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Abstract
The common marmoset (Callithrix jacchus) is poised to become a standard nonhuman primate
aging model. With an average lifespan of 5 to 7 years and a maximum lifespan of 16.5 years,
marmosets are the shortest-lived anthropoid primates. They display age-related changes in
pathologies that mirror those seen in humans, such as cancer, amyloidosis, diabetes, and chronic
renal disease. They also display predictable age-related differences in lean mass, calf
circumference, circulating albumin, hemoglobin, and hematocrit. Features of spontaneous sensory
and neurodegenerative change—for example, reduced neurogenesis, β-amyloid deposition in the
cerebral cortex, loss of calbindin D28k binding, and evidence of presbycusis—appear between the
ages of 7 and 10 years. Variation among colonies in the age at which neurodegenerative change
occurs suggests the interesting possibility that marmosets could be specifically managed to
produce earlier versus later occurrence of degenerative conditions associated with differing rates
of damage accumulation. In addition to the established value of the marmoset as a model of age-
related neurodegenerative change, this primate can serve as a model of the integrated effects of
aging and obesity on metabolic dysfunction, as it displays evidence of such dysfunction associated
with high body weight as early as 6 to 8 years of age.
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Nonhuman Primates in Aging Research
Rationale

Nonhuman primates occupy a special niche as models for health and disease because, with
their close phylogenetic relationship to humans, they often closely mirror the physiological
processes that take place in humans. They are of particular value in modeling sensory and
neurological processes, given the distinct evolutionary trajectory of these traits in primates.
Austad (2010) provides an overview of aging in nonhuman primates and their use as models
of human aging.

Value of a Short-Lived Nonhuman Primate Model
Primates, as an order, have clearly undergone evolutionary processes resulting in both
absolute and relatively long lifespan, with an average longevity quotient of 1.92 (Austad and
Fischer 1992; average longevity quotient is the ratio of actual versus expected maximum
lifespan of a mammalian species based on its body size). The nonhuman primate (NHP1)
species most commonly used for aging research, the rhesus macaque (Macaca mulatta), is a
relatively large-bodied species with a maximum lifespan of 40 and a longevity quotient of
2.06.2 The practical implications of working with such a long-lived species often limit the
research that can be conducted. Longitudinal studies, for example, are difficult to conduct
not only because of the expense but also because of the challenges inherent in controlling
environmental variables over decades. Thus one of the drawbacks of nonhuman primates as
aging models is their long lifespan.

It is therefore desirable to develop an NHP aging model with the shortest lifespan possible.
A reasonable choice for such a model is the common marmoset (Callithrix jacchus;
henceforth called simply marmoset), one of the smallest anthropoid primates with one of
shortest lifespans of any anthropoid primate. Further, among nonhuman primates, and in
comparison with Old World primates like the rhesus monkey, marmosets are easier to
handle and maintain. They do not transmit diseases to humans, are more docile than rhesus
monkeys, require less space, and are less costly to breed and maintain than Old World
primates. In addition, although marmosets are generally maintained in social groups, they
can be individually housed with considerably lower risks than seen in macaques for
abnormal behavioral outcomes.

Thus, as a relatively short-lived nonhuman primate with small body size and low zoonotic
risk, the marmoset has the potential to offer many practical advantages in the study of aging.
However, its use in aging research has to this point been limited. Therefore, the aim of this
article is to introduce the reader to this animal’s basic biology and life history, present some
preliminary information on characteristics associated with aging in marmosets, and provide
examples of studies of age-related disease processes in this species.

The Common Marmoset
Basic Biology

Marmosets are part of the primate family Callitrichidae, which includes five to seven genera
(depending on the classification scheme used) and approximately 50 species of brightly
colored, small New World primates: the marmosets (Callithrix, Callibella, Mico, and
Cebuella), the tamarins (Saguinus and Leontopithecus), and Callimico (represented by a
single species Callimico goeldii) (Kinzey 1997; Mittermeier 1988; Rylands et al. 1993;

1Abbreviation used in this article: NHP, nonhuman primate
2Information from http://genomics.senescence.info/species/entry.php?species=Macaca_mulatta, accessed on November 9, 2010
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Rylands and Mittermeier 2009; Schneider et al. 2001). Callitrichids are distinguished from
other primates by a number of characteristics: all digits except the hallux have claws instead
of nails, and they have a V-shaped mandible and a nonprehensile tail, are typically diurnal,
and show little or no sexual dimorphism (Rylands et al. 1993).

The callitrichids are the smallest of the New World primates, weighing 250 to 600 g. The
only callitrichid primate that is frequently used in biomedical (especially neuroscience and
infectious disease) research is the marmoset; Mansfield (2003) provides an overview of the
common uses of this species in biomedical research. The weight of the adult marmoset
averages 350 to 400 g, approximately that of a rat and about 4% of the adult weight of a
rhesus macaque. The marmoset’s small size is both one of its greatest advantages (e.g., in
terms of ease of handling and housing) and one of its potential drawbacks (e.g., in terms of
limitations associated with blood volume).

Callitrichids typically give birth to twin or triplet litters after a 4- to 6-month gestation, and
the twins often weigh as much as 20% of the female’s body weight (for an overview of
callitrichid reproduction, Tardif et al. 2003). Callitrichids are the only nonhuman primates
that do not exhibit lactational anovulation—the female ovulates and can become pregnant
with the next litter 7 to 14 days postpartum. In cases of singleton births reports suggest that
most are the result of an in utero loss of at least one litter mate (Gengozian et al. 1980;
Jaquish et al. 1996; Wislocki 1932, 1939). Littermates are hematopoietic chimeras as a
result of chorionic fusion before embryonic gastrulation (Merker et al. 1988). The
production of such littermates that share an amazingly integrated in utero environment and
then a similar postnatal environment offers many opportunities for studying the importance
of pre- and postnatal environmental effects on later health and lifespan.

Wild callitrichid primates typically live in territorial groups of 5 to 15 individuals in which
only one female and one male breed. All group members cooperate in infant care activities.
Captive housing easily mirrors this normal group structure, with marmosets typically housed
as nuclear family groups. Of potential importance in their development as an aging resource,
marmosets can be maintained in such social housing in a barrier facility, where it is possible
to control exposure to pathogens; such housing is considerably more complex and expensive
for the bigger-bodied Old World monkeys that normally live in very large multimale,
multifemale groups (for reviews of marmoset housing, husbandry, and nutrition, Layne and
Power 2003; Rensing and Oerke 2005; Tardif et al. 2006).

When breeding is not desirable, marmosets are most often housed either individually or in
male-female pairs in which the male is vasectomized. Same-sex housing is rare and can
result in serious injury due to aggression, particularly among females. Although social
housing is preferred, marmosets can be successfully individually housed as long as they
have visual, auditory, and olfactory exposure to conspecifics. Serious stereotypies and self-
injurious behavior are exceedingly rare, even in individually housed marmosets.

Life History
The maximum lifespan for the marmoset is 16.5 years3; reports indicate that the average
lifespan of captive marmosets is 5 to 7 years (Abbott et al. 2003; Dyke et al. 1993; Ross et
al. 2007; Smucny et al. 2004; Tardif et al. 2003). Figure 1A illustrates postinfancy survival
by age for 358 marmosets that were born in the Southwest National Primate Research
Center (SNPRC) colony and survived to at least 0.5 years of age, between January 1994 and
March 2010 (excluding those whose deaths were related to experiments). For this

3As reported in the Animal Aging and Longevity Database (AnAge; http://genomics.senescence.info/species/query.php?
search=callithrix+jacchus), accessed on November 9, 2010.
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population, the median lifespan was 5.76 years for all animals surviving to at least 6 months
of age and 6.48 for those surviving to 2 years. Age-specific mortality exponentially
increased from 0.5 to 12 years of age (Figure 1B).

A survey of mortality patterns in the SNPRC population over time, as well as findings from
other colonies, suggests that stable, closed marmoset colonies may experience significantly
reduced early adult mortality, producing populations that will be of particular use in aging
research. Table 1 shows age-specific mortality for the SNPRC population in three time
periods: 1994–1999, the period of colony establishment; 2000–2005, during which the
colony was closed and stable; and 2006–2010, during which the colony underwent both
significant growth and movement to new animal quarters. The average lifespan of the
population extended from 4.82 years during 1994–1999 to 7.07 years during 2000–2005.
More importantly, in terms of management for aging research, the colony experienced
significantly reduced early adult mortality rates during the stable period—and a reversal in
this decline when the colony environment became less stable (with the importation of new
animals and the move to new housing). A similar, anecdotal finding is reported in marmoset
pairs from the New England NPRC, with less early adult mortality in animals housed in
stable, relatively isolated conditions.

Ridley and colleagues (2006) report that in a colony maintained at the University of
Cambridge, 16 of 20 (80%) animals in a cohort set aside for breeding were alive at 10 years
of age. The specific features that may result in a larger percentage of a marmoset population
surviving early adulthood are not defined but may include genetic differences among
populations and environmental differences, including minimization of exposure to infectious
agents and stressors.

There is evidence of significant differences in survival between the sexes: males have higher
age-specific survival and lower age-specific mortality, most notably at later ages (Tardif et
al. 2008a), a finding similar to that reported by Allman and colleagues (1998) for other
small-bodied New World primates. Given that the majority of the animals in this survival
analysis were breeding animals, we propose that the higher mortality in females is caused by
an increased risk associated with reproduction.

Characteristics of Aging
Marmosets are often referred to as “aged” at 8 years of age (Abbott et al. 2003). In studies
comparing younger (2- to 3-year-old) and older (7- to 8-year-old) marmosets, it is common
to find aging effects in the latter group; such effects include fibrous to fibrous cartilaginous
changes in intra-articular discs (Berkovitz and Pacy 2000), β-amyloid deposition in the
cerebral cortex (Geula et al. 2002), and reduced neurogenesis in the hippocampus (Leuner et
al. 2007).

Age-Related Pathologies—The most detailed analyses of age-related pathology in
marmosets have been conducted on the population housed at the New England Primate
Research Center (NEPRC), established in the late 1960s. For the past 20 years census has
averaged 250 to 350 animals, all of them pedigreed and managed for production, with
cohorts assigned to experimental (primarily infectious disease) research at 2 to 4 years of
age; unassigned animals breed and live out their natural lifespan. The colony consists of 280
individuals with a mean age of 3.8 years and 34 individuals over the age of 8 years (as of
March 2010).

Complete gross and histologic pathology on all animals at the time of death revealed the
causes of morbidity and mortality in both young and aged animals unassigned to
experimental study—and a similar disease profile to that of aging human subjects, in which
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neoplasia, infectious processes, renal disease, amyloid protein accumulation, and diabetes
mellitus are common causes of morbidity and mortality.4

Retrospective analysis from January 2004 to June 2009 (blinded to the animals’ age and the
original reports) covered all necropsy findings of animals over 1 year of age: 77 cases were
evaluated (36 females, 41 males) with a mean age at death 5.78 years (males 6.08, females
5.44; p = 0.4403). Average weight at death was within the low to normal weight range for
healthy adults: 321 g (males 316 g, females 326 g; p = 0.5788). The analysis revealed 30
distinct etiologic or morphologic conditions that had resulted in death; further categorization
yielded 15 different groups based on etiology, morphology, and anatomic location.

Comparison of mortality data between these groups reveals significant differences in disease
patterns based on age. In juvenile and young adult animals (those less than 5.78 years of
age), the predominant causes of mortality were conspecific trauma, inflammatory bowel
disease, sepsis, and bacterial infections of the gastrointestinal tract, liver, and kidneys
(Figure 2A). In contrast, in aged animals these conditions were absent or greatly reduced
and common causes of death included neoplasia, chronic renal disease, amyloidosis, and
diabetes mellitus (Figure 2B,C; Ludlage et al. 2005). Adenocarcinoma of the small intestine,
infrequently observed before 6 years of age, was the most common malignant neoplasm
identified in the aged marmosets (Miller et al. 2010). Lymphoma was the next most
common malignant neoplasm and was observed in less than 2% of the cases. Endometriosis,
a reproductive proliferative disorder and a common confounder in studies that use rhesus,
was not observed in this retrospective analysis and is rarely reported in marmosets.

Other comorbid conditions increased with age. Myocardial fibrosis, generally an
asymptomatic and incidental finding at necropsy, was observed in 60% of the animals older
than 10 years; it may correlate with increased risk of anesthetic-associated arrhythmias and,
rarely, congestive heart failure. Histologically the condition is characterized by multifocal
areas of myocardial fibrosis and, infrequently, inflammatory cell infiltrates. Renal disease
was also commonly observed in the aged marmosets, as it is in aged rhesus (KGM,
unpublished observation). Multiple etiologies are likely, but these are often unknown and
the condition is frequently asymptomatic. The most common clinical sign is weight loss but
others are polyuria/polydypsia, azotemia, and anorexia. Morphologic changes include
chronic interstitial nephritis, amyloidosis, and glomerulonephropathies. Mixed patterns are
common. In animals over 8 years old 75% have some degree of renal pathology at death but
renal disease was deemed the primary cause of mortality in only 16.7% of the cases.

Body Composition Changes—Aging and frail humans have been found to show
decreases in lean muscle mass, muscular strength and function, and thus quality of life
(Walston et al. 2002). Therefore, understanding the relation of age to body composition in
an NHP aging model is of value.

Power and colleagues (2001) reported an inverted U-shaped relationship between age and
fat-free mass (as determined by labeled water dilution) in a cross-sectional sample of 20
captive marmosets (10 males and 10 females, ranging in age from 0.96 to 7.97 years), with
peak mass from about 2.5 to 5 years of age, at which point mass declined (Figure 3A).
Likewise, analyses of weight data from the NEPRC colony showed that body weights
plateau between 1.2 and 5 years of age and then decline. The slope for regression of weight
by age is not significantly different from zero for ages 1 to 5 years, but it is −7.26 g (p <
0.0001) for ages 5 to 10 years and −14.20 g for ages 10 to 15 years (p < 0.002)—thus weight
loss accelerates between late middle age and old age (Figure 3B). The data also revealed that

4The incidence of amyloidosis in humans is lower than that shown for marmosets.
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peak weight achieved between 1 and 2 years of age was important in animals surviving over
8 years; those with a peak weight of less than 400 g had decreased survival after 8 years
(median survival 8.55 years; p = 0.0099, log-rank [Mantel-Cox] test; Figure 3C). There was
no statistically significant difference between animals with peak weights of 400–500 g and
those over 500 g.

The data support the contention that weight attained early in life may affect longevity and
provide preliminary evidence that the marmoset may be a useful model organism to study
complex interactions related to aging phenotype.

The age-related difference in weight reported by Power and colleagues (2001) was most
closely associated with fat-free mass in a sample of 20 marmosets. In our preliminary
analysis (SDT and CR), we used quantitative magnetic resonance imaging to compare body
composition and appendicular girth measures in a group of 40 male marmosets ranging in
age from 2 to 13½ years, thus extending the sample size, parameters, and age range from the
Power study (Tardif et al. 2008b). Age was significantly negatively correlated with total
body mass (−0.336) and lean mass (−0.347) but was not associated with fat mass. Age was
also negatively correlated with morphometric measures such as thigh circumference
(−0.367) and calf circumference (−0.434) averaged over repeated measures at proximal,
mid-, and distal points. The largest age effect was in the proximal calf circumference: that of
old animals (8 to 13 years) was 12% lower than that of prime-aged adults (4 to 5 years).

These results suggest that marmosets may display appendicular muscle loss with age similar
to that seen in humans and other species. These results await confirmation, through
longitudinal analyses, of age-related declines in muscle mass in individual aging animals.

Hematological Changes—Human aging has been associated with significant changes to
a number of hematological markers. Hemoglobin, hematocrit, creatinine, and albumin
concentrations typically decline with age, while inflammatory cytokine such as c-reactive
protein (CRP), interleukin (IL)-6, and tumor necrosis factor (TNF)-α typically increase
(Leng et al. 2007; Walston et al. 2002). In our group of 40 marmosets, variation in albumin
concentration was negatively associated with age and positively associated with weight.
Hemoglobin and hematocrit were both significantly, though weakly, negatively correlated
with age (−0.151 and −0.146, respectively). CRP and IL-8 were not associated with age but
positively associated with fat mass.

Established and Developing Uses of Marmosets in Research on Age-
Related Diseases
Induced Parkinson’s Disease

Parkinson’s disease is the result of the gradual neurodegeneration of dopaminergic cells in
the substantia nigra leading to motor rigidity, tremors, slowing of movement (bradykinesia),
and instability (Fahn 2003). While Parkinson’s is not considered a fatal disease, patients
often have a shorter lifespan than people without the disease and can die from complications
of the disease (e.g., pneumonia or fatal falls). Parkinson’s is thought to affect 100 to 200 of
every 100,000 Caucasians in the world (Tanner and Goldman 1996). Etiology of the disease
is often unknown (idiopathic), but in rare cases it is associated with genetic inheritance, head
trauma, or toxins (Fahn 2003). There are several treatments to alleviate the symptoms
associated with Parkinson’s disease, but there is no treatment to stop the neurodegeneration.

Animal models have been studied extensively in the exploration of the etiology, pathology,
and treatments of Parkinson’s. Marmosets are a very popular model because of their small
size, ease of handling, higher brain similarity to humans, standard stereotaxic surgery usage,
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and diversity of behavioral assessments (Eslamboli 2005). Marmosets also exhibit age-
related decreases in neurogenesis before the onset of old age similar to those seen in humans
(see Diminished Adult Neurogenesis below) as well as proteosome activity in the brain
similar to that of humans (and higher than that of rodents; Zeng et al. 2005).

Through the use of a variety of induction models marmosets have been valuable in studies of
the development and treatment of Parkinson’s disease. These models rely on neurotoxin
induction of dopaminergic cell death using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) and 6-hydroxydopamine (6-OHDA) (Eslamboli 2005). MPTP subcutaneous
injections are effective in both acute and chronic induction models to examine the
development of motor deficits and recovery, and stereotaxic injections of 6-OHDA into the
striatum are used in studies of end-stage idiopathic disease. These treatments induce the
neurodegeneration of dopaminergic cells that leads to the rapid onset of motor deficits and
the classical symptomology associated with Parkinson’s disease. Yet, although the
symptoms described and quantified mirror those seen in human patients, to date none of the
induction models have reproduced the classic human symptom of spontaneous tremors.

A number of behavioral assays are available to examine the decline in motor activity in
marmosets after treatment that induces neural damage. These assays involve qualifying
spontaneous activity using photocell monitors (Hansard et al. 2002), assessing head posture
and balance using video analysis (van Vliet et al. 2008a,b), assessing ability to retrieve food
items (hand-eye coordination; van Vliet et al. 2008a,b), and assessing the animals’ vertical
movement and ability to right themselves (Verhave et al. 2009).

The need for an NHP model of Parkinson’s disease is most imperative at the stage of testing
pharmaceutical treatments. While rodent models may allow for examining initial treatments
it is necessary to examine an NHP model before advancing a drug to human clinical trials.
The marmoset model has been used to test a number of treatment regimes including
modafinil and Δ9-THC, both of which have been found to alleviate symptoms of motor
deficits (van Vliet et al. 2008a,b).

Spontaneous Neurodegenerative Change
Beta-amyloid Deposition in the Brain—The deposition of β-amyloid in plaques and β-
amyloid angiopathy are diagnostic features of Alzheimer’s disease. The accumulation of β-
amyloid in the brains of elderly nonhuman primates has been reported for many species
(Gearing et al. 1996, 1997; Lemere et al. 2004; Nakamura et al. 1995; Sawamura et al. 1997;
Uno et al. 1996), including marmosets (Geula et al. 2002; Maclean et al. 2000; Ridley et al.
2006). While routine β-amyloid accumulation in Old World monkeys occurs at 22 to 31
years of age, marmosets reliably display such accumulation at 7 to 10 years of age.

Geula and colleagues (2002) and Ridley and colleagues (2006) report similar findings in
terms of the form and localization of β-amyloid deposition in the aging marmoset brain, with
diffuse Aβ42 positive cortical plaques, accumulation in small cortical vessels, and no
apparent neurofibrillary tangles. The reports differ dramatically, however, in the age at
which amyloid depositions are commonly found as well as the prevalence of this finding.
Geula and colleagues (2002) report all animals over 7 years of age as having at least some
deposition whereas Ridley and colleagues (2006) report none in animals under 10 years of
age and some deposition in only 17% of animals between 10 and 15 years of age. These
differences mirror reported differences in survival rates in these two colonies, suggesting the
interesting possibility that marmosets could be specifically managed to produce earlier
versus later occurrence of degenerative conditions such as amyloidosis.
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Age-Related Calbindin D28k Loss—In addition to documenting the deposition and
distribution of β-amyloid in the brain of marmosets, investigators have begun to study other
age-related changes such as the loss of calbindin D28k from the basal forebrain cholinergic
neurons (BFCNs) (Wu et al. 2003). Loss of BFCNs is a characteristic feature of age-
associated human neurodegenerative disorders such as Alzheimer’s disease and may be
related to loss of calbindin activity, which normally prevents rises in intracellular calcium
(Wu et al. 2003). Localization of calbindin to BFCNs and is observed in the rodent brain and
is thought to be primate specific. The brains of young (<4 years), middle-aged (6–8 years),
and aged (9–15 years) marmosets were stained immunohistochemically for calbindin and
basal forebrain immunoreactivity was determined through stereological techniques. In
contrast to other neuronal markers investigators found selective loss of calbindin D28k from
BCFNs (Wu et al. 2003). The marmoset may thus represent an appropriate model to study
the significance of this age-associated neurodegenerative change.

Diminished Adult Neurogenesis—The marmoset may provide a valuable model of the
role of declining neurogenesis in impaired cognitive function. Although new neurons are
added to the hippocampus throughout life, many species display declining rates of
neurogenesis with age, well before the onset of senescence. Leuner and colleagues (2007)
report a significant linear decline with age in BrdU-labeled cells in the dentate gyrus of
marmosets from 1.5 to 7 years of age.

Age-Related Hearing Loss
A significant problem among the elderly is difficulty in understanding speech, particularly in
noisy social surroundings. It is estimated that nearly 40% of the population at age 65 and
60–80% of those who reach 85 will suffer hearing impairment (Cruickshanks et al. 1998;
Gates et al. 1990). As the US population ages, hearing impairment will account for a large
percentage of communicative disorders, necessitating novel approaches to understanding,
diagnosing, and treating this condition. However, age-related hearing loss (ARHL) has a
complex etiology because it can be confounded by noise-induced damage or other insults
accumulated over a lifetime. The use of animal models overcomes some of these problems
because it is possible to use inbred strains for studying hearing loss in a controlled
environment. This has indeed been the case with numerous strains of mice that exhibit some
form of inherited hearing disorder (Zheng et al. 1999; for reviews, Frisina and Walton 2001;
Frisina 2009).

There are some types of hearing loss for which the development of a model that is more
relevant to humans may hold much promise. In elderly humans the most common type of
hearing impairment is caused by a progressive decrease in sensory hair cells in the hearing
organ (cochlea) (Gates et al. 1990). This sensorineuronal hearing loss, called presbycusis,
manifests as a progressive reduction in high-frequency hearing sensitivity over an increasing
range of frequencies, eventually affecting the frequency range relevant for speech (Frisina
and Frisina 1997). Because presbycusis occurs in the neural periphery (that is, in the
peripheral nervous system) it is sometimes informally referred to as peripheral hearing loss.

While mouse models can provide relatively rapid insights into presbycusis in humans (Li
and Borg 1991) there are also disadvantages associated with them. Rodents are far removed
from the primate taxa and demonstrate markedly different auditory and vocal behaviors. It is
important to know, for example, whether presbycusis actually affects behavior in these
species. This point is relevant for translational strategies. Viewed as a problem that requires
correction, the efficacy of treating presbycusis can be judged only in purely behavioral
terms. Assuming that it will at some point be possible to identify specific mechanisms and
physiological deficits underlying presbycusis, and to develop strategies for treatment, is
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there a model to verify the correction of behavioral deficits? Such a model should allow the
understanding, diagnosis, and treatment of presbycusis by addressing all aspects of the
problem—from cellular to organismal, from neural mechanisms to behavioral response. It is
in this light that we propose the development of the marmoset as a model system for
presbycusis.

Marmosets, like humans and other nonhuman primates, rely on vocal communication for a
variety of social behaviors—they use near and long-distance calls to maintain group contact
and territory, identify members of their group and individuals in other groups, and signal
distress and alarm (Epple 1968; Ghazanfar and Hauser 2001; Ghazanfar et al. 2002). The
importance of vocal communication in this species makes it a promising model for
determining the effects of presbycusis on communication behavior, particularly in the noisy
and reverberant surroundings of their natural habitat. The auditory challenges that older
animals may face are analogous to those faced by elderly humans in noisy social
surroundings.

Broadly, we divide the work on NHP hearing into three groups:

1. investigation of sound production and sound perception in the behavioral context
(for reviews, Ghazanfar and Hauser 1999, 2001; Ghazanfar et al. 2002); recent
work in New World monkeys has focused on cottontop tamarins (Saguinus
oedipus) (Ghazanfar et al. 2002) and the marmoset (Miller and Wang 2006; Miller
et al. 2009);

2. investigation of the neuroethology of audition in NHPs (in the squirrel monkey,
Saimiri sciureus, Newman and Wollberg 1973; Winter and Funkenstein 1973; in
the marmoset, DiMattina and Wang 2006; Kajikawa et al. 2005; Wang et al. 1995);
and

3. broad neurophysiological (not including neuroanatomical) studies that address
fundamental properties of auditory neurons and auditory nuclei (Kajikawa et al.
2005; Lu and Wang 2004; Kadia and Wang 2003).

The literature, which includes studies on Old and New World primates, is vast and therefore
beyond our scope; we focus on studies on marmosets. Much of the work has concentrated on
the central auditory areas, in particular the auditory cortex (Bendor and Wang 2010;
Kajikawa et al. 2005, 2008; Sadagopan and Wang 2009), auditory thalamus (Wang et al.
2008), and midbrain inferior colliculus (Nelson et al. 2009). There are no known reports of
neural recordings from the auditory periphery in the marmoset or from deep brain structures
such as the cochlear nucleus and superior olivary nucleus, research areas in need of much
attention. And to our knowledge, there is only one report on the effects of aging on hearing
in nonhuman primates, suggesting moderate hearing loss in older marmosets based on
measurements of auditory brainstem responses (ABRs, a noninvasive electrophysiological
procedure) (Harada et al. 1999).

We wondered whether the marmoset can be used as a model for presbycusis and, more
generally, whether its peripheral auditory system is more closely related to humans than that
of other species. Anatomical evidence supporting the similarity of the marmoset cochlea to
that of humans comes from the work of Spatz and Lohle (1995), which indicated that the
marmoset cochlea has 2½ turns, as in humans. Physiological data supporting this similarity
come from a recent study on the measurement of otoacoustic emissions (sounds emitted by
the ear in response to stimulation): using a noninvasive technique that measures outer hair
cell function Valero and colleagues (2008) showed that the acoustical stimulation
parameters required to elicit the strongest emissions are similar to those of humans and Old
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World primates. Taken together, these studies suggest that cochlear parameters may be
largely conserved in humans and nonhuman primates.

To date, the published evidence for presbycusis in marmosets consists solely of the report by
Harada and colleagues (1999). Preliminary data (RR, unpublished) suggest that older
marmosets may exhibit presbycusis because their OAEs are diminished in amplitude at
higher frequencies (Figure 4), whereas when the cochlea is in good health it responds to
stimulation at all frequencies. These data suggest that OAEs could be used to measure the
health and status of the marmoset cochlea noninvasively, and thus the marmoset could serve
as a useful model for the study of age-related hearing loss.

While evidence for presbycusis may be obtained indirectly from the measurement of ABRs
and OAEs (“indirect” because they are not behavioral measures), a major gap in the
literature is the lack of data on the extent of hearing loss in older marmosets. Hearing loss
can be determined by measuring pure-tone behavioral audiograms, as is done in humans.
Audiograms provide a noninvasive and behavioral measure of hearing sensitivity across the
frequency range. To establish the presence of presbycusis in older marmosets it is necessary
to measure audiograms in young and old animals. Behavioral audiograms of the marmoset
have so far been reported in only one study (Sieden 1957); there are no audiograms of older
marmosets or of hearing loss in marmosets.

Marmosets offer numerous advantages for hearing research. Because of the importance of
vocal communication in this species, researchers can test the effects of aging on hearing at
different levels of auditory processing, from behavior to invasive neurophysiology. This
aspect deserves special emphasis because hearing performance is fundamentally behavioral
performance. The ability to measure behavioral performance related to the hearing deficits
that accompany aging makes this model attractive for translational research. However,
although in recent years there has been substantial growth in hearing research in the
marmoset, much of it has been confined to the higher auditory areas, with behavioral testing
only slowly gaining momentum.

Developing the model for presbycusis would open new areas for investigation into lower
auditory centers and eventually the entire auditory pathway. With a judicious combination of
invasive and noninvasive physiology and with well-designed behavioral tests, the marmoset
may very well open the door for understanding and treating human hearing loss.

Obesity and Metabolic Syndrome
In humans, aging and adiposity are both risk factors for metabolic syndrome, which is
characterized by impaired lipid trafficking and glucose metabolism. Insulin resistance
increases with age and adiposity (Rincon et al. 2006) and, with the US population both aging
and becoming fatter, the problems associated with insulin resistance and its sequelae are
among the country’s most important public health concerns. Defining the relative roles of
age and adiposity in a short-lived primate model of these conditions could provide a
valuable tool for testing interventions and therapeutics for this common chronic malady in
humans.

Marmosets, in common with most other nonhuman primates (e.g., Bodkin et al. 1993;
Comuzzie et al. 2003; Kemnitz 1984; Wagner et al. 2006), display obesity when kept in
captivity. Among the phenotypes associated with obesity in marmosets are
hypertriglyceridemia and hyperglycemia (Tardif et al. 2009); in a population of 64 animals
maintained on a typical low-fat NHP diet and monitored for body composition and lipid and
glucose metabolic parameters, 7.8% of subjects had at least three atypical factors, fitting an
operational definition of metabolic syndrome.
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Further examination of this population has raised the possibility of an association between
impaired glucose metabolism and aging in marmosets, perhaps separate from its association
with obesity. We determined fasting glucose and insulin concentrations in a sample of 31
females ranging from 2.3 to 8.3 years of age and from 287 to 529 g in weight. Weight and
age were uncorrelated in this sample population (r = 0.005). Until recently, the lack of a
validated insulin assay was a major stumbling block in the development of the marmoset
model for obesity and metabolic syndrome; we overcame the technical issues associated
with this measurement and can now successfully measure plasma and serum insulin in
marmosets using a porcine insulin RIA (Millipore Corp., Billerica, MA). This assay has
been fully validated for accuracy (98.89 ± 2.38 SEM) and parallelism (no differences in the
slopes of the lines between standards and a serially diluted marmoset pool, p > 0.05).

Age and weight were both independent determinants of fasting insulin in this study
population (r2 = 0.578; Figures 5A,B), supporting the contention that marmosets display
increasing insulin resistance with age, as is the case in humans. We noted, however, that the
weight range in the older population (>5 years of age) was limited to animals over 400 g in
weight, and therefore compared fasting insulin in young versus old individuals that weighed
more than 400 g (Figure 5C). Older individuals had significantly higher fasting insulin.

We are planning future studies to clarify separate and integrated roles of obesity and aging
in the development of metabolic dysfunction in marmosets, as well as possible associated
lipid and cardiovascular effects, by including lean aged animals in our study population.

Conclusions
The common marmoset (Callithrix jacchus) offers many opportunities for development of an
efficient NHP model of aging and age-related diseases. With an average and maximum
lifespan that is 30–40% of that of commonly used Old World monkeys such as macaques,
aging studies can be accomplished in a fraction of the time required with larger nonhuman
primates. Marmosets exhibit some age-related changes similar to those observed in humans,
such as declines in lean mass, calf circumference, circulating albumin, hemoglobin, and
hematocrit. In terms of disease, marmosets display higher prevalence of cancer, amyloidosis,
diabetes, and chronic renal disease as they age, again similar to humans.

Primate models of neurodegeneration are of particular importance, and, as we have
illustrated, marmosets in particular display age-related spontaneous sensory and
neurodegenerative changes such as reduced neurogenesis, β-amyloid deposition in the
cerebral cortex, loss of calbindin D28k binding, and evidence of presbycusis. The
spontaneous occurrence of these phenotypes in marmosets ranging in age from 7 to 10 years
suggests that this animal may prove a valuable model for research on selected aspects of
age-related neurodegenerative change. Variation among colonies in the age at which
neurodegenerative change occurs suggests the interesting possibility that marmosets could
be specifically managed to produce earlier versus later occurrence of degenerative
conditions associated with differing rates of damage.

In addition to the established value of the marmoset as a model of neurodegenerative
change, marmosets are poised to become a model of the integrated effects of aging and
obesity on metabolic dysfunction, with evidence that they display metabolic dysfunction
associated with high body weight at 6 to 8 years of age. In contrast, the average age at which
metabolic dysfunction is reported in rhesus macaques is around 17½ years of age (Colman et
al. 2009) and around 20 years of age in baboons (Guardado-Mendoza et al. 2009), ages that
exceed the maximum lifespan of marmosets.
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The marmoset aging model is poised to reach its full potential in the coming years through
the development of colonies specifically managed for aging research combined with the new
molecular tools that will stem from the annotated marmoset genome,5 the capacity to
produce transgenic marmosets (Sasaki et al. 2009), and the development of marmoset
induced pluripotent stem (iPS) cells (Wu et al. 2010).
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Figure 1.
Survival analysis of 358 marmosets (Callithrix jacchus) that were born at the Southwest
National Primate Research Center (SNPRC) colony and survived at least 6 months, between
January 1994 and March 2010, excluding individuals whose deaths were related to
experiments. Figure 1A illustrates survival by age; Figure 1B illustrates age-specific
mortality.
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Figure 2.
Causes of mortality for the New England Primate Research Center population of marmosets
(Callithrix jacchus), January 2004 to June 2009. (A) Less than 5.78 years of age; (B) more
than 5.78 years of age; (C) more than 10 years of age. n = 77; animals in 2C are included in
2B. IBD, inflammatory bowel disease; open = no cause of death identified; iatrogenic =
death from a complication associated with anesthesia or treatment. Unlabeled slivers
represent causes of mortality (injury in (B) and injury and iatrogenic in (C)) that occurred in
less than 1% of the animals.
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Figure 3.
(A) Relation of fat-free mass (FFM) to age in a cross-sectional study of 20 marmosets
(Callithrix jacchus), as reported by Power and colleagues (2001). (B) Relation of weight to
age in years for marmosets surviving less than 4 years (in red), 4 to 8 years (in green), and
more than 8 years (in purple). (C) Relation of peak weight to survival.
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Figure 4.
Change in strength of distortion product otoacoustic emissions (OAE) with age. For a
marmoset with normal hearing the OAE response strength curve, as a function of
stimulation frequency, should look similar to the averages over many marmosets (n = 10) for
the left and right ears (panels C, D, black lines). The blue line represents noise levels in the
system; OAE response is significant if the measured strength exceeds (lies above) the noise
curve. In the case of a young female (A) the emission strength was somewhat better than the
group average; it remained high for frequencies up to about 12 kHz and declined thereafter.
In contrast, for an old male (B) response strength declined as frequency increased,
demonstrating a possible sloping hearing loss that is similar to that in humans. At
frequencies above 10 kHz it approached the noise level, suggesting that no emissions were
present. f2 denotes the high-frequency tone in the two-tone complex used to elicit an OAE;
SPL, sound pressure level measured in decibels (dB, 20 µPa).
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Figure 5.
Fasting insulin concentrations in a population of 31 female marmosets (Callithrix jacchus).
(A) Relation of insulin concentration to age. (B) Relation of insulin concentration to body
weight. (C) Insulin concentration in young (<5 years of age) and old (5 to 8 years of age)
marmosets, limited to animals >400 g in weight (n = 11).
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