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Abstract

The focus of the review is on the behavioral and physiological manifestations of stress versus

depression. The purpose of the review is to evaluate the conceptual approach of using stress

models as surrogates for depression. Social stress and depression have many characteristics in

common and promote each other. Both have adverse effects on social relationships and the quality

of life, and increase risk of other diseases. However, they are not the same constructs. In human

and nonhuman primates, the behavior and neurobiology of stressed individuals differ from that of

depressed individuals. Some similarities in stress physiology in socially stressed and depressed

individuals have been used to support the use of stressed animals as models of depression, and

much has been learned from stress models of depression. However, the studies reviewed here also

suggest that the depressed state also has different characteristics than the stressed state, and

studying the differences may be important to furthering our understanding of each of these

constructs as well as their mutual relationship.
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Introduction

The focus of the review is on the behavioral and physiological manifestations of stress

versus depression. The purpose of the review is to promote a re-evaluation of the conceptual

approach of using stress models as surrogates for depression. Social stress and depression

have many characteristics in common and promote each other. Both have adverse effects on

social relationships and the quality of life, and increase risk of other diseases. However, they

are not the same constructs in human beings. Here, the relationship between social stress and

depression is reviewed, a nonhuman primate model of social stress and depression is
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presented, and the similarities and differences between socially stressed monkeys and

depressed monkeys are compared. The implications of similarities and differences between

socially stressed versus depressed monkeys for animal modeling of social stress and

depression, and for furthering our understanding of each of these constructs, as well as their

mutual relationship, are considered.

The relationship between stress and depression

Stress exposure model of depression

It is well-established in the literature that stressful life events are associated with risk for

depression. This relationship holds for acute stresses and for chronic stress. Stressors may

precipitate a depressive bout rather quickly or be temporally remote, as early life events

predispose to later life depression. The relationship between stress and depression holds for

all ages from childhood through late life, and for males and females. The relationship may

be strongest for the first or first few bouts of depression but is also associated with

recurrences (see Liu and Alloy, 2010).

Stress generation model of depression

More recently, the bidirectional nature of stress and depression has been acknowledged in

the stress generation model of depression. This model posits that depression generates stress,

which serves to fuel the cycle of stress and depression (Liu and Alloy, 2010).

The loose association of stress with depression

Even though these relationships between stress and depression are well-documented, not all

stressful events precipitate depression, and the reasons for this are not well understood.

Improving our understanding of why depression does not occur following all stressful events

may help uncover new avenues for prevention and therapeutic intervention. Likely factors

influencing whether stress will result in depression are the nature of the stressor and the

resiliency of the stressed individual. Depression is heritable, fueling the search for genetic

factors that influence resiliency. Recent work suggests gene–environment interactions may

be important; that is, a certain genetic makeup may increase resiliency to certain stressors, at

least at certain times of life (Aguilera et al., 2009; Elzinga et al., 2011). However,

conflicting reports characterize this literature. Epigenetic modification of gene expression by

early stress exposure is a likely contributor to the probability of stress precipitating

depression; however, much research is needed to establish these links (Plazas-Mayorca and

Vrana, 2011).

Animal models: stress or depression?

One of the factors blocking progress in understanding the relationship between stress and

depression is that the effects of stress can be temporally remote, and early experiences may

modify later stress responses. Long-term studies that are large enough to assess stressful

events and depression prospectively for the decades that are needed to understand these

relationships are prohibitively expensive. Thus, clinical investigators are mostly left with

retrospective studies in which stressful events are difficult to accurately assess.

Shively and Willard Page 2

Exp Neurol. Author manuscript; available in PMC 2014 May 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Animal models are a viable alternative but typically capture only certain aspects of a

complex, multifaceted disease such as depression. Animal models are evaluated based on

their construct (etiological), face (similarity in phenotype to the disease/disorder being

modeled), and predictive (responses to interventions predict human responses) validity

(McKinney, 1984; Willner, 1984). Animal models used in depression research are almost

entirely rodent models that provide shorter lifespans to study under controlled conditions.

Genetic models have been useful in identifying single genes that may contribute to

depression, but lack construct validity (Nestler and Hyman, 2010).

Behavioral models capture more of the complexity of depression. Commonly used rodent

behavioral models include the forced-swim and tail-suspension models, which characterize

behavioral and physiologic responses to uncontrollable stress. These models are thought to

reflect behavioral despair which is quantified as the time to immobility and have provided a

fast screening tool for novel pharmacotherapies. To avoid adaptation to repeated

presentation of the same stressor, the chronic mild stress model has been used. This involves

a more complicated paradigm of presentation of a variety of types of stressors and is thus

more labor intensive, time and space demanding, and more difficult to replicate than the

forced swim and tail suspension tasks. However, this paradigm does produce anhedonia, a

hallmark feature of depression, which, like human depression, can be ameliorated by

chronic, but not acute, antidepressant treatment (Willner, 2005).

Social defeat is another stress paradigm commonly used as a behavioral model of depression

in rodents and tree shrews (Tupaia belangeri), a solitary species phylogenetically closely

related to primates. Briefly, the paradigm involves introducing an experimental animal into

the territory of an aggressive, and usually larger, animal for short time periods repeatedly

over several days (Fuchs, 2005; Yan et al., 2010). The anhedonia and social withdrawal in

these defeat models are also responsive to chronic, but not acute, antidepressant treatment

(Krishnan et al., 2007). Moreover, not all animals exposed to social defeat stress will exhibit

the depression-like syndrome, which provides the opportunity to study susceptibility and

resiliency to stress (Charney, 2004; Krishnan et al., 2007). Thus, these chronic stress models

hold the potential to provide invaluable insights into novel neurobiological mechanisms

because they model specific characteristics of behavior (Krishnan and Nestler, 2010).

Recently Perera and colleagues reported the results of a small study of adult female bonnet

macaque (Macaca radiata) behavioral responses to social isolation stress (Perera et al.,

2011). Briefly, 6 bonnet macaques housed in a social group pen were socially isolated 2

days/week for 15 weeks, and 3 of the monkeys were simultaneously treated with the

selective serotonin reuptake inhibitor fluoxetine. The three untreated monkeys appeared to

gradually increase anhedonic behaviors (defined as a behavioral composite of collapsed

postures, inactivity, and blank stares) and decrease social status scores calculated as total

subordinate behaviors subtracted from total dominant behaviors. Fluoxetine appeared to

ameliorate the behavioral effects of the social isolation stress in the three treated monkeys.

Further study will reveal utility of this potential model.

Each of the stress paradigms results in one or a few specific characteristics of human

depression. However, none of them capture the complexity and heterogeneity that is
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characteristic of human depression which limits their face validity. The predictive validity of

these models is being reconsidered as evidence accumulates suggesting that antidepressant

pharmacotherapies developed using rodents stress models have limited efficacy in human

depression (Rush et al., 2006; Kirsch et al., 2008; Spielmans et al., 2011). Notably,

depressive-like behavior in all of these models is induced by experimental stress. Thus, these

models cannot clearly distinguish between stress responses and a depression-like state as

manifested by human beings. Hence, these behavioral models have limited construct validity

(Duman, 2010). The lack of differentiation between behavioral and physiological

characteristics of stress versus depression preclude examination of differences between a

stressed state and a depressed state, and, perhaps more importantly, the examination of the

relationship between stress and depression in animal models. For these reasons, we have

been studying a nonhuman primate model of social stress-associated depression in which

some behavioral and neurobiological responses to social stress are different from those that

accompany depressive behavior. This model is presented below.

A nonhuman primate model of social stress-associated depression

Social status in cynomolgus social groups

We have studied the effects of social stress on the health of adult female cynomolgus

monkeys (Macaca fascicularis) for over 20 years. The monkeys in these experiments were

wild-caught as adults, in recent years from a purpose-bred free-ranging island colony in

Indonesia. The monkeys are housed in small social groups of 3 to 5 females in rooms that

are approximately 8–10 m3 in area and enriched with perches, barrels, and manipulanda

such as mirrors and toys. The monkeys are fed a diet containing moderate amounts of fat

and cholesterol to mimic key dietary constituents consumed in Western societies. When

placed in these groups, the monkeys quickly organize themselves into linear social status

hierarchies which may be stable for years (Shively and Kaplan, 1991). Social status is

evaluated by recording the outcomes of agonistic interactions. The animal to which all

others in the group direct submissive behaviors is considered dominant. The monkey that all

but the most dominant submits to is considered second-ranking, and so on. Compared to

dominant females, subordinates receive more aggression, are groomed less, are more

vigilant, and spend more time alone out of arm’s reach of another monkey (Shively et al.,

1997; Shively, 1998) (Table A.1). Furthermore, subordinates respond to a standardized

stressor with increased heart rates that recover more slowly than dominants, and

subordinates are hypercortisolemic and insensitive to glucocorticoid-negative feedback in

dexamethasone (Dex) suppression tests (Kaplan et al., 1986, 2010; Shively, 1998; Shively et

al., 1997) (Table A.1). This behavioral and physiological profile led to the conclusion that

socially subordinate female cynomolgus monkeys in these small laboratory social groups are

stressed relative to their dominant counterparts.

Social subordination and social defeat

Acute social defeat is a social stressor used in some rodent and tree shrew stress models of

depression. While social subordination includes instances of social defeat, it also includes

other features that are likely important to the nature of the stressor: 1) cynomolgus monkeys

normally live in social groups characterized by stable linear social status hierarchies all of
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their lives; 2) these hierarchies generally do not involve much overt aggression once they are

established, and they are usually established in a matter of hours or perhaps a few days; 3)

while subordinates appear stressed relative to dominants, it is a level of physiological stress

with which they survive for a life span, which is not reported to be any shorter than that of

dominant monkeys (Table A.1); and 4) the data on social subordination stress reported here

are based on studies that include 1–3.5 years of behavioral characterization of the monkeys.

Thus, social subordination is a chronic mild social stressor with social validity with respect

to the natural history of the species.

The definition and rate of depression in adult female cynomolgus monkeys

In the late 1980s we began observing and recording the percent time spent in a behavior

termed depressive, in which the monkeys sat in a slumped or collapsed body posture, with

open eyes, accompanied by a lack of responsivity to environmental events (Fig. A.1). This

behavior was reminiscent of that described in infant macaques removed from their mothers

(Suomi et al., 1975). We have observed depressive behavior in two separate groups of

female monkeys (78 animals in all). Interobserver agreement in the identification of

depressive behavior was greater than 92% in both experiments. In the first experiment

(hereafter referred to as Experiment I), following a 3-month single-cage quarantine, 42

females lived for 26 months in social groups of about 4 females each, and behavior was

recorded weekly throughout this time. Sixteen of 42 monkeys (38%) displayed depressive

behavior (Shively et al., 1997). The rate of depression was similar in the second experiment

(hereafter referred to as Experiment II and described below) in which 42% of the monkeys

exhibited depressive behavior (Shively et al., 2005).

Depressive behavior and social status

Over the course of Experiment I, depressive behavior was more common in subordinate than

dominant females: 61% of subordinates displayed depressive behavior whereas only 10% of

dominants were ever observed in this behavior (Shively et al., 1997). It was concluded that

the stress associated with low social status may increase the likelihood of depressive

behavior; however, social subordination and depression are not homologous, as 39% of

subordinates did not display depressive behavior, and a few dominants did suggesting

individual differences in stress sensitivity and resilience (Bethea et al., 2008). It is notable

that rates of depression in the human population are inversely related to socioeconomic

status (Adler and Rehkopf, 2008; Lorant et al., 2003).

Experiment II included 36 monkeys and was divided into three phases. During Phase 0 the

animals were housed in single cages for 12 months, in Phase 1 the monkeys were housed in

their first social groups for 12 months, and in Phase 2 the social groups were systematically

reorganized so that half of the previous subordinates became dominant and half the previous

dominants became subordinate. The monkeys lived in these social groups for 22 months.

Percent time spent in depressive behavior was recorded throughout the three phases, and

social status was determined monthly throughout Phases I and II. There was no difference

between dominants and subordinates in the time spent in depressive behavior in Phase I,

whereas in Phase II subordinates displayed significantly more depressive behavior than

dominants (Shively et al., 2005). The change in the relationship between social status and
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depression over time was due in part to attrition and in part to changes in depressive

behavior. All but one depressed dominant in Phase I either died or were not depressed in

Phase II (Shively et al., 2005).

Variability in sensitivity and responses to stress

The fact that many but not all socially subordinate females, and only a few dominant

females exhibit depressive behavior indicates unexplained variability that may be due to

variation in the social environment, or to individual differences in sensitivity or resilience to

social stress, or in individual responses to social stress. At the social group level it is

reasonable to posit that it may be more stressful to live in some social groups than others.

However, little data is available that addresses this hypothesis due to the challenge of

studying an adequate number of social groups. Variability can also occur at the individual

level. Depressive behavior may be only one of a range of potential responses to social

subordination stress. Studying the attributes of subordinates that do not become depressed

may provide valuable insights about alternative stress responses. Much evidence has

accumulated suggesting that this variability may also be due to individual differences in

resilience or susceptibility to social stress.

In a series of studies Cameron and Bethea studied individual differences in stress

responsivity by assessing changes in ovulation and reproductive hormone secretion when

animals were exposed to a combined metabolic and psychosocial stress which included mild

psychosocial stress+moderate dieting+moderate exercise. The mild psychosocial stress

involved moving single-caged monkeys to a new housing room, where unfamiliar animals

surrounded them. The moderate diet was a 20% decrease in calorie intake, and the moderate

exercise was provided by running monkeys on a motorized treadmill at 80% of each

individual’s maximum speed for 1 h/day, 5 days/week. Stress responsive monkeys were

defined as those with the most impairment to ovarian function during the stress. Under

nonstress conditions, these stress sensitive monkeys had lower ovarian steroid secretion

during normal (nonstressed) menstrual cycles, lower serotonergic function in response to

fenfluramine, fewer serotonin neurons, lower expression of pivotal serotonin-related genes,

lower expression of 5HT2A and 2C genes in the hypothalamus, higher gene expression of

GAD67 and CRH in the hypothalamus, reduced gonadotropin-releasing hormone transport

to the anterior pituitary and higher basal heart rates (Centeno et al., 2007; Bethea et al.,

2008, 2011).

Predictors of depression

Congruent with these data, in Experiment I discussed above, heart rates were recorded just

prior to social housing while the monkeys were still in single cages. Single caging may be

considered a stressor as it increases heart rate in adult female cynomolgus monkeys (Watson

et al., 1998). Females that later exhibited depression in social groups had higher overnight

heart rates in single cages than those that never exhibited behavioral depression suggesting

that stress sensitivity may increase the likelihood of a depressive response to social stress

(Shively et al., 2002). During Phase 0 of Experiment II discussed above, the monkeys lived

in single cages for a year. During this phase, monkeys that subsequently became depressed

in Phase 1 social groups had decreased cortisol secretion in a corticotropin-releasing
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hormone (CRH) challenge test, decreased circulating insulin-like growth factor-1 (IGF-1)

concentrations, lower activity levels, and higher total plasma cholesterol (TPC)

concentrations and the ratio of TPC:high density lipoprotein cholesterol (HDL-C)

concentrations. These characteristics were not associated with depressive behavior during

Phase 0 (Shively et al., 2005). Thus, monkeys which subsequently become depressed

respond to single caging differently than those that do not become depressed. It may be that

these are stress-susceptible monkeys similar to those studied by Cameron and Bethea.

Direct comparisons between social subordination stress and depression

(Table A.1)

In the monkey model of social stress-associated depression, depressive behavior is more

common in the socially stressed subordinate females, but many subordinates do not exhibit

depressive behavior. Likewise, depressive behavior can be observed in a small proportion of

socially dominant females that are presumably less socially stressed compared to their

subordinate counterparts. This distribution provides the ability to compare the characteristics

of socially stressed subordinate females with females that display the depressive behavior.

Table A.1 depicts the behavioral and physiological characteristics of socially stressed

subordinate monkeys versus monkeys that exhibit depressive behavior. Since the majority of

monkeys that exhibit depressive behavior are also socially subordinate, characteristics of

monkeys displaying depressive behavior mostly reflect the additive characteristics of

subordinate animals that go on to respond to social stress with depressive behavior. The

citations refer to mean differences between groups of intact adult female cynomolgus

monkeys, unless otherwise specified. Characteristics that appear to differ between stressed

monkeys and depressed monkeys are highlighted in gray. Citations in the table are not

repeated in text.

Body composition

It appears from the literature that there is little evidence of a relationship between social

status and body weight in female cynomolgus macaques, although body weight is higher in

dominant than subordinate male and female rhesus monkeys (Macaca mulatta) and male

baboons (Papio anubis) (Michopoulos et al., 2009; Sapolsky and Mott, 1987; Zehr et al.,

2005). In contrast, nondepressed cynomolgus females were reported to be 17% heavier than

depressed females. Body mass index (BMI) or related measures of adiposity appear

unrelated to social status (Zehr et al., 2005), whereas BMI was 20% higher in nondepressed

than depressed females cynomolgus monkeys.

Hypothalamic–pituitary–adrenal (HPA) function

The HPA axis appears to be perturbed in socially subordinate monkeys compared to

dominants, as well as depressed compared to nondepressed monkeys. Subordinate monkeys

and depressed monkeys are similar in that they are insensitive to glucocorticoid-negative

feedback in dexamethasone suppression tests. Unlike depressed monkeys, subordinates also

appear to be hypercortisolemic as reflected in basal cortisol levels and in response to

adrenocorticotropin (ACTH) challenge. Depressed monkeys are reported to have higher

cortisol responses to CRH challenge, whereas no reports of results of CRH challenge tests
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could be found in relation to social status. Hypercortisolemia has been reported in

association with social subordination in a number of primate species (Abbott et al., 2003).

Ovarian function

Cynomolgus monkeys have menstrual cycles like women. The peak progesterone

concentration in the luteal phase is an index of the quality of ovarian function. High values

indicate that ovulation occurred, whereas low values indicate impaired ovulation or an

anovulatory cycle. By this measure both subordinate and depressed female cynomolgus

monkeys have impaired ovarian function. The findings are consistent with those of Cameron

and Bethea in stress sensitive cynomolgus macaques (Bethea et al., 2008).

Heart rate as an indicator of autonomic function

In an open field test, subordinates respond to a standardized stressor with higher initial heart

rates that recover more slowly than dominants, whereas no significant differences in heart

rate are observed in their home-cage social groups. Depressed monkeys maintain higher

heart rates around the clock in their social groups compared to nondepressed monkeys.

Thus, while both subordinates and depressed monkeys have perturbations in autonomic

function, these seem more severe in depressed monkeys.

Neurobiological characteristics

There are some data suggesting that female subordinates have higher prolactin responses to

fenfluramine, an indicator of differences in central serotonergic tone during the follicular

phase of the menstrual cycle, but the sample size for this study was small (n=4 dominant, 4

subordinate). Much of the serotonin (5-HT) in the brain is produced in the raphe nucleus,

and tryptophan hydroxylase (TPH) is the rate limiting factor for 5-HT production. TPH in

the raphe nucleus of ovariectomized subordinate cynomolgus monkeys is lower than in their

dominant counterparts, supporting differences in central serotonergic function. Additionally,

subordinates have lower prolactin responses to haloperidol, and lower concentrations of the

dopamine metabolite homovanillic acid (HVA) in their cerebrospinal fluid (CSF), indicating

differences in dopaminergic tone. This observation was followed by multiple observations

of lower striatal dopamine D2 receptor binding potential (BP), measured with positron

emission tomography (PET) in subordinate male and female cynomolgus monkeys, and

human beings of low socioeconomic status relative to their high socioeconomic status

counterparts (Martinez et al., 2010; Morgan et al., 2002).

The picture is different for depression. There are no reports of neuroendocrine challenge test

measures of 5-HT in depressed monkeys. However, 5-HT1A receptor BP measured with

PET is lower in multiple areas of the corticolimbic system in depressed monkeys. In this

study, social status was not associated with 5-HT1A receptor BP. Also un-like subordinates,

depressed monkeys in this study did not have lower striatal D2 receptor BP (Shively

unpublished data). Finally, depressed monkeys have smaller hippocampi like depressed

human beings (McKinnon et al., 2009). There were no observed differences in hippocampal

volume in dominant versus subordinate monkeys in these studies, but there were also not

many cases to compare (Willard et al., unpublished data). There are no other reports of

social status differences in clinical studies or nonhuman primates, although small,
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nonsignificant decreases (5–7%) in hippocampal volume have been observed in the tree

shrew model of social stress (Czéh et al., 2001, 2006).

Behavioral characteristics

Following the neurobiological differences, subordinate female cynomolgus monkeys also

appear behaviorally different from depressed female cynomolgus monkeys. There are no

differences between depressed and nondepressed females in the frequency of aggression

received, submissions sent, or submissions received, or in the percent time being groomed,

all of which occur at different rates in dominant versus subordinate monkeys. Another

interesting difference in subordinates versus depressed monkeys is in time spent alone.

Subordinates spend more time alone than dominants, and this has been interpreted as

evidence of a lack of social support. Although depression in human beings is sometimes

interpreted as social withdrawal, depressed monkeys actually spent twice as much time as

their nondepressed counterparts sitting in physical contact with conspecifics. In fact, much

of their behavioral depression (slumped body posture unresponsive to environmental events)

occurs while in body contact. Body contact may serve two purposes for depressed monkeys:

First, body contact may provide warmth, and second, since depressed monkeys are

unresponsive to environmental events, they may use the startle and orienting behavior of the

monkey with which they are in body contact to warn them of threatening environmental

events. Another behavior that is different between subordinates and depressed monkeys is

activity level. Activity levels of depressed monkeys are 50% lower than nondepressed

monkeys, whereas there are no reported differences in activity levels of dominants versus

subordinates. Vigilant scanning of the social environment is characteristic of subordinate

female cynomolgus monkeys in these small social groups. The behavior consists of head

swiveling to visually scan the home pen while in a crouched posture, accompanied by lip

smacking and grimacing. These are fear and appeasement behaviors in macaques; indeed

these monkeys look fearful and anxious when engaged in this behavior. Vigilance was more

common in depressed animals in one study but not another. This behavior deserves further

investigation as a possible behavioral indicator of anxiety.

Cardiovascular disease risk

Both social stress and depression are associated with increased cardiovascular disease risk in

human beings. Coronary heart disease is caused by coronary artery atherosclerosis and its

sequelae. Cynomolgus monkeys have been a useful model to study factors that affect the

development of coronary artery atherosclerosis. There is one report of lower HDL-C

concentrations in wild subordinate male Anubis baboons (Papio anubis) (Sapolsky and

Mott, 1987), and one from a study of male and female cynomolgus monkeys, both from the

late 1980s. There have been no other reports of lipid differences between dominants and

subordinates, although cardiovascular risk factors have been studied extensively since then

in cynomolgus monkeys. Typically, we do not observe reliable differences in plasma

cholesterol concentrations in dominants and subordinates. In contrast, the differences in

plasma lipid concentrations in depressed versus nondepressed monkeys are notable.

Depressed monkeys have lower HDL-C and higher TPC concentrations than nondepressed

monkeys. In addition, there are differences in circulating fatty acid concentrations between

depressed and nondepressed monkeys.
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Among female cynomolgus macaques, subordinates have about twice as extensive coronary

artery atherosclerosis as dominants, and this is a reliable difference documented in multiple

studies. Thus, subordinate females have poor ovarian function and exaggerated heart rate

responses to acute severe stress, both of which have been associated with increased coronary

artery atherosclerosis extent. Depressed females have about four times the coronary artery

atherosclerosis than nondepressed females. This is consistent with their dyslipidemia, high

heart rates, low activity levels, and poor ovarian function, all of which are associated with

increased coronary artery atherosclerosis extent (Shively et al., 2008, 2009).

Mortality

Socially dominant rhesus macaques live longer than their subordinate counterparts

(Blomquist et al., 2011). Likewise, low social status is associated with increased mortality in

the human population (Adler, 2009, Adler et al., 1994). Mortality was associated with

depressive behavior in Experiment II described above. Over the course of this 4-year

experiment, 56% of the monkeys in the highest quartile of depression died (5/9), whereas

there was only one (11%) or two (22%) deaths in each of the other quartiles. Depression is

also associated with non suicide mortality in the human population (Bradvik and Berglund,

2001; Kouzis et al., 1995; Rovner et al., 1991; von Ammon Cavanaugh et al., 2001).

Summary and conclusions

This review focuses on the behavioral and physiological manifestations of stress versus

depression. The purpose of the review is to evaluate the conceptual approach of using stress

models as surrogates for depression. Social stress and depression have many characteristics

in common. They promote each other. Both have adverse effects on social relationships and

the quality of life. Both promote physiological responses that increase risk of other diseases.

However, they are not the same constructs. In human and nonhuman primates, the behavior

and neurobiology of stressed individuals differ from that of stressed individuals that go on to

exhibit depressive behavior. Socially stressed subordinate monkeys and depressed monkeys

have some physiological characteristics in common such as perturbations in HPA,

autonomic, and ovarian function, as well as exacerbated coronary artery atherosclerosis and

increased mortality. However, the perturbations in some systems seem more extreme in

depressed individuals. These observations, coupled with the fact that depressive behavior is

more common in socially stressed subordinate monkeys, suggest that depressed monkeys are

largely made up of socially subordinate females that are preferentially susceptible to a

depressive response to social stress. If this is the case, then comparative studies of

subordinates who do and do not exhibit depressive behavior may give us insight into

mechanisms that support resiliency to stress, and identify new targets for therapeutic

intervention. An aspect of human depression that is relatively unexplored in this monkey

model is anhedonia. Lower body weight coupled with lack of interest in environmental

events observed in monkeys that exhibit depressive behavior suggests anhedonia, however,

further study of this characteristic is needed. Some similarities in stress physiology in

socially stressed and depressed individuals have been used to support the contention that

stressed animals are valid models of depression. Indeed, much has been learned from stress

models of depression. However, the studies reviewed here also suggest that separating stress
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and depression in animal models may be important to furthering our understanding of each

of these constructs as well as their mutual relationship.
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Appendix A

Fig. A.1.
Social subordination versus depression behavior in adult female cynomolgus monkeys: A)

Depressed behavior includes a slumped body posture, head dropped below shoulder level,

eyes open to distinguish the behavior from sleep, and a lack of orienting and responding to

environmental stimuli to which other monkeys attend, in this case the photographer. B)

Normal Alert behavior includes visual attention to environmental stimuli such as the
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photographer. C) Submissive behavior is characterized by the head drawn back, ears back,

body small, and vigilance. D) This socially dominant female is displaying the aggressive

behavior termed an “open-mouth threat”, her head is forward, ears are forward, and she is

directly staring at the individual she is threatening.

Table A.1

Characteristics of socially subordinate versus depressed monkeys.

Variables Social subordination stress Depression

Body weight (BW) Dom = Sub, Kaplan et al. (2002, 2010); BW predicts
status in males but not females (Morgan et al. (2000);
Riddick et al. (2009)

Nondepressed > Depressed,
Shively et al. (2005)

Body mass index Dom = Sub, Kaplan et al. (2010) Nondepressed > Depressed,
Shively et al. (2005)

Basal cortisol Dom < Sub, Shively et al. (1997); Shively (1998) Nondepressed = Depressed,
Shively et al. (1997, 2005)

% change dex suppression
test

Dom > Sub, Shively et al. (1997); Dom somewhat
greater than Sub (p = 0.10), Shively (1998). Post-Dex
cortisol Dom < Subs, Shively (1998); Kaplan et al.
(2010)

Nondepressed > Depressed,
Shively et al. (1997) (among
subordinates only, depressed
were more affected [had
higher post-Dex cortisol] than
nondepressed); Shively et al.
(2002)

Cortisol R to ACTH Dom < Sub, Kaplan et al. (1986); Shively (1998); Dom
somewhat lower than Sub (p = 0.09), Shively et al.
(1997)

Nondepressed = Depressed in
the Shively et al. (1997) study
(data not reported)

Cortisol R to CRH Nondepressed > Depressed,
Shively et al. (2005)

Ovarian function (χ̄ peak
luteal P4)

Dom > Sub, Shively et al. (1994, 2002); Kaplan et al.
(2010)

Nondepressed > Depressed,
Shively et al. (2002, 2005)

Heart Rate Social status x time interaction in an open field test:
Dom reduce heart rate faster than Sub, Shively (1998)

24 h heart rate: Nondepressed
< Depressed, Shively et al.
(2002, 2005)

Prolactin R to
fenfluramine

Dom = Sub when randomly done with respect to
menstrual cycle, Shively (1998); Dom < Sub early
follicular phase, Shively et al. (1995)

Prolactin R to
haloperidol; CSF HVA

Dom > Sub, Shively (1998); Kaplan et al. (2002)

Tryptophan hydroxylase
raphe nucleus

Dom > Sub OVX, Shively et al. (2003)

5-HT1A receptor BP
limbic system

Dom = Sub: social status not correlated with 5-HT1A
BP, Shively et al. (2006)

Nondepressed > Depressed,
Shively et al. (2006)

D2 receptor BP striatum Dom > Sub, Grant et al. (1998) Nondepressed = Depressed,
Shively et al. (unpublished
data)

Variables Social Status Depression

Bippocampal volume Dom = Sub, Willard et al. (unpublished
data) but only a few cases available to
compare

Nondepressed > Depressed, Willard et
al. (2009); in OVX Willard et al. (2011)

Aggression sent Dom > Sub, Shively (1998) Nondepressed > Depressed, Shively et
al. (2005)

Aggression received Dom < Sub, Shively (1998) Nondepressed = Depressed, Shively et
al. (2005)

Submissions sent Dom < Sub, Shively et al. (1997, 1998) Nondepressed = Depressed, Shively et
al. (2005)
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Variables Social Status Depression

Submission received Dom > Sub, Shively et al. (1997, 1998) Nondepressed = Depressed, Shively et
al. (2005)

Vigilant scanning Dom < Sub, Shively et al. (1997, 1998) Nondepressed < Depressed, Shively et
al. (1997); Nondepressed = Depressed,
Shively et al. (2005)

% time being groomed Dom > Sub, Shively et al. (1997, 1998) Nondepressed = Depressed, Shively et
al. (2005)

% time in body contact Dom < Sub, Shively (1998); Dom=Sub,
Shively et al. (1997)

Nondepressed < Depressed, Shively et
al. (2005)

% time alone Dom < Sub, Shively et al. (1997) Nondepressed > Depressed, Shively et
al. (2005)

Activity level Dom = Sub, Shively (1998) Nondepressed > Depressed, Shively et
al. (2005); activity inversely correlated
with depression, Shively et al. (2008)

% time depressed posture Sub > Dom, particularly Sub with a
history of social subordination, Shively
et al. (1997); social status inversely
correlated with depression, Shively et al.
(2006)

X

Lipids (mg/dl) HDL-C Dom > Sub, Hamm et al. (1983) Nondepressed differ from Depressed in
TPC, HDL-C and fatty acids, Shively et
al. (2005); Chilton et al. (2011)

Coronary artery atherosclerosis Dom < Sub, 2-fold difference, Kaplan et
al. (2002, 2009)

Nondepressed < Depressed, 4-fold
difference, Shively et al. (2008)

Mortality Dom < Sub, Blomquist et al. (2011) Nondepressed < Depressed: depression
was inversely correlated with mortality,
Shively et al. (2005)

*
Note: Data are mean differences between groups of intact adult female cynomolgus monkeys unless otherwise noted.

Empty cells indicate no reports available. Gray boxes highlight characteristics that appear to differ between stressed
monkeys and depressed monkeys. Dom: dominant animals; Sub: subordinate animals; R: response; Dex: dexamethasone;
ACTH: adrenocorticotropin hormone; CRH: corticotrophin-releasing hormone; P4: progesterone; ovx: ovariectomized;
CSF: cerebrospinal fluid; HVA: homovanillic acid; 5-HT1A: Serotonin 1A receptor; BP: binding potential; D2: dopamine
receptor D2; TPC: total plasma cholesterol; HDL-C: high density lipoprotein cholesterol. Sources: Chilton et al., 2011;
Grant et al., 1998; Hamm et al., 1983; Kaplan et al., 2002; Kaplan et al., 2009; Morgan et al., 2000; Riddick et al., 2009;
Shively and Clarkson, 1994; Shively et al., 1995; Shively et al., 2003; Shively et al., 2006; Willard et al., 2009; Willard et
al., 2011.
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