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Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social communication deficits and
restricted, repetitive patterns of behavior. For more than a decade, genetically-modified, risk factor-induced, as well as
naturally occurring rodent models for ASD have been used as the most predominant tools to dissect the molecular
and circuitry mechanisms underlying ASD. However, the apparent evolutionary differences in terms of social behavior
and brain anatomy between rodents and humans have become an issue of debate regarding the translational value of
rodent models for studying ASD. More recently, genome manipulation of non human primates using lentivirus-based
gene expression, TALEN and CRISPR/Cas9 mediated gene editing techniques, has been reported. Genetically modified
non-human primate models for ASD have been produced and characterized. While the feasibility, value, and exciting
opportunities provided by the non-human primate models have been clearly demonstrated, many challenges still
remain. Here, we review current progress, discuss the remaining challenges, and highlight the key issues in the devel-
opment of non-human primate models for ASD research and drug development. Autism Res 2018, 11: 686-694.
© 2018 International Society for Autism Research, Wiley Periodicals, Inc.

Lay Summary: Over the last two decades, genetically modified rat and mouse models have been used as the most
predominant tools to study mechanisms underlying autism spectrum disorder (ASD). However, the apparent evolu-
tionary differences between rodents and humans limit the translational value of rodent models for studying ASD.
Recently, several non-human primate models for ASD have been established and characterized. Here, we review cur-
rent progress, discuss the challenges, and highlight the key issues in the development of non-human primate models
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for ASD research and drug development.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelopmen-
tal disorder characterized by impaired social interac-
tions and restricted, repetitive behaviors. Research has
shown that ASD involves both genetic and environ-
mental factors and that genetic causes have been identi-
fied in approximately 25% of the patients [lossifov
et al., 2014; De Rubeis et al., 2014; Bourgeron, 2015;
Krumm et al., 2015]. Whole exome or genome sequenc-
ing, targeted resequencing, and genome copy number
analysis of ASD patients have confirmed the signifi-
cance of deleterious mutations in approximately 70
genes or loci [Sanders et al., 2011, 2015]. The molecular
heterogeneity of ASD, including the large number of
low penetrant alleles relating to ASD, has created a sig-
nificant challenge to those who have attempted to cre-
ate animal models [McCarroll & Hyman, 2013]. Apart

from genetic causes, epidemiological evidence also sug-
gests that non-genetic factors, such as maternal use of
anti-epilepsy drug of valproic acid (VPA) [Moore et al.,
2000; Rasalam et al., 2005; Bromley et al., 2013] and
maternal infection during pregnancy, may represent
risk factors for ASD [Ashwood, Wills, & Van de Water,
2006; Atladottir et al., 2009; Lee et al., 2015].
Postmortem neuropathological and brain imaging
studies of ASD patients have suggested several brain
regions underlying the pathogenesis of ASD [Uddin,
Supekar, & Menon, 2013; Di Martino et al., 2014; Lain-
hart, 2015]. Indeed, the examination of ASD postmor-
tem brains has revealed neuroinflammation [Vargas,
Nascimbene, Krishnan, Zimmerman, & Pardo, 2005;
Gesundheit et al., 2013] and abnormalities in specific
regions that are related to the core symptoms of ASD,
such as the amygdala, prefrontal cortex, and striatum.
The amygdala, which shows abnormal organization in
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Figure 1. Timeline of brain disease models developed in non-human primates.
Table 1. Phenotype Analysis of Non-Human Primate Models for ASD

Phenotypes

Autism models Methods Behavioral Cognitive Imaging References
Rett syndrome TALEN Fragmented sleep, increased Defects in recognizing Changes of cortical and  Chen et al., 2017

sensory threshold, less
social contact and more
stereotypical behaviors

MECP2 duplication Overexpression Repetitive circular routing,

emotional expressions
in eye-tracking test

Largely normal in WGTA  ND

sub-cortical volume
by MRI

Liu et al., 2016a

impaired social interac- assay

tion and increased
anxiety

Poly IC injection Increased repetitive behav-
jors, self-directed behav-
jors and abnormal social

Maternal immune
activation

Abnormal gaze patterns
to salient social infor-
mation in eye-

Altered dendritic
morphology

Bauman et al., 2014;
Machado et al., 2015;
Rose et al., 2017

interactions tracking test
PIgG-ASD Inappropriate approach ND Enlarged brain volume in  Bauman et al., 2013
injection behavior males by MRI
SHANK3 related CRISPR/Cas9 ND ND Fewer neurons and Zhao et al., 2017

autism

reduced spine density

® Pregnant rhesus macaques were injected with polyinosinic:polycytidylic acid (poly I:C), a double stranded RNA analog (viral mimic).
® Pregnant rhesus macaques were injected with IgG isolated from mothers of children with ASD (IgG-ASD), which target fetal brain tissue.

Note: ND, not determined; MRI, magnetic resonance imaging.

ASD patients, is associated with emotion and motiva-
tion, and processes both fearful and rewarding stimuli
[Kemper & Bauman, 1993]. Magnetic resonance imag-
ing (MRI) has revealed enlargement of the cortical sur-
face area in ASD infants [Shen et al., 2013; Hazlett
et al., 2017]. However, these studies do not support the
causality between the brain regions and ASD behaviors
because of the apparent technical limitations in human
studies. Rodents have been widely used to study the
pathogenesis of ASD. However, the evolutionary differ-
ences in brain anatomy and social behavior between
humans and rodents have posed the interesting debate
of whether rodent models are of value in studying the
pathological mechanisms underlying ASD. Recently, a
few non-human primate models have been created to
facilitate the study of ASD (Fig. 1 and Table 1) [Liu

et al., 2016a; Chen et al., 2017; Zhao et al., 2017]. Here,
we review the findings from these new non-human pri-
mate models for ASD and discuss the value, as well as
the challenges, of using these models in translational
research.

Rodent Models for ASD

Rodent models recapitulating the molecular genetic
defects associated with ASD in human patients serve as
valid tools to dissect the molecular and cellular mecha-
nisms underlying ASD. Numerous rodent models have
been developed for known ASD risk genes and environ-
mental risk factors; the comprehensive information can
be found in the Autism Database (AutDB, http://autism.
mindspec.org/autdb/AM_About.do and https://gene.
sfari.org/) [Kumar et al.,, 2011; Abrahams et al., 2013].
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Genetic models are developed based on well-studied
monogenic or syndromic genes associated with ASD,
such as MECP2, FMR1, NLGN3, TSC1/2, SHANK1/2/3,
and UBE3A [Bey & Jiang, 2014; Hulbert & Jiang, 2016;
Kumar et al., 2011]. Naturally occurring BTBR mice also
exhibit a spectrum of autistic-like behaviors [McFarlane
et al.,, 2008; Han, Tai, Jones, Scheuer, & Catterall,
2014]. Other rodent models for ASD are risk factors
induced such as maternal VPA-exposure [Rodier, 2002;
Rinaldi, Kulangara, Antoniello, & Markram, 2007],
maternal autoantibodies, and maternal immune activa-
tion (MIA) [Camacho et al., 2014; Choi et al., 2016;
Kim et al., 2017].

Evolutionary Differences between Rodents and Primates:
molecular Pathways, Brain Structure, and Behavior

While rodent models have been widely used to model
human genetic disorders over the last two decades, the
evolutionary differences between these species have
also been the focus for extensive discussion in terms of
translational potential. Specifically, there are consider-
able differences between the mouse and human in
many aspects, such as brain anatomy, cognitive capac-
ity, and behavioral repertoire [Watson & Platt, 2012;
Izpisua Belmonte et al.,, 2015; Jennings et al., 2016].
Several brain regions including the amygdala, the fron-
tal lobe, the parietal cortex and the superior temporal
cortex are implicated in social behaviors through brain
lesion and imaging studies in humans [Adolphs, 2001;
Insel & Fernald, 2004]. The brain regions of the orbito-
frontal cortex and caudate nucleus are associated with
the restricted, repetitive patterns of behavior of ASD
patients [Amaral, Schumann, & Nordahl, 2008; Estes
et al., 2011]. The key brain regions implicated in social
behavior are remarkably similar between humans and
non-human primates [Bauman & Schumann, 2018], but
divergent in rodents.

Because of their strong similarity to humans in terms
of brain anatomy, non-human primates are considered
to be better models for ASD than rodents. Old World
monkeys, mainly Macaca fascicularis and Macaca
mulatta, are widely used in basic and translational bio-
medical research, for many reasons. Old World mon-
keys share a common ancestor with humans about 23
million years ago, while rodents and humans under-
went divergence 70 million years ago [Norgren, 2013].
The ratio of encephalization quotient (a rough measure
of brain size allometrically scaled to body size) ranges
from 7 to 9 in humans and macaques, but is only 1 in
rodents [Dorus et al., 2004]. The primate brain shows
an enlarged prefrontal cortex and increased cortical
folding compared with rodents. The prefrontal cortex
plays an important role in decision-making, emotional
regulation, attention control, and working memory.

These differences may limit the translational value of
knowledge learned from mouse models to be directly
applied in human patients.

Transcriptome and epigenome studies have shown
that differences dominate similarities between humans
and mice [Lin et al., 2014]. The transcript isoforms rep-
ertoire varies markedly between humans and mice [Bar-
bosa-Morais et al., 2012; Merkin, Russell, Chen, &
Burge, 2012]. For instance, the G Protein-Coupled Recep-
tor 56 (GPR56) splicing pattern differs extensively in
mice and humans; the noncoding GPR56 exon 2 is only
present in non-human primates and humans [Bae et al.,
2014]. GPRS56 regulates lateral cortical development in
gyrencephalic mammals [Bae et al., 2014]. Furthermore,
reduced neocortical NOS1 expression was found specifi-
cally in human fragile X syndrome patients, but not in
FMRP deficient mice [Kwan et al., 2012]. This provides
a partial explanation for the failure of mutant mice to
reproduce key cognitive features of the patients with
fragile X syndrome.

Non-human primates exhibit unique social behaviors
and cognitive functions, which are in line with those of
humans [Phillips et al., 2014]. Deficits in social infor-
mation processing and emotional regulation are impor-
tant aspects of ASD [Endevelt-Shapira et al.,, 2018].
Genetically-engineered mouse models frequently fail to
recapitulate the social and communicative impairments
of ASD patients [Hyman, 2014], because the social and
environmental contexts that shaped human behavior
are highly divergent from that of rodents during evolu-
tion. For instance, monkeys have forward-looking eyes
to process social stimuli, while rodents rely more on
olfaction. Abnormal eye gaze and reduced visual con-
tact are common features of ASD patients [Guastella,
Mitchell, & Dadds, 2008]. Monkeys also have the ability
to recognize individuals from photos or videos, and the
focus of eye gaze can be quantitatively analyzed [Phil-
lips et al., 2014]. Thus, non-human primate models can
provide more valuable and unique information than
rodent models to understand how ASD-associated
genetic mutations influence human brain development
and behavior.

New Genome Editing Tools for Non-Human Primates

Lentivirus-based transgenic methods have been success-
fully used to generate transgenic monkey models. For
example, in 2001, a retroviral vector injection method
was used to create a transgenic rhesus monkey (Macaca
mulatta) expressing green fluorescence protein (GFP)
[Chan, Chong, Martinovich, Simerly, & Schatten,
2001]. This seminal work opened up a new era and
eventually led to the creation of several lines of trans-
genic monkeys which can be used to model different
brain disorders. Yang et al., generated the first non-
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Figure 2. Diagram of TALEN- and CRISPR/Cas9-mediated gene editing to make ASD monkey models.

human primate model for Huntington disease, in
which the Huntingtin (HTT) mutant gene, responsible
for the Huntington disease, was transfected into mon-
key zygotes by lentivirus (Fig. 1) [Yang et al., 2008].
These monkeys showed signs of neuronal death and
motor defects. More recently, transgenic monkeys
expressing mutant o-synuclein (AS3T) were generated
to mimic familial Parkinsonism [Niu et al., 2015], while
transgenic monkeys overexpressing Rett syndrome-
associated MECP2 protein exhibited defective social
interactions [Liu et al., 2016a].

We have now entered a new era of non-human pri-
mate research, facilitated by the development of highly
efficient and precise genome editing tools, such as
TALEN (transcription activator-like (TAL) effector nucle-
ases) and CRISPR/Cas9 gene editing systems (Fig. 2).
Cynomolgus monkeys are more often used than rhesus
monkeys for gene editing, as they have menstrual
cycles throughout the entire year, while rhesus mon-
keys reproduce only seasonally. Niu and colleagues first
used Cas9 mRNA and sgRNA to edit genes in cynomol-
gus monkeys [Niu et al.,, 2014]. Subsequently, Chen
et al. used CRISPR/Cas9 to target the monkey dystro-
phin gene to mimic Duchenne muscular dystrophy
(DMD) [Chen et al., 2015], while Zhao et al., generated
three mutant offspring containing deleterious SHANK3
mutations by using CRISPR/Cas9 [Zhao et al., 2017]. In
other studies, MECP2 (methyl-CpG binding protein 2)
and MCPH1 (Microcephalin 1) were targeted by TALEN
in cynomolgus monkeys to model Rett syndrome and
microcephaly, respectively [Liu et al., 2014a; Liu et al.,
2014b; Ke et al., 2016].

Monkey Models for ASD

Genetic and induced non-human primate models have
been produced and characterized to allow us to investi-
gate the pathological mechanisms of ASD (Fig. 1).
Naturally-occurring genetic variations in non-human
primates offer an excellent opportunity to exploit

genotype-phenotype association, although relatively
few studies have been reported thus far [Haus et al.,
2014]. Madlon-Kay et al. reported naturally occurring
variants of SHANK3 among a large free-ranging feral
population of rhesus macaques on Cayo Santiago Island
[Madlon-Kay et al., 2015]. It would be interesting to fur-
ther explore the relationships between these genetic
variants and social and cognitive performance in these
monkeys.

The administration of MIA and VPA treatment during
pregnancy were reported to induce ASD-related abnor-
malities in monkey offspring [Machado, Whitaker,
Smith, Patterson, & Bauman, 2015; Yasue et al., 2015].
During pregnancy, maternal I1gG antibodies that react
to fetal brain proteins represent risk factors for ASD
[Bauman et al., 2013]. Monkeys that are prenatally-
exposed to antibodies from the mothers of autistic
patients exhibit stereotyped behaviors and are more
hyperactive compared with controls [Bauman et al.,
2013]. Prenatal MIA has also been linked to altered
brain development and behavior abnormalities in
humans and animal models [Estes & McAllister, 2016;
Kim et al.,, 2017]. Rhesus monkeys exposed to MIA
show abnormal gaze to salient social information
[Machado, Whitaker, Smith, Patterson, & Bauman,
2015], repetitive behaviors, and abnormal social interac-
tions [Bauman et al., 2014]. Other studies have shown
that VPA-treated marmosets do not recognize social
interactions between human caregivers while untreated
controls do [Yasue et al., 2015]. The progress of induced
monkey models for ASD has been recently reviewed by
Bauman and Schumann [Bauman & Schumann, 2018].

Genes implicated in ASD, such as MECP2 and
SHANK3, have been targeted to produce non-human
primate models of ASD [Liu et al., 2016a; Chen et al.,
2017; Zhao et al., 2017]. MECP2 duplication syndrome,
characterized by ASD, intellectual disability, and anxi-
ety, is caused by a common genomic rearrangement.
Monkeys overexpressing MECP2 mediated by lentivirus
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infection exhibit characteristic features associated with
MECP2 duplication in humans such as abnormal social
and repetitive circulating behavior, as well as increased
anxiety [Liu et al., 2016a]. Rett syndrome is a severe
form of ASD caused by mutations in MECP2. MECP2
deficient monkeys, induced by TALEN-mediated gene
editing, show defects in social behavior, sleep, and cog-
nitive function [Chen et al.,, 2017]. Heterozygous
SHANK3 mutations and deletions are one of the most
common genetic mutations found in ASD [Leblond
et al., 2014]. Furthermore, SHANK3 deficit monkeys,
induced by CRISPR/Cas9, show reduced levels of post-
synaptic PSD95 protein and a subset of glutamate recep-
tors, reduced spine density, and fewer mature neurons
in the prefrontal cortex [Zhao et al., 2017].

Phenotyping Tools for Non-Human Primates

Similar to disease models in other species, phenotype
analyses for mutant monkey models of ASD typically
include biochemical, molecular, cellular, behavioral
assays, and brain imaging. There are extensively vali-
dated social behavior experimental paradigms [Sclafani
et al. 2016] and ethograms for non-human primates
(Table 1). Robust and comprehensive methods to phe-
notype non-human primates are essential for the suc-
cessful investigation of models for human ASD. A list of
the currently available phenotype assays, focusing on
behavior and cognitive analysis, and brain imaging, are
shown in Table 1.

Behavioral analysis in monkeys is typically performed
by scoring video-recorded behavioral data in both natu-
ral and designed experimental settings. The behaviors
frequently examined include active social contacts,
such as grooming and sitting together, environmental
exploration, aggressive behavior, and stereotypical
behavior. Stereotypical behaviors are repetitive and
involuntary movements, such as hand flapping, body-
rocking, and head-rolling. Monkeys with amygdala
lesions show more self-directed stereotypies and spend
less time in social interactions [Rosvold, Mirsky, & Pri-
bram, 1954; Bauman, Toscano, Babineau, Mason, &
Amaral, 2008]. MECP2 hypomorphic mutant monkeys
exhibit less social interaction and more stereotypical
behavior without aggressive behavior [Chen et al.,
2017]. Many ASD patients have comorbid symptoms
such as sleep disturbance, obsessive compulsive disor-
der, anxiety, and sensory processing problems.
Increased sensory threshold and fragmented sleep have
also been observed in MECP2 mutant monkeys [Chen
et al.,, 2017]. Transgenic MECP2 duplication monkeys
show defects in social interaction, increased repetitive
circular locomotion, but no difference in the total time
spent in locomotion [Liu et al., 2016a].

Eye tracking assays are useful in assessing the neural
circuitry activity of the non-human primate brain.
Visual attention is the ability to focus onto relevant
aspects of the visual world but simultaneously ignore
distracting aspects. Abnormal eye attention is consid-
ered to be one of the key features of ASD [Guastella,
Mitchell, & Dadds, 2008]. In a manner similar to
humans, non-human primates allow a measure of social
information processing and facial expression recogni-
tion with an eye tracking system, which is not applica-
ble in rodents [Gothard, Erickson, & Amaral, 2004;
Machado, Whitaker, Smith, Patterson, & Bauman,
2015]. In vivo physiological assays record a small num-
ber of neurons in various regions of the brain in freely-
moving monkeys [Moore & Armstrong, 2003]. Non-
invasive electroencephalograms (EEGs) can also be used
to record the network activity of cortical neurons in
freely-moving monkey [Gil-da-Costa, Stoner, Fung, &
Albright, 2013].

Brain imaging such as MRI/fMRI and diffusion tensor
imaging (DTI) are routinely used to analyze brain struc-
tures and for longitudinal follow-up studies in humans
[Pardini et al., 2009; Schumann et al., 2010]. Functional
MRI (fMRI) is often used to assess changes in brain
activity when performing a certain task. The longitudi-
nal assessment of normal brain growth patterns using
MRI has been reported in monkeys [Scott et al., 2016].
Studies of brain structures in ASD patients using MRI
have also revealed abnormal brain growth during early
childhood [Piven et al., 1995; Courchesne et al., 2001;
Schumann & Nordahl, 2011]. MECP2-deficient monkeys
exhibit abnormal brain development including reduced
gray matter volume and cortical thickness in specific
brain regions [Chen et al., 2017]. DTI can also provide
unique contrast, quantitative diffusion metrics, and dif-
fusion tractography to allow the investigation of white
matter organization in monkey brains [Calabrese et al.,
2015]. However, DTI and fMRI have not yet been
applied to non-human primate models for ASD.

Aside from behavioral and imaging assays, molecular,
cellular, and ultrastructural analysis techniques are
available for rodents and can be readily used in studies
involving non-human primates. For example, cellular
analysis, using various neuronal and glial markers, has
discovered fewer mature neurons and more astrocytes
in SHANK3 deficit monkey brains, which have not been
observed in Shank3 mutant mice [Zhao et al., 2017].

Challenges and Perspectives

Our ability to genetically manipulate non-human pri-
mates has certainly provided an unprecedented oppor-
tunity to model neurological problems in humans,
particularly neuropsychiatric  disorders.  Successful
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generation of several non-human primate models for
genetic diseases provide considerable support for the
feasibility of gene manipulations in non-human pri-
mates. Although the feasibility of several other molecu-
lar systems has been demonstrated, we predict that
CRISPR/Cas9 will be the predominant technique of the
future. While the power of CRISPR/Cas9 gene-editing in
non-human primates is clearly evident, this technique
is still associated with several limitations in the manip-
ulation of non-human primate genes such as inade-
quate gene editing efficiency, mosaicism, and off-target
effects in the founder animal [Chen, Niu, & Ji, 2016;
Zhao et al., 2017]. Variable targeting efficiency and low
pregnancy rates have also been documented [Niu et al.,
2014, Zhao et al., 2017]. Whether these issues are gene
specific remains to be seen. The solution to resolve
mosaicism and off-target mutations is to breed the
founder animals to obtain germline transmission for
the targeted mutation, but segregate out the off-
targeted mutations. This is biologically feasible and sim-
ple in other species such as rodents, but can be chal-
lenging from a practical point-of-view in non-human
primates. The frequency of germline transmission of
mutations mediated by CRISPR/Cas9 remains to be
established. The long reproductive cycle and the mono-
tocous nature of breeding in macaques make this even
more difficult, if not impossible, because of our inabil-
ity to obtain a large colony in a short time period. On
average, it will take almost S years (4 years for female
sexual maturation and 5 months for pregnancy) for a
founder animal to produce its first offspring through a
natural reproduction cycle. A more rapid acquisition of
monkey offspring, using testis xenograft techniques
(testis tissues from juvenile male monkey are xeno-
grafted in nude mouse), was achieved in transgenic
MECP2 mutants produced by lentivirus technology [Liu
et al., 2016a,b]. The xenograft technique can shorten
the F1 generation time to 2.5 years. Developing ASD
models in marmosets, a New World monkey species, is
another option because of their quick sexual maturity
(about 14 months) and high fertility (80% chance to
have twins) [Miller et al., 2016].

In addition to the limitations associated with the
CRISPR/Cas9 technique, there remain other challenges.
First, cost inevitably remains a daunting hurdle to over-
come. The inability to practically produce a sufficient
number of animals due to the long reproduction cycle
may pose a significant challenge for experimental
design and data analyses in some experiments. Second,
the limited availability of phenotype analysis tools is
likely to limit the value of non-human primate mutants
in dissecting the pathophysiology of human disease, at
least in the short term. Third, ethical concerns may be
encountered; the use of non-human primates rather
than other animal models requires greater ethical

consideration of potential animal suffering and benefits
of the research. Lastly, similar to behavioral experiment
in other species, it is expected that a range of non-
genetic factors, including food supply, living environ-
ment, and health of the experimental animals may
exert a significant confounding factor on behavioral
performances.

Despite these issues, a steady growth in the use of
non-human primates as a model for ASD and other
neuropsychiatric disorders is anticipated. The repeated
failure to advance psychiatric drug development from
studies on rodent models clearly supports the need for
alternative models, and the non-human primate is cer-
tainly a logical option [Seok et al., 2013]. The partner-
ship between academic and industrial entities is likely
to be critically important in this endeavor. Modeling
human ASD is a high priority for investment. It is likely
that researchers will learn a great deal from characteriz-
ing monkey models for ASD. These monkey models will
allow investigators to design new experimental para-
digms with which to use non-human primates to better
model ASD, and other human brain disorders.
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