
models show parallels with preclinical rodent MIA models such as MIA 
offspring exhibiting changes in brain and behavior that parallel features 
of human neurodevelopmental disorders (reviewed in Ryan and Bau-
man, 2022). Initial studies in MIA-exposed rhesus monkey (Macaca 
mulatta) offspring revealed alterations in species-typical social behavior 
(Bauman et al., 2014) and abnormal gaze patterns to salient social in-
formation (Machado et al., 2015). In a recent assessment of cognitive 
development, MIA offspring showed subtle differences when performing 
memory and cognitive flexibility tests when tested as juveniles and 
subadults (Vlasova et al., 2021). Although the MIA-exposed NHPs from 
this study exhibit reductions in the frontal cortex as early as 6 months of 

age (Vlasova et al., 2021), it is not known if behavioral differences 
emerge at these early developmental timepoints.

Early attentional capabilities are crucial for social or cognitive 
development (Hunnius, 2007), including the ability to understand and 
respond to social signals (Simpson et al., 2014). Although there has been 
much debate over whether human and NHP share neonatal imitation 
capabilities, mounting evidence suggests that these attentional capac-
ities are conserved (Gross, 2006). Human infants between 12 and 21 
days old (Meltzoff and Moore, 1977), and as early as the first day of life 
(Heimann, 2022; Nagy et al., 2020) can imitate both facial and manual 
gestures from other humans (Davis et al., 2021). NHPs, such as rhesus 
macaques, also exhibit evidence of neonatal imitation as early as the first 
day of life, with a peak in imitation at day 3 (Ferrari et al., 2006). 
Neonatal imitation is theorized to be crucial for mother-infant bonding 
and has been shown to have a variety of positive social and cognitive 
developmental outcomes for rhesus macaques (Dettmer et al., 2016; 
Ferrari et al., 2009; Kaburu et al., 2016; Wooddell et al., 2018). 
Importantly, neonatal imitation may promote affiliation in subjects at 
risk for developing abnormal social behaviors. For example, 
nursery-reared rhesus infants were found to look longer and lip smacked 
more at a human experimenter both during imitation and after being 
imitated, suggesting that neonatal imitation may mediate adverse 
developmental outcomes for at risk infants (Sclafani et al., 2014). 
Although no study to date has assessed neonatal imitation in a MIA 
model, these assessments may provide insight into early attentional 
processes implicated in human neurodevelopmental disorders (Ashinoff 
and Abu-Akel, 2021; Heimann and Holmer, 2021).

Our overarching goal was to explore early behavioral markers of 
attention in a cohort of MIA-exposed NHPs that exhibit subtle cognitive 
deficits in late adolescence paired with volumetric reductions in pre-
frontal cortex (Vlasova et al., 2021), aberrant dopaminergic signaling 
(Smucny et al., 2023), evidence of neuroinflammation (Lesh et al., 2023) 
and altered brain metabolites (Maddock et al., 2024). In this study, we 
focused on how MIA influences attentional processes across early 
development in NHPs. The behavioral assessments were chosen to 
coincide with time points relevant for NHP early development as well as 
with other scheduled procedures to reduce stress associated with sepa-
rating the infant from the dam. We used two assessments to measure 
attentional and cognitive processes in infant macaques: neonatal 
imitation and a novelty preference paradigm, the visual paired com-
parison test (VPC). Imitation was assessed at 1 week of age due to evi-
dence in the literature suggesting this is an innate rather than learned 
trait that peaks within the first few days of life. VPC was assessed at 1 
month to represent a time point between imitation and the 3–4 months’ 
time point, which occurs in the middle of the pre-weaning phase (0–6 
months of age). During the imitation paradigm, modeled after a series of 
studies conducted by Paukner and colleagues (Dettmer et al., 2016; 
Ferrari et al., 2006, 2009; Kaburu et al., 2016; Sclafani et al., 2014; 
Simpson et al., 2014), subjects were measured on their ability to imitate 
social signals from a human demonstrator. The VPC test was used to 
assess an individual subject’s recognition memory, as measured by a 
visual preference for a novel stimulus compared to familiar stimuli 
(Basile et al., 2024). Although we expected all subjects to prefer novel 
images, we hypothesize that if attentional processes are disrupted in 
MIA offspring, this could result in alterations to imitative abilities and 
visual attention on the VPC task. This could result in MIA animals 
showing reduced novelty preference compared to control animals due to 
attentional or discriminatory deficits. Alternatively, MIA animals could 
show heightened novelty preference compared to controls which could 
be due to longer processing times and/or a deficit for disengaging 
attention, a process sometimes referred to as “sticky attention” in the 
human literature (Sacrey et al., 2013). Furthermore, some NHP studies 
on general visual discrimination have found differences in performance 
depending on the similarity between stimuli as a measure of “easy” vs. 
“hard” discriminations (Ahissar and Hochstein, 1997; Fragaszy, 1981; 
Washburn and Putney, 2001). We hypothesize that if MIA-exposed 
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offspring experience attentional deficits, that this may be further influ-
enced by discrimination difficulty. We explore whether fixations on the 
novel stimulus differ based on MIA treatment and discrimination diffi-
culty (easy vs. hard discriminations), and whether those fixation pat-
terns are consistent over early developmental timepoints.

2. Methods

All experimental procedures were developed in consultation with the 
veterinary and behavioral staff at the California National Primate 
Research Center and protocols were approved by the University of 
California, Davis Institutional Animal Care and Use Committee. Detailed 
methods on animal selection, MIA procedure and validation, and overall 
project testing regime are provided in Vlasova et al. (2021).

2.1. Maternal administration of poly ICLC

Twenty-eight multiparous adult female rhesus monkeys carrying a 
male fetus were assigned to one of two experimental groups: 1) MIA, or 
2) control animals (CON). Pregnant dams assigned to the MIA group (N 
= 14) were injected with 0.25 mg/kg synthetic double-stranded RNA 
(poly ICLC) (Oncovir, Inc., Washington, DC) via intravenous injection on 
gestational days 43, 44, and 46. In this study, MIA induction was 
confirmed by the presence of transient sickness behaviors, including 
reduced appetite and fever, accompanied by a strong pro-inflammatory 
cytokine response as indexed by the change in IL-6 from baseline 
(Vlasova et al., 2021). Pregnant dams assigned to the control group were 
either injected with sterile saline (N = 10) or left untreated (N = 4). 
These experiments were conducted before the NIH requirement to 
consider sex as a biological variable. Since the emergence of neuro-
developmental disorders in offspring appears to be heavily male-skewed 
or show heightened or earlier onset of symptoms in males (TZ: Baiza-
bal-Carvallo and Jankovic, 2023; SZ: Leung and Chue, 2000; ASD: 
Loomes et al., 2017), all offspring chosen for this study (N = 28) were 
male.

2.2. Rearing conditions

As dams exhibit sickness behaviors during MIA-induction, research 
staff cannot remain blind to treatment conditions during the gestational 
manipulation. When the offspring were born four months later, they 
received unique dye marks to facilitate behavioral coding, independent 
of dam treatment identification, and all infant-dam pairs were relocated 
to a single project housing room. No other identifying information 
regarding treatment was present on cages, data collection forms, or 
recorded videos. Infants were raised indoors in separate cages with their 
mothers who had visual access to other animals in the room. At 
approximately 2–3 weeks of age, stable social groups were formed, 
consisting of four mother-infant pairs (two MIA, two CON) plus one 
adult male. Social groups were formed and continued for 3 h daily until 
infants were weaned. The infants were weaned from their mothers at 
approximately 6 months old and paired with an age-matched peer from 
their social group in an adjacent cage. Daily 3 h social groups continued 
after weaning until 18 months of age with the same four offspring, the 
same adult male, and the addition of an adult female. Subjects were fed 
twice daily (Lab Diet #5047, PMI Nutrition International), and provided 
with forage scratch daily and fresh produce biweekly. Access to water 
was provided ad libitum along with several enrichment devices. All in-
fants were temporarily separated from their dams and transported to an 
adjacent building for behavioral assessments.

2.3. Neonatal imitation test – 1 week

During a single test session, a human demonstrator generated facial 
expressions towards infants who were handheld by another experi-
menter. All sessions were video recorded, and infants were tested at 

seven days old ( ± 1 day). The assessment was divided into two condi-
tions: lip smack and tongue protrusion (Fig. 1). Lip smack is important in 
social signaling for rhesus macaques, often used between mothers and 
infants as well as other group members during affiliative interactions. 
The second gesture, tongue protrusion, is not thought to bear any social 
significance for rhesus macaques. Lip smack demonstration consisted of 
slightly opening and closing the mouth rapidly in ~5 s bursts; the tongue 
protrusion demonstration consisted of opening the mouth with maximal 
extension and retraction of the tongue. Each assessment consisted of a 
baseline period in which the human demonstrator first showed a neutral 
facial expression for 40 s, followed by a stimulus period (20 s) and a still 
period (20 s). One facial gesture was displayed throughout the stimulus 
period, and the neutral facial expression was resumed during the still 
period. There was a total of 3 stimulus periods and two still periods per 
condition (Table S1 in S1). To detect evidence of imitation using this 
assessment, a typical response would be for subjects to increase their 
production of matching facial gestures during experimental periods 
(stim or still) when compared to the initial baseline, thereby reflecting 
the subject’s ability to selectively respond to socially relevant cues. Still 
periods serve as intermittent but consistent reference points across 
conditions, allowing researchers to examine behavior within the context 
of a facial interaction but in the absence of a stimulus. All sessions were 
coded by a single observer (AP) for the frequency of lip smack and 
tongue protrusion gestures produced by infants. Coder reliability was 
established prior to video coding at greater than 90 %.

2.4. Abstract visual paired comparison test – 1 month

During a single test session, abstract black and white illustrations 
(Fagan Test of Infant Intelligence; Infantest Corporation, Cleveland, OH) 
were presented to infants who were handheld by an experimenter. All 
sessions were video recorded, and infants were tested at 35 days old ( ±
3 days). Images were temporarily mounted on an opaque trifold so they 
could be easily changed between trials in a session (Fig. 2). The trifold 
accommodated the video camera with a hole in the center to record the 
gaze of infant subjects. One experimenter held the infant approximately 
36 cm from the trifold and switched the stimuli across trials, while a 
second experimenter operated the video camera and recorded infant 
fixation times using a stopwatch. The room was darkened before testing 
aside from an overhead lamp to illuminate the testing trifold. Subjects 
had 1 min to acclimate to the room conditions prior to testing. Before 
familiarization and between each trial the infant’s head was covered 
with a small towel to control trial start and end times.

Within a testing session, each subject experienced four problem sets 
with different visual stimuli. Each problem set contained two trials, for a 
total of eight trials per single testing session. Before each problem set, 
the subjects experienced a familiarization by presenting two identical 
stimuli and were required to look at either image for a cumulative 20 s. 
After the 20-s familiarization period, trial 1 began with one of the 
stimuli being replaced with a novel stimulus on the right or left side in a 
randomized fixed order for all subjects. Once the subject first fixated on 
a stimulus, a 10 s stopwatch was used to denote the length of the trial, 
but unlike the familiarization trial these 10 s were not cumulative. After 
trial 1, the location of the stimuli was reversed and recorded in the same 
way for trial 2. After trial 2, there was a 30 s delay before a second 
problem set of visual stimuli was introduced, which restarted the process 
of familiarization, test trial 3 and test trial 4. After testing, the videos 
were scored by a single observer (CH) using The Observer XT software 
(Version 12.0, Noldus Inc., Leesburg, VA, USA) for the frequency and 
duration of looking at the novel and familiar stimuli. Coder reliability 
was established prior to video coding for durations of looking time at 
greater than 85 %.

2.5. Social visual paired comparison test – 3–4 months

All infants were temporarily separated from their dams at 3–4 
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months of age for approximately 25 h as a part of the BioBehavioral 
Assessment (BBA) at the California National Primate Research Center 
(CNPRC). The BBA program has been conducted at the CNPRC since 
2001 and has assessed thousands of animals across various rearing 
conditions, including outdoor-reared, indoor mother-reared, and indoor 
nursery-reared. The BBA program consists of a battery of tests designed 
to assess an infant’s behavioral and physiological reactivity, one of 
which is the visual paired comparisons test (for details on BBA, see 
Capitanio, 2021). During this test, infants were transferred from their 
holding cage to the test cage, which was approximately 68.5 cm from the 
viewing monitor. The room was darkened during testing, and the images 
were presented on the monitor with a camera centered on the viewing 
monitor to capture subject responses. The infant was given a 30 s 
habituation period before any stimuli were presented. After habituation, 
still pictures of neutral faces and body postures of rhesus monkeys of 
varying ages and sexes were presented during a single test session that 
was video recorded (Fig. 3). Two pictures were always presented at a 
time, with each picture occupying either the left or right third of the 
screen, with each picture measuring 19.6 cm × 22.8 cm with a white 
space between measuring 25.4 cm. Details on how stimuli videos were 
created, cage sizing, and equipment specifications can be found in 
Sclafani et al. (2016). A single observer coded all videos using Observer 

XT software (Noldus Inc., Leesburg, VA, USA). Coder reliabilities were 
established prior to video coding at greater than 85 % (Sclafani et al., 
2016).

Throughout the session, seven discrete problem sets or blocks were 
presented, with three trials per block: a familiarization trial, trial 1 with 
a novel stimulus introduced on a side of the screen in a fixed order 
(Table S2 in S1), and trial 2 with the novel stimulus location reversed on 
the screen compared to trial 1. A tone of 1000 Hz was presented 250 ms 
before trials to orient the animal towards the viewing screen. During the 
familiarization trial, two identical images were presented on a screen for 
20 s. After familiarization, the screen went blank for a 5 s intertrial in-
terval before trial 1 began, where the location of the novel stimulus 
replaced one of the identical images and was presented for 8 s. For trial 
2, the same images from trial 1 were presented but in reverse positions 
on the screen for 8 s. This procedure continued for all problem sets or 
blocks until each subject experienced sets 1–7. Problem sets were always 
presented in the same order, with an inter-set interval of 5 s to match 
intertrial intervals.

Since subjects were unrestrained in the test cage, we cannot assume 
they looked at the familiarization stimuli or test stimuli for the full 20 or 
8 s, respectively. As a result, we calculated the proportion of time the 
subject looked at the novel stimulus and excluded sessions where the 

Fig. 1. Neonatal imitation conditions include lip smacking (A) and tongue protrusion (B). Figure adapted from Paukner et al., 2017); licensed under CC BY 4.0. A 
portion of original figure was used and modified for clarity.

Fig. 2. Abstract visual paired comparisons test, showing the test setup (A) and stimuli sets in the fixed order of presentation (B).
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subject had a value of zero during the familiarization trial. Proportions 
of looking at novel stimuli were calculated within a block by summing 
the time looking at the novel stimulus across test trials 1 and 2 divided 
by the sum of time looking at both novel and familiar stimuli across both 
test trials 1 and 2. These calculated proportions were then averaged 
across the problem sets with valid data per subject to get an overall 
proportion of time looking at novel stimuli across sets. The problem sets 
were then categorized into “easy” vs. “hard” discriminations based on 
their visual similarity (e.g., shading, orientation). These distinctions 
were informally corroborated through blinded categorizations by col-
leagues familiar with rhesus macaques of varying ages and sizes, 
resulting in three easy and four hard problems.

2.5.1. Statistical analysis
Statistical analysis was conducted using generalized linear mixed- 

effect models with appropriate choices for the link and variance func-
tions, with random effects included as needed to account for clustering 
(McCulloch and Searle, 2004). We used negative binomial regression 
with a log link and log-transformed observation time as an offset to 
account for overdispersion when analyzing imitation counts. For pro-
portions of looking time during the VPC tests we used beta regression 
with a logit link as it is well-suited for modeling variables that are 
continuous and bounded between 0 and 1, such as proportions, rates, or 
probabilities. The primary models included a fixed effect for group (MIA 
and CON, or MIA, CON and the colony database group IMR (indoor 
mother-reared), as defined in section 2.6.4 below. In these models, 
estimated group differences are expressed on the log scale (negative 
binomial regression) and on the logit scale (beta regression). By expo-
nentiating this estimated difference, we obtained a ratio for greater 
interpretability. For the negative binomial models, this ratio represents 
the incidence rate ratio (IRR), i.e., the ratio of the outcome rate in one 
group compared to the reference group, after adjusting for different 
exposure times. For the beta regression models, this represents a ratio of 
the odds (OR) for the proportion being modeled. All model assumptions 
were validated visually and analytically. Model selection was conducted 
using goodness of fit metrics such as the corrected Akaike Information 
Criterion (AICc), which adjusts for small sample sizes. Models were 
considered a better fit if they reduced the AICc by 2 or more points. 

Models within 2 AICc points of each other were considered similarly fit 
and were further explored post-hoc. All tests were two-sided and con-
ducted with an alpha level of 0.05, and statistical analyses were per-
formed in SAS OnDemand version 9.4 (SAS Institute Inc., Cary, NC).

2.5.2. Imitation 1 week
Counts of imitation at the 1-week time point were analyzed both 

within a condition (expressions of lip smack within the lip smack con-
dition), as well as across conditions (expressions of lip smack between 
the lip smack and tongue protrusion conditions). These counts were 
modeled using a series of repeated measures negative binomial regres-
sion models, including those with a fixed effect for treatment (MIA, 
CON), time period (Baseline, Stimulus, Still), condition type (lip smack, 
tongue protrusion), and their interactions selected based on AICc. To 
account for within-animal dependence, random intercepts were 
included in these models. Although all twenty-eight animals were tested, 
one test video was compromised, resulting in twenty-seven animals 
being included in this analysis (MIA = 13, CON = 14).

2.5.3. Abstract visual paired comparison task – 1 month
The proportion of looking time at novel stimuli for the one-month 

time point was analyzed using a beta regression model with a fixed ef-
fect for treatment (MIA, CON). Although all 28 animals were tested, one 
test video was compromised, resulting in twenty-seven animals being 
included in this analysis (MIA = 13, CON = 14).

2.5.4. Social visual paired comparison task – 3–4 months
Since subjects for the MIA project were assessed during BBA using 

standardized CNPRC methods, we took this opportunity to compare our 
project animals to other monkeys in the wider colony. Considering that 
rearing condition can have significant influences on behavior 
(Vandeleest et al., 2011), we chose a comparison group based on simi-
larity in social rearing to our study animals. Out of the 5500+ infants 
who underwent the BBA assessment, we selected males from the indoor 
mother-reared social condition (IMR, N = 184). Although this rearing 
condition was most similar to our project animals (MIA and CON), our 
project animals received additional socialization through the formation 
of daily social groups. Thus, we used this comparison group to assess 

Fig. 3. Examples of easy and hard problem stimuli provided during the social visual paired comparisons test. During familiarization trials (A for problem 1 & C for 
problem 2), infants were presented with two identical unfamiliar monkey faces. During subsequent recognition trials (B for problem 1 & D for problem 2), infants 
were presented with the same monkey face from the immediately preceding familiarization trial and a novel face. Faces with similar features were categorized as 
hard problems (B), while faces with dissimilar features were categorized as easy problems (D). The full stimuli set provided can be found in the supplemental material 
of Sclafani et al. (2016).
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how our treated project animals (MIA) perform compared to a larger 
colony-wide dataset of similarly reared controls, given the limitations of 
our sample size when comparing project animals only. The proportion of 
looking time at novel stimuli for the three-to-four-month time point was 
analyzed using a series of beta regression models, including those with a 
fixed effect for treatment (MIA, CON, IMR), problem type (easy, hard), 
and their interaction. To account for within-animal correlation between 
problem types, random intercepts were included in the models.

2.5.5. Attention across early development
The proportion of looking time at novel stimuli at the three to four- 

month time point was analyzed using a series of beta regression models, 
including those with a fixed effect for treatment (MIA or CON), the 
proportion of looking time at novel stimuli at the one-month time point 
(early attention), and their interaction.

3. Results

A summary of all model comparisons is provided in Supplementary 
materials (Tables S3–S11 in S1), along with the effect sizes and signifi-
cance levels discussed in the text below.

3.1. Imitation 1 week

At the one-week time point, MIA and control animals exhibited 
subtle differences in imitation patterns across time periods. The best-fit 
model was within 2 AICc points of the null model, suggesting it has a 
similar fit to the data (Table S3 in S1). However, a similar fit rather than 
worse fit to the null may suggest subtle differences that are worthy of 
further investigation. Due to an overall significant interaction between 
treatment and time period (p = 0.021 Table S4 in S1), we used linear 
contrasts to examine the differences between periods (baseline, stim-
ulus, still) for each group based on the fitted models. Post-hoc com-
parisons revealed MIA animals showed a 49 % reduction in the rate of 
imitation during stimulus periods compared to baseline (IRR = 0.51, 95 
% CI [0.28, 0.91], p = 0.024). Control animals, however, showed a 41 % 
reduction in the rate of imitation during still periods compared to 
stimulus periods (IRR = 0.59, 95 % CI [0.36, 0.97], p = 0.038, Fig. 4, 
Table S5 in S1). We also found subtle evidence that within an imitation 
session the main effects model performed similarly to the null model, 
indicating that all subjects may produce the lip smack response more 
often than the tongue protrusion response (β = 0.51, p = 0.008, Table S5
in S1).

3.2. Abstract visual paired comparison task – 1 month

At the one-month time point, all animals preferred novel images over 
familiar images, with significant differences between treatment groups. 
On average, subjects spent more time looking at novel images (58 %) 
than looking at familiar images (42 %) (t (26) = 3.43, p = 0.002). 
However, MIA and control animals showed differences in performance 
on the VPC task, where MIA animals showed a 51 % increase in odds for 
proportional looking time at novel stimuli compared to CON animals 
(OR = 1.51, 95 % CI [1.05, 2.16], p = 0.027; Fig. 5, Table S6 in S1).

3.3. Social visual paired comparison task – 3–4 months

At the three-to-four-month time point, all animals preferred novel 
images over familiar images, with significant differences between 
treatment groups that were dependent on problem difficulty. On 
average, project subjects spent more time looking at novel images (68 
%) than looking at familiar images (32 %) (t (26) = 8.25, p < 0.0001). 
However, MIA and control animals showed differences in performance 
on the VPC task that were dependent upon problem difficulty. This was 
evident in the two best-performing models, where one model included 
main effects of treatment and problem difficulty as fixed effects, whereas 

Fig. 4. Count of producing facial gestures indicative of imitation by treatment 
group (Control vs. MIA) across time periods: initial baseline (prior to signaling), 
stimulus (providing either a lip smack or tongue protrusion signal), and still 
(neutral face between signaling). The counts at baseline were divided by 2 to 
adjust for the doubled exposure times of baseline compared to other periods. 
We found that the interaction between treatment and time period was signifi-
cant (p = 0.021), where MIA animals showed a 49 % reduction in the rate of 
producing facial gestures indicative of imitation during stimulus periods 
compared to baseline. In contrast, control animals showed a 41 % reduction in 
the rate of producing facial gestures indicative of imitation during still periods 
compared to stimulus periods. Note that * represents p < 0.05.

Fig. 5. Average proportion of looking time at novel abstract stimuli compared 
to familiar stimuli across all problem sets by treatment group. Although all 
animals preferred novel abstract images over familiar images (p = 0.002), MIA 
animals showed a 51 % increase in odds for proportional looking time at novel 
stimuli compared to CON animals. Note that * represents p < 0.01.
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the other model further included the interaction between treatment and 
problem difficulty. In the main effects model where we tested all three 
groups, we found that MIA animals showed a 73 % increase in their odds 
for proportional looking time at novel stimuli compared to IMR controls 
(OR = 1.73, 95 % CI [1.31, 2.30], p = 0.0002; Fig. 6a, Table S7 in S1), 
but did not significantly differ compared to CON offspring (OR = 1.36, 
95 % CI [0.93, 1.98], p = 0.111; Fig. 6a). However, after excluding the 
IMR controls in the analysis this effect became marginal (OR = 1.39, 95 
% CI [0.97, 1.99], p = 0.071; Fig. S1 and Table S9 in S1).

When looking at the effect of problem type across all three groups on 
the average proportion of novel looking time, we found that there were 
significant differences between problem types, where during easy 
problems subjects showed a 24 % increase in odds for proportional 
looking time at novel stimuli compared to hard problems (OR = 1.24, 
95 % CI [1.09, 1.40], p = 0.001; Fig. S2 and Table S7 in S1). When we 
investigated the interaction between problem type and treatment, we 
found no significant effects, indicating that the difference between CON 
and MIA did not depend on problem difficulty (p = 0.143; Fig. 6b). 
There was a marginal difference, however, between MIA and IMR con-
trols where MIA animals tended to show a larger difference in looking 
time at novel stimuli between easy vs. hard problem types compared to 
IMR controls (p = 0.056; Fig. 6b). Considering the limitation of our 
sample size in detecting interaction terms and the fact that the inter-
action model was similarly fit (within 2 AICc points) to the model when 
both variables were included as main effects, we explored these data 
further by stratifying the analysis by problem type. When we examined 
easy problems, or highly different stimulus pairs, we found significant 
treatment group differences (F-test (2, 209) = 7.33 p = 0.0008). Spe-
cifically, for easy problems MIA animals showed higher odds in the 
proportion of looking time at novel stimuli compared to CON animals 
(OR = 1.73, 95 % CI [1.00, 3.00], p = 0.0501; Fig. 6b) and IMR controls 
(OR = 2.19, 95 % CI [1.45, 3.32], p = 0.0003; Fig. 6b–Table S8 in S1) 
despite the null model showing a better fit to these data. However, when 
we examined hard problems, or highly similar stimulus pairs, we found 
no significant differences (F-test (2, 208) = 2.08, p = 0.127; 
Fig. 6b–Table S9 in S1). Interestingly, after removing the IMR controls, 
the interaction model was significantly better fit compared to the model 
including only main effects of treatment and problem type. This model 
showed that the difference between CON and MIA animals was higher 
for easy problems compared to hard problems (p = 0.008; Fig. 3 and 
Table S10 in S1).

3.4. Attention across early development

Due to our longitudinal dataset, we also tested for behavioral con-
sistency in subject performance on the VPC task over time. One model 
significantly outperformed the null model, whereas two other models 
were similarly fit between both the best fit model and the null model. 
The best fit model was the model that included treatment as a fixed 
effect, echoing a similar finding in Section 3.3, where MIA-subjects 
tended to have higher proportions of looking time at novel stimuli on 
the VPC task at the 3–4-month time point (OR = 1.42, p = 0.068). 
However, it is noteworthy that both the main effects model and inter-
action model, including treatment and the proportion of looking time at 
novel stimuli during the one-month VPC task, performed similarly to the 
null model and the univariate model containing treatment only. In the 
main effects model, when early attention on the VPC task was controlled 
for, the effect of treatment became significant (OR = 1.66, p = 0.021, 
Table S11 in S1).

4. Discussion

Here we demonstrate that MIA-exposed NHP offspring exhibit dif-
ferences in attention towards imitation and novel stimuli across three 
time points in early development. During the first week of life, we found 
evidence for a treatment group by time period interaction effect on 
imitation. Specifically, MIA-exposed offspring imitated less during 
stimulus periods (when the human demonstrator produced facial ex-
pressions) compared to baseline (when the human demonstrator pro-
duced a neutral expression prior to signaling). In contrast, control 
subjects imitated more during stimulus periods compared to still pe-
riods. These changes in imitation may reflect differences in the ability to 
disengage, shift and engage visual attention as indexed by performance 
on the visual paired comparison test (VPC). At one month of age, MIA- 
exposed offspring looked proportionally longer at novel abstract stimuli 
compared to controls. Additionally, at three to four months of age MIA- 
exposed offspring attended to novel social stimuli longer than both 
within-project controls (CON) and a larger database of similarly-reared 
colony controls (IMR). Collectively, these findings suggest that infant 
MIA subjects experienced changes to attentional processes, resulting in 
differences in imitation and performance on the VPC task.

Our results largely mirror cognitive findings from rodent MIA model 
studies where researchers have found overall deficits to working mem-
ory, attention, and sensory processing (Sal-Sarria et al., 2024). Although 

Fig. 6. a) Average proportion of looking time at novel social stimuli compared to familiar stimuli across all problem sets by treatment group. MIA animals showed a 
73 % increase in the odds of looking proportionally longer at novel stimuli compared to IMR controls, but this difference was not observed when compared to CON 
project controls. b) Average proportion of looking time at novel stimuli compared to familiar stimuli by problem type and treatment type. For easy problems MIA 
animals showed higher odds in the proportion of looking time at novel stimuli compared to CON animals (73 %, p = 0.0501) and IMR controls (119 %, p = 0.0003). 
For hard problems no group differences were observed (p = 0.127). Note that *** represents p < 0.001 and arrows represent trends (0.56 < p < 0.1) using MIA as the 
reference category.
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most rodent MIA studies have focused on behavioral changes that 
emerge or worsen as the animals mature (for review, Bergdolt and 
Dunaevsky, 2019), the protracted period of neurodevelopment in the 
rhesus macaque model allows us to explore the early emergence of 
atypical behaviors. Additionally, NHPs have specialized musculatures 
that enable them to produce complex social signals not available to 
non-primate species, providing us with a unique opportunity to evaluate 
facial signal imitation in the NHP model (Burrows, 2008). Here, we 
report that MIA-exposed offspring exhibit an atypical response to an 
early imitation assessment at 1 week of age. Infant macaque imitative 
skills are likely modulated by underlying differences in visual attention 
(Simpson et al., 2014) and may be further influenced by arousal or other 
factors. These attentional behaviors are likely mediated by neurological 
underpinnings, including mirror neurons that reinforce imitation by 
firing both when an animal performs a behavior and when it observes 
another performing the same behavior (Ferrari et al., 2009; Molen-
berghs et al., 2009). In typically developing rhesus macaque offspring, 
the mirror neuron system shows evidence of activation when 
mother-reared infants perform imitative gestures towards their mothers 
when compared to nursery-reared infants (Vanderwert et al., 2015). It is 
possible that MIA exposure may disrupt mother-infant gaze patterns that 
can further influence imitative patterns when tested with a human 
observer. However, prior investigators have found that arousal alone 
cannot explain neonatal imitation abilities in typically developing rhe-
sus monkeys (Paukner et al., 2017). Contrastingly, our results suggest 
that MIA treatment may influence differences in baseline propensity to 
produce facial gestures without receiving a prompt by a human 
demonstrator compared to periods where they are prompted. Control 
animals showed species typical responses to produce fewer social signals 
during still periods compared to stimulus periods, whereas MIA animals 
produced fewer social signals during stimulus periods compared to the 
baseline period. This suggests that MIA animals likely possess compa-
rable imitative abilities to CON subjects, yet they express their imitation 
with a delay or show evidence of carry-over effects. MIA subjects show 
higher baseline rates of social signaling that are reduced when demon-
strators produce social signals during stimulus periods. A reduction in 
imitation during stimulus periods rather than still periods may indicate 
that MIA animals require greater processing time while observing social 
signals, resulting in delayed production of imitative signals themselves. 
This interpretation is consistent with other attentional deficits described 
here such as the aberrant response to novelty preference exhibited by 
MIA-exposed offspring. When imitation was conducted at 7 days of age, 
a neonatal assessment was also conducted to determine gross physical 
and developmental motor differences across treatment groups. As pre-
viously reported in Vlasova et al. (2021), we did not find any statistically 
significant differences between groups. However, the scores for visual 
orientation (which required the subject to orient their head toward a 
light stimulus) showed lower mean performance for MIA subjects 
compared to CON subjects. Although more data is warranted to deter-
mine if these differences are true and translationally relevant, this 
pattern may suggest that MIA subjects may experience divergences from 
CON subjects early in life that may contribute to differences in atten-
tional processes later in development.

Some studies have employed novelty preference paradigms to eval-
uate differences in attention and recognition memory among MIA sub-
jects. Rodent novelty preference assessments, however, often use 
different methods such as physical exploration of a novel object in an 
arena rather than following the attention of a demonstrator towards 
novel images. These differences in methodology are likely due to 
perceptual differences of how rodents and primates explore the world, 
with rodents being primarily olfactory-based compared to primates who 
are primarily visually based. Despite these methodological differences, 
rodent studies using novelty preference paradigms have found that MIA 
offspring differ from controls, with some studies reporting deficits in 
novelty preference (Ibi et al., 2009; Ozawa et al., 2006), while others 
showed a heightened preference towards novel objects (Golan et al., 

2005; Ito et al., 2010). Reports of hypersensitivity to a novel object in 
MIA-exposed offspring were associated with alterations in hippocampal 
cell counts, slice physiology, and c-Fos expression (Bergdolt and 
Dunaevsky, 2019; Golan et al., 2005; Ito et al., 2010). Although MIA 
models have made great strides towards understanding the impacts on 
offspring in biological, neurological and behavioral outcomes, an 
exciting step for future studies on MIA includes integration across these 
domains to better identify potential mechanisms and causal relation-
ships. This integration has already begun to appear in the literature 
within animal MIA models, both rodent and NHPs. An integration across 
animal MIA models to assess outcome similarity, however, may yield 
greater translational potential for informing human interventions for 
MIA exposed offspring.

While VPC paradigms are often presented as a simple test of recog-
nition memory, converging evidence suggests that VPC measures both 
memory and other non-mnemonic factors, including novelty preference, 
habituation, motivation, and other processes (Basile et al., 2024). VPC 
paradigms have found increased preference for novel stimuli in a Rett 
syndrome model using adolescent cynomolgus macaques (Macaca fas-
cicularis) (Zhang et al., 2019). Similarly, a study investigating develop-
mental outcomes of fetal alcohol exposure in rhesus macaques found 
that offspring who were exposed to alcohol in utero showed an increased 
preference for novel stimuli using the same methodologies as used in this 
study for the one-month assessment (Golub et al., 2014). Eye tracking 
studies have yielded similar findings, showing that human children 
diagnosed with Rett syndrome also exhibit an increased preference for 
novel stimuli (Rose et al., 2019). Here, we observed a similar pattern in 
MIA-exposed NHPs early in development. In the human literature, there 
is evidence that young children diagnosed with ASD also exhibit a 
heightened preference for novelty, which has in part been attributed to a 
prolonged latency to disengage attention, which has also been referred 
to as “sticky attention” (Nayar et al., 2022; Sabatos-DeVito et al., 2016; 
Sacrey et al., 2013). This study provides a novel and critical bridge 
between rodent, NHP and human MIA literature in assessments of 
attention and memory and may indicate a potential mechanism for other 
NHP cognitive findings, such as deficits in cognitive flexibility (Vlasova 
et al., 2021). However, there are several methodological aspects that 
may be important influences on VPC performance, including stimulus 
type (abstract vs. social images), data collection methods (involuntary 
attention at 1 month vs. voluntary attention at 3–4 months), and stimuli 
order or location. This suggests that the lack of predictability from our 
early one-month time point to the later 3-to-4-month time point may be 
due to differences in stimulus preference or methodology across as-
sessments rather than reflecting developmental differences. More 
studies are warranted, however, to tease apart the relationship between 
stimuli preference, methodological differences in protocol, and biolog-
ical differences in attention across development in infant NHPs.

In addition to the effect of experimental treatment, we found that 
discrimination difficulty between images influenced performance on the 
VPC task, where all subjects attended to novel stimuli significantly 
longer on easy problems where images had greater dissonance 
compared to harder problems where images shared similar features. 
Differences in performance based on task difficulty have been assessed 
using different cognitive paradigms and often result in altered perfor-
mance on difficult tasks (Ahissar and Hochstein, 1997; Fragaszy, 1981; 
Washburn and Putney, 2001). However, the effect of problem difficulty 
on performance appeared to be modulated by experimental treatment. 
Specifically, MIA subjects attended to novel stimuli significantly longer 
during easy problems compared to project controls. However, when MIA 
subjects were compared to both CON and colony controls (IMR), we 
found that this interaction between treatment and problem difficulty 
became non-significant. This may suggest that the high level of variation 
in the IMR data may influence the model’s ability to detect differences 
compared to the current study with a smaller sample size (NIMR = 184, 
NMIA = 13, NCON = 14). Although we had limited power to detect 
interaction effects, stratified analyses revealed that task difficulty may 
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play a role. This dependence on task difficulty for the treatment effect is 
a novel finding that has not yet explored in the NHP MIA model. These 
results suggest that task difficulty, based on visual similarity, is an 
important consideration when detecting relevant differences in atten-
tion or cognition between MIA and control subjects. Finally, despite 
showing consistent results regarding effects of treatment on attention, 
we did not find that early measures of attention collected at the 
one-month time point predicted later measures at the 3-to-4-month time 
point. However, we did find subtle indications that the relationship 
between early measures on the VPC task and later measures may depend 
upon treatment group, which warrants further investigation and larger 
sample sizes to detect such potential effects in studies on attention in 
MIA subjects. The inability to detect significant differences across early 
development may be due to the type of stimuli (abstract vs. social) used 
in the two VPC assessments. We know that social interest can change 
across development as evidenced by greater attention to social images 
compared to nonsocial images, and reduced latency to orient to social 
stimuli as individuals age (Maylott et al., 2020).

Although we are at the earliest stages of exploring underlying 
neurobiological mechanisms in the NHP MIA model, our in vivo neuro-
imaging studies in these same animals revealed reductions in the frontal 
and prefrontal cortex (Vlasova et al., 2021), aberrant dopaminergic 
signaling (Smucny et al., 2023), evidence of neuroinflammation (Lesh 
et al., 2023) and altered brain metabolites (Maddock et al., 2024) that 
may contribute to alterations in attention, motivation, learning, and 
memory. These neuroimaging results suggest that neural mechanisms 
essential to disengage, shift and engage visual attention are compro-
mised in the MIA exposed offspring (Lee et al., 2018; Noudoost and 
Moore, 2011; Petersen and Posner, 2012; Yamaguchi et al., 2017). In 
addition to the neurobiological changes associated with MIA exposure, 
these effects may be modulated by task difficulty (Boudreau et al., 
2006), as evidenced by our results which show that VPC performance 
depends on both exposure to MIA and stimulus similarity. Future studies 
are underway to explore underlying cellular and molecular changes, 
providing additional mechanistic insight into the behavioral phenotype.

Our results indicate altered patterns of imitation and heightened 
responses to novelty on the VPC task across early development in NHPs. 
Although these findings provide an important translational bridge be-
tween rodent MIA models and patient populations, there are unique 
limitations associated with NHP models. One major limitation of this 
study is that we lack longitudinal data on attentional abilities in this 
cohort of macaques beyond the early developmental period. However, 
due to logistical constraints associated with conducting pre-clinical 
studies with NHPs we restricted these assessments to early develop-
ment where we expected divergences in groups to emerge. We 
encourage future studies to expand on these early findings and test the 
longevity of these results into adolescence and adulthood in macaques. 
Another major limitation of this study is that these results were only 
tested in males and do not consider how MIA exposure may influence 
female responses. Considering that many neurodevelopmental disorders 
of interest to the MIA model show sex differences in the emergence of 
disorders (ASD) or onset of symptoms (SZ), it is crucial to assess how 
MIA exposure influences later behavior and physiology in both sexes 
(Coiro and Pollak, 2019). In a recent review on the effects of MIA on 
learning and memory, it was found that a majority of studies reported 
sex differences, with only males showing cognitive deficits or showing 
relatively greater deficits than females (Sal-Sarria et al., 2024). Addi-
tionally, differences in imitation abilities for ASD patients may be more 
pronounced in men, due to women being able to “camouflage” autistic 
traits by imitating neurotypical behaviors (Allely, 2019). Thus, while 
our results are relevant for extrapolation to other male MIA offspring, it 
is unclear whether these effects would be transferrable to female 
offspring. However, considering results from previous studies on 
learning and memory, MIA effects in female offspring attention may be 
similar to, or an attenuated version of, what we observed in males in the 
present study. Sex as a biological variable is a focus of our ongoing NHP 

MIA model and will be addressed in future publications.
In conclusion, the alterations in early attentional capabilities 

exhibited by the MIA-exposed offspring align with changes in attention, 
sensory processing capabilities, impulsiveness, social behavior, and 
communication observed across many neurodevelopmental disorders 
(Grzadzinski et al., 2011; Hattori et al., 2006). Indeed, differences in 
early social attention are a hallmark feature of ASD that may impact 
social development trajectories (Braithwaite et al., 2020; Falck-Ytter 
et al., 2023; Mundy and Bullen, 2022). Several studies have reported 
impairments of attention disengagement in autistic individuals that 
parallel our findings (Bryson et al., 2018; Landry and Bryson, 2004). 
Studies focused on attentional differences are important because they 
may be critical for understanding subsequent downstream changes in 
the MIA model such as alterations to social behavior and communication 
since these conspecific interactions are likely driven, at least in part, by 
the attention of the participants interacting. If MIA subjects show defi-
cits to, or abnormal increases in, attention this could influence whether 
they are attending too much or too little to their conspecific partners, 
resulting in deviations from species-typical social behavior and 
communication patterns. Understanding early markers of attention in 
the MIA model may help better understand risk and resilience to pre-
natal immune challenge (Meyer, 2019) and provide screening tools for 
early indicators of emerging neurodevelopmental disorders, allowing 
health care providers crucial interventions for at-risk human infants 
early in development when interventions are more effective.
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Jouda, J., Wöhr, M., Del Rey, A., 2019. Immunity and ultrasonic vocalization in rodents. 
Ann. N. Y. Acad. Sci. 1437 (1), 68–82.

Kaburu, S.S., Paukner, A., Simpson, E.A., Suomi, S.J., Ferrari, P.F., 2016. Neonatal 
imitation predicts infant rhesus macaque (Macaca mulatta) social and anxiety- 
related behaviours at one year. Sci. Rep. 6 (1), 34997.

Kentner, A.C., Bilbo, S.D., Brown, A.S., Hsiao, E.Y., McAllister, A.K., Meyer, U., Pearce, B. 
D., Pletnikov, M.V., Yolken, R.H., Bauman, M.D., 2019. Maternal immune activation: 
reporting guidelines to improve the rigor, reproducibility, and transparency of the 
model. Neuropsychopharmacology 44 (2), 245–258.

Kim, E., Huh, J.R., Choi, G.B., 2024. Prenatal and postnatal neuroimmune interactions in 
neurodevelopmental disorders. Nat. Immunol. 25 (4), 598–606.

Landry, R., Bryson, S.E., 2004. Impaired disengagement of attention in young children 
with autism. JCPP (J. Child Psychol. Psychiatry) 45 (6), 1115–1122.

Lee, Y.A., Lionnet, S., Kato, A., Goto, Y., 2018. Dopamine-dependent social information 
processing in non-human primates. Psychopharmacology 235, 1141–1149.

Lesh, T.A., Iosif, A.M., Tanase, C., Vlasova, R.M., Ryan, A.M., Bennett, J., Hogrefe, C.E., 
Maddock, R.J., Geschwind, D.H., Van de Water, J., McAllister, A.K., Styner, M.A., 
Bauman, M.D., Carter, C.S., 2023. Extracellular free water elevations are associated 
with brain volume and maternal cytokine response in a longitudinal nonhuman 
primate maternal immune activation model. Mol. Psychiatr. 28 (10), 4185–4194.

Leung MD, D. A., & Chue MRC Psych, D. P. (2000). Sex differences in schizophrenia, a 
review of the literature. Acta Psych. Scandin. 101 (401), 3-38.

Loomes, R., Hull, L., Mandy, W.P.L., 2017. What is the male-to-female ratio in autism 
spectrum disorder? A systematic review and meta-analysis. J. Am. Acad. Child 
Adolesc. Psychiatr. 56 (6), 466–474.

J.A. Hubbard et al.                                                                                                                                                                                                                             Brain, Behavior, & Immunity - Health 48 (2025) 101075 

10 

https://doi.org/10.1016/j.bbih.2025.101075
https://doi.org/10.1016/j.bbih.2025.101075
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref1
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref1
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref2
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref2
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref2
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref3
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref3
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref4
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref4
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref5
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref5
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref7
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref7
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref7
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref7
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref8
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref8
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref8
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref9
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref9
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref9
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref11
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref11
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref12
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref12
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref13
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref13
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref13
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref14
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref14
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref15
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref15
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref15
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref15
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref16
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref16
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref17
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref17
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref17
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref18
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref18
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref18
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref21
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref21
http://refhub.elsevier.com/S2666-3546(25)00133-4/optSKAbiPiTki
http://refhub.elsevier.com/S2666-3546(25)00133-4/optSKAbiPiTki
http://refhub.elsevier.com/S2666-3546(25)00133-4/optSKAbiPiTki
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref23
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref23
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref23
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref23
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref24
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref24
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref25
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref25
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref25
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref27
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref27
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref28
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref28
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref28
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref29
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref29
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref29
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref30
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref30
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref30
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref31
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref31
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref31
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref32
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref33
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref33
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref33
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref34
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref34
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref34
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref34
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref35
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref35
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref35
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref36
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref36
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref36
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref37
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref37
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref37
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref37
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref38
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref38
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref38
https://doi.org/10.1007/978-3-031-08899-5_2
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref40
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref40
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref40
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref42
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref42
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref43
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref43
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref43
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref43
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref44
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref44
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref44
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref46
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref46
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref47
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref47
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref48
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref48
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref48
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref50
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref50
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref50
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref50
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref51
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref51
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref52
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref52
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref53
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref53
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref54
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref54
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref54
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref54
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref54
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref55
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref55
http://refhub.elsevier.com/S2666-3546(25)00133-4/sref55


Machado, C.J., Whitaker, A.M., Smith, S.E., Patterson, P.H., Bauman, M.D., 2015. 
Maternal immune activation in nonhuman primates alters social attention in juvenile 
offspring. Biol. Psychiatry 77 (9), 823–832.

Maddock, R.J., Vlasova, R.M., Chen, S., Iosif, A.M., Bennett, J., Tanase, C., Ryan, A.M., 
Murai, T., Hogrefe, C.E., Schumann, C.D., Geschwind, D.H., Van de Water, J., 
Amaral, D.G., Lesh, T.A., Styner, M.A., McAllister, A.K., Carter, C.S., Bauman, M.D., 
2024. Altered brain metabolites in male nonhuman primate offspring exposed to 
maternal immune activation. Brain Behav. Immun. 121, 280–290.

Maylott, S.E., Paukner, A., Ahn, Y.A., Simpson, E.A., 2020. Human and monkey infant 
attention to dynamic social and nonsocial stimuli. Dev. Psychobiol. 62 (6), 841–857.

McCulloch, C.E., Searle, S.R., 2004. Generalized, Linear, and Mixed Models. John Wiley 
& Sons.

Meltzoff, A.N., Moore, M.K., 1977. Imitation of facial and manual gestures by human 
neonates. Science 198 (4312), 75–78.

Meyer, U., 2013. Developmental neuroinflammation and schizophrenia. Prog. Neuro 
Psychopharmacol. Biol. Psychiatr. 42, 20–34.

Meyer, U., 2019. Neurodevelopmental resilience and susceptibility to maternal immune 
activation. Trends Neurosci. 42 (11), 793–806.

Molenberghs, P., Cunnington, R., Mattingley, J.B., 2009. Is the mirror neuron system 
involved in imitation? A short review and meta-analysis. Neurosci. Biobehav. Rev. 
33 (7), 975–980.

Mundy, P., Bullen, J., 2022. The bidirectional social-cognitive mechanisms of the social- 
attention symptoms of autism. Front. Psychiatr. 12, 752274.

Nagy, E., Pilling, K., Blake, V., Orvos, H., 2020. Positive evidence for neonatal imitation: 
a general response, adaptive engagement. Dev. Sci. 23 (2), e12894. https://doi.org/ 
10.1111/desc.12894.

Nayar, K., Shic, F., Winston, M., Losh, M., 2022. A constellation of eye-tracking measures 
reveals social attention differences in ASD and the broad autism phenotype. Mol. 
Autism 13 (1), 18.

Noudoost, B., Moore, T., 2011. Control of visual cortical signals by prefrontal dopamine. 
Nature 474 (7351), 372–375.

Ozawa, K., Hashimoto, K., Kishimoto, T., Shimizu, E., Ishikura, H., Iyo, M., 2006. 
Immune activation during pregnancy in mice leads to dopaminergic hyperfunction 
and cognitive impairment in the offspring: a neurodevelopmental animal model of 
schizophrenia. Biol. Psychiatry 59 (6), 546–554.

Paukner, A., Pedersen, E.J., Simpson, E.A., 2017. Testing the arousal hypothesis of 
neonatal imitation in infant rhesus macaques. PLoS One 12 (6), e0178864.

Petersen, S.E., Posner, M.I., 2012. The attention system of the human brain: 20 years 
after. Annu. Rev. Neurosci. 35 (1), 73–89.

Rose, S.A., Wass, S., Jankowski, J.J., Feldman, J.F., Djukic, A., 2019. Attentional shifting 
and disengagement in Rett syndrome. Neuropsychology 33 (3), 335.

Ryan, A.M., Bauman, M.D., 2022. Primate models as a translational tool for 
understanding prenatal origins of neurodevelopmental disorders associated with 
maternal infection. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 7 (5), 510–523.

Sabatos-DeVito, M., Schipul, S.E., Bulluck, J.C., Belger, A., Baranek, G.T., 2016. Eye 
tracking reveals impaired attentional disengagement associated with sensory 
response patterns in children with autism. J. Autism Dev. Disord. 46, 1319–1333.

Sacrey, L.A.R., Bryson, S.E., Zwaigenbaum, L., 2013. Prospective examination of visual 
attention during play in infants at high-risk for autism spectrum disorder: a 
longitudinal study from 6 to 36 months of age. Behav. Brain Res. 256, 441–450.
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