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Of mice and monkeys: using non-human primate
models to bridge mouse- and human-based
investigations of autism spectrum disorders
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Abstract

The autism spectrum disorders (ASDs) arise from a diverse array of genetic and environmental origins that disrupt
the typical developmental trajectory of neural connectivity and synaptogenesis. ASDs are marked by dysfunctional
social behavior and cognition, among other deficits. Greater understanding of the biological substrates of typical
social behavior in animal models will further our understanding of the etiology of ASDs. Despite the precision and
tractability of molecular genetics models of ASDs in rodents, these organisms lack the complexity of human social
behavior, thus limiting their impact on understanding ASDs to basic mechanisms. Non-human primates (NHPs)
provide an attractive, complementary model for ASDs, due in part to the complexity and dynamics of social
structures, reliance on vision for social signaling, and deep homology in brain circuitry mediating social behavior
and reward. This knowledge is based on a rich literature, compiled over 50 years of observing primate behavior in
the wild, which, in the case of rhesus macaques, is complemented by a large body of research characterizing
neuronal activity during cognitive behavior. Several recent developments in this field are directly relevant to ASDs,
including how the brain represents the perceptual features of social stimuli, how social information influences
attention processes in the brain, and how the value of social interaction is computed. Because the symptoms of
ASDs may represent extreme manifestations of traits that vary in intensity within the general population, we will
additionally discuss ways in which nonhuman primates also show variation in social behavior and reward sensitivity.
In cases where variation in species-typical behavior is analogous to similar variations in human behavior, we believe
that study of the neural circuitry underlying this variation will provide important insights into the systems-level
mechanisms contributing to ASD pathology.
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Introduction
The autism spectrum disorders (ASDs) are behavioral
syndromes characterized by communication deficits, re-
petitive behaviors, and altered social behavior [1]. Etio-
logically, ASDs are mysterious. Determining the cause of
any ASD will require synthesis across several different
models, encompassing both human and animal research.
Each model offers its own set of advantages and disad-
vantages, but together they provide complementary and
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mutually informative sets of information. Studies of
human clinical populations that directly test the behav-
ioral, functional, and genetic characteristics correlated
with ASD are a crucial part of the solution (Figure 1).
Behavioral characteristics provide clues to the kinds of
functional disruptions that cause the disorder, and
whole-brain neural signatures provided by anatomical
and functional MRI and EEG offer hints about which
nodes of brain circuitry are the most heavily implicated
in the disorders. However, the human model allows for few
methods by which to manipulate the system in order to test
causality, and even fewer methods that allow exploration of
the molecular or cellular mechanisms of the disorder.
On the other end of the spectrum are mouse models,

in which the symptoms of ASDs are re-created through
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Characterize the functional differ-
ences between ASD and TD popula-
tions

Genetically and/or pharmacologically 
disturb system to recreate ASD 
symptomology

- Human genetics
- MRI, EEG
- Behavioral characterization

- Knock ins, knock outs
- Environmental manipulation
- Optogenetics

Advantages: Highly relevant to  
pathology
Disadvantages: Difficult to manipulate 
system

Advantages:  Highly amenable to 
mechanistic manipulation; rapid 
development
Disadvantages: Limited homology 
between human and mouse brain and 
behavior

Electrically and/or pharmacologically 
disturb system to recreate ASD
symptomotology

- Pharmacological manipulation
- Environmental manipulation
- MRI, single neuron recording

Advantages:   Good correlation with 
many human behavioral paradigms;  
ability to manipulate system directly
Disadvantages: Genetic manipulation 
difficult; Cannot model all aspects of 
ASD symptomology

CLINICAL POPULATIONS MOUSE MODELS

NON-HUMAN PRIMATE MODELS

Figure 1 A three-pronged approach to understanding and treating ASD. Progress in any individual research domain (human, mouse, or
primate-based studies) can be used to inform research directions in the other two domains. All images downloaded from Wikimedia Commons.
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the selective manipulation of genes, molecules, cells, or
neural circuits (Figure 1). These two models inform one
another: the identification of candidate genes, transmit-
ter systems, or brain regions in human-based studies
allows specific mechanisms to be systemically targeted
in mouse models to test whether they result in ASD-like
behaviors. Mouse models are advantageous in many
respects, primarily because they are genetically tractable
and appropriate for invasive studies. Knockout mouse
variants, in which existing genes have been inactivated
via genetic engineering, offer invaluable opportunities to
test the functional and behavioral repercussions of ma-
nipulating a particular aspect of the nervous system.
Other advantages of the mouse model include the fea-
tures that make them suitable for “high-throughput”
applications, such as brain slice in-vitro preparations.
These features, including short gestation times, multiple
births, and short life spans, also allow longitudinal or de-
velopmental studies to be completed within a short time
frame.

Limitations of mouse models
An ideal animal model of autism would be valid in three
different domains. First, it would exhibit face validity, in
which the behavior of the model is compromised in a
manner consistent with ASD; second, etiological validity,
that is, similarity to the underlying causes of the dis-
order; and, third, predictive validity, in which interven-
tions effective in treating ASD induce the expected
response in the model [2]. The latter two are nearly
impossible to address, as the underlying cause of autism
is unknown and there are no effective pharmacological
treatments for the disorder, and even face validity can be
difficult to establish in rodent models [3]. The onus is
on the experimenter to determine which species-typical
behaviors are analogous (or homologous) to those inter-
rupted in autism and to demonstrate that experimentally
induced behavioral impairment can be plausibly linked
to autistic traits. This is no easy task, especially because
many of the behaviors interrupted in ASD, such as lan-
guage difficulties, are human-specific. Silverman and col-
leagues [4] review the types of behavioral assays used in
conjunction with knockout mice that have provided
clues regarding the molecular and cellular substrates
underlying ASD. These include assays of (1) stereotypic
behavior and resistance to change, including measures of
repetitive self grooming and digging, displays of repeti-
tive circling behavior, and perseveration; (2) social be-
havior, such as measures of social approach and
preference, nose-to-nose sniffing, and social transmis-
sion of food preference; and (3) social communication,
such as altered scent marking and ultrasonic
vocalization patterns.
Given the expansion of the social behavior repertoire

and concomitant elaboration of neural circuitry in pri-
mates (see below), it should not be assumed that rodent
models of autism involving social behavioral phenotypes
necessarily have high face validity. The behavioral assays
described above are a valuable first step in validating an
animal model of autism, especially when any single
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rodent model simultaneously presents altered behavior
in several of them. However, the assays are crude, and
their outcomes can be difficult to interpret. For example,
decreased nose-to-nose sniffing could result from
greater global anxiety, decreased social interest, or even
deficits in olfactory perception. An increase in aggres-
sion could result from behavioral disinhibition,
decreased ability to discriminate social cues, or an
increased sensitivity to cues that elicit aggression. Lower
rates of ultrasonic vocalization in mouse pups could be
interpreted as a decreased tendency to communicate so-
cially, or they could be indicative of lower anxiety.
Assays of behavioral inflexibility and repetitive behavior
often merit similar concerns. For example, one metric of
behavioral inflexibility involves reversal-learning per-
formance in a t-maze, in which, after learning which
arm of the maze is baited with a reward, the reward is
then switched to the other arm and the mouse must re-
verse its reward-seeking behavior accordingly [2,5,6]. It
is arguable whether this assay is reflective of inflexible
behavior in ASD, especially since behavioral findings of
cognitive inflexibility on analogous tasks in ASD have
been highly inconsistent [7].
One relatively under-used animal model that would

help bridge the gap between the human and mouse-
model-based approaches described above is the non-
human primate (NHP; Figure 1). Because of their high
degree of correspondence to human behavior, the out-
comes of NHP behavioral assays are more readily inter-
preted than their rodent counterparts. In particular,
NHPs have reasonable behavioral correlates to the
human behaviors disrupted in autism, such as repetitive
behaviors [8,9], social communication [10-13], and direc-
ted visual attention to the face and eyes [14]. The rich
history of research on primate social behavior [11,12]
provides great insight into the similarities and differ-
ences between human and monkey social behavior, and
suggests that the similarities can be harnessed in the la-
boratory to develop behavioral tasks that are simultan-
eously relevant to behavioral disruptions induced by
ASD and ethologically relevant to monkeys. The ability
to manipulate neural mechanisms from the “bottom-up”
in monkeys is subject to more constraints than mouse
models, but is greatly widened in comparison to studies
in human populations. For example, genetic knockouts
do not exist in primates, but pharmacological
approaches, environmental manipulations, and neural
circuit study on the single cell level provide rich oppor-
tunities to inform and refine the mouse and human re-
search. In the remainder of this review, we offer some of
the ways in which NHP assays, in conjunction with
pharmacologic or system-level manipulations (e.g.,
stimulation), could be used to advance the current state
of knowledge about the etiology of ASD and to explore
treatment development. For example, administrations of
brain-site-specific oxytocin (OT) agonists or antagonists,
serotonin system manipulations, or agents altering brain
excitability are three ways in which the mechanistic find-
ings from mouse model systems could be refined in non-
human primates.

Non-human primate models of ASD
A diminished capacity for social responsivity is probably
the most disturbing aspect of ASD [15]. In order to
understand how the “social brain” is affected in ASD, it
is necessary to have a basic understanding of how these
neural substrates operate in healthy individuals. The pre-
frontal cortices, amygdala, and temporoparietal regions
contribute to social behavior in humans [16]. Prefrontal
cortex, including anterior cingulate cortex, is involved in
selecting the appropriate behavior based on its antici-
pated value, and is activated during tasks involving men-
talizing and self knowledge [17]; the amygdala
contributes to tagging emotionally relevant objects in
the environment; and the temporo-parietal regions play
a role in perceiving [18] and orienting towards visually
salient information.
Humans and nonhuman primates show striking hom-

ology in the anatomy of neural circuits mediating social
behavior. For example, while human prefrontal regions
contain both granular and agranular cortex, allowing
orbitofrontal cortex, anterior cingulate cortex, and
dorsolateral cortex to be distinguished from one another,
rat frontal cortex is exclusively agranular, making these
distinctions impossible [19]. In fact, some researchers
use these architectonic differences as evidence that rats
and mice lack some prefrontal subregions found in pri-
mates altogether, such as dorsolateral prefrontal cortex
[20] (but see [21]). If true, this is a serious concern,
given the role of prefrontal cortex in social processing
and its potential dysfunction in ASD [22]. Monkeys, by
contrast, possess both dysgranular and agranular pre-
frontal cortex, and the major areas identified in humans
by Brodmann are all identifiable in monkeys as well [20].
Other differences also exist; for example, astroglia with
intralaminar processes are present in primate, but not
rodent, brains [23].
Unlike rodents, both human and non-human primates

rely primarily on visual cues in order to extract informa-
tion from their social environments. This similarity
allows similar paradigms to be used in both humans and
monkeys, which will be useful for translation of thera-
peutics. For example, an ethologically relevant measure
of pro-sociality in mice might consist of social sniffing
displays, for which there is no obvious analog in
humans. In contrast, in both monkeys [14], and in
humans with ASD [24], the amount of visual attention
to the eyes of another is a reliable metric of social
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behavior, and both are affected by intranasal applications
of the neuropeptide oxytocin (OT) [25,26]. Neural
manipulations in non-human primates that affect behav-
ior in a manner reminiscent of ASD can thus be used as
either a tool to study the etiology of ASD, or as a model
for testing therapeutic agents that ameliorate ASD
symptoms.
A third advantage to the use of nonhuman primates as

models for understanding autism is that they have a
large behavioral repertoire with a high degree of iso-
morphism to human behavior [27]. This is particularly
true in the case of social behavior, and despite some dif-
ferences (such as absence of biparental care and monog-
amous mating in macaques), the social ecologies of
humans and rhesus macaques are quite similar. In the
wild, rhesus macaques aggregate into large (~30-150
member), hierarchically organized social groups. Within
these groups, dominance status and the extent of social
integration determine each individual’s access to scarce
resources such as food, water, and high-quality mates.
Accordingly, rhesus macaques are socially savvy [28] and
rely heavily on their ability to rapidly and accurately as-
sess social situations and produce appropriate behavior.
Both macaques and humans use visual cues to assess re-
productive quality [29,30], regulate behavior according
to the dominance rank of other individuals [31-33], and
discriminate between in-group and out-group members
[34,35].
These observations suggest monkeys evaluate other

individuals in the environment and use this information
to select the most advantageous behavior. Thus, social
information appears to have intrinsic value to primates,
demonstrated by the fact that both rhesus macaques
[36,37] and humans [38] will work to view visual infor-
mation about others. The relative value assigned to vari-
ous classes of social information can also be measured
in the laboratory in both humans and macaques. For ex-
ample, male and female rhesus macaques systematically
and spontaneously value visual social information, such
as images of high-ranking male faces and the sexual skin
of opposite sex conspecifics [31,39]. In humans, orbito-
frontal cortex (OFC), ventromedial prefrontal cortex
(vmPFC), and ventral striatum (VS) contribute to the
computation of social value from images [40]. Attention-
related neurons in parietal cortex signal the value of
orienting to specific social stimuli in macaques as well
[41]. Together, such studies sketch a neural circuit from
input (temporal cortex) to value computation (OFC,
vmPFC, VS), to output (parietal cortex) [42].
Despite being highly visual, non-human primates com-

municate a great deal of information though vocalizations,
including identity, sex, status, and reproductive quality
[10]. To our knowledge, this sophisticated vocal commu-
nication in macaques has not been exploited as a model of
social processing deficits in ASD, despite obvious rele-
vance to verbal and non-verbal communication in
humans. Moreover, recent studies in nonhuman primates
have made progress in understanding how multimodal so-
cial information is processed in the primate brain. Given
deficits in multisensory integration that occur in ASD
[43], such research is highly relevant to understanding
ASD. Neurons in the monkey auditory cortex and superior
temporal sulcus region bind together auditory and visual
information in order to provide an integrated representa-
tion of social communication [44]. For example, neurons
in the superior temporal sulcus (STS) that respond to a
specific type of species-typical vocalization, a coo, display
enhanced firing in the presence of a movie depicting a
monkey emitting the vocalization (Figure 2). Notably, STS
function is altered in ASD individuals responding to visual
social cues [45].
Mirror neurons, motor neurons that discharge when a

subject both performs a motor act and observes another
agent perform the same act, were first described in rhe-
sus macaques [48]. The existence of these neurons in
humans is inferred from fMRI studies showing that
brain regions in which mirror neurons have been found
in monkeys, such as inferior frontal cortex and rostral
parietal cortex, are active in humans when both per-
forming and observing a motor act [48]. The mirror
neuron system (MNS) has been proposed to be dysfunc-
tional in individuals with ASD (Iacoboni and Dapretto
2006). Though recent evidence casts doubt on this the-
ory in the strict motor sense [49], individuals with ASD
do have decreased activity in MNS relative to controls
when imitating and observing emotional expressions,
and the amount of BOLD suppression is correlated with
the degree of social impairment [50].
It is possible that the mirror neuron motor system is a

specific case of a more general mechanism that evolved to
support other-oriented behavior in primates. For example,
neurons in the lateral intraparietal (LIP) region of the ma-
caque respond preceding gaze shifts to a particular region
of space. Recently, investigators found that these neurons
also respond when monkeys observe another monkey shift
gaze to the same region [51] (Figure 3). Behaviorally, facili-
tation of gaze orientation via social cues is well known in
humans: when we see a group of people swivel their heads
to attend to something outside of our view, our natural
tendency is to shift our gaze in the same direction in order
to see what they are looking at. In typically developing
(TD) individuals, observation of another’s gaze shift tends
to induce re-orientation to the same region in space [52-
56]. In ASD individuals, however, this tendency is often
found to be altered [57] or impaired, e.g., [58].
Gaze-following is a precursor to joint attention, the

simultaneous engagement of two or more people in the
same object or event. Joint attention is reliably present
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Figure 2 Integration of visual and auditory information is commonplace in both humans and rhesus macaques, and is deficient in
individuals with ASD. (A) Behavioral and fMRI studies reveal differences in multisensory integration in ASD. Left, ASD and TD individuals perform
similarly when discriminating speech sounds using auditory information alone, but ASD individuals are significantly impaired relative to TD individuals
when visual information is added to the task. Speech information consisted of short sentences read aloud overlaid on a background of auditory noise.
Y-axis, speech reception threshold, the speech-to-noise ratio at which individuals accurately report the speech signal. More negative values indicate
better performance. Right, activity in the STS during audiovisual integration of speech is absent in ASD subjects. Images modified from [46,47]. (B)
Single neurons of rhesus macaques represent audio-visual integration while perceiving meaningful vocalizations. Left, image and corresponding
spectrogram of rhesus macaque performing a coo vocalization. Black dot on gray background is a visual control stimulus. Right, firing of a single STS
neuron in response to hearing a coo (green), observing a coo (blue), or simultaneously hearing and observing a coo (red). Y-axis indicates the firing
frequency of the neuron (spikes/second); X-axis indicates time, with coo stimulus presented at time zero. Note that higher neuronal firing is elicited
when auditory and visual information is presented simultaneously. Images reproduced from [44].

Watson and Platt Journal of Neurodevelopmental Disorders 2012, 4:21 Page 5 of 10
http://www.jneurodevdisorders.com/content/4/1/21
at 18 months of age in typically developing individuals
[60], but is one of the deficits in social interaction typical
of ASD. The degree to which infants engage in joint at-
tention can, to some extent, predict the probability of
developing ASD later in development [61]. In TD indivi-
duals, gaze following occurs as early as 3-6 months old
[60,62]. Because social attention tasks in human and
nonhuman primates can be implemented in precisely
the same way, the nonhuman primate model serves as
an attractive tool for the identification of pharmaco-
logical interventions promoting social attention. Those
interventions deemed effective (and safe) can then be
easily tested in a human clinical population.
The molecular substrates mediating social affiliation in

mammals appear to be relatively invariant and highly
relevant to potential therapeutic treatments for ASD.
Oxytocin (OT), a peptide hormone produced in the
hypothalamus, has been implicated in ASD. For ex-
ample, ASD has been linked to a mutation in the coding
region for the OT receptor [63], and intranasal
application of OT in ASD individuals increases attention
to the eye region of faces [25], facilitates sensitivity to
cooperative behavior [25], and improves emotional rec-
ognition [25,64]. Far from being specific to humans, OT
is a primitive peptide that shapes social behavior in
many other species [65], such as mother-offspring bond-
ing in sheep [66] and monogamous pair bonds in prairie
voles [67]. Oxytocin receptor knockout (OTR-KO) mice
display social amnesia [68], impaired sociability, and
reduced vocalization. The social deficits in OTR-KO
mice are rescued by the administration of oxytocin [69].
Even in the (famously despotic) rhesus macaque, inhaled
OT has the effect of increasing prosocial decisions in
non-competitive contexts as well as attention to another
individual [26].
fMRI studies reveal that the regions of the human

brain affected by OT administration overlap heavily with
those involved in social cognition, including the amyg-
dala, prefrontal cortex, and temporo-parietal junction
reviewed in [70]. As a complement, animal models can
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Figure 3 Both humans and monkeys follow others’ gazes, a tendency that is reduced in autism. A. Gaze-following, which occurs as early as
3 months of age in humans, promotes the phenomenon of joint visual attention. Image from [59] B. Social gaze enhances neural firing in lateral
intraparietal cortex (LIP) during a visual target selection task. Left, LIP neurons in rhesus macaques are sensitive to particular locations in space. Here, the
location of one of these so-called “response fields” is depicted for a single LIP neuron. Firing frequencies (hotter colors =higher firing rates, cooler
colors = lower firing rates, in spikes per second) are overlaid in the form of a colorimetric map onto the visual scene. This particular neuron fires most
when the monkey makes an eye movement to the right part of the monitor. Right, peri-stimulus time histogram of the same neuron firing when the
eye movement is preceded by a picture of a monkey looking towards the response field (thick red line) or away from the response field (thick blue
line). X-axis denotes time during a single trial, aligned at zero to cue, target, or saccade (eye movement) onset. Y-axis is spikes per second, i.e., the
mean firing rate for this neuron. Note the increase in neuronal firing in response to an image of a familiar monkey looking towards the response field.
Similar to humans, rhesus macaques exhibit gaze-following tendencies, as evidenced by decreased response times when monkeys saccade towards a
target accompanied by a congruent social gaze stimulus. Image reproduced from [51].
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provide more specific answers about the way in which
OT influences neural circuits related to social behavior.
In humans, the gene encoding the OT receptor is poly-
morphic [71]. These and other polymorphisms may
underlie some of the variation in human social behavior,
and studies designed to explore this relationship may
yield insights about the ways that OT can be used to
treat ASD symptomology. Although we include a
detailed discussion of OT research as it relates to ASDs,
it is just one of many possible molecular mechanisms
that could be further explored in NHPs. Serotonergic
pathways [72] and excitation/inhibition balances in ner-
vous systems [73] are examples of two additional
mechanisms that, based on mouse-model evidence, may
play a role in ASD pathology, and merit further explor-
ation in NHP models.

Repetitive behaviors
Although the bulk of the research on ASD focuses on
social disruptions, it is important to note that non-social
alterations in behavior, such as motor and verbal stereo-
typies, resistance to change, and obsessive interests, are
equally characteristic of the disorder [1,74,75]. Indeed,
circumscribed interests and repetitive behavior interfere
greatly with normal function, and are a major source of
stress amongst parents of ASD children [76]. Mouse
assays that index levels of repetitive/stereotyped motor
behavior include increased rates of self-grooming and
bar-biting [4], and repetitive digging behavior as mea-
sured by marble-burying assays [77]. Resistance to
change may be assayed by T-maze reversal learning and
water maze tasks [2].
Interestingly, despite being known for its effects on so-

cial behavior (see discussion above), OT can also affect
patterns of repetitive behavior. OTR-KO mice are resist-
ant to change as measured by a T-maze reversal learning
task, but, remarkably, cognitive flexibility is restored by
OT administration [69]. The OTR-KO mouse model of
autism thus comes very close to having predictive, as
well as face and construct, validity, as OT administration
is known to reduce repetitive behavior in humans with
ASD [78].
Stereotyped behavior has also been described in cap-

tive primates, and measures of these behaviors are
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under-used but highly relevant to NHP models of ASD.
In one of the rare studies to quantify repetitive behaviors
in NHP models of ASD, monkeys exposed to human
IgG antibodies collected from mothers with multiple
children diagnosed with ASD showed increased whole-
body stereotypies and were hyperactive compared to
control monkeys [9]. When placed in an enclosure with
visual access to their mother, control animals sat in close
proximity to their mother, whereas IgG-exposed animals
repeatedly paced the length of the enclosure. Moreover,
the IgG-exposed animals displayed stereotyped body-
flipping behavior, even in large enclosures that offered
opportunities for play and exploration.
Captive rhesus macaques housed in isolation often ex-

hibit behavioral stereotypies such as repeated pacing and
flipping [8]. The effects of social deprivation in nonhu-
man primates mirror those seen in humans; neonates
raised in conditions of privation and absence of maternal
care often show autistic-like behavior [79]. These obser-
vations invite the speculation that repetitive behavior in
ASD is a consequence of self-induced social isolation.

Modeling neurodevelopmental disorders in nonhuman
primates
In addition to the advantages delineated above, NHP
models also provide unique advantages when exploring
neurodevelopmental contributors to autism, such as dis-
ruption in brain growth and connectivity during devel-
opment [80,81]. It seems likely that ASD arises from a
gene-environment interaction, and the timing of the en-
vironmental insult may be crucial to development of
ASD. In contrast to rodents, rhesus macaques bear sin-
gle young with a lengthy period of dependence and post-
natal maturation. Classic experiments by Harlow [82]
demonstrated that social interaction is required for nor-
mal emotional development in macaques. Peer-reared
rhesus macaques with amygdala lesions show social
withdrawal and a decrease in initiation and acceptance
of social contacts as adults [83]. Subsequent studies
showed that amgydala lesioning alone was not sufficient
to induce social dysfunction, and that maternally reared
infants with amygdala lesions retained intact social gaze,
facial expression, body posture, and social interest [84].
This outcome highlights the importance of interactions
between the environment and functional risk factors to
produce alterations in primate behavior.
Insults during prenatal development are also impli-

cated in ASD. Studies in rhesus macaques and mice par-
tially support an autoimmune model of autism driven by
exposure to maternal antibodies in utero [85]. As in
humans, rhesus macaques and other nonhuman pri-
mates transfer maternal immunoglobulins across the
placenta during gestation, whereas rodents receive im-
munity postnatally [86]. The degree to which the mother
and the fetus intermingle depends on the anatomy of
the placenta, which varies across species; it is highest in
humans, intermediate in rhesus macaques, and minimal
in rodents [87,88].

Individual variation and ASD
Just as social behavior varies across the typically develop-
ing population, so does behavior within the ASD popula-
tion (hence the term “spectrum”). Moreover, unaffected
family members of individuals with ASD often exhibit
“broader phenotypes,” milder versions of ASD sympto-
mology that do not substantially impact functioning. Like
humans, monkeys display notable individual variation in
social behavior. For example, rhesus macaques who carry
a copy of the short allele in the serotonin transporter
linked repeat polymorphism direct less attention to the
eyes than others, or are less likely to look at a face than a
non-face image [14]. Variations in the degree of social in-
tegration are also documented among macaques in the
wild, and can partially be explained by genetic factors. For
example, social network analysis confirms that patterns of
grooming and aggressive behaviors can be partially
explained by repeat polymorphisms associated within the
serotonin system [29]. The presence of such endopheno-
types in macaques offers another dimension along which
the biology of ASD symptomatology can be explored.
However, to our knowledge, individual variation of ASD-

like traits has not been explored in mice, though heavy
inbreeding has resulted in the amplification of ASD-like
traits in some strains of laboratory mice. There are 11
commonly used laboratory mouse strains descended from
a single mouse species, Mus musculus. Within each strain,
each mouse is nearly genetically identical. Between each
strain, however, there is a high level of genetic diversity
contained within diversity “hot spots” in the genome [89].
The genetic differences between these different strains are
sufficient to induce behavioral differences in tasks modeled
to probe core ASD symptoms in mice. For example, BTBR
mice display low social approach, poor social learning, and
heightened resistance to change [5], as well as impaired
probabilistic reversal learning and increased marble-
burying and grooming behavior [90]. BALB/c mice display
reduced rates of some species-typical social behaviors, such
as copulation and maternal behaviors, as well as heigh-
tened anxiety and increased aggression [91]. Because there
are many genetic differences between strains, it is not clear
how these differences arise. However, as the genomic dif-
ferences between strains become better characterized, it
may be possible to home in on the genes and pathways
that underlie ASD-like behaviors in the affected strains.

Ethical considerations
For reasons outlined in this review, experiments in non-
human primates have the capacity to contribute unique
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information about the relationship between the nervous
system and ASD. However, the same characteristics that
make non-human primates valuable for ASD studies war-
rant careful consideration of the ethical implications of
such research. The use of animals in research has a rich
history, reviewed in [92], and has resulted in the current
system, in which experimental and husbandry procedures
involving nonhuman primates are strictly regulated. These
regulations notwithstanding, the use of intelligent animals
in any research program demands close scrutiny, and dif-
ferent viewpoints on non-human primate research exist.
These viewpoints must be considered in the context of re-
cent studies that show a rapid increase in the prevalence
of autism [93], as well as the associated financial [94] and
social, e.g., [95,96], repercussions. In the authors’ opinions,
the scientific advancements and the impact on autism
treatments to be potentially gained by experimental re-
search on non-human primates outweigh ethical concerns
of such research.

Conclusions
The ASDs are common, costly, and socially devastating,
placing a premium on therapeutic progress. The complex-
ity of the disorder demands a multi-pronged approach.
We argue that a tripartite approach, integrating clinical
studies in humans, genetic manipulations in mice, and
neural systems studies in non human primates, offers the
most promise for understanding and, ultimately, treating
ASD. Mice offer an ideal substrate for bottom-up studies,
in which the precise biological consequences of various
genetic disruptions can be identified. Studies in nonhuman
primates offer a complimentary top-down approach, ap-
propriate for identifying the neural circuits and patterning
associated with the behaviors affected in ASD. Addressing
the disorder on all three levels, in humans, primates, and
rodents, offers the most hope for a translatable therapy for
ASD.
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