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Deep brain stimulation to treat Parkinson’s disease, the use of incubators for

premature infants, treatments for asthma, development of drugs to control

transplant rejection … these are some of the major medical advances in recent

years that have depended on the use of nonhuman primates in biomedical research

and testing.

Research involving nonhuman primates (NHPs) has played a vital role in many of the

medical and scientific advances of the past century. NHPs are used because of their

similarity to humans in physiology, neuroanatomy, reproduction, development, cognition,

and social complexity – yet it is these very similarities that make the use of NHPs in

biomedical research a considered decision. As primate researchers, we feel an obligation and

responsibility to present the facts concerning why primates are used in various areas of

biomedical research. Recent decisions in the United States, including the phasing out of

chimpanzees in research by the National Institutes of Health and the pending closure of the
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New England Primate Research Center, illustrate to us the critical importance of conveying

why continued research with primates is needed. Here we review key areas in biomedicine

where primate models have been, and continue to be, essential for advancing fundamental

knowledge in biomedical and biological research.

Phylogenetic context

The vast majority of biomedical research utilizes rodent models. U.S. government statistics

indicate that approximately 90% of the animals used in research are mice, rats and other

rodents. NHPs account for 0.28% of all laboratory animals used in research [Government

Statistics from 2010]. The appropriateness of various animal models depends upon not only

the species but also the ways in which the models are used. In particular, the model needs to

parallel not only the clinical and biological features but also the behavioral repertoires of

interest. While rodents are, and will continue to be, extremely valuable models for

biomedical research, rodents do not always accurately model human behavioral and

biological response [Seok et al., 2013b]. The evolutionary distance between rodents and

humans [human-mouse-rat ancestor ~87 mya; [Springer et al., 2003]] presents significant

differences in biological and behavioral function that may limit the immediate translational

value of findings.

The close phylogenetic relationship of NHPs to humans makes them excellent models for

particular biological phenomena. The physiological similarity between humans and NHPs

means there is greater validity of the data obtained from primate models than other animal

models (e.g. reproduction and pregnancy, cognition and cognitive aging). This physiological

similarity also means that one can address questions using NHP models that cannot be

addressed using other species (e.g. models of AIDS, lung disorders, and drug metabolism).

Old World monkeys (rhesus macaques, baboons, vervet monkeys) and New World monkeys

(marmosets, squirrel monkeys, titi monkeys, capuchin monkeys) are used frequently;

prosimians and Great Apes (chimpanzees) are also used, though less frequently (see Figure

1). As the NIH recently decided to phase out the use of chimpanzees in most areas of

research, chimpanzee models for furthering our understanding in key areas such as autism

and Hepatitis C will no longer be available. In cases where NHPs are used, species selection

is carefully considered, taking into account behavioral, biological, animal welfare and

practical considerations [Group, 2002; Smith et al., 2001].

Ethical considerations in the use of primates in biomedical research

The ability of all animals to feel pain and experience stress means that researchers have a

moral obligation to conduct research in a manner that reduces negative effects and does not

unnecessarily cause stress or suffering. The significant cognitive capacity and complex

social behavior of NHPs raises additional issues concerning the rationale and justification

for their use in biomedical research. The fundamental ethical dilemma concerning the use of

primates in biomedical research is whether we can be morally justified in conducting

research that benefits humans but which may cause NHPs pain, distress, and/or suffering.

The core issues reflect whether NHPs count in our moral considerations, and whether they

have moral standing. A being has moral standing if its interests must be given consideration
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in the deliberations of a moral agent. If an individual has moral standing, then the individual

has a valid interest in the moral norm, and they count in a moral sense. Thus, having moral

standing restricts the permissible range of conduct toward these beings. Properties that are

frequently taken into account when considering questions of moral standing include being

sentient, rational, and a self-conscious agent. While NHPs exhibit aspects of rationality and

agency, these do not reach the level seen in humans. Sentience is what many regard as the

primary trait that gives NHPs moral standing [Bentham, 1907 [1823]; Morris, 2011].

Another feature of the debate concerning the moral standing of NHPs is whether they are

direct or indirect moral objects. If NHPs are direct moral objects, then we have direct duties

to them. If NHPs are indirect moral objects, then we have duties regarding them but not

duties to them [Aquinas, 1955–1957; Kant, 1996 [1797]; Morris, 2011]. A consensus as to

the moral standing of NHPs, or whether a distinction between direct and indirect moral

objects is warranted, cannot be reached even among philosophers.

However, the growing recognition by researchers, veterinarians and other biomedical

professionals that ethical issues such as these are important and relevant to primate research

has led to specific changes in the way such research is conducted and regulated. Greater

attention is now paid by the various participants in the research enterprise (scientists,

veterinarians, and administrators) to the responsibilities that someone is accepting when they

choose to engage in research using NHP. This has been an important stimulus leading to

concrete, practical, and enforceable changes in the procedures and standards required,

including legal restrictions and government policies that are tied to research funding. Fifty

years ago, there was little formal oversight on the use of animals in research. While most

research was done with appropriate concern for the health and welfare of the animal

subjects, this was not always the case and a series of regulations and laws were thus enacted

to ensure proper methods and housing conditions. Today, all research using NHPs (and

indeed all research on vertebrates) in the United States must adhere to an extensive series of

laws and/or regulations. No academic or commercial research using NHPs can be performed

unless: a) the researchers have appropriate training in the use of animals, b) there is

independent oversight on the procedures to be used, c) the researchers have satisfactorily

justified in writing the species to be used, the number of animals to be used and the

scientific significance of the data to be generated and d) there is evidence that the work does

not unnecessarily duplicate prior research. One of the changes that most clearly reflects the

changing attitudes, and also has immediate daily impact on the primates maintained in

research colonies, is a series of regulations regarding the psychological well-being of the

animals. There are now explicit and enforceable rules that go beyond requiring adequate

food, housing and veterinary care to address the cognitive and psychological complexity of

NHPs, providing assurance that these issues are given substantive attention. The rules apply

whether or not any particular animal is actually being used in a research project1. This

reflects the broad acceptance of the idea that researchers and veterinarians have a

responsibility to attend to the psychological needs of the animals as well as nutritional and

environmental needs.

1Office of Laboratory Animal Welfare [http://grants.nih.gov/grants/olaw/olaw.htm] and the Public Health Policy on Humane Care and
Use of Laboratory Animals [http://grants.nih.gov/grants/olaw/references/phspol.htm].
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In all research institutions, investigators must convince a set of independent experts that the

work they propose to do is justified and will be performed appropriately. These committees

(Institutional Animal Care and Use Committees), which are mandated by Federal law,

function separately from the research team and the funding agencies and have the right and

obligation to restrict or stop any primate research that the committee considers unnecessary,

inappropriately designed or inadequately justified given the effects on the study subjects.

These committees must include non-scientists and representatives of the community (lay

members), to ensure that community standards for ethics are followed.

Most (> 95%) behavioral and biomedical research with nonhuman primates either does not

involve pain, or the pain is alleviated with analgesic or anesthetic drugs2. Pain causes stress,

and researchers understand that stressed animals present different biological responses

which may affect the results of the study. Animal suffering and use are minimized in line

with the 3Rs principle of Russell and Burch [1959]: replacement, reduction, and refinement.

Researchers must specifically address the 3Rs before any research project with NHPs is

approved, and guidance is available to assist researchers in implementing the 3Rs

[Refinement, 2009]. Furthermore, provisions under the Animal Welfare Act3 require needs

specific to NHPs be addressed. As such, efforts are made to enhance psychological well-

being through social housing, addressing the specific social and development needs of

infants and aged individuals, and providing environmental enrichment. The major

professional societies whose members use NHPs in research - Association of Primate

Veterinarians, American Society of Primatologists, and the Society for Neuroscience -

endorse policies and regulations that provide for the enhancement of NHP psychological

well-being. At institutions that utilize NHPs in research, considerable ongoing research and

evaluation occurs to further improve the welfare of captive NHPs.

Some have argued that human rather than nonhuman primates are the more appropriate, and

ethically preferable, subjects for biomedical research (e.g., Quigley, 2007). The logic behind

this is that despite the similarities between humans and NHPs, small but significant

biological differences exist. Therefore, conclusive results cannot be obtained from NHP

models, and so the ethically preferable choice would be to experiment on a limited number

of humans. This position may seem intuitive on some level. However, we should be

reminded that it is essential for the protection of humans that prior research be conducted on

animals. The Nuremberg Code, written as a result of the Nuremberg Trial at the end of

World War II, defines a set of research ethics principles for human experimentation and

states animal studies must precede research on humans.4 The use of sentient NHPs rather

than other animal models certainly requires greater ethical consideration of whether a

specific experiment is justified. Justification includes the appropriateness of the primate

2Data retrieved from 2010 Annual Reports to the USDA Animal and Plant Health Inspection Service.
3The requirements of the Animal Welfare Act (AWA) are set forth under the Regulations and Standards in the Code of Federal
Regulations (CFR). These requirements are found in Title 9 CFR, Chapter 1, Subchapter A - Animal Welfare, Parts 1, 2, and 3. The
requirement for the psychological well-being of primates is set forth under section 13(a)(2)(B) of the AWA (7 USC, 2143). The
standards for environmental enhancement to promote psychological well-being in primates are set forth under 9 CFR, Chapter 1,
Subchapter A - Animal Welfare, Part 3, Section 3.81.
4The experiment should be so designed and based on the results of animal experimentation and a knowledge of the natural history of
the disease or other problem under study, that the anticipated results will justify the performance of the experiment. http://
www.hhs.gov/ohrp/archive/nurcode.html
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model (which we illustrate below for specific research areas; see Table 1) as well as

potential costs and benefits of the research. As long as we believe that a human life is more

valuable than a fish, fly, mouse, or primate, some experiments will be performed on animals

before exposing humans to risk. And in some cases, the best animal model will be a NHP.

The scientific summaries provided below for several key areas (though not exhaustive)

illustrate that there is a wide range of significant and valuable biomedical information that

can only be obtained by using NHPs in research. Thus, while we recognize the responsibility

researchers take on themselves when they engage in research using primates, we also

recognize and document that NHP research has generated results that have saved many

human lives and reduced suffering in many more. The summaries focus almost exclusively

on studies performed in captivity; we recognize, however, that important information in

some of these topical areas has been obtained from field studies as well [Emery Thompson,

2013; Fedurek and Slocombe, 2011; Tung et al., 2010]

Atherosclerosis

Atherosclerosis of the coronary arteries and its complications are the principal pathological

processes that result in coronary heart disease (CHD). Macaques (Macaca spp.) have been a

well-established model of diet-induced coronary artery atherosclerosis (CAA) for several

decades [Jokinen et al., 1985; Wissler and Vesselinovitch, 1977]. It is likely that the utility

of this model is due to their close phylogenetic relationship to human beings which has

resulted in similarities in etiology and characteristics of arterial pathology.

For example, macaques develop arterial lesions similar to those seen in human beings.

Dietary manipulation results in hyperlipidemia which resembles that found in humans. Also,

these species are a convenient size for diagnostic and therapeutic studies. By comparison,

rats are generally resistant to atherosclerosis. The lesions they do develop are unlike those of

human beings, and severe experimental conditions may be required to produce them.

Atherogenic diets may result in high mortality in mice, and produce lesions that are unlike

those of humans. However, the relative ease of genetic manipulation and the relatively short

time frame for atherogenesis makes them useful for investigation of gene effects [Getz and

Reardon, 2012]. Pigs faithfully recapitulate human atherosclerosis but their large body size

makes them difficult and expensive to handle and maintain. Atherosclerosis lesions are

easily induced by diet in rabbits but the resulting lesions, and cholesterol metabolism in

general, are dissimilar to human beings; the latter may result in extreme

hypercholesterolemia and lipid storage in organs [Jokinen et al., 1985].

Perhaps the most valuable aspect of macaque models of atherosclerosis is that they provide

information on important etiologic factors that promote or protect against atherosclerosis;

these factors involve reproductive and central nervous system (CNS) characteristics that are

unique to primates. For example, Old World Monkeys and Apes have menstrual cycles

similar to those of women. Adult cynomolgus monkeys (Macaca fascicularis) are a well-

characterized animal model of sex differences in susceptibility to diet-induced

atherogenesis. While females are generally protected compared to males, ovariectomy

results in extensive CAA. If estrogen therapy is begun right after ovariectomy, females are

Phillips et al. Page 5

Am J Primatol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



protected from CAA [Adams et al., 1990a; Clarkson and Mehaffey, 2009]. Likewise, the

results of large observational studies such as the Nurse’s Health Study suggest that hormone

therapy initiated around the time of menopause reduces the risk for a major coronary event

by about 50% [Grodstein et al., 2000; Stampfer et al., 1985]. However, in monkeys, if

estrogen therapy is not initiated until two years after ovariectomy (approximately equivalent

to six human years), there is no beneficial effect on atherosclerotic plaque size [Clarkson

and Mehaffey, 2009; Register et al., 1998; Williams et al., 1995]. This observation

essentially predicted the outcomes of both the Heart and Estrogen/Progestin Replacement

Study (HERS) and the Women’s Health Initiative (WHI), in which delayed initiation of

estrogen therapy for about 15 years after menopause was associated with no overall

cardiovascular benefit [Hulley et al., 1998; Rossouw et al., 2002].

Likewise, intact cynomolgus monkeys with poor ovarian function develop extensive CAA

like that of ovariectomized females [Adams et al., 1985]. This is not surprising, because

females with low progesterone concentrations in the luteal phase also have low estradiol

concentrations in the follicular phase, i.e. they are estrogen-deficient. The effects of

premenopausal ovarian dysfunction on CHD risk in women are difficult to evaluate, because

long-term characterization of hormone levels over the menstrual cycle is problematic.

However, women with a history of irregular menses are at increased risk for CHD [Solomon

et al., 2002]. Thus, ovarian function, and in particular estradiol, confers protection from

CHD in women and CAA in female cynomolgus macaques.

Psychosocial stress is a well-recognized CHD risk factor that doubles the risk of myocardial

infarction in human beings with traditional risk factors [Steptoe and Kivimäki, 2012].

Macaques depend on their social relationships, and psychosocial factors also affect their

health. The stress of low social status results in a two-fold increase in CAA in females due,

at least in part, to the social suppression of ovarian function [Kaplan, 2008; Kaplan et al.,

2009].

In female cynomolgus monkeys consuming a Western-like diet, 60% of subordinates and

10% of dominants develop depressive-like behavior [Willard and Shively, 2012]. This

social-stress associated depressive behavior is accompanied by perturbations in the CNS

including small hippocampi and decreased serotonin 1a receptor binding affinity, autonomic

perturbations manifested as high 24 hour heart rates, perturbed hypothalamic-pituitary-

adrenal function, poor ovarian function, dyslipidemia, and low activity levels. These

characteristics are reminiscent of major depressive disorder in human beings and most have

not been reported in other animal models of depression [Shively and Willard, 2012].

Furthermore, cortical areas known to be critically involved in depression in human beings

are not elaborated or differentiated in nonprimate species [Hamilton et al., 2012]. In human

beings, depression and CHD are highly comorbid, and when depression is present the

prognosis for CHD is greatly worsened [Leung et al., 2012]. Adult female cynomolgus

monkeys that display depressive behavior develop four times more CAA than their

nondepressed counterparts, faithfully recapitulating the depression – CHD comorbidity in

human beings [Shively et al., 2009]. Thus, this species may be used as an animal model in

which to study the comorbidity of depression and CHD.
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In summary, macaque models of CAA are unique in that they recapitulate the pathobiology

of CAA, and the primate-specific etiology of reproductive and CNS effects on CAA/CHD

risk in human beings.

Behavior

In health-related research, behavior is most often used as an output measure for models of

psychopathology, or as treatment responses to psychoactive drugs. In this context, there are

a number of behaviors that are both upwardly and downwardly translatable – i.e.

quantifiable in rodents, NHPs, and humans – as well as some behavioral paradigms that are

uniquely available in NHPs and humans.

Social deficits are a feature of many mental health disorders, including autism,

schizophrenia and social anxiety [APA, 2013; Baird et al., 2003]. The availability of NHP

models with widely differing social systems and behavior makes them suitable for a number

of different questions. The most common biomedical model, the rhesus monkey (Macaca

mulatta), lives in large multi-male/multi-female groups with strong dominance hierarchies

[Capitanio et al., 2006]. As Old World monkeys, they are more closely related evolutionarily

to humans than any group except the apes and display high levels of social intelligence

[Thierry et al., 2004], as well as personality dimensions remarkably similar to those of

humans [Capitanio, 1999]. They have proven particularly useful in studies of faces, both of

facial expression [Parr et al., 2013], and facial recognition, due to their ability to recognize

individuals from photos or video [Habbershon et al., 2013; Silwa et al., 2011]. In particular,

new and sophisticated eye-tracking techniques [Machado and Nelson, 2011], very similar to

those used in humans, allow a measure of social attention that is not available in rodents.

Abnormal eye gaze is commonly found in studies of humans with autism spectrum disorders

[Guastella et al., 2008] and schizophrenia [Morris et al., 2009]. Visual tracking of eye gaze

in NHPs has been designated as one of two priority behavioral paradigms for social

cognition in animal models of schizophrenia by the CNTRICS initiative [Millan and bales,

2013].

Other primate taxa, while not as closely related to humans, provide opportunities for

alternative translational models of social behavior. Socially monogamous New World

monkey species which form long-term, heterosexual social bonds such as titi monkeys

(Callicebus spp.) [Fernandez-Duque et al., 1997; Mason and Mendoza, 1998; Mendoza and

Mason, 1997] and owl monkeys (Aotus spp.) [Fernandez-Duque and Huck, 2013; Fuentes,

1999], allow researchers to examine the basic neurobiology and permit pharmacological

manipulation of social behaviors such as male parenting, food-sharing, and adult male social

bonds. Marmosets and tamarins (family Callitrichidae), while not displaying traditional

social monogamy [Fuentes, 1999] display other social behaviors shared with humans, such

as alloparenting behavior [Bales et al., 2000; Tardif et al., 1992]. Compared to larger non-

human primate species, these New World monkey species are smaller in size, easier to

handle, and do not carry zoonotic diseases such as Herpes B virus [Tardif et al., 2006].

Many non-social aspects of behavior can be modeled in rodents, NHPs, and humans, and

thus provide continuity of interpretation across species and studies. Startle responses, and
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the ability to inhibit these responses (prepulse inhibition, or PPI) based on an acoustic

prepulse, are commonly used as measures of sensorimotor gating [Millan et al., 2012], and

reveals multimodal deficits in schizophrenia [Thoma et al., 2007]. Startle amplitude and PPI

are modeled in rodents using startle boxes with either acoustic or tactile (air-puff) stimuli,

and in NHPs and humans using the effects of acoustic or air-puff stimuli on whole body

startle or eye blink [Davis et al., 2008]. Despite the comparability of behavioral startle

paradigms, the neural substrates differ between rodents and primates, being independent of

the amygdala in primates but not in rodents [Antoniadis et al., 2007]. Other, simple non-

social behaviors that can be compared across species might include locomotion and

stereotypical behaviors [Novak et al., 2013].

In comparison to rodent models such as rats (Rattus rattus), mice (Mus musculus), and

prairie voles (Microtus ochrogaster), all primate models display a more extended, human-

like period of development [Walters, 1987]. In many species, offspring often remain in the

natal group well past the age of sexual maturity. This can be particularly important in

studying behavioral aspects of juvenile and adolescent periods.

In addition to mental health research, primate social behavior has been the basis for a new

group of biologically inspired computational models [Bales and Kitzmann, 2011; Zhang et

al., 2009]. Scent-marking behavior, in particular, has been used as a model for mobile sensor

communication in which delayed information can be relayed [Xiao et al., 2011].

Cooperation between animals, including primates, has also been used in a number of

engineering applications [Liang and Xiao, 2012]. Social hierarchies are of special interest to

engineering [Markham, 2011], and primate social hierarchies have been previously modeled

using agent-based modeling, a technique frequently utilized in engineering and computing

applications [Bryson, 2007].

Cognition and Language

The use of nonhuman primates has been central to elucidating principles underlying learning

and memory as well as more advanced cognitive function. Further to this point, Harlow

developed the Wisconsin General Testing Apparatus as a direct consequence of his early

effort to studying discrimination learning and memory in primates [Harlow, 1949]. Indeed,

primate behavior and cognition has been a central focus in biology and particularly in

psychology, almost from their conceptions as scientific disciplines. The early works on

learning theory by Thorndike, Watson, and Skinner were dominated by studies in rats and

other more distantly related species with little recognition or acknowledgment for potential

species differences in cognition. Yet, even early on, many questioned strictly operant

explanations for cognitive phenomena in primates, notably the infamous studies describing

“insight” learning by Kohler [1925]. What distinguishes cognition from traditional views of

animal learning is the role that reinforcement history has on the behavioral performance. In

this realm, studies from nonhuman primates have been particularly significant. For instance,

Gallup reported that when chimpanzees were confronted with mirrors, they treated the

image as a reflection of themselves rather than another conspecific chimpanzee [Gallup,

1970]. Interestingly, subsequent studies have shown that other apes show self-recognition

but this ability appears absent in other more distantly related primates [Povinelli, 1987;
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Povinelli et al., 1997]. The evidence of self-recognition in apes compared to other primates

has been the foundation for neurobiological studies that aim to identify uniquely ape and

human characteristics of the brain, which may explain these abilities. One such

neurobiological landmark is Von Economo neurons (VENs), which are found in abundance

in the anterior cingulate and insular cortex of humans and apes but are rather sparsely found

in the regions in most Old and New World monkeys [Allman et al., 2011]. Whether VENs

play a role in self-recognition or self-awareness is unclear but the critical point is that the

only valid model for demonstrating their potential role in these aspects of cognition is

primates.

The value of primates for testing evolutionary models of human cognition is not restricted to

self-recognition. It is now well recognized that primates are much better animal models of

human cognition in a variety of domains including inhibitory control and delay of

gratification [Rosati et al., 2007], meta-cognition (Beran, Smith, & Purdue, 2013), cognitive

representation of motor actions [Christel, 1994{Frey, 2012 #8393], planning [Menzel and

menzel, 2007], and lateralization of structure and function [Hopkins, 2013]. All of these

abilities are likely attributable to the relatively large brain size in primates compared to other

mammals.

Perhaps no other domain of cognitive research has been more influential and recognized in

the public domain as the studies of the linguistic capacities of apes. Initial attempts to teach

apes to speak failed miserably, but starting in the 1960’s, efforts to teach apes language

using alternative communication systems involving sign language, plastic chips, or visual

graphic symbols were all highly successful in demonstrating a variety of basic language

skills including symbolization, basic semantic representation [Savage-Rumbaugh et al.,

1993], categorical representation, spoken English comprehension [Savage-Rumbaugh and

Lewin, 1994], and rudimentary grammar [Greenfield and Savage-Rumbaugh, 1990]. From a

theoretical standpoint, the ape-language research, as well as studies on vocal and gestural

communication in monkeys and apes [Call and Tomasello, 2007], has no doubt helped in

defining what characteristics of language are unique to humans and those that are shared.

For instance, apes and humans both seem capable of learning and using symbolic

communication systems, it has become increasingly evident that only humans seem to

combine these symbols into multiword utterances in order to create new meanings.

Pragmatically, the ape language work has been instrumental in the development of

technology and methods used to assist disabled children in learning to communicate

[Rumbaugh, 1977].

Cognitive aging

With advancing age, cognitive functions begin to decline in both humans and nonhumans.

The specific cognitive domains that become altered with age and the brain mechanisms that

underlie these declines have been the subject of investigation for many decades. NHPs are

critical animal models that have provided valuable and unique contributions to our

understanding of cognitive aging and to our search for possible treatments for cognitive

decline with age.
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NHPs are closest to humans phylogenetically [Finch and Austad, 2012; Kumar and Hedges,

1998] and the structure and function of human and NHP brains are very similar (see also

Neuroscience section below). The rhesus monkey hippocampus more closely resembles the

human hippocampus in terms of nuclear organization, projection pathways, and innervation

patterns than does the rodent hippocampus [Amaral and Lavenex, 2007], and NHP and

human brains are especially similar in cortical development and organization [Hutchison and

Everling, 2012; Petrides et al., 2012]. The neocortex comprises 80% of the human brain and

72% of the macaque brain, but only 20% of the rat brain [Hutchison and Everling, 2012;

Passingham, 2009]. Importantly, there are functional areas of the primate brain that do not

exist in the rat, including visual cortical functional divisions [Uylings et al., 2003] and

prefrontal cortex subdivisions [Preuss, 1995; Uylings et al., 2003]. These points are critical

for studies of cognitive aging that are focused on cognitive processes dependent upon

cortical regions, e.g., prefrontal cortex.

Besides similarities in brain functional specialization, NHPs share other vital similarities

with humans that distinguish this animal model from rodent species and makes it a

significantly unique model for translational investigation of cognitive aging. Humans and

NHPs are primarily visually-oriented, unlike rodents. Using NHPs to study cognitive aging

allows one the ability to examine visual non-spatial and spatial cognitive processes, thus

providing examination of critical cognitive functions relevant to the human conditions being

modeled. Considerable translational advantages of using NHPs to study cognitive aging

include the shared complexity and breadth of their cognitive abilities with that of humans,

especially higher order cognitive functions, e.g., the ability to perform numerical operations

(e.g., [Okuyama et al., 2013]). Using NHPs facilitates the investigation of cognitive aging

because it enables the use of established neuropsychological tests that were developed

originally to evaluate human cognition to be used to evaluate NHP cognitive abilities

[Voytko, 2003] and likewise, the use of experimental paradigms developed originally to

evaluate NHP cognition to be used to evaluate human cognition [Voytko, 2003]. For

example, the Wisconsin Card Sorting Task (WCST) is the gold standard for assessing

cognitive flexibility in humans. Using a version of WCST (without the numerosity

category), executive function deficits were noted in middle-age and aged rhesus monkeys

[Moore et al., 2003; Moore et al., 2005; Moore et al., 2006] and in menopausal middle-aged

rhesus monkeys [Voytko et al., 2009]. The ability to use operationally similar behavioral

tasks in both humans and monkeys allows for greater and more reliable extrapolation

between these species. Also of important note, identical pieces of equipment and technology

can be used interchangeably in cognitive studies of humans and NHPs, e.g. computer driven

behavioral testing apparati [Nagahara et al., 2010] and brain radiological equipment and

procedures for both imaging [Voytko et al., 2001; Wey et al., 2013] and irradiation

[Sundgren and Cao, 2009; Voytko et al., 2012] studies. Besides the already noted unique

qualities and aspects of using NHPs to study cognitive aging, female NHPs are the ideal

animal models in which to investigate the effects of reproductive aging on both cognitive

and brain function. Female NHPs share many reproductive and endocrine features with

women; unlike many common laboratory rodents which have a four-day estrus cycle and

cessation of ovarian function that does not closely resemble primate menopause [Steger and

Peluso, 1987]. Of particular note, female macaque monkeys have 1) 28 day menstrual cycles
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and patterns of ovarian hormones similar to women [Goodman et al., 1977; Jewitt and

Dukelow, 1972], 2) a similar menopause to that of women [Downs and Urbanski, 2006;

Gilardi et al., 1997; Johnson and Kapsalis, 1995; Shidler et al., 2001], 3) physiological

responses to surgical menopause and estrogen therapy that are similar to women [Adams et

al., 1990b; Jayo et al., 1998; Jerome et al., 1994], and 4) improvements in cognitive function

with estrogen similar to women [Lacreuse, 2006; Rapp et al., 2003; Voytko et al., 2008;

Voytko et al., 2009]. Moreover, one is able to use novel hormone therapy schedules in NHPs

that closely mirror the hormonal fluctuation patterns that occur over the course of a normal

primate menstrual cycle [Voytko et al., 2008; Voytko et al., 2009]. Thus, female NHPs

enable examination of cognitive processes, as well as their modulation by menopause and

hormone therapy, that are essentially identical to those found in women.

Although rodents are commonly used for studies of cognitive aging, there are critical neural,

reproductive, and endocrine disparities between rodents and primates that likely contribute

to the differences in behavioral observations that have been found between NHP and rodent

models of aging. Collectively, these factors highlight the continued importance of using

NHPs to investigate aspects of human cognitive aging and age-related disease.

Developmental Programming

The Developmental Programming hypothesis states that – responses to challenges during

critical developmental time windows alter development with persistent effects on phenotype.

Extensive human epidemiologic and precisely controlled animal studies show that reduced

maternal nutrition, both global calories or protein intake, and other challenges such as

maternal obesity and maternal stress during fetal and neonatal development alter the

trajectory of organ differentiation and development, predisposing offspring to a wide variety

of chronic diseases including cardiovascular disease, obesity, diabetes and behavioral

disorders [Ainge et al., 2011; Armitage et al., 2004; Armitage et al., 2008; Armitage et al.,

2005; Beall et al., 2005; Desai et al., 2005; Fernandez-Twinn and Ozanne, 2010; Li et al.,

2011; Morimoto et al., 2011; Papadopoulou et al., 2003; Tosh et al., 2010; Vega et al., 2013;

Vickers and Sloboda, 2012; Zambrano et al., 2010].

Controlled experimental studies on developmental programming have almost entirely been

conducted in the common polytocous, altricial rodent laboratory species that have a very

different developmental trajectory and maternal nutritional load in pregnancy and lactation

compared to relatively precocial, mostly monotocous, species including humans. One central

feature of perinatal development in which primates and the common polytocous laboratory

animals differ is the interdependence of the fetal and maternal hypothalamo–pituitary–

adrenal axis and their interactions with the placenta. One of the most significant differences

between precocial and altricial species is the extent to which maternal glucocorticoids can

cross the placenta and influence fetal development. Glucocorticoids act as a general

orchestrator of late gestational fetal differentiation and maturation playing a central role in

the preparations the fetus makes for independent life [Fowden et al., 2006].

The major precocial animal investigated in the field of developmental programming has

been the sheep which had great advantages in the ease of accessibility of the fetus, extensive
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documentation on fetal development and the ability to conduct interventions to determine

mechanisms and indicate potential markers in human development [Fowden et al., 2006;

Nijland et al., 2008; Tuersunjiang et al., 2013]. However, the sheep has different

placentation from primates including humans. Therefore nonhuman primate studies of

programming, in ways that allow translation to human development, are needed. To date the

major approaches to developmental programming that have been conducted in nonhuman

primates have included; global nutrient reduction during pregnancy and lactation in the

baboon [Antonow-Schlorke et al., 2011; Cox et al., 2013; Cox et al., 2006b; Cox et al.,

2006c; Keenan et al., 2013; Nijland et al., 2010; Tchoukalova et al., 2013]; feeding high fat,

high energy diets to Japanese macaque monkeys [Sullivan et al., 2010; Sullivan et al., 2011]

or baboons [Maloyan et al., 2013]; the study of spontaneously growth restricted monkeys

[Emerald et al., 2011] and studies on effects of fetal exposure to concentrations of

glucocorticoids higher than appropriate for the current stage of gestation as a result of

maternal administration of exogenous, synthetic glucocorticoids [Rodriguez et al., 2011].

This last model is of importance because excessive glucocorticoid exposure can produce

organs that are both smaller and contain the wrong balance of different cell types.

The central role of glucocorticoids is further indicated by the observation that different

challenges to the developing mammal can result in similar outcome phenotypes. Thus a

variety of exposures in the perinatal period such as bilateral uterine ligations to mimic

intrauterine growth restriction (IUGR) due to disruption of placental blood flow, chronic

fetal hypoxia, excess glucocorticoid exposure, environmental insults (tobacco and

endocrine-disrupting chemicals), maternal diet restrictions (caloric, iron and protein

restriction) and over nutrition (high fat diets and obesity), can result in very similar

phenotypes that include obesity, hypertension, insulin resistance, type 2 diabetes and

cardiovascular disease in the offspring, suggesting common mechanistic pathways such as

exposure to glucocorticoids at higher levels than normal for the current stage of gestation.

Several other candidate mechanisms have been proposed that are either dependent on

epigenetic mechanisms [Wadhwa et al., 2009; Wang et al., 2012] or oxidative stress [Sen

and Simmons, 2010]

The ability to produce experimental models of IUGR is important since IUGR results in

much perinatal morbidity and mortality. IUGR occurs not only with poor maternal nutrition

but also in maternal obesity especially in primigravidae [Nelson et al., 2010], in teenage

pregnancies where the growing mother competes with her fetus for nutrients [Wallace et al.,

2006] and in pregnancies associated with placental disease, pre-eclampsia or maternal

vascular disease [Roberts and Post, 2008]. Cohorts of male and female baboon offspring of

mothers fed either ad lib or 70% of the ad lib global diet in pregnancy and lactation have

been developed, resulting in IUGR and reduced growth in early life [Xie et al., 2013].

Three-year-old male IUGR baboon offspring (human equivalent 12 years) show signs of

incipient hypertension and metabolic syndrome (MS) [Choi et al., 2011]. Data from

nonhuman primate models such as this model and the obese Japanese macaque model

studied by investigators at the Oregon Regional Primate Center [Grayson et al., 2006;

Grayson et al., 2010; Sullivan and Grove, 2010; Suter et al., 2011; Suter et al., 2012] are
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needed to remove barriers to progress in development of human clinical diagnostic markers,

preventative and therapeutic strategies.

An invaluable and powerful practical advantage of studies in both the monkey and baboon is

the availability of extensive information on human gene and protein structure that can be

extrapolated to these species. Human reagents, such as gene probes and antibodies, generally

cross-react in these nonhuman primate species and are available for molecular studies

addressing mechanism. For example the normal baboon gene expression phenotype has been

extensively characterized at mid- and late-gestation as well as responses to reduced fetal

nutrition and IUGR in the placenta [Cox et al., 2013; Li et al., 2009] fetal liver [Li et al.,

2009], kidney [Cox et al., 2006a; Nijland et al., 2007] adipose tissue [Tchoukalova et al.,

2009] and brain [Antonow-Schlorke et al., 2011] as well as the protein phenotype in liver,

frontal cortex of the brain, hypothalamus and kidney. Using these approaches it has been

demonstrated that several metabolic pathways are altered in IUGR particularly those

involved in mTOR nutrient sensing and the IGF system [McDonald et al., 2007; Nijland et

al., 2007; Xie et al., 2013]. In a similar way, studies by another group of investigators noted

differential expression of 1,973 genes by microarray between neonates of average or low

birth weight. Gene ontology studies showed changes in several metabolic pathways

including carbohydrate metabolism [Emerald et al., 2011]. Alterations that are likely to have

persistent epigenetic effects have been described in the Japanese macaque [Suter et al.,

2012; Suter et al., 2013].

In summary information of great value in understanding the challenges, exposures,

mechanisms and outcomes that lead to developmental programming in humans requires a

synthesis of data from common, altricial experimental species as well as precocial

nonhuman primates. Much can be learned from the similarities and differences that will be

of great value in identifying markers that will enable the choice of preventative interventions

and the design of therapies.

Genetics

The study of nonhuman primates has been and will continue to be a critical aspect of the

broader field of genetics and genomics. There are many reasons why investigators study the

genetics and genomics of humans and other organisms. Among the major motivations are

the desires to understand how genetic variation influences individual differences in risk for

or treatment of disease, and the genetic basis of human and primate evolution. Analyses of

NHPs contribute much valuable and unique information to these two areas.

A variety of animal species have proven valuable as model organisms for research related to

human health and disease. However, recent progress provides numerous examples of

specific circumstances in which a fundamental genetic process relevant to a disease can only

be modeled in a NHP, i.e. where no other species can provide a valid substitute. For

example, prostate cancer is a major public health problem causing substantial mortality in

the US and other countries. For years, one of the most commonly performed tests to detect

cancer has been the prostate-specific antigen (PSA) test, performed to detect prostate cancer

early and thus improve treatment outcomes. But the utility of the PSA test has recently been
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debated, and a more complete understanding of the function and expression of the gene that

produces PSA (gene symbol KLK3) is important for further research progress. However, the

KLK3 gene occurs only in Old World monkeys, apes and humans, and only these species

produce the PSA protein [Karr et al., 1995; Mubiru et al., 2008]. Thus, only primates can be

used to investigate the biology of PSA and its correlations with pathology.

A second example of the necessity of primate genetic studies for biomedical research

involves psychiatric illness. Anxiety disorders and depression affect millions of people each

year, leading to substantial suffering and disability that affects patients, their families, and

the wider society. Susceptibility to anxiety disorders and depression is influenced by various

factors, but it is clear that some people inherit a genetic predisposition to these psychiatric

problems by virtue of inheriting genetic variation that can reduce their ability to effectively

cope with various stressful experiences (Binder and Nemeroff 2010). A recent study using

the rhesus macaque model investigated variation in the corticotrophin releasing hormone

receptor 1 gene (CRHR1), which has previously been implicated as exerting significant

influence on differences among people in their response to stress [Binder and Nemeroff,

2010; Liu et al., 2006]. This study of macaques identified specific mutations in the CRHR1

gene that are associated with differences in behavioral responses to mild stress, and also

with differences in functional activation of specific neuronal structures (the hippocampus,

intra-parietal sulcus and others) in the macaque brain that are in part responsible for the

outward expression of anxiety-related behaviors [Rogers et al., 2012]. The hippocampus is

well established as a central component of the neural circuitry that underlies emotion and

reactivity to stress in humans and other mammals. While the CRHR1 gene is found in many

mammalian species, the specific portion of the gene affected by the newly discovered

mutations (exon 6) is a relatively new evolutionary innovation, found in Old World

monkeys, apes and humans. Non-primate mammals do not exhibit the same gene structure

or protein sequence, and therefore experimental analysis of the influence of these CRHR1

mutations on neurobiology and risk of psychopathology can only be performed in nonhuman

primate models.

Numerous other examples of disease processes that are specific to primates and are

significantly influenced by genetic differences among individuals could be described. For

example, polycystic ovary syndrome is a common disorder that causes anovulation and

infertility in women, is associated with increased risk for obesity and diabetes and is

significantly influenced by genetic differences among women [Kosova and Urbanek, 2013].

This disorder is also well documented in rhesus macaques but cannot be adequately modeled

in non-primate species [Abbott et al., 2013]. Primates are also uniquely suited to modeling

the influence of genetics on immunobiology and risk for infectious disease. Susceptibility to

infection by HIV and subsequent progression to AIDS is significantly affected by genetic

differences among people [Guergnon and Theodorou, 2011]. Rhesus macaques are the

premier animal model for studying HIV/AIDS, and macaques also exhibit individual

differences in response to infection by SIV [Loffredo et al., 2007]. Only these NHP can be

used to investigate the genetic basis of individual variation among hosts in response to

challenge with SIV and related viruses. In other cases, especially circumstances related to

neurobiology and immunology, particular disease processes depend on genetic mechanisms
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that are shared between humans and NHPs, but not with other species [Barr et al., 2003;

Lesch et al., 1997; Seok et al., 2013a].

One aspect of comparative biology that fascinates both scientists and the general public is

the question of human origins. What are the genetic differences that account for uniquely

human characteristics including our expanded brain, increased cognitive complexity,

extended lifespan, spoken language, bipedal locomotion and others? It is obvious that efforts

to identify the particular genetic changes underlying unique human traits must compare the

content and function of the human genome with that of closely related species. Comparative

analyses of the human, chimpanzee, gorilla, and orangutan genomes are beginning to

identify specific DNA sequence changes that seem to account in part for specific aspects of

human evolution [Charrier et al., 2012; O'Bleness et al., 2012; Prabhakar et al., 2008], but

much more research is needed. In addition, comparisons across a wider set of primates,

including Old World monkeys, New World monkeys, and strepsirrhines are essential for

development of a comprehensive understanding of how our hominoid relatives

(chimpanzees, gorillas, orangutans and gibbons) arose out of more primitive non-hominoid

ancestors. Only through detailed analysis and comparison of multiple primate genomes will

we reconstruct the history and processes of genetic change that produced our species and our

close relatives. This research also generates information about the genetic basis of more

widely shared fundamental aspects of primate biology, thus increasing our knowledge of

basic biology and evolution [Jolly et al., 2011; Prado-Martinez et al., 2013; Roos et al.,

2011; Zinner et al., 2013].

HIV/AIDS

Human immunodeficiency virus (HIV), the etiologic agent of AIDS, evolved as a result of

cross-species transmissions of simian immunodeficiency viruses (SIV) from African NHP

species [Gao et al., 1999; Sharp and Hahn, 2011]. Although HIV infection is endemic in

human populations, its host range is highly restricted. Only a handful of great ape species

are susceptible to HIV infection [Alter et al., 1984] and AIDS-like diseases have only been

observed in sporadic cases of experimentally infected chimpanzees [O'Neil et al., 2000]. As

such, there is currently no experimental animal model that can capture the full spectrum of

HIV infection in humans and its clinical sequelae. Despite this obstacle, substantial progress

in HIV/AIDS research has been made in the past two decades with “surrogate” models such

as SIV infection of macaques [Evans and Silvestri, 2013; Lifson and Haigwood, 2012; Van

Rompay, 2012; Veazey, 2013].

SIV was first isolated in 1985 from rhesus macaques that presented with AIDS-like

conditions, including CD4+ T cell depletion, opportunistic infection and neoplastic diseases

[Daniel et al., 1985]. This virus was later found to be closely related to a primate lentivirus

(SIVsm) endemic in populations of sooty mangabeys in Africa [Hirsch and Johnson, 1992].

Although SIVsm infection in their natural hosts is generally non-pathogenic, experimental

inoculation of Asian macaques can result in AIDS-like diseases [Apetrei et al., 2005].

Because of its ability to induce AIDS-like diseases in relatively accessible NHP species,

infection of macaques with SIVsm and its derivatives (e.g. SIVmac, SIVsmm, SIVmne, etc.)

has been the animal model of choice for HIV/AIDS research.
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SIVsm is believed to have evolved from a common ancestor with HIV type 2 (HIV-2), with

which it shares similar virion structures, genomic organization, cellular tropism, and

replication strategies [Hirsch et al., 1989]. However, SIVsm is only distantly related to

HIV-1 (~40% genetic homology with HIV-1, vs. ~80% with HIV-2). Significant differences

exist in their coreceptor usage, accessory genes, and sensitivity to host restriction factors and

antiviral drugs [Hatziioannou et al., 2009]. Because of these differences and because HIV-1

does not readily establish infection in macaques, chimeric viruses have been developed, in

which specific HIV-1 genes (e.g., envelope, Env; or reverse transcriptase, RT) [Ambrose et

al., 2007; Hatziioannou et al., 2009; Shibata et al., 1997; Uberla et al., 1995] were inserted

into the genome of a pathogenic SIV clone, SIVmac239. Inoculation of macaques with these

SHIV chimera resulted in persistent infection, and, usually after serial in vivo passages,

rapid CD4+ T-cell depletion and AIDS-like diseases. SHIV shares many of the advantages

of SIV/macaque models, but also allows direct testing of specific HIV-1 vaccines (e.g.,

HIV-1 Env-based vaccines), or antiviral drugs (e.g., some HIV-1 RT inhibitors).

The primary advantage offered by the NHP model is the opportunity it affords to control the

experimental conditions of infection and to collect tissues, especially those at early stages of

infection, that are otherwise difficult or impossible to obtain from humans. Thus, NHP

studies have been instrumental in shaping our understanding of the pathogenic mechanism

of primate lentivirus infection in general and the early events after transmission in particular.

The NHP model has also been an important tool for proof-of-concept studies of novel

therapeutic and prophylactic approaches against HIV infection and disease [Clements et al.,

2011; Del Prete and Lifson, 2013; Garcia-Lerma and Heneine, 2012; Lifson and Haigwood,

2012; Van Rompay, 2012; Veazey, 2013]. Summarized below are a few examples of how

NHP models have contributed to the field of AIDS research.

Because of the ability to control experimental conditions, such as the timing, the route and

the composition of the virus inoculum, the NHP model has played an important role in

informing us of the early events in lentivirus transmission [Haase, 2011]. For example,

intrarectal or intravaginal inoculation of macaques with low dose SIV have shown that

infection through mucosa is often initiated with only a small number of “transmitted/

founder” viruses, similar to the “bottleneck” observed in sexual transmission of HIV in

humans [Keele et al., 2009; Shaw and Hunter, 2012]. In 1996, Marx [Marx et al., 1996] and

colleagues reported progesterone implants enhanced mucosal transmission of SIV in

macaques, most likely due to the thinning of vaginal mucosa resulting from the hormone

treatment. Similarly, subsequent clinical trials indicated that injectable contraceptives may

be a risk factor for HIV-1 transmission through direct effects on genital mucosal HIV-1

replication [Heffron et al., 2012]. NHP models therefore offer a highly relevant experimental

platform to study factors that influence HIV transmission and to evaluate approaches to

prevent acquisition.

NHP models have also provided important insights on the pathogenic mechanism of HIV

infection. Studies of early events after SIV infection of macaques helped identify central

memory CD4+ T cells (Tcm) and gut-associated lymphoid tissues (GALT) as the primary

targets of infection [Heise et al., 1994; Mattapallil et al., 2005; Veazey et al., 1998]. The

rapid and early depletion of Tcm in GALT, coupled with the dysregulation of homeostatic
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signals and the destruction of the gut mucosa, results in microbial translocation,

inflammatory responses, activation of target cells and enhanced viral replication. These

cyclical events set in motion an irreversible loss of gut Tcm and ultimately the collapse of

the immune system. Similar observations made in clinical studies and NHP models

[Brenchley et al., 2007; Brenchley et al., 2004; Klatt et al., 2010; Mehandru et al., 2004]

inform our current understanding of the pathogenic mechanism of HIV infection and point

to potential novel therapeutic approaches [Klatt et al., 2013].

NHP models played an important role in the development of prophylactic treatment

concepts and topical microbicides against HIV acquisition. Using an SIV model, Tsai [Tsai

et al., 1995] and colleagues protected macaques against SIV infection and disease by

treatment with an antiviral drug pre- or post-exposure. They further showed that the timing

of the initiation and duration of treatment was critical [Tsai et al., 1998]. These early proof-

of-concept studies in NHP models predicted the success of prophylactic use of antiviral

drugs [Grant et al., 2010; Van Damme et al., 2008] and provided much of the basis for the

development of post-exposure prophylaxis as a treatment regimen in the clinic [Grant,

2010].

Studies in NHP models also predicted the efficacy of topical microbicide to reduce vaginal

transmission of HIV [Abdool Karim et al., 2010; Dobard et al., 2012; Veazey, 2013].

Despite controversies over the discrepancy between findings from NHP models and early

clinical trials, recent studies have shown that, if the studies were designed and interpreted

properly, results from NHP models are highly predictive of the clinical outcomes. For

instance, nonoxynol-9, a non-specific antiviral compound, was shown to be efficacious in

vitro and in animal models [Hillier et al., 2005]. However, studies in the clinic showed

increased HIV acquisition with the use of nonoxynol-9, most likely due to the inflammatory

responses it causes in the vaginal/cervical mucosa [Hillier et al., 2005; Van Damme et al.,

2008]. This result cast significant doubt on the value of NHP models in general. However,

when repeated nonoxynol-9 dosing in the clinical trial was modeled in macaques, similar

findings of inflammatory responses in the vaginal/cervical mucosa were observed [Van

Rompay, 2012; Veazey, 2013]. Thus, proper interpretation of results from animal models

requires considerations not only of the intrinsic differences between experimental systems,

but also the comparability of the trial designs.

Natural history studies of HIV exposed individuals do not support the notion that protective

immunity against HIV infection and diseases can be acquired through natural exposure, as

has been demonstrated in many vaccine-preventable diseases. Until the report of the RV144

trial in 2009 [Rerks-Ngarm et al., 2009], the only direct evidence supporting the feasibility

of vaccine induced protection against primate lentivirus infection and disease was provided

by NHP models. Since the late 1980’s, a number of vaccine concept and immunization

approaches have been shown to induce different levels of protective immunity against

primate lentiviruses in a variety of NHP models. Live attenuated vaccine, long considered as

the “gold standard” vaccine approach against viral diseases, was shown to be effective

against SIVmac infection [Daniel et al., 1992]. However, this live attenuated vaccine was

subsequently shown to induce AIDS in infant macaques, demonstrating the usefulness of the

NHP model to address safety concern of this vaccine approach [Baba et al., 1995; Baba et
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al., 1999]. Protective efficacy of the “prime-boost” strategy, using poxvirus for priming and

subunit protein for boosting, was also first demonstrated in a NHP model in 1992 [Hu et al.,

1992]. Seventeen years later, a similar strategy, using canarypox viruses and subunit gp120

proteins in a “prime-boost” regimen, provided the first indication that vaccine protection

against HIV acquisition is possible [Rerks-Ngarm et al., 2009]. Although the efficacy of this

vaccine regimen still needs to be confirmed, understood and improved upon, a number of

“prime-boost” immunization approaches, using various replicative or non-replicative vectors

(including DNA) and different boosting immunogens, are being developed and evaluated in

the clinic. More recently, Picker and colleagues [Hansen et al., 2011; Hansen et al., 2013],

using a NHP model, showed that significant protection and durable antiviral immunity can

be achieved by a cytomegalovirus (CMV) vector based vaccine.

Despite its limitation as a surrogate model, NHP represents the most relevant animal model

for HIV/AIDS research to date. Studies in NHP models have contributed much to our

understanding of the early events of HIV infection and its pathogenic mechanisms. NHP

have also been proven useful in the development of therapeutic and prophylactic treatment

concepts and microbicides. Better understanding and judicious use of NHP models will

continue to inform HIV vaccine development and the search for a cure for AIDS.

Immunology

The immune system has a central regulatory role in the maintenance of homeostasis within

the body and is involved in almost all aspects of human health and disease. Outside the usual

suspect disorders - infection, asthma/allergy, autoimmunity, and transplant rejection – the

immune system has a role in neurodegenerative diseases (Alzheimer, Parkinsonism) and

even in psychiatric diseases (schizophrenia) and mood disorders (depression).

According to the classical dogma, the immune system learns during fetal development to

respond only against non-self (e.g., foreign agents or a transplanted organ) but not against

self, i.e. it tolerates its own body. However, more recent insights show that the distinction

made by the immune system is between real threats (danger) against which an immediate

response is required and relatively harmless disturbances of homeostasis, which can be

ignored [Matzinger, 2002]. The immune system perceives danger via innate receptors

expressed on the surface of professional antigen presenting cells (APC) -- dendritic cells and

macrophages, for example -- which detect conserved molecular structures on pathogens,

such as bacterial lipopolysaccharide or viral RNA [Mills, 2011]. The detection of danger

induces activation of the APC whereby they acquire the capacity to mobilize effector T and

B lymphocytes and tailor their response [Iwasaki and Medzhitov, 2010]. This innate part of

the immune system is present throughout the animal kingdom. Information on encountered

pathogens is stored within the adaptive part of the immune system, which is only present in

vertebrate species. The adaptive system comprises T and B cell lymphocytes, which store

immunological memory via expansion of the responding clonal specificities and molecular

imprinting, ensuring a quicker and more effective reaction upon re-encounter of the

pathogen.
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Many of our current concepts on the architecture and functioning of the human immune

system comes from well-characterized inbred and specific pathogen-free mouse strains.

Although the blueprint of the mouse innate and adaptive immune system is representative

for the human system, translation of immunological principles from laboratory mice to

humans has been notoriously difficult. This is in part explained by basic immunological

differences between mice and humans [Mestas and Hughes, 2004], but it is also due to the

immunological immaturity of the very clean (SPF) laboratory mouse [Sachs, 2003]. The

direct consequence of immaturity is that the mouse immune system is much more amenable

to experimental manipulation than the robust, pathogen-educated immune system of humans

[Sachs, 2003].

Although as many as 11 ground-breaking immunological discoveries have been awarded

with a Nobel prize, making immunology one of the most successful disciplines in medicine

and physiology, rather few discoveries in basic immunology could be incorporated in

clinical practice. Indeed, we have now effective vaccines against some infectious diseases,

we have monoclonal antibodies for diagnosis and treatment of autoimmune diseases and

cancer, and we can successfully replace certain dysfunctional body organs (skin, heart,

kidney, liver, lung) and tissues (bone marrow). However, these evident successes are

contrasted by a long list of new treatments for immune-mediated inflammatory disorders

that fail to reproduce beneficial effects observed in mouse models when they were tested in

the clinic. Not only are the investment losses due to the high attrition rates enormous [Kola

and Landis, 2004], but it also shows how little we understand of the human immune system

[Davis, 2008].

Obstacles to the translation of pathogenic and therapeutic principles from mouse to man are

in part related to the artificial nature of the disease models, which often do not replicate the

essence of the human disease, but certainly also to the considerable immunological gap

between a clean laboratory mouse and humans. Another bias is the short life span of a

laboratory mouse that makes it a less suitable model for diseases associated with aging.

Despite these obvious limitations, the inbred/SPF laboratory mouse is the standard

experimental model for the vast majority of immunologists in academia and industry.

Frequently heard arguments in support are the abundance of reagents, availability of well-

characterized genetically modified animals, the relatively low costs, the reliability of the

models implying high reproducibility of experiments, and the fact that the standard disease

models are accepted in the field implying easier acceptance by reviewers and editors of the

leading journals [Steinman and Mellman, 2004].

Nonetheless, the notion that a nonhuman primate may be the more relevant model for human

biology and disease - due to their closer genetic, immunological and anatomical proximity to

humans and the fact that their housing in outdoor enclosures allows exposure to immune

shaping environmental cues – is (slowly) gaining acceptance. In the field of transplantation,

the nonhuman primate is an inevitable model for proving the efficacy of a new treatment

before it can be tested in the clinic [Sachs, 2003]. It is difficult to understand why the same

argumentation would not be applicable to the autoimmune disease field, where the

nonhuman primate is much less accepted as a relevant preclinical model. However, efforts to

develop the experimental autoimmune encephalomyelitis (EAE) model in common
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marmosets, as a generic autoimmune disease model for exploratory research into

ethiopathogenic mechanisms and applied research into novel therapies for multiple sclerosis,

seem to be bearing fruit ['t Hart et al., 2011].

Neuroscience

NHPs provide important models for neuroscience research for a variety of reasons Chief

among these is the similarity with humans in both central and peripheral nervous system

structure and organization. Compared to other mammals, such as rodents, nonhuman

primates’ brains resemble human brains most closely on a variety of criteria including

encephalization (a measure of brain size relative to a taxonomic standard), number and

density of cortical neurons, a large prefrontal cortex, and greater myelination [Roth and

Dicke, 2005; Semendeferi et al., 2002; Ventura-Antunes et al., 2013]. For example, the

encephalization quotient for humans is 7.4 – 7.8. For Old World monkeys, the values range

from 1.7 – 2.7, and for capuchin monkeys, the values range from 2.4 – 4.8. In contrast,

encephalization quotients for rats and mice are in the 0.4 – 0.5 range [Roth and Dicke,

2005]. Important cytoarchitectural differences between primate and rodent brains have also

been reported in areas associated with adult neurogenesis [Brus et al., 2013], and particular

structural and functional areas, such as the frontal and temporal poles, appear to be unique to

primates [Insausti, 2013; Tsujimoto et al., 2011]. Differences between rodents and primates

exist in spinal cord anatomy as well [Courtine et al., 2007].

Humans and Old World monkeys (which are most commonly used as model species in

neuroscience research) also share important aspects of their lifestyles (e.g., diurnality,

terrestriality, omnivory), sensory/perceptual abilities (e.g., color vision, greater reliance on

vision than olfaction), anatomical specializations (e.g., use of hands and thumbs, rather than

vibrissae, for tactile perception), and genetics. The similarities between human and NHPs in

these features are reflected in brain organization. For example, comparative studies of a

variety of mammalian taxa have shown that all species possess primary and secondary

sensory areas [Krubitzer, 2007]. The internal organization of these areas, however, can

reflect broader anatomical differences, with a relatively higher proportion of primary

somatosensory cortex devoted to the hand in primates, compared to a high proportion

devoted to the vibrissae in rats (e.g., [Seelke et al., 2012]. Because of anatomical similarities

and specializations, nonhuman primates are important subjects in the emerging field of

neuroprosthetics [O'Doherty et al., 2011], which may eventually result in an exoskeleton

that could restore mobility to paralyzed humans. Considerable research is ongoing with

nonhuman primates in the areas of sensory neuroscience, focusing on basic questions of how

color is processed in the cortex [Hass and Horwitz, 2013], and what neurological

mechanisms are associated with age-related hearing loss [Engle et al., 2013]. Advances in

genetics have likewise shown associations between genetic polymorphisms that are much

more conserved in anthropoid primates than among mammals in general (such as those

coding for the corticotropin-releasing hormone receptor 1), and metabolic activity that is

relevant to understanding brain mechanisms associated with anxious temperament [Rogers

et al., 2013].

Phillips et al. Page 20

Am J Primatol. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Similarity in aspects of life-history also makes NHPs valuable models. Year-round sociality,

relatively long gestations, singleton births, the lengthy period of postnatal development, long

lifespan, and for some species, the development and persistence of adult pair bonds, permit

questions to be asked about the neuropeptide basis of monogamy [Jarcho et al., 2011], the

role of early experience in the development of brain systems subserving affiliation [Winslow

et al., 2003], and the importance of the social environment in affecting sympathetic nervous

system innervation of lymphoid tissue [Sloan et al., 2007].

NHP models are also making significant contributions in the understanding and treatment of

diseases and injuries that affect large numbers of humans, including Alzheimer’s Disease,

Parkinson’s Disease, and NeuroAids [Capitanio and Emborg, 2008]. Some of these studies

have led to clinical trials (e.g., [Tuszynski, 2007]. New models continue to be developed

(e.g., Huntington’s Disease: [Yang et al., 2008], and thoughtful discussion about the

development of valid nonhuman primate models for pathological neurological conditions

and treatments is ongoing (e.g., [Cook and Tymianski, 2012; Kimmelman et al., 2009].

Advances in imaging technologies, including diffusion spectrum imaging and resting-state

functional magnetic resonance imaging (e.g., [Koo et al., 2013; Kroenke, 2010] and

references therein), enable study of human and nonhuman primates using the same

methodologies. Importantly, however, the greater access to the brains of nonhuman primates

permits validation of the imaging data through comparison with data obtained from more

invasive measures, and provides a level of resolution (e.g., down to the single cell level) that

is still unobtainable via neuroimaging with humans [Passingham, 2009].

Pharmacology

As discussed above, NHP social behavior can serve as a dependent variable in examining

the effects of neuropathology associated with human psychiatric diseases and the drugs used

to treat them. In addition, the position in the social hierarchy that is occupied by a monkey

can serve as an independent variable. That is, the social rank of a monkey can affect

physiology, behavior and the effects of drugs. In the wild and when housed in groups in

captivity, monkeys establish clear dominance hierarchies. In the laboratory setting, which

often involves relatively small groups, these hierarchies are linear and transitive. Occupying

the lower, subordinate positions in the hierarchy is unequivocally stressful. Compared to

dominant monkeys, subordinates display suppressed ovarian function, heavier adrenal

glands and greater release of cortisol in response to stressors, which indicated a hyper-

sensitive HPA axis (e.g., [Shively and Kaplan, 1984]; Kaplan, Adams et al. 1986; Czoty,

Gould et al. 2009). Whereas subordinates are exposed to chronic social stress, dominant

monkeys live in a chronically enriched environment. Top-ranked monkeys move about the

pen as they please, receive more grooming and have primary access to food and other

resources. Importantly, position in the social hierarchy can influence the brain as well as

effects of drugs. Thus, socially housed NHPs represent an excellent example of the ability of

environmental factors to influence drug effects.

One research area in which such drug×environment interactions have been extensively

documented is the study of the effects of abused drugs (Nader, Czoty et al. 2012). For

example, Miczek and collaborators have shown that the behavioral effects of d-
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amphetamine and alcohol differ in dominant and subordinate monkeys (e.g. Miczek & Gold

1983; Winslow & Miczek 1985). In dominant but not subordinate cynomolgus monkeys

(Macaca fascicularis), the transition from individual to social housing was associated with

an increase in the binding availability of D2/D3 dopamine receptors, as measured with

positron emission tomography (PET imaging), and lower sensitivity to the abuse-related

effects of cocaine (Morgan, Grant et al., 2002). Although several years of cocaine self-

administration experience resulted in a dissipation of this social rank-related difference, the

significant difference re-emerged once cocaine exposure was discontinued (Czoty, Morgan

et al. 2004; Czoty, Gage et al. 2010). Because brain dopamine and D2/D3 receptors in

particular have been strongly linked to the behavioral effects of cocaine (e.g., Koob &

Volkow 2010), these studies provide a clue to the mechanisms that underlie the ability of the

environment to modulate the behavioral effects of drugs. Although rodents will establish

dominance hierarchies in the laboratory under some conditions (e.g. Blanchard, Sakai et al.

1993), the vast majority of rodent research uses individually or pair-housed animals. NHPs

afford the opportunity to study ethologically relevant sources of environmental stress and

enrichment over long periods of time.

Whereas the sophisticated social and behavioral repertoire of monkeys proves advantageous

for studying complicated interactions between the environment, the brain and behavior,

NHPs have advantages as subjects in more direct pharmacological studies as well. Beyond

the closeness between monkeys and humans in phylogeny, neuroanatomy and

neurochemistry, it is also apparent that monkeys are the most predictive animal model of the

pharmacokinetics of various drugs (see Weerts, Fantegrossi et al. 2007). Furthermore,

human drug addicts typically abuse multiple substances over a period of several years before

seeking treatment. It is questionable whether a few days or weeks of drug exposure in

laboratory animal adequately models the complex pharmacological history observed in

humans. Only in species with a lifespan as long as monkeys is it possible to generate

subjects with long and varied pharmacological histories. For example, Nader, Morgan, et al.

(2006) used PET imaging to study brain changes in monkeys self-administering cocaine for

one year. A progressive decrease in the binding availability of D2/D3 receptors was

observed in all monkeys, but the time course of this effect differed. Had the analysis

terminated after one week or even one month of cocaine self-administration, it would have

appeared that only some monkeys were affected. Moreover, when access to cocaine was

removed, the time course and extent of recovery of D2/D3 receptor availability to baseline

levels also differed across subjects. Thus, monkeys are ideal research subjects not only for

the ability to track changes in the brain and sensitivity to drugs over time, but also to be able

to study individual differences in these effects—both of which are omnipresent of clinical

medicine (see reviews by Howell and Murnane, 2011; Murnane and Howell, 2011; Gould et

al., 2012, 2013; Nader and Banks, 2014).

Reproduction

Despite many basic similarities in the endocrine regulation of reproduction that are common

among mammals [Ferin, 1983; Karsch et al., 1984; Plant and Witchel, 2006], primates

exhibit characteristics not common among other taxa [Weinbauer et al., 2008] and

historically have been valuable in elucidating reproductive biology of specific relevance to
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humans [Dettmer, 2013]. For instance, negative feedback by estradiol inhibits the release of

luteinizing hormone (LH) more potently in female than male primates and rodents [Steiner

et al., 1976]. In contrast, the sexually differentiated positive feedback effect of high

estradiol, that induces an LH surge in female but not male rats [Neill, 1972; Neill et al.,

1971], is not sexually differentiated in primates [Karsch et al., 1973], and estradiol can elicit

surge release of LH in both males and females [Steiner et al., 1976]. The effects of

administered neuropeptides may also differ between species. GnRH can induce testicular

damage in rats but not monkeys [Weinbauer and Nieschlag, 1989].

There are fundamental differences in the sources of sex steroids in primates compared with

other mammals. The major source of circulating androgens in higher primates is the adrenal

cortex [Conley et al., 2004; Nguyen and Conley, 2008], and higher primates experience a

pre-pubertal increase in adrenal androgen secretion (adrenarche), the regulation of which is

similar in many ways to the human phenomenon [Conley et al., 2012]. Ovarian steroid

secretion during the non-pregnant cycle is also notably different in primates from that in

most other mammals. It has been known for some time that, uniquely perhaps among higher

species, the primate corpus luteum expresses, in addition to progesterone, high levels of

aromatase [Doody et al., 1990], and secretes estradiol in concentrations that are measurable

in serum [Bosu et al., 1972; Bosu et al., 1973], as well as in urine [Hopper and Tullner,

1970]. Secretion of estradiol during the luteal phase maintains vaginal cornification in

primates at levels not vastly different from those seen in the follicular phase before

ovulation [Patton et al., 2000]; there is far less cyclic change than is seen in rodents

[Eckstein and Zuckerman, 1956]. As a result, the vaginal epithelium remains thick, ensuring

protection against infection and trauma during copulation throughout all stages of the cycle.

This is an important physiological adaptation because many higher primates [Dixson, 1998],

unlike most mammals, engage in copulation throughout their reproductive cycle.

Similarly, uterine physiology differs in primates, experiencing events that are uncommon

among other mammalian taxa, if not unique. Primates menstruate [Butler, 1974], and only

certain chiropteran species share this phenomenon to any similar degree [Rasweiler Iv and

Badwaik, 2000]. Menstruation in higher primates follows luteolysis in non-conceptive

cycles [Brenner and Slayden, 2012; Jabbour et al., 2006]. Luteolysis in primates occurs by

mechanisms independent of the uterus as in women [Davis and Rueda, 2002]. Rodents have

spontaneous ovulation, but an induced luteal phase and do not experience luteolysis under

normal circumstances [Melampy and Anderson, 1968]. If pregnancy is established in

primates, luteal function is rescued by the embryonic secretion of chorionic gonadotropin

[Banerjee and Fazleabas, 2010; Hearn, 1986]. Equine species are the only other mammals

that are known to secrete a chorionic gonadotropin, although secretion is initiated at a much

later stage in pregnancy, and therefore the functional significance differs from that of

primates [Allen and Stewart, 2001].

Pregnancy in primates is associated with quite variable profiles of estrogens and

progesterone. Even though no two mammals of any species are exactly alike [Conley et al.,

2004], estrogen secretion is still dependent on fetal adrenal androgens [Mapes et al., 2002]

among the majority of primate species investigated [Conley et al., 2004; Nguyen and

Conley, 2008]. This is again unusual among mammals and provides unique insights into
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possible mechanisms [Pattison et al., 2007]. Furthermore, progesterone remains elevated

until parturition in primates [Casey and MacDonald, 1997; Challis et al., 2000; MacDonald

et al., 1982; Mendelson, 2009] unlike many other mammalian species. Human birth occurs

predominantly at night [Jolly, 1972], and melatonin likely plays a prominent role in both

maternal and fetal compartments during pregnancy [Tamura et al., 2008]. In fact, maternal

hormone secretion patterns have a distinct diurnal rhythm that correlates with myometrial

activity [Wilson et al., 1991]. Consequently, non-human primates are very valuable models

for studies into the initiation of labor and preterm birth [Challis et al., 2000; Nathanielsz,

1998]. They have proven equally valuable in studies of fetal development, placental function

[Albrecht and Pepe, 1990] and the post-natal effects of in utero hormonal exposure [Abbott

et al., 2008]. Mammary development and lactational physiology does not exhibit features

that could be considered unique to primates, but NHP physiology and development will

always resemble that of humans more closely than non-primate species. As expected

therefore, morphological development [Wood et al., 2007a], differentiation [Stute et al.,

2012], response to exogenous hormones and development of disease [Cline, 2007; Wood et

al., 2007b] are more similar to the human than other traditional model species. Moreover,

recent studies suggest that this is reflected even in the mammary epithelial transcriptome

[Lemay et al., 2013] and metabolome [O'Sullivan et al., 2013]. Consequently, NHP may

also prove to be more valuable and appropriate models to address critical questions in

mammary gland disease, lactation, and neonatal nutrition [Neville et al., 2012].

The rhesus macaque has long been recognized to be a good model of human menopause

[Hodgen et al., 1977; Johnson and Kapsalis, 1998; Walker, 1995; Walker and Herndon,

2008]. As in women, the peri-menopause in macaques is characterized by an increase in

FSH [Downs and Urbanski, 2006; Hodgen et al., 1977; Kavanagh et al., 2005; Shideler et

al., 2001] and LH [Hodgen et al., 1977; Walker, 1995; Woller et al., 2002] and decreasing

inhibin [Downs and Urbanski, 2006; Shideler et al., 2001] as follicle reserve declines

[Nichols et al., 2005]. This appears true of other primates [Jones et al., 2007; Walker et al.,

2009], even if cycles continue [Lacreuse et al., 2008]. Although gonadotropins are elevated

in perimenopausal rhesus females, estradiol may not be decreased significantly [Walker,

1995], and in longitudinal studies were numerically (145%) higher [Downs and Urbanski,

2006]. As in women [Burger et al., 2002], estradiol concentrations and cycle length becomes

irregular [Downs and Urbanski, 2006; Gilardi et al., 1997; Gore et al., 2004; Hodgen et al.,

1977; Shideler et al., 2001] with extended follicular phases [Gilardi et al., 1997]. Eventually

there is complete ovarian senescence with low estradiol [Gilardi et al., 1997; Gore et al.,

2004; Hodgen et al., 1977]. GnRH pulses [Gore et al., 2004] are elevated in aged female

rhesus, as are transcripts for GnRH, KiSS-1 and its receptor in medial basal hypothalamus

[Kim et al., 2009]. Like women [Crawford et al., 2009; Lasley et al., 2002], cross-sectional

data from a small number of subjects suggests that peri-menopausal rhesus may also have

variably elevated DHEAS concentrations [Shideler et al., 2001]. Aged rhesus females suffer

cognitive deficits [Roberts et al., 1997] that respond to estradiol therapy [Rapp et al., 2003]

as do women [Paganini-Hill and Henderson, 1996] (see Cognitive Aging, above). In

summary, primate reproduction is regulated in ways that are fundamentally different from

rodent and other mammalian species, making it imperative to use primate models when

investigating reproductive development and associated diseases.
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Respiratory Diseases

According to the American Lung Association, more than 25 million Americans are living

with a chronic lung disease such as chronic obstructive pulmonary disease (COPD) or

asthma. In 2010, COPD alone was the fourth most common cause of premature mortality in

the United States, resulting in over 150,000 deaths [Collaborators et al., 2013]. According to

the Centers for Disease Control and Prevention, 10% of children under the age of 18 in the

United States have asthma. Given these statistics, it is imperative for the scientific

community to study both the initiating events and subsequent intervention of chronic lung

disease throughout the lifespan. Despite these efforts, years of life lost due to premature

mortality by lung cancer and chronic obstructive disease death are increasing, whereas rates

of death from other common causes such as ischemic heart disease, and stroke are declining

[Collaborators et al., 2013]. Translational research is hampered not only by limited funding,

but also disappointing drug trials that have not led to interventions or have demonstrated

considerable side effects. Although controversial, it has been speculated that the limited

success of compounds such as those selected to treat asthma is due to the original

observations collected from genetically modified mice, which are currently the most

prevalent laboratory animal model used to study human lung disease [Wenzel and Holgate,

2006]. While we have obtained a significant amount of information regarding

immunological mechanisms from the rodent, it remains unclear how relevant such findings

are to human subjects [Seok et al., 2013b].

Chronic lung disease in both adult and pediatric patients is highly complex, often an

interaction of immunity gone awry and alterations in the structure of the lung. Ultimately, a

secondary model system that can effectively be used to recapitulate human disease must

accurately reflect cellular form and function for both immune and pulmonary compartments.

Of all laboratory animals, the nonhuman primate is most similar to humans with regard to

developmental maturation of the immune system. For example, thymectomy of neonatal

mice results in the development of autoimmune disease, indicating that T cell selection (self

versus non-self; see Immunology, above) is not complete at birth, and could potentially

become modulated by environmental exposures [Suri-Payer et al., 1999]. In contrast,

thymectomy of human infants results in no adverse clinical outcomes, indicating that

selection of the T cell repertoire is mostly complete at birth [Wells et al., 1998].

Comparative studies in the infant rhesus macaque suggest that postnatal development of

systemic immunity closely parallels that which is observed in human infants [DeMaria et al.,

2000]. There are also important similarities in lung development between human and

nonhuman primates that are not found in rodents. Humans and other primates share a

mixture of cell phenotypes within the conducting airways not found in non-primate species

[Plopper et al., 1992]. The overall pattern of conducting airway epithelial differentiation

[Jeffery and Reid, 1977; Plopper et al., 1986] and its maturation during the postnatal period

are also similar in rhesus monkeys and humans [Bucher and Reid, 1961; Plopper et al.,

1986; Thurlbeck et al., 1961]. Collectively, the nonhuman primate exhibits features of lung

architecture and immunity that make it highly appropriate for elucidating novel therapeutic

approaches to treat chronic lung disease in humans[Plopper and Hyde, 2008].
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What have nonhuman primates taught us about chronic lung disease in humans? One

important characteristic of normal lung growth in children is that alveolar growth is

continuous from birth through school age, a finding that was originally reported in a limited

number of postmortem samples [reviewed in [Burri, 2006]]. Yet, when Hyde and colleagues

evaluated rhesus macaque monkeys, the trajectory of alveolar growth was found to be

continuous through early adulthood; this observation has significant implications with

regards to prolonged susceptibility of younger individuals to lung damage from

environmental pollutants [Hyde et al., 2007]. Indeed, studies over 20 years ago in bonnet

and rhesus monkeys have provided compelling histological data on the destructive nature of

ambient air pollutants such as ozone on the conducting airways, and lent critical scientific

support to establishment of National Ambient Air Quality Standards by the Environmental

Protection Agency [Harkema et al., 1993; Mellick et al., 1977]. While all age groups are

susceptible to the inflammatory effects of environmental air pollutants, epidemiology

suggests that young children are more vulnerable to detrimental long-term health outcomes

such as asthma. Because it is considered unethical to conduct experimental trials in healthy

pediatric subjects, studies have relied on infant rhesus monkeys to provide data on long term

health effects of environmental exposures such as ozone, tobacco smoke, and allergens. For

example, perinatal environmental tobacco smoke exposure in infant monkeys results in

altered immune cytokine profiles and airway innervation [Yu et al., 2008]. The health

effects of environmental exposures can persist long after the exposure has ended, as

evidenced in a study by Maniar-Hew, et. al., in which early life ozone exposures resulted in

attenuation of innate immune responses in mature monkeys [Maniar-Hew et al., 2011].

Nonhuman primate models of allergic airways disease have been in existence for over 40

years, exploiting both a naturally occurring parasitic infection in the wild (Ascaris spp.) as

well as experimental sensitization with the common human allergen, house dust mite

(reviewed in [Coffman and Hessel, 2005]). While both ascaris and house dust mite monkey

models have been used to test a number of compounds over the past 5 years, including an

anti-IL-13 inhibitor and an inhibitor of OX40L [Bree et al., 2007; Seshasayee et al., 2007], a

NHP study of steroid use in childhood asthma has provided important data on the disruptive

impact on lung development of this common therapeutic [Plopper et al., 2012]. Overall,

what we have learned from the nonhuman primate has had a significant impact on our

understanding of the origins and treatment of chronic lung disease in multiple age groups,

but it is clear that there is still much more work to be completed before chronic lung disease

can be prevented or cured.

Conclusion

NHPs provide highly valuable animal models that have significantly advanced our

understanding of numerous behavioral and biological phenomena in humans and other

primates. Their value as models of human biological and behavioral processes derives from

their common ancestry, and is evident in the unique characteristics that they possess in

comparison to non-primate mammals. However, we are at a critical crossroads. Unless NHP

research is given the philosophical, emotional, and financial support and infrastructure that

is needed to sustain it and grow, we are in danger of losing irreplaceable unique models and
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thus, our ability to continue to explore and understand, and develop preventions and

treatments for numerous conditions that inflict great suffering on humans.
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Figure 1.
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Table 1

The major advantages of primate models for the areas of biomedical research covered in this review.

Area of Research Advantages of Primate Models

Atherosclerosis Similarities in etiology and characteristics of arterial pathology, including reproductive and central nervous
system characteristics that promote or protect against atherosclerosis

Behavior Similarities in social and environmental complexity allows for ethologically relevant inputs to behavioral
paradigms for social cognition and psychopathology

Cognition and Language The relatively large brain size in NHPs compared to other mammals makes them invaluable for testing
evolutionary models of human cognition

Cognitive aging Greater similarities with humans in brain functional specialization associated with cognitive aging, such as the
nuclear organization, projection pathways and innervation patterns of the hippocampus

Developmental programming NHPs (but not rodents) share with the humans an interdependence of the fetal and maternal hypothalamo-
pituitary-adrenal axis and their interactions with the placenta

Genetics Share with humans fundamental genetic processes relevant to specific diseases (that other mammalian species
lack), such as KLK3, the gene that produces prostate-specific antigen

HIV/AIDS The only animal model for HIV/AIDS; provides the chance to control variables and conditions of infection

Immunology Most similar to humans in regards to the developmental maturation of the immune system

Neuroscience NHP brains closely resemble human brains in several ways, including encephalization, the number and density
of cortical neurons, a large prefrontal cortex, and greater myelination; additionally, some functional areas of the
NHP and human brain do not exist in the rat

Pharmacology Allow for the ability to track changes in the brain and sensitivity to drugs over time, and study individual
differences in these effects medications

Reproduction Share with humans key characteristics of endocrine regulation of reproductive physiology not seen in other
mammals that include fundamental differences in hypothalamic feedback, ovarian function, the physiology of
the uterus and vagina, the establishment and control of pregnancy and menopause

Respiratory diseases Reflect key features of human lung architecture and immunity
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