
UC Davis
UC Davis Previously Published Works

Title
Bridging the species gap in translational research for neurodevelopmental disorders

Permalink
https://escholarship.org/uc/item/2pv882pq

Authors
Ryan, AM
Berman, RF
Bauman, MD

Publication Date
2019-11-01

DOI
10.1016/j.nlm.2018.10.006
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2pv882pq
https://escholarship.org
http://www.cdlib.org/


Bridging the species gap in translational research for 
neurodevelopmental disorders

A.M. Ryana,b,c, R.F. Bermana,d, M.D. Baumana,b,c,*

aThe UC Davis MIND Institute, University of California, Davis, United States

bDepartment of Psychiatry and Behavioral Sciences, University of California, Davis, United States
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Abstract

The prevalence and societal impact of neurodevelopmental disorders (NDDs) continue to increase 

despite years of research in both patient populations and animal models. There remains an urgent 

need for translational efforts between clinical and preclinical research to (i) identify and evaluate 

putative causes of NDD, (ii) determine their underlying neurobiological mechanisms, (iii) develop 

and test novel therapeutic approaches, and (iv) translate basic research into safe and effective 

clinical practices. Given the complexity behind potential causes and behaviors affected by NDDs, 

modeling these uniquely human brain disorders in animals will require that we capitalize on 

unique advantages of a diverse array of species. While much NDD research has been conducted in 

more traditional animal models such as the mouse, ultimately, we may benefit from creating 

animal models with species that have a more sophisticated social behavior repertoire such as the 

rat (Rattus norvegicus) or species that more closely related to humans, such as the rhesus macaque 

(Macaca mulatta). Here, we highlight the rat and rhesus macaque models for their role in previous 

psychological research discoveries, current efforts to understand the neurobiology of NDDs, and 

focus on the convergence of behavior outcome measures that parallel features of human NDDs.
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1. Introduction

Neurodevelopmental disorders (NDDs) represent a group of childhood conditions that have 

an onset in the early developmental period, create a delay in achievement of expected 

milestones, and usually do not have a clear cause or successful treatment. As described in 

the Diagnostic and Statistical Manual of Mental Disorders, 5th edition, “the disorders 
typically manifest early in development, often before the child enters grade school, and are 
characterized by developmental deficits that produce impairments of personal, social, 
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academic, or occupational functioning. The range of developmental deficits varies from very 
specific limitations of learning or control of executive functions to global impairments of 
social skills or intelligence” (DSM-V, 2013). NDDs include a number of intellectual and 

communication disabilities, autism spectrum disorder (ASD), attention-deficit/hyperactivity 

disorder (ADHD), specific learning disorders, as well as motor and tic disorders. Moreover, 

psychiatric disorders such as schizophrenia (SZ), in which symptoms manifest in late 

adolescence or early adulthood, are increasingly considered to be of neurodevelopmental 

origins (Catts et al., 2013; Piper et al., 2012; Rapoport, Gied, & Gogtay, 2012). The 

complexity of NDDs requires coordinated research efforts utilizing both clinical and 

preclinical approaches in order to identify causes, determine neurobiological mechanisms, 

and develop novel therapeutic interventions. In this review, we discuss contributions of 

animal models to our understanding of NDDs, highlighting specific examples from the 

laboratory rat (Rattus norvegicus) and the rhesus macaque (Macaca mulatta) to bridge the 

gap in translational research efforts between animal models and patient populations. Here 

we will focus on the contributions of these two species to understanding genetic and 

environmental risk factors, as well as the underlying neural basis of NDDs. The reader is 

referred to excellent reviews on pharmacotherapeutic interventions for further information 

on treatment models (Berry-Kravis et al., 2018; Silverman & Crawley, 2014).

While such external factors as the physical or social environment can potentially affect 

causes and treatments for NDD, ultimately, these disorders arise and are affected by changes 

in the brain. Studies in humans can explore correlative relationships between the brain and 

symptoms of NDDs. Yet, in preclinical research, animal models can be used to answer 

critical questions about how the brain works as a dynamic and complex biological system, 

from molecular biology through behavior, and what changes may led to the development of 

NDDs or lead to treatments for NDDs (Abbott, 2016). Animal models can thus be used as 

experimental systems to explore causative relationships and to directly manipulate variables 

and test hypotheses about the brain that are difficult or not feasible to be studied in humans 

(Bauman & Schumann, 2013; Ecker, Spooren, & Murphy, 2012). Furthermore, with animal 

models, researchers can integrate physiology, behavior, neuroimaging, and postmortem 

analyses to explore mechanisms of neurodevelopmental disorders in a single subject. 

Exploratory research in animal models has the potential to play a key role in identifying new 

therapeutic targets by what has been called “forward translation.” Conversely, important 

feedback from clinical trials can help focus the preclinical search for new therapeutic targets 

by “reverse translation” ('t Hart, 2015). Yet, the potential for animal models to contribute to 

either forward or reverse translation relies on the validity of the models for the particular 

research question under examination and specific experimental design considerations.

The relevance of animal models for human disorders has traditionally been evaluated in 

three ways: construct validity, face validity, and predictive validity (Willner, 1984). The ideal 

animal model in this paradigm would demonstrate the same cause (construct validity), 

analogous behavioral phenotypes (face validity), and the same response to treatments 

(predictive validity) as the human disease. Research using animal models has generally 

focused on face validity with respect to modeling the behavioral symptoms of NDDs as 

presented in traditional DSM criteria. However, the NIH has recently presented a novel 

framework for psychiatric disorder research called the Research Domain Criteria (RDoC) 
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initiative that is intended to improve the translational pipeline between preclinical and 

clinical research. The RDoC provides a more holistic approach to studying psychiatric 

disorders that integrates biological factors such as genetics and neural circuitry with known 

behavioral constructs such as fear and anxiety that may be present in multiple disorders and 

arise through a variety of different mechanisms (Cuthbert & Insel, 2013). Although there is 

tremendous potential for RDoC to improve translation of basic and clinical 

neurodevelopmental disorder research (Casey, Oliveri, & Insel, 2014), we are still in the 

earliest stages of applying RDoC approaches to NDD research efforts (Cosgrove, Kelsoe, & 

Suppes, 2016; Damiano, Mazefsky, White, & Dichter, 2014).

One of the traditional animal models, the house mouse (Mus muscuhis), has been a favored 

species in biomedical research for years, in part due to their relative low cost and 

unparalleled genetic manipulations. For NDDs such as ASD and Fragile X that have strong 

genetic components, research using knockout mouse models have contributed to our 

understanding of genes that relate to core symptoms of ASD such as Shank3 and Fmr1 
(Crawley, 2012; Moy & Nadler, 2008). Mice display repetitive behaviors in the lab setting, 

such as circling, jumping, and backflips, which can be used to explore potential mechanisms 

for different repetitive behaviors observed in humans with NDDs (Silverman, Yang, Lord, & 

Crawley, 2010). Other species-typical behaviors can be used in an assay for repetitive 

behaviors such as self-grooming and excessive digging, which is measured in a marble-

burying task (Silverman et al., 2010). Mice are also a social species, so researchers have 

adapted behaviors from the mouse repertoire for assays that are relevant to symptoms of 

NDDs such as ASD. These include social approach and preference tests towards either a 

novel or familiar conspecific in order to explore potential mechanisms for social deficits 

(Silverman et al., 2010). However, the social behaviors in these tasks primarily consist of 

proximity and sniffing. Compared to mice, rats exhibit more complex social interactions, 

including play fighting (Pellis, Pellis, & Dewsbury, 1989), social reward, and empathy 

(Panksepp & Panksepp, 2013; Panksepp & Watt, 2011; Panksepp, 2007) that enhance their 

usefulness for studies of NNDs. They also provide an opportunity to explore aspects of 

social communication through analysis of ultrasonic vocalizations (Seffer, Schwarting, & 

Wöhr, 2014; Wohr & Schwarting, 2013).

While mice continue to be an important species in NDD research, there are also limitations 

in relying on a single species. For example, we will miss out on opportunities to exploit the 

diversity of nervous systems found in different species of animals that may serve to be useful 

in studying complex human brain disorders (Brenowitz & Zakon, 2015; Yartsev, 2017). A 

return to studying a once popular animal model, the rat, would offer many of the advantages 

of mouse models with respect to cost and short gestational period yet rats also have a larger 

brain body size and expanded repertoire of social and cognitive behaviors (Fig. 1) 

(Vanderschuren & Trezza, 2014). For an even more sophisticated repertoire of social 

behavior, nonhuman primates such as the rhesus macaque live in large social groups and 

communicate with a variety of vocalizations and facial expressions (Fig. 1) (Chang et al., 

2013). In this review, we compare and contrast the unique advantages and limitations of rat 

and nonhuman primate models of NDDs. We will highlight behavioral assays that are 

commonly used in rats and nonhuman primates to illustrate various approaches that can be 

used to measure behaviors relevant to NDDs, including: (i) anxiety related behaviors, (ii) 
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presence of repetitive behaviors and/or restricted interest, (iii) social development and (iv) 

cognitive development.

2. Rat models

2.1. Features of the species

Rats (Rattus norvegicus) were the first mammalian species domesticated in the 1850s for 

scientific research and now play a central role in research in physiology, pharmacology, 

neurosciences, genetics and the medical sciences in general. Their origins trace to central 

Asia and then to Europe in the mid-1500s on ships from Norway, as suggested by their 

name. Rat distribution is world-wide and they are commonly found in urban areas due to 

their association with humans (Feng & Himsworth, 2014). They are nocturnal, omnivorous, 

and breed throughout the year with females having about 6–8 pups per liter with 5–6 g 

birthweight. With a gestation period of 21–23 days and the capability of producing 6–8 

litters per year, they are ideal for intergenerational studies on the heritability of 

developmental disorders. The young are small and undeveloped taking 14–17 days for eye 

opening and have been used extensively to study maternal effects on neurodevelopment. 

Young wean by 3–4 weeks of age, are sexually mature at 3 months, and live 2.5–3.5 years 

which allows for longitudinal studies across several generations (Calhoun, 1962; Feng & 

Himsworth, 2014; Perry, 1945).

Rats live in colonies characterized by dominant male and a harem of females that defend 

their nests and territory. Their social behaviors are rich and complex, including 

establishment of social hierarchies and robust juvenile play behaviors (Barnett, 1963). 

Various strains were developed and are still in use, with the most commonly used strains 

being Sprague-Dawley and Wistar albino rats, and the pigmented Long-Evans hooded rat. 

Extensive use of rats for toxicological studies began in 1920 with the testing of drugs for 

lethality and skin and eye irritation, and later to identify potential carcinogenic chemicals 

(Parasuraman, 2011). Toxicity profiles of standard drugs and for investigational new drugs 

(IND) began in the 1960s after thousands of babies were born with birth defects caused by 

thalidomide. Rats as models of disease are also used extensively in drug development and 

for establishing biomarkers of disease (Denayer, Stöhr, & Van Roy, 2014). Rats are quickly 

becoming a species of choice for neurodevelopmental studies, including autism, because of 

their larger body and brain size, richer and more complex social interactions, more human-

like physiology, excellent learning, and memory capabilities when compared to mice.

While the advantages of the short gestational period in rats is akin to the more common 

model organism of the mouse, rats also have larger brains than mice, which is a major 

benefit for electro-physiological, neurochemical and neuroanatomical studies. In particular, 

PET and MRI imaging continues to be challenging in the mouse, even when using relatively 

high field 7 T magnets. In contrast, high resolution in vivo PET and MRI imaging has been 

achieved using a variety of pulse sequences in the rat for many years. Most importantly, rats 

exhibit a rich behavioral profile that allow more sophisticated studies of learning, memory, 

executive functions, and complex social interactions. Several investigators have developed 

protocols in order to study play behavior (Burgdorf, Kroes, Beinfeld, Panksepp, & Moskal, 

2010; Ku, Weir, Silverman, Berman, & Bauman, 2016; Panksepp, 1981; Siviy & Panksepp, 
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1987), bi-directional social communication via ultrasonic vocalizations (USVs) (Berg et al., 

2018), and prosocial motivational behaviors that appear to share, at least on the surface, 

some features of empathy (Ben-Ami Bartal, Decety, & Mason, 2011).

Gene knockouts and targeted mutations in rats have only been possible since 2003 (Zan et 

al., 2003), although the recent development of CRISPR-Cas9 and zinc-finger nuclease 

(ZFN) technologies have made the generation of rat models faster. This has resulted in the 

rapid generation of rat transgenic and knockout models relevant to NDDs, and it is expected 

that the use of rats will increase dramatically. Some of the currently available mutant 

knockout rats that are particularly relevant for research on NDDs include: FMR1 (fragile X 

mental retardation protein 1), Nlgn3 (neuroligin 3), Nrxn1 (neurexin 1), Pten (Phosphatase 

and tensin homolog), MGluR5 (metabotropic glutamate receptor 5), MeCP2 (methyl CpG 

binding protein 2), MET (met oncogene), Cntnap2 (contactin associated protein like 2), 

Cacn1c (voltage dependent L-type calcium channel 1c), Rbfox1 (RNA binding fox-1 

homolog-1), Gabarb3 (Gaba A receptor β3 subunit), and Shank3 (SH3 and multiple Ankyrin 

repeat domains 3). Knock-outs are also available for research on neurodegenerative disease 

(e.g., Alzheimer’s & Parkinson’s disease), SZ, pain, and optogenetics. There is also a 

repository, the Rat Resource and Research Center (http://www.rrrc.us/) that maintains high 

quality and well-characterized inbred, hybrid, and mutant rats that are important to across 

the biomedical research community.

2.2. Rat behavioral assays relevant to NDDs

As many NDDs, such as ASD, are behaviorally defined disorders, preclinical models rely on 

behavioral phenotyping tools to evaluate the distinctive clinical features in a nonhuman 

species. Much effort has focused on developing behavioral assays relevant to clinical 

features including (i) anxiety, (ii) repetitive behaviors/restricted interests, (iii) social 

development and (iv) cognitive development. There are, however, challenges in modeling 

these complex behavioral manifestations of NDDs in nonhuman species. Here, we focus on 

specific examples of rat and nonhuman primate behavioral phenotyping approaches that are 

relevant to human NDDs. For an excellent review on mouse behavioral phenotyping tools, 

readers are referred to Silverman et al. (2010).

(i) Anxiety—The open-field test is the primary test of anxiety used in rats and mice. It 

was originally developed by C.S. Hall in 1934 as a test to measure emotionality in rodents 

(Cosgrove et al., 2016) and is now one of the most widely used measures of emotionality 

and locomotor behavior in research on NDDs. The open-field consists of a brightly lit square 

or circular arena enclosed by walls sufficiently high to prevent escape. Animals are typically 

videotaped for 30–90 min in the field. Infrared beam breaks followed by computerized 

analysis are used to analyze such measures as total distance moved, movement velocity, time 

spent in the margins near the walls (i.e., thigmotaxis) versus time in the center, number of 

center crossings, and number of rearing episodes. Greater time spent in the margins of the 

field, along with increased defecation and urination (i.e., number of fecal boli deposited) are 

considered evidence of increased anxiety and fear. Although the open-field has been widely 

used as a measure of anxiety, it has been conceptually difficult to distinguish between fear 

and anxiety, with some who consider fear and anxiety to be part of a continuum (Casey et 
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al., 2014). Additionally, great variability exists in how different laboratories carry out the 

test (e.g., construction, time in the open-field, illumination), sometimes making it difficult to 

compare results between laboratories (Damiano et al., 2014).

The other commonly used indices of anxiety are the elevated plus-maze and the closely 

related elevated zero-maze. The plus-maze consists of 4 arms radiating out from a central 

platform, two of which have closed walls and two of which are open, whereas the zero-maze 

is a circular runway with two enclosed and two open quadrants. Both of these tests take 

advantage of rodents’ natural aversion to open, unprotected spaces; therefore, it is 

interpreted as anxiety when animals spend more time in the closed arms than in the open 

arms. The elevated plus-maze has been used extensively in psychopharmacological studies, 

and research on anxiolytics in particular where anxiety-reducing drugs result in animals 

spending more time in open arms ('t Hart, 2015).

(ii) Repetitive behavior—In rodents, duration of self-grooming bouts can be quantified 

as an index of repetitive or stereotyped behaviors (Lewis, Tanimura, Lee, & Bodfish, 2007). 

In addition, quantification of repetitive digging behaviors as seen in the task of burying a 

marble has been proposed as a measure of anxiety in rodents (Archer, Fredriksson, 

Lewander, & Soderberg, 1987; Broekkamp, Rijk, Joly-Gelouin, & Lloyd, 1986; Njung'e & 

Handley, 1991). Marble-burying has been widely used in the field of anxiety research 

because both antidepressant and anti-anxiety drugs have been shown to reduce marble-

burying behavior (Borsini, Podhorna, & Marazziti, 2002). However, other groups use it as a 

measure of perseverative digging behavior rather than novelty-induced anxiety (Gyertyán, 

1995; Thomas et al., 2009). In mice, we know that marble-burying is sensitive to strain, 

brain lesions, and pharmacological treatment (Deacon, 2006). While the pathophysiology of 

repetitive restrictive behaviors has been studied extensively in mice, relatively few studies in 

rats have focused on such behaviors in relation to NDDs (Garner, 2005; Lewis & Kim, 

2009). Mouse marble-burying paradigms have been adapted for use in rats (Llaneza & Frye, 

2009; Schneider & Popik, 2007), yet, our lab did not observe the characteristic defensive 

burying response that has been described in the mouse literature (Ku et al., 2016), 

suggesting that digging and burying behaviors may differ across muroid species (Webster, 

Williams, Owens, Geiger, & Dewsbury, 1981).

(iii) Social—Deficits in social play are a prominent feature of NDDs, including ASD 

(Jordan, 2003; Young, Brewer, & Pattison, 2003), that can be measured in preclinical animal 

models by measuring the frequency and duration of species-typical play behaviors. Indeed, 

play is a behavior common in many young mammalian species, including human children, 

juvenile monkeys, and rats (Panksepp, Siviy, & Normansell, 1984; Potegal & Einon, 1989; 

Trezza, Campolongo, & Vanderschuren, 2011). The rat social repertoire includes a 

prolonged period of juvenile play that may provide a preclinical model system to explore 

social impairments in more detail than is possible with other rodent models (Pellis, 

Burghardt, & Palagi, 2015; Vanderschuren, Niesink, & Van Ree, 1997).

Social interest is commonly assessed in mice with automated behavioral assays, such as the 

three-chamber social approach, which provides a relatively simple assay as determined by 

the duration of time the experimental animal spends near another animal that is confined to a 
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small cage (Yang, Silverman, & Crawley, 2011, chap. 8). Although the three-chambered 

social approach test is commonly used as a first line screening assay for autism-like 

phenotypes in mouse models (Kas et al., 2014; Manduca et al., 2014; Niesink & Van Ree, 

1989; Siviy, Love, DeCicco, Giordano, & Seifert, 2003), there are perhaps limitations in 

relying heavily on a social assay that does not allow animals to freely engage in reciprocal 

social behavior. The measures of sociability generated in the three-chamber assay have been 

interpreted as an all-or-none result that should be restricted to comparison with a single 

experimental group, rather than a comparison between groups (Silverman et al., 2010). 

Although this behavioral task has been useful in mouse models of ASD, it may not be 

sensitive to more subtle impairments in social behavior that may be detected in rats, 

nonhuman primates, and other species that engage in reciprocal social behaviors, such as 

juvenile play (Peters, Pothuizen, & Spruijt, 2015).

Given that rats are generally considered to have a more extensive social repertoire than mice, 

the rat may provide an opportunity to augment simple automated procedures by creating 

opportunities to focus on more complex ASD-relevant social interaction assays. There is a 

rich literature describing numerous approaches for quantifying juvenile rat social 

interactions (Panksepp, 1981; Peters et al., 2015; Thor & Holloway, 1984). Play fighting is 

the most common form of play behavior in rats (Pellis & Pellis, 1998; Poole & Fish, 1975) 

and is initiated when one partner uses their snout to nuzzle the nape of the neck of the other 

animal and the partner, in turn, defends its nape from such attacks by rotating to its dorsal 

surface or evading the attacker. As compared to mice, rats exhibit more complex patterns of 

play fighting characterized by reciprocal bouts of attack, defense and counter attacks (Pellis 

et al., 1989). Our own work in rat models of NDDs suggests that analysis of complex 

reciprocal social interactions paired with sophisticated social communication assays, such as 

ultrasonic vocalization (USV) playbacks, provide an in-depth evaluation of rat social 

development (Berg et al., 2018; Ku et al., 2016). Future efforts should further capitalize on 

the complex social behavior of the rat model by in-corporating other aspects of social 

communication, such as USVs (Seffer et al., 2014; Wohr & Schwarting, 2013) as well as 

assays of more complex social processing, including social reward and empathy (Ben-Ami 

Bartal et al., 2011; Panksepp & Panksepp, 2013; Panksepp & Watt, 2011; Panksepp, 2007). 

It is also important to note that many factors influence rat social behavior, including the 

choice of strain, length of social isolation preceding the test, familiarity with the testing 

environment and properties of the testing environment such as cage size, lighting, and 

bedding (Himmler, Pellis, & Pellis, 2013; Himmler et al., 2014; Niesink & Van Ree, 1983; 

Spruijt, Peters, de Heer, Pothuizen, & van der Harst, 2014; Vanderschuren, Niesink, Spruijt, 

& Van Ree, 1995; Varlinskaya, Spear, & Spear, 1999).

(iv) Cognition—The Morris water maze is one of the most widely used behavioral tests 

of spatial learning and memory (D'Hooge & de Deyn, 2001; Garthe & Kempermann, 2013). 

It was developed by Richard Morris in the 1980s as a way to study spatial memory in rats 

(Morris, Garrud, Rawlins, & O'Keefe, 1982). The “maze” typically consists of a 1–2 m 

diameter pool of water in which the water is made opaque with milk or non-toxic paint and 

an escape platform is hidden just below the water surface. A video camera positioned above 

the maze and computerized tracking software are used to record and analyze maze 
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performance, including latency to find the escape platform, distance swum, and swim speed. 

Over several days of training, animals are placed in the maze and allowed to swim in order 

to find the location of the escape platform. This maze learning is typically followed by a 

probe trial in which the escape platform is removed, and the time spent swimming in the 

vicinity of the former platform location is used as an index of memory for spatial location. 

The hippocampus is particularly important for spatial learning, and damage to this structure 

impairs maze performance (Morris et al., 1982). A virtual water maze has also been 

developed for human research on spatial memory systems in which participants have to find 

a hidden goal in a circular arena (Fajnerová et al., 2014).

Other forms of cognitive testing adapted for rats assess what they do when there is a change 

in information in the environment. Children with ASD engage in highly repetitive, inflexible 

and perseverative behaviors compared to children with attention deficit disorder (ADHD) or 

typically developing children (Lewis et al., 2007). Children with ASD also show reduced 

cognitive flexibility in tests requiring set shifting such as the Wisconsin card sort test, or 

during reversal learning (Archer et al., 1987; Broekkamp et al., 1986; D'Cruz, Mosconi, 

Ragozzino, Cook, & Sweeney, 2016). In reversal learning, the reward contingencies in a 

previously learned discrimination are reversed. Therefore, the subject needs to actively 

withhold the initially trained response and emit a new response to a previously unrewarded 

stimulus. This requires cognitive flexibility, sometimes referred to as cognitive control or 

response inhibition, among others (Gyertyán, 1995). Reversal learning in rats is frequently 

tested in a T-shaped maze. Rats are first trained select one of the two arms where a food or 

water reward is available and the training continues until the percent of correct choices 

reaches a criterion (e.g., 80% correct). The reward is then shifted to the previously non-

rewarded arm of the maze. In this situation, the rat must learn to withhold responding to the 

first arm and learn to respond to the newly rewarded one. Rats readily learn this type of 

discrimination and reversing to the new arm usually requires fewer trials than the initial 

learning for the first arm. Reversal learning has been studied in a variety of behavioral 

paradigms in rats, monkeys and humans, including the use of more complex mazes, operant 

tasks and touch screens. The underlying neural systems for reversal learning are thought to 

involve frontostriatal circuitry, as well as dopamine and serotonin innervation of the frontal 

cortex (Bissonette & Roesch, 2017; Njung'e & Handley, 1991). Furthermore, deficits in 

reversal learning have been reported in offspring of pregnant rats exposed to the viral mimic 

poly IC in the rodent maternal immune activation (MIA) model of ASD (Thomas et al., 

2009).

For successful translation of findings from animal models to humans, it is essential that the 

tasks used in animals resemble as closely as possible those used in humans. To a great 

extent, computer controlled touchscreen systems satisfy this requirement, and have been 

used for more than 20 years to assess cognitive functions in a variety of species, including 

rats, humans, and nonhuman primates (Lynch & Green, 1991; Markham, Butt, & Dougher, 

1996; Murray, Gaffan, & Mishkin, 1993). In this method, computer-generated graphic 

stimuli are presented to a rat on a computer touch screen, and the rat learns to touch the 

appropriate stimulus by nose poke for a food pellet reward (Bussey et al., 2008). The 

procedures are typically fully automated, use rewards to motivate learning and performance, 

and support a variety of learning tests, including visual discrimination and reversal learning, 
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object-location paired-associates learning, visuomotor conditional learning and visual 

pattern separation (Horner et al., 2013). The high translational potential of this platform 

resides in its similarity to human CANTAB (Cambridge Neuropsychological Test 

Automated Battery) tests, and its ability to assess complex neuropsychological constructs 

including attention, cognitive flexibility, and complex memory functions. The approach has 

been used to examine attentional deficits in a Shank 3-deficient rat that models the Phelan-

McDermid syndrome (PMS). PMS is a relatively common monogenic and highly penetrant 

cause of ASD and intellectual disability (ID), and frequently presents with attention deficits. 

Using a touchscreen, treatment with oxytocin was shown to attenuate deficits in attention 

and visual recognition memory in these Shank 3-deficient rats (Harony-Nicolas et al., 2017).

2.3. Historical use of rodents in research

It may come as a surprise to most researchers of NDDs that the rat used to be the most 

commonly used rodent for such studies not so long ago. The history of rats used in research 

has a long and interesting history extending back more than 150 years, with research 

beginning as early as the 19th Century when investigators interbred rats to study the 

inheritance of coat colors. Rats then became the focus of early psychological research on the 

nature of maze learning and intelligence, beginning with the studies of Willard S. Small at 

Clark University who is credited as the first to use a maze to study rodent learning (Small, 

1901). His maze was based on a diagram of a garden hedge maze with an open space and 6 

cul-de-sacs at Hampton Court. By the 1940s, the rat had become so heavily used in research

—psychological research in particular—that psychologist Frank Beach delivered a 

provocative Presidential Address at the 1949 meeting of the American Psychological 

Association in which he warned his peers of the dangers of relying so heavily on a single 

species. He relayed the Lewis Carrol poem, “The Hunting of the Snark” as an allegory about 

meeting a dangerous “Boojum” which causes one to disappear, while meeting a “Snark” was 

safe. This was used as a warning that the rat had become the “Boojum” and was responsible 

for the looming demise of comparative psychology and the narrowing of research to rats 

(Beach, 1950).

Approximately 40 years ago, the animal model of choice began to change as the mouse 

became the premier mammalian model for genetic research, particularly in the area of NDDs 

(Kazdoba, Leach, & Crawley, 2014). This is due, in part, to the development in the late 

1980s of molecular technology for targeted disruption of mouse embryonic stem cells and 

germline transmission to offspring, which made it possible to create transgenic and knockout 

mice (Bevan, 2010; Capecchi, 1989; Koller, Marrack, Kappler, & Smithies, 1990; Zijlstra et 

al., 1990). The innovations in transgenic mice made it possible to model human disorders 

directly resulting from identified gene mutations, including Fragile X syndrome, Angelman 

syndrome and Rett Syndrome. It also made it possible to create mouse models to model 

gene mutations including single nucleotide polymorphisms (SNPs) and copy number 

variations (CNVs) gene variants in order to determine their possible association with 

developmental disorders. The increase in the use of mice created a new concern that the 

mouse is the new “Boojum.” Macri and Richter in “The Snark was a Boojum – reloaded” 

documented the fact that more than 60% of animals used for research in 2011 in Europe 

were mice, and although data on mouse use are not available for the United States, they are 
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almost certain to be similar (Macri & Richter, 2015). In fact, the call for more diversity in 

the use of animal models in neuroscience research is being heard in the neuroscience 

community (Yartsev, 2017). These mouse models have provided important information at 

almost every level of basic biological and biomedical research, but there remains an open 

question concerning how far they can take the field of ASD research (Hyman, 2014). This 

situation now has renewed an interest in expanding the use of rats in research as an 

additional species in order to replicate and validate what has been found in the mouse.

2.4. Current use of rats in NDD research

The laboratory rat has made important contributions to NDD research though prenatal and 

postnatal toxicology studies with valproate (Dufour-Rainfray et al., 2010; Raza et al., 2015; 

Schneider & Przewlocki, 2005), fetal alcohol syndrome (Schneider & Popik, 2007), and 

studies of pervasive environmental toxins including polychlorinated biphenyls (PCBs) and 

polybrominated diethyl ethers (PBDEs) (Vanderschuren et al., 1997). Advances in gene 

editing technology in rats and other mammalian species have resulted in the rapid expansion 

of rat models to explore genetic factors, either causal or contributing, to NNDs including 

Fragile X syndrome (Hamilton et al., 2014), Rett syndrome (Thor & Holloway, 1984) and 

ASD (Berg et al., 2018; Burgdorf, Moskal, Brudzynski, & Panksepp, 2013; Zhang-James et 

al., 2014). These rat models are rapidly being used to explore and development potential 

therapeutic interventions for ASD (Galvao et al., 2015; Kirsten, Chaves-Kirsten et al., 2015; 

Kirsten, Queiroz-Hazarbassanov, Bernardi, & Felicio, 2015). In the following section, we 

highlight contributions of the rat model to specific examples of environmental and genetic 

risk factors for NDDs.

2.5. Example of NDD: prenatal maternal immune activation

The Maternal Immune Activation (MIA) model of ASD and SZ is a particularly relevant 

example of ongoing cross-species research on etiology of NDDs. These studies examine 

brain development and behavior of offspring exposed in utero to maternal immune system 

activation. The model is based on evidence that maternal infection is associated with an 

increased risk for ASD and SZ, and findings of altered cytokine profiles and activation of 

microglia and astrocytes in postmortem brains in ASD (Patterson, 2012). In addition, several 

studies have found an association between immune system-related genes and ASD (Onore, 

Careaga, & Ashwood, 2012) and the presence of elevated antibodies to brain proteins in the 

sera of some mothers of children with ASD (Edmiston, Ashwood, & Van de Water, 2017; 

Edmiston, Jones, Vu, Ashwood, & Van de Water, 2018). In the MIA model, the immune 

system is activated by systemic injection of the double-stranded RNA viral mimic 

polyinosinic:polycytidylic acid (poly IC). Poly IC interacts with toll-like receptor 3 (TLR3) 

on macrophages, B-cells and dendritic cells and simulates a viral infection. MIA studies 

were originally carried out in mice where maternal immune system activation was shown to 

produce offspring that show some of the core deficits in ASD, including reduced social 

interactions, stereotyped repetitive behaviors and altered brain development (Hsiao, 

McBride, Chow, Mazmanian, & Patterson, 2012; Patterson, 2012). In an effort to translate 

these findings across species, the MIA model has now been extended to rats and nonhuman 

primates.

Ryan et al. Page 10

Neurobiol Learn Mem. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Studies in rats, recently reviewed by Careaga, Murai, and Bauman 2017), reported abnormal 

behaviors in MIA-exposed offspring in a variety of tests, including altered reversal learning 

(both slowed and enhanced), increased motor stereotypies, and changes in ultrasonic 

vocalization. The larger brain of the rat has also allowed for longitudinal structural MRI 

studies, which has shown decreased brain volume in several cortical regions, as well as the 

hippocampus, amygdala, striatum, nucleus accumbens and increased volumes in the 

thalamus, ventral mesencephalon and major white-matter tracts (Crum et al., 2017). Studies 

of ultrasonic vocalization in rat offspring of MIA rats show an increase in aversive 22-kHz 

ultrasonic vocalizations. This change in affective signaling suggests that MIA may have 

persisting effects on communication and emotional behavior in exposed rat offspring (Yee, 

Schwarting, Fuchs, & Wohr, 2012). Recent studies in rats have also found changes in 

hippocampal neuron excitability in MIA offspring (Patrich, Piontkewitz, Peretz, Weiner, & 

Attali, 2016). Additionally, late gestation MIA exposure (i.e., gestational day 19) results in 

impairments in working memory, sensory motor gating deficits, and altered glutamatergic 

and dopaminergic signaling in the cortex, hippocampus and striatum (Meehan et al., 2017; 

Rahman et al., 2017). These studies in rats have not only replicated much of what has been 

reported in the mouse MIA model, but extend the results to changes in the trajectory of brain 

development and alterations in neurotransmitter signaling pathways, and ultimately to 

maximized translational comparisons with nonhuman primate MIA models.

2.6. Example of NDD: Fragile X

One of the first neurodevelopmental disorders for which rat knockouts (KOs) were 

developed was the genetic disorder Fragile X syndrome (FXS). Mouse models for this 

disorder were developed more than 20 years ago by the Dutch-Belgium Consortium due to 

the relative ease of modifying the genome in the mouse (“Fmr1 knockout mice: a model to 

study fragile X mental retardation. The Dutch-Belgian Fragile X Consortium,” 1994). 

Research with this mouse model has provided important insights into the molecular, cellular, 

and behavioral pathology of FXS, and while there have been some recent successes 

(Kazdoba, Leach, Silverman, & Crawley, 2014), the translation of these findings to 

treatments for FXS has been challenging (Berry-Kravis et al., 2018). As a result, additional 

mammalian models have been developed for studying such disorders. The first rat KOs 

relevant to neurodevelopment disorders included FXS and neuroligin 3 (Nlgn3) knockouts. 

These mutant rats were created in the Sprague-Dawley breed by SAGE laboratories using 

zinc-finger nuclease (ZFN) technology. The ZNF targeting strategy deleted 122 base pairs 

(bp) across the junction of intron 7 and exon 8 of the Fmr1 gene resulting in a loss of FMRP, 

with 58 bp’s deleted at the junction of exon 5 and intron 5 for the Nlgn3 KO. The first 

behavioral characterization of these two rat models was carried out by the Paylor laboratory 

(Hamilton et al., 2014). They examined a number of ASD relevant behaviors in these rats by 

measuring behavior in the three-chamber social approach task, dyadic social interactions, 

prepulse inhibition and a “wood block chewing” test of repetitive behavior. The results 

demonstrated that the Fmr1 KO and Nlgn3 KO rats showed several neurobehavioral features 

relevant to ASD, including significantly fewer play events in the social interaction test. Play 

behavior is a type of social interaction that is clearly relevant to ASD; while rats show robust 

and complex play behaviors (Ku et al., 2016), those in mice are much more limited and less 

complex. In addition, Fmr1 KO’s showed increased perseverative wood-block chewing 
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behaviors, while Nlgn3 KO’s showed less of these repetitive behaviors. However, neither 

Fmr1 nor Nlgn3 KO’s showed abnormal social approach behavior, changes in anxiety, 

learning deficits, acoustic startle differences, or abnormal grooming or rearing, so that the 

behavioral phenotype of the rat with respect to modeling Fragile X symptoms was relatively 

modest. However, the ability to assess complex play behaviors in the rat at a level beyond 

that achieved in the mouse demonstrated the added utility of developing these additional 

rodent models.

More recent studies have taken advantage of the rat’s larger brain and complex cognitive 

abilities to expand what is known about FXS. For example, the neural mechanisms used to 

process speech have been studied in rats. Electrophysiological findings indicate that the rat 

auditory system responds differently to English consonants versus vowel sounds, and their 

behavioral and neural response thresholds for degraded speech shows parallels with human 

thresholds (Engineer, Centanni, Im, & Kilgard, 2014). In this study, rats were trained to 

discriminate specific words from similar non-target words in a food-rewarded lever press 

operant task. Multiunit local field potentials were then recorded from auditory cortex in 

anesthetized rats. Researchers found normal discrimination of simple speech sounds in 

Fragile X KO rats, but reduced firing rates of neurons to speech sounds in the primary 

auditory cortex. The Fragile X KO rats were generally impaired in temporal and spectral 

processing of sound, similar to children with FXS who show impaired sensory-motor gating 

in prepulse inhibition (Frankland et al., 2004). The Fragile X mental retardation protein 

(Fmrp) is widely expressed in auditory brainstem neurons. In Fragile X KO rats, collections 

of neurons in the brainstem, such as the superior olivary complex and medial superior olive, 

showed abnormal morphology and there was also a reduction in molecular markers for GA-

BAergic transmission in the brainstem (Ruby, Falvey, & Kulesza, 2015). These results 

suggest that the auditory processing deficits in FSX may be due to defective auditory 

brainstem and cortical networks.

The phenotype of the rat KO model of FXS not only parallels much of the symptomatology 

of FXS, but closely mirrors what has been reported in the mouse Fragile X knockout. Till et 

al. (2015) demonstrated that the rat Fmr1 KO showed an absence of FMRP, as required by 

the model, as well as enhanced protein synthesis, increased spine density on CA1 pyramidal 

neurons in the hippocampus, and impaired learning and memory (Till et al., 2015). While 

mouse models have also reported impaired learning, this study in rats found that cognitive 

deficits were for hippocampal-dependent, but not hippocampal-independent, episodic 

memory. Specifically, the memory deficit affected associative binding of context and place, 

for there were no deficits in spatial reference memory, spatial reversal learning, delayed 

context, or place learning. The deficit was only evident when rats were required to remember 

both context and place. These results reveal novel aspects of the effects that Fmr1 loss has 

on memory and learning in FXS.

Children with FXS show abnormal attention abilities that have been linked to their inability 

to modulate brain arousal states (Cornish, Scerif, & Karmiloff-Smith, 2007), and several 

studies have found attention deficits in Fmr1 mutant mice (Kramvis, Mansvelder, Loos, & 

Meredith, 2013). Recent studies in the rat FXS KO model have been able to directly assess 

change in brain arousal states using combined depth EEG, recordings of multi-unit activity 
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(MUA) and recordings of singleneuron spike activity (Berzhanskaya et al., 2017). The 

results demonstrate that FXS KO rats are unable to modulate EEG electrical activity in the 

visual cortex between movement and quiet wakefulness compared to wild type rats, and 

appear to remain in the activated electrical state whether in quiet wakefulness or movement-

dependent state. Considered together, these findings suggest that disrupted inhibitory 

connectivity in the visual cortex impairs the ability to modulate exit from an activated state 

appropriate to current behavioral state; this may contribute to the deficits in attention and 

sensory processing seen in children with FXS.

3. Nonhuman primate models

3.1. Features of the species

In comparison with research using rodents, nonhuman primate research accounts for a very 

small percentage of research and procedures in the United States (APHIS, 2016). The vast 

majority of nonhuman primate research is performed in macaque species (Lankau, Turner, 

Mullan, & Galland, 2014), so our discussion of nonhuman primates will be centered on the 

rhesus macaque. It is important to note that there are other nonhuman primate species used 

in research, including squirrel monkeys (Saimiri sciureus) (Lyons, Parker, & Schatzberg, 

2010; O’Shea et al., 2018), titi monkeys (Callicebus cupreus) (Bales et al., 2017; Mason & 

Mendoza, 1998) and a growing interest in the common marmoset (Callithrix jacchus) as 

model organisms to study the neurobiology of NDDs. Transgenic common marmosets have 

been created (Park et al., 2016) and, although less-studied than rhesus macaques, the 

monogamous social group structure seen in common marmosets (Miller et al., 2016) and titi 

monkeys (Bales et al., 2017) may make them more favorable models for prosocial human 

social behavior.

While mouse and rat models will continue to serve as important animal models in preclinical 

research, there are limitations in relying on these species to study complex and uniquely 

human brain disorders. Rodents shared their last common ancestor with humans more than 

70 million years ago (Gibbs et al., 2004), whereas rhesus macaques diverged from human 

evolution around 25 million years ago (Kumar & Hedges, 1998), resulting in more similar 

genetics, neurobiology, and behavior. Because of these similarities, we are able to test 

hypotheses about NDDs from molecular mechanisms through complex behavior with assays 

that correspond more closely to behavior or neurobiology observed in humans than is 

possible in studies using rodent models.

Like humans, rhesus macaques are generally diurnal, omnivorous, and highly social, for they 

live in complex social groups consisting of multiple males and females. Both species also 

have long gestations, give birth usually to one offspring at a time, and have an extended 

period of maternal care (Phillips et al., 2014), although macaques mature approximately four 

times faster than humans. Macaque social signals reflect that they use vision as their primary 

sensory modality, which is similar to humans and not similar to rodents that rely on olfaction 

(Ross, 2000). In order to navigate their social world, macaques must rapidly process social 

information from a variety of signals such as facial expressions, gestures, and vocalizations 

(Chang et al., 2013). Infant macaques must then learn these social signals (Weinstein & 

Capitanio, 2012; Weinstein, Bales, Maninger, Hostetler, & Capitanio, 2014); studying this 
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social development could contribute to our understanding of development in the context of 

social deficits observed in NDDs.

There are also aspects of the rhesus macaque brain that more closely mirror aspects of the 

human brain than is observed in rodent ones. For example, the prefrontal cortex expanded 

considerably during primate evolution and is considered one of the key regions for 

regulating social cognition in primates (Amodio & Frith, 2006; Smaers et al., 2011). 

Researchers question whether rodents have a homologous prefrontal cortex region because 

there are cytoarchectonic regions identifiable in human and nonhuman primate brains that 

are not present in rodents (Bicks, Koike, Akbarian, & Morishita, 2015; Geschwind & Rakic, 

2013; Preuss, 1995). Secondly, for the amygdala, a brain region implicated in NDDs such as 

ASD, nuclei distribution is different in the rodent amygdala (Chareyron, Banta Lavenex, 

Amaral, & Lavenex, 2011) but is nearly identical between human and nonhuman primates 

(Rutishauser, Mamelak, & Adolphs, 2015; Schumann, Vargas, & Lee, 2016). Finally, there 

are areas of the brain that are important for advanced social cognition such as Von Economo 

neurons and the fusiform gyrus that are found in nonhuman primates but are not present or 

are poorly developed in rodents (Cook, Bird, Catmur, Press, & Heyes, 2014; Weiner & 

Zilles, 2016).

The increased similarly between nonhuman primates and humans can provide a bridge from 

rodent models to patient populations. However, the greater physical, psychological, and 

social needs of nonhuman primates when housed in captivity also elicit greater ethical 

considerations for their participation in research and increase the cost for their care. 

Ultimately, the increased cost and ethical factors, along with the longer life history and 

development, can constrain the use of nonhuman primates in research. While studies using 

nonhuman primates need to be carefully considered, we provide examples below of ways in 

which nonhuman primate models provide particular advantages and can be used to improve 

translation of preclinical research efforts for NDDs.

3.2. Nonhuman primate behavioral assays

(i) Anxiety—In monkeys, the Human Intruder Test (HIT) is a paradigm initially 

developed by Kalin and Shelton (1989) and is used to elicit a range of responses between 

monkeys to an unknown human. The HIT was modeled after assessments for human infants 

such as Ainsworth Strange Situation procedure (Ainsworth & Bell, 1970), in which an infant 

encounters a stranger in an unfamiliar room. In the HIT, an unfamiliar human approaches a 

monkey housed by itself in a cage and stands still in front of the cage in two positions: 

profile, in which the intruder’s profile is oriented towards the cage, and stare, in which the 

intruder is frontally oriented towards the cage and maintains eye contact with the monkey. 

While these two phases of the test are consistent, there is variation in how the HIT is 

otherwise conducted. Sometimes the test monkey is removed from its home environment 

and placed in an unfamiliar room as originally performed by Kalin and Shelton (1989) but 

not always (Capitanio, 1999; Coleman et al., 2017). Sometimes, additional phases are added, 

such as a baseline phase with the monkey alone prior to the entrance of the intruder 

(Coleman et al., 2017; Corcoran et al., 2012; Kalin & Shelton, 1989; Kalin, Larson, Shelton, 
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& Davidson, 1998) or an additional phase where the intruder has his or her back facing the 

monkey (Coleman et al., 2017; Hamel et al., 2017; Peterson et al., 2017).

In the presence of the human intruder, the adaptive response that monkeys tend to display is 

to remain motionless or freeze when the intruder is in the profile phase, possibly to avoid 

detection, and then display threatening or defensive behavior when the intruder sustains eye 

contact with the monkey in the stare phase (Kalin & Shelton, 1989, 1998; Peterson et al., 

2017). There is variation in the frequency or duration of these responses between monkeys, 

and repeated testing of monkeys demonstrated that behavioral responses tend to be stable 

between sessions (Hamel et al., 2017; Kalin & Shelton, 1989, 1998). Furthermore, monkeys 

that displayed more freezing (Kalin et al., 1998), negative emotional behaviors (Capitanio, 

Mendoza, & Cole, 2011) and more threatening behaviors (Hamel et al., 2017) had higher 

plasma (Capitanio et al., 2011; Kalin et al., 1998) and hair (Hamel et al., 2017) cortisol 

concentrations than monkeys that displayed fewer of these behaviors.

(ii) Repetitive Behaviors—Repetitive behaviors in nonhuman primates present in a 

similar way as they do in humans. First of all, there is a range in severity for stereotypies 

performed from mild stereotypies to severe ones in which the animal cannot be interrupted 

while performing the behavior (Novak, Kelly, Bayne, & Meyer, 2012). Secondly, the 

immediate trigger for the performance of these behaviors for an individual animal is usually 

unclear. Finally, once these behaviors are incorporated into the repertoire, they can become 

intractable with no clear treatments to mitigate their frequency or severity. With respect to 

studying repetitive behaviors in nonhuman primates, there is no standardized ethogram for 

the categorization of repetitive behaviors. However, they are generally considered whole 

body or motor behaviors (pacing, swinging, rocking), or self-directed (hair-pulling, eye-

poking), which typically involves the hand or mouth to perform the behavior (Gottlieb, 

Capitanio, & McCowan, 2013; Lutz, Well, & Novak, 2003). An individual monkey may 

incorporate multiple forms of repetitive behavior into their repertoire and never perform 

other forms of repetitive behaviors. As opposed to research with rodents, there is no 

established behavioral assay like marble-burying to screen for or assess the frequency of 

repetitive behaviors in nonhuman primates. Researchers instead quantify repetitive behaviors 

performed either in naturalistic scenarios such as the animal’s home cage or during 

experimental manipulations such as the Human Intruder Test (see above). While restricted 

interests are associated with repetitive behaviors in the symptomology of ASD (DSM-V), 

there is currently no assay to specifically screen for or test the degree of restricted interests 

in nonhuman primates. However, there are tests for cognitive flexibility (see below) which 

may capture the perseverative aspect of restricted interests in nonhuman primates.

(iii) Social behaviors—Because of their rich social behavior repertoire and similar 

emphasis on facial expressions in social interactions, nonhuman primate models show 

promise for contributing to our understanding of the neural mechanisms behind social 

behavior. Most research on nonhuman primate social behavior is performed through direct 

observation of monkeys freely interacting in their naturalistic setting such as their home 

cages (Bauer & Baker, 2016; Bauman, Lavenex, Mason, Capitanio, & Amaral, 2004b; 

Harlow, Dodsworth, & Harlow, 1965; McCormack, Sanchez, Bardi, & Maestripieri, 2006; 
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Winslow, Noble, Lyons, Sterk, & Insel, 2003). However, social behavior in these free 

interactions is sensitive to such factors as rank differences between individuals and history of 

previous interactions, so these interactions may not be the best way to quantify an animal’s 

sociability especially with respect to understanding potential social deficits. Our research 

team has developed social battery testing in rhesus macaques that is adapted from rodent 

models that use social chambers. In our two-chambered social approach task, we can 

quantify whether the test macaque approaches or spends time with a novel conspecific 

verses an alternate chamber with no animal present (Bauman et al., 2014; Bauman, Bliss-

Moreau, Machado, & Amaral, 2011; Bauman, Lavenex, Mason, Capitanio, & Amaral, 

2004a; Bliss-Moreau, Moadab, Bauman, & Amaral, 2013; Machado, Whitaker, Smith, 

Patterson, & Bauman, 2015). Experimental test batteries for alterations in social behavior in 

rhesus macaques have also been developed to assess social preference for caretakers versus 

other familiar humans (Goursand & Bachevalier, 2007; Goursand, Wallen, & Bachevalier, 

2014).

In addition to these social behavior measures, there are promising developments in the use of 

eye-tracking in nonhuman primates to investigate social attention and face processing. Eye-

tracking entails using technology to measure eye gaze and what stimuli are the focus of 

visual attention. In humans, researchers have found characteristic aberrant patterns in people 

with ASD (Frazier et al., 2017; Papagiannopoulou, Chitty, Hermens, Hickie, & Lagopoulos, 

2014) with respect to visual attention for social stimuli. Adaptation of human eye-tracking 

paradigms for use in nonhuman primates can contribute to our understanding of the 

neurobiology of social attention and processing. In eyetracking paradigms, macaques can 

process two-dimensional face stimuli as faces (Sliwa, Duhamel, Pascalis, & Wirth, 2011) 

and, like humans, focus more on the eye region than other parts of the face (Dahl, Wallraven, 

Bülthoff, & Logothetis, 2009; Gothard, Erickson, & Amaral, 2004). Eye-tracking studies in 

rhesus macaque infants can further contribute to our understanding of how this preference 

develops in primates (Paukner, Bower, Simpson, & Suomi, 2013; Paukner, Simpson, Ferrari, 

Mrozek, & Suomi, 2014; Simpson, Jakobsen, et al., 2017; Simpson, Miller, Ferrari, Suomi, 

& Paukner, 2016; Zhang, Noble, Winslow, Pine, & Nelson, 2012). For example, three-week-

old macaques already look longer at faces than non-face stimuli (Simpson, Jakobsen, et al., 

2017) and look more at normal versus atypical linearly arranged faces (Paukner et al., 2013). 

One-week-old macaque infants who imitated facial gestures also viewed neutral macaque 

faces more in an eye-tracking paradigm at 10–28 days old than those who did not imitate, 

suggesting that there may be differences in social attention biases between monkeys at a 

young age (Paukner et al., 2014). In this respect, the use of eye-tracking in nonhuman 

primates as a model for social attention and processing has the potential to contribute to both 

preventative and therapeutic interventions in patient populations for ASD and potentially 

other NDDs.

(iv) Cognition—Because nonhuman primates more closely resemble human behavior, 

development, and rely on vision as the primary sensory modality, there is a strong 

translational potential for using similar cognitive test batteries in both human and nonhuman 

primates. Most cognitive assessments in monkeys use methods that can be also used in 

humans. For example, the Wisconsin General Testing Apparatus (WGTA) (Harlow, 1945) is 
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a three-dimensional apparatus that remains one of the most widely utilized approaches to 

test cognitive function and flexibility in monkeys and also has a long history of use to test 

cognitive functioning in children (Overman, Pierce, Watterson, & Coleman, 2013; Vaughter 

& Cross, 1965). More recently, the development of computerized touchscreen devices has 

made it possible to test more complex questions in cognitive assessments. Originally 

developed for testing patients with neurodegenerative diseases (Sahakian et al., 1988) 

CANTAB has since been utilized for studies with nonhuman primates (Weed et al., 1999), 

and more wide-ranging populations of adults (Robbins et al., 1998) and children (Luciana, 

2003; Syväoja, Tammelin, Ahonen, Kankaanpää, & Kantomaa, 2014). CANTAB software 

tests multiple aspects of visual attention, memory, and executive function. As many as 19 

tests are currently available (www.cambridgecognition.com).

Another form of testing that has been developed for both human and nonhuman primates is 

prepotent response inhibition, in which the primate is tasked with inhibiting a dominant 

motor response during a cognitive task. For the anti-saccade task, a participant typically 

stares at a screen and then when a stimulus is presented on one side of the screen, is 

instructed to suppress the tendency to look at the stimulus and instead look or saccade to the 

opposing side of the screen (Hallett, 1978). In humans and macaques, this task has been 

determined to be affected by the prefrontal cortex (humans: Fukushima, Fukushima, 

Miyasaka, & Yamashita, 1994; macaques: Funahashi, Chafee, & Goldman-Rakic, 1993; 

Hussein, Johnston, Belbeck, Lomber, & Everling, 2014). There is potential for this task to be 

used in translational animal model studies, for there are differences in performance in the 

anti-saccade task between people in a control group from those diagnosed with a number of 

disorders, from SZ, ADHD, and Alzheimer disorders (Everling & Fischer, 1998; Munoz & 

Everling, 2004).

The most relevant forms of cognitive testing with respect to NDDs are for learning and 

memory as well as flexibility. In monkeys, visual discrimination entails learning to identify 

one stimulus as correct and others as incorrect and is a learning paradigm most commonly 

used as an initial training step before more complex assessments (Buckley & Gaffan, 1998; 

Friedman & Selemon, 2010; Griffin & Harlow, 1966). For memory, the more complex 

assessment is commonly a delayed nonmatch to sample (DNMS) task (Golub, Hogrefe, & 

Germann, 2007; Kelly et al., 2014; Sanchez, Hearn, Do, Rilling, & Herndon, 1998). For this 

task, the monkey must keep the previous stimulus in its working memory during the delay in 

order to select the novel stimulus as the correct choice. It is generally assumed that monkeys 

attend to novel stimuli more than familiar ones, so while delayed match to sample is also a 

possible test, they will select the new stimulus more quickly.

For flexibility, the most straightforward assessment is a reversal learning task, in which one 

tests in how many trials it takes for a monkey to switch from selecting a previously rewarded 

but no longer rewarded stimulus to a newly rewarded stimulus (Mahut & Cordeau, 1963; 

Makori, Watson, Hogrefe, Lalayeva, & Oneda, 2013; Wright, Vandewater, Parsons, & Taffe, 

2013). Using CANTAB, researchers are beginning to use more complicated stimuli to test 

flexibility in monkeys such as in the intradimensional/extradimensional set-shifting task (ID/

ED). In this task, stimuli can be more complicated with multiple dimensions, such as lines 

superimposed on shapes, and monkeys must learn during intra and extra dimensional shifts 
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whether the shape (intra) or line (extra) are relevant for reinforcement (Crean, Vandewater, 

Katner, Huitron-Resendiz, & Taffe, 2011; Golub et al., 2017; Weed et al., 1999).

3.3. Historical use of nonhuman primates in NDD research

In 1916, Robert Yerkes described the untapped potential for studying nonhuman primate 

physiology and behavior (Yerkes, 1916). In subsequent comparative psychology research in 

the mid-20th Century, researchers used nonhuman primates to probe questions about 

environmental effects on development under the nature vs. nurture paradigm. Harry 

Harlow’s work with infant rhesus macaques demonstrated the pervasive effects of the early 

social environment on emotional development and behavioral outcomes. When separated 

from their mother shortly after birth, infant macaques displayed profound behavioral deficits 

when they encountered strange situations or interacted with other monkeys (Harlow et al., 

1965). More recent experimental paradigms have advanced this research and demonstrated 

that less extreme forms of stressful environments, such as separation from the mother but 

contact with peers, can also adversely affect development, such as through the development 

of abnormal and self-injurious behaviors (Bauer & Baker, 2016; Bellanca & Crockett, 2002; 

Champoux, Metz, & Suomi, 1991; Conti et al., 2012; Gottlieb et al., 2013; Lutz et al., 2003; 

Rommeck, Gottlieb, Strand, & McCowan, 2009; Winslow et al., 2003). Social behavior 

development was also affected, for when housed together, maternally reared macaques 

consistently achieved higher social rank than macaques reared without their mothers 

(Bastian, Sponberg, Suomi, & Higley, 2003; Dettmer et al., 2017), suggesting that macaques 

raised without a mother may have displayed species-inappropriate levels of affiliative or 

agonistic behavior.

The studies described above were not specifically designed as models of NDDs, but did 

provide novel insight into environmental influences on behavioral development. Early 

attempts to develop nonhuman primate models of NDDs utilized a neural-systems approach 

to evaluate the role of specific brain structures, such as the amygdala, which had been 

implicated in ASD pathophysiology (Baron-Cohen et al., 2000; Bauman, 1991). Early 

studies by Bachevalier described impairments in social development in peer-reared rhesus 

monkeys that sustained bilateral damage to the amygdala and surrounding cortex early in 

development (Bachevalier, 1994). However, subsequent studies of rhesus monkeys with 

more selective amygdala lesions that were raised in an enriched social environment failed to 

replicate these early social deficits (Bauman et al., 2004a, 2004b; Prather et al., 2001). 

Although amygdala lesion research has provided valuable insight into the role of the 

amygdala in socioemotional development (Bliss-Moreau et al., 2013; Bliss-Moreau, 

Bauman, & Amaral, 2011; Bliss-Moreau, Moadab, Santistevan, & Amaral, 2017; Bliss-

Moreau, Toscano, Bauman, Mason, & Amaral, 2010, 2011; Moadab, Bliss-Moreau, & 

Amaral, 2015; Moadab, Bliss-Moreau, Bauman, & Amaral, 2017; Raper et al., 2013; Raper, 

Stephens, Sanchez, Bachevalier, & Wallen, 2014), the low construct and face validity of the 

neonatal amygdala lesion model would argue against this approach as a valid animal model 

to study NDDs.
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3.4. Current use of nonhuman primates in NDD research

Research using nonhuman primate models has contributed to our understanding of NDDs 

with respect to both etiology and potential treatments. Nonhuman primates can be used both 

to understand how factors affect a brain more similar to our own, but also, we can conduct 

more naturalistic studies of social development and further probe how potential gene-by-

environment interactions contribute to the development of NDDs. First of all, results of 

research using nonhuman primates supported human epidemiology studies that there is no 

association between components in vaccines or the schedule of vaccinations and deficits in 

neurodevelopment ultimately leading to ASD (Taylor, Swerdfeger, & Eslick, 2014). There 

were no behavioral differences between male macaques that received either thimerosal-

containing vaccines or the 2008 expanded pediatric vaccine schedule and macaques that 

received no vaccinations (Curtis et al., 2015) and no evidence of neuropathology (Gadad et 

al., 2015). Secondly, recent advances in genetic modification tools provide opportunities to 

explore genetic risk factors in species more related to humans than rats and mice (Chen, Niu, 

& Ji, 2016; Jennings et al., 2016; Qiu & Li, 2017). Transgenic longtailed macaques (Macaca 
fascicularis) that expressed extra copies of MECP2, a gene linked to ASD symptoms in 

humans (Ramocki et al., 2009), displayed aberrant behaviors that may be relevant to ASD 

(Liu et al., 2016). Although these macaques did not display all of the behavioral phenotypes 

of MECP-2 duplication symptoms such as seizures, improvements in gene editing 

technology such as CRISPR demonstrate the potential for transgenic nonhuman primates to 

bridge the gap between ASD relevant mouse and rat models especially by contributing to 

current gene-by-environment interaction studies (Kinnally et al., 2010; Kinnally, Lyons, 

Abel, Mendoza, & Capitanio, 2008).

Research with nonhuman primates has also served to elucidate potential mechanisms behind 

promising treatments identified in ASD patient populations, including the oxytocin (OT) 

system (Green & Hollander, 2010; Modi & Young, 2012). Although the data emerging from 

ASD treatment studies are compelling, many questions remain regarding the therapeutic 

potential of OT treatment in humans (Bethlehem, van Honk, Auyeung, & Baron-Cohen, 

2012; Churchland & Winkielman, 2012; Evans, Dal Monte, Noble, & Averbeck, 2014). 

Studies using rhesus macaques have demonstrated that inhaled oxytocin penetrates the 

central nervous system (CNS) (Dal Monte, Noble, Turchi, Cummins, & Averbeck, 2014), 

enhances social behavior and attention (Chang, Barter, Ebitz, Watson, & Platt, 2012; Dal 

Monte et al., 2014; Parr, 2014; Parr, Modi, Siebert, & Young, 2013; Putnam, Roman, 

Zimmerman, & Gothard, 2016; Simpson, Paukner, et al., 2017), and attenuates social 

vigilance (Chang & Platt, 2013; Ebitz, Watson, & Platt, 2013), though chronic 

administration of OT may reduce social attention over time in a dose dependent manner 

(Parr et al., 2016). More research is needed on how intranasal OT can be applied 

therapeutically to improve social behavior deficits, and nonhuman primate models for 

complex social behavior can be particularly useful for evaluating intranasal OT as a potential 

ASD-relevant pharmacological intervention.

Recent progress in identifying potential causes of NDDs has led to increasingly targeted and 

translational preclinical research efforts, of which nonhuman primate models have served to 

bridge the gap between rodent models and NDD patient populations (Watson & Platt, 2012). 
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In the following section, we highlight a series of epidemiologically informed models 

designed to directly evaluate prenatal immune-based risk factors initially identified through 

studies in patient populations.

3.5. Example of NDD: maternal-fetal immune risk factors

Recent evidence suggests that the prenatal environment—particularly, maternal fetal 

immune environment—may be a promising area of neurodevelopmental disorder etiology 

research (Estes & McAllister, 2016; Fox-Edmiston & Van de Water, 2015; Patterson, 2011). 

Experiences that alter the maternal-fetal immune environment may disrupt the finely 

orchestrated events of neural development, thereby increasing the risk of offspring CNS 

disorders (Estes & McAllister, 2016; Knuesel et al., 2014; Meltzer & Van de Water, 2017). 

Nonhuman primates may prove particularly relevant to evaluating immune-based prenatal 

risk factors given the similarities between nonhuman primates and humans in gestational and 

neurodevelopmental timeline, immune systems, and placental physiology. Below we 

describe two prenatal immune-based risk factors implicated in ASD: (i) maternal 

autoantibodies that target fetal brain tissue and (ii) prenatal exposure to immune challenges 

that activate the maternal immune system.

(i) Maternal autoantibodies associated with ASD - During mid-late gestation, 

immunoglobulin G (IgG) isotype antibodies from the mother are transported across the 

placenta in order to equip the immunologically naive fetus with protection (Kuo et al., 

2010). However, in addition to immunoprotective antibodies, autoantibodies that react to 

fetal ‘self’-proteins can also cross the placenta. A subset of mothers who have a child with 

ASD produce IgG antibodies targeting fetal brain proteins (for reviews, Braunschweig & 

Van de Water, 2012; Fox-Edmiston & Van de Water, 2015). Specific combinations of these 

anti-brain antibodies targeting proteins at 37 and 73 kDa have only been found in mothers 

who have a child with ASD and not in mothers of typically developing children. The 

recently identified protein targets of these antibodies play critical roles in neural 

development, supporting the hypothesis that prenatal exposure to anti-brain autoantibodies 

can disrupt the trajectory of brain development and ultimately lead to one form of ASD 

(Braunschweig et al., 2013).

As maternal autoantibodies become increasingly implicated in ASD, it has become 

imperative to utilize animal models to evaluate causative effects between prenatal exposure 

to anti-brain antibodies and altered neurodevelopment. Rodent model systems have revealed 

changes in brain and behavioral development following prenatal exposure to ASD-

associated antibodies (Camacho et al., 2014; Martinez-Cerdeno et al., 2016). A pilot study 

of rhesus macaques prenatally exposed to nonspecific ASD-associated maternal antibodies 

produced offspring that exhibited high levels of motor stereotypies (Martin et al., 2008). A 

subsequent nonhuman primate model that utilized ASD-specific maternal antibodies found 

only mothers of human children with ASD yielded offspring with social impairments, 

including increased protectiveness from their mothers, inappropriate social approach with a 

novel animal and deficits in reciprocal social interactions with familiar peers (Bauman et al., 

2013). Male monkeys exposed to these ASD-specific autoantibodies also demonstrate 

enlarged brain volumes that parallel features of children exposed to the same maternal 
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antibodies in utero (Nordahl et al., 2013). Similar to children with ASD, differences in brain 

volume in male monkeys exposed to ASD-specific autoantibodies are predominantly 

accounted for by increases in frontal lobe volume. The convergence of findings between the 

animal models and clinical populations highlights the translational potential of using a cross-

species approach that capitalizes on the strengths of both rodent and nonhuman primate 

model systems.

(ii) Prenatal immune challenge models - Other prenatal challenges, such as maternal 

infection during pregnancy, have also been associated with an increased risk of 

neurodevelopmental disorders, including ASD and SZ (Brown & Derkits, 2010; Brown, 

2012; Meyer, Feldon, & Dammann, 2011). Clearly not all women exposed to infections 

during pregnancy go on to have a child with altered neurodevelopment, suggesting that 

genetic susceptibility, gestational timing, and intensity of the prenatal challenge are critical 

factors to consider. Animal models are playing a key role in determining the mechanisms by 

which prenatal infection may alter fetal brain development. Initial nonhuman primate studies 

by Coe and colleagues evaluated the effects of prenatal exposure to viral or bacterial 

infections on subsequent brain and behavioral development of the offspring (Short et al., 

2010; Willette et al., 2011). Rhesus macaques born to dams exposed to low dose 

endotoxemia in the third trimester exhibited subtle alterations in behavior and failed to show 

species-typical attenuation of startle responses on tests of prepulse inhibition (Willette et al., 

2011). At 1 year of age, the exposed offspring exhibited a global increase in white matter 

volume paired with region-specific alterations in gray matter compared to controls. In a 

similar study, rhesus macaques born to dams infected with influenza in the third trimester 

did not differ from controls on measures of behavioral development, but did exhibit global 

reductions of cortical gray matter and reduced white matter in the parietal lobe (Short et al., 

2010).

The diversity of infections associated with alterations in neurodevelopment suggests that the 

maternal immune response may be the critical link between prenatal exposure to infection 

and subsequent alterations in fetal brain development. The emerging maternal immune 

activation (MIA) hypothesis has been directly tested in animal models by artificially 

activating the immune system of pregnant rodents with the viral mimic, poly IC. Rodent 

pups born to dams treated with poly IC at mid-gestation demonstrate behavioral 

abnormalities, neuropathology, and altered gene expression relevant to both ASD and SZ 

(reviewed in: Boksa, 2010; Meyer & Feldon, 2012; Meyer, Feldon, & Fatemi, 2009; 

Patterson, 2009).

Our laboratory adapted this approach to develop the first MIA nonhuman primate model by 

using a modified form of poly IC to stimulate the primate maternal immune response. 

Pregnant rhesus macaques injected with poly IC at the end of either the first or second 

trimester produced offspring with abnormal motor stereotypies and repetitive behaviors 

(Bauman et al., 2014). While both first and second trimester MIA offspring produced fewer 

affiliative vocalizations than controls, only the first trimester MIA offspring showed signs of 

atypical social interactions with unfamiliar peers. Given that neurodevelopmental disorders, 

including ASD and SZ, are characterized by changes in social cognition and emotion, as 

well as altered visual attention devoted to facial expressions, we then initiated a series of 
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noninvasive eye-tracking studies to provide further insight into the nature of the social 

impairments observed in the MIA offspring. As juveniles, male rhesus macaques born to 

first trimester MIA-treated dams differed from controls on several measures of social 

attention, particularly when viewing macaque faces depicting the “fear grimace” facial 

expression (Machado et al., 2015). Compared to controls, these MIA offspring had a longer 

latency before fixating on the eyes, fewer fixations directed at the eyes, and spent less total 

time fixating on the eyes of the fear grimace faces. The lack of attention to the eye region 

exhibited by offspring of MIA-treated animals represents a significant departure from social 

processing in normal macaques and typically developing humans (Leonard, Blumenthal, 

Gothard, & Hoffman, 2012) and parallels findings of both ASD and SZ clinical populations 

(King & Lord, 2011). Collectively, the changes in brain, behavior and immune function 

observed in the nonhuman primate MIA model lends support to the hypothesis that prenatal 

infection acts as a “neurodevelopmental disease primer” that is possibly relevant to a number 

of neurodevelopmental disorders (Meyer, 2014), including ASD (Careaga et al., 2017).

4. Conclusion

As our understanding of NDDs improves through studies in patient populations, so does our 

ability to develop more precise preclinical models to evaluate potential etiologies, identify 

underlying pathophysiology, and ultimately create novel therapeutic and preventative 

strategies. Mice have become the favored species for biomedical research in part because of 

their wider possibilities for genetic manipulations as well as their lower financial and ethical 

considerations in comparison to other mammalian species. However, the complex nature of 

NDDs especially with respect to understanding causes and seeking treatments for deficits in 

prosocial behavior as seen in ASD may make it necessary to assess validity in other species 

that have a behavioral repertoire that more closely mirrors human behavior. The renewed 

interest in the laboratory rat as a model system to study complex NDDs provides a powerful 

translational tool. Although rodent models will continue to be the logical starting point for 

these preclinical research efforts, we suggest that it may ultimately be necessary to use a 

species that is more closely related to humans, such as the rhesus macaque. In order to move 

the assessment of validity in these models forward, we advocate for more coordinated 

research efforts between laboratories that utilize rat and nonhuman primate models to 

advance mechanistic understanding and evaluate the efficacy of biological treatments for 

NDDs.
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Fig. 1. 
Laboratory rats and rhesus monkeys are highly social animals that engage in complex, 

reciprocal social interactions, including juvenile play.
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