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ABSTRACT 

 

STEPHANIE L. WILLARD 

THE CELLULAR AND MOLECULAR DETERMINANTS OF HIPPOCAMPUS SIZE IN 

A FEMALE MONKEY MODEL OF DEPRESSION 

Dissertation under the direction of Carol A. Shively, Ph.D. 

Professor of Pathology, Section on Comparative Medicine 

 

Alterations in the structure and function of the hippocampus are implicated in the 

pathophysiology of depression, though the cellular and molecular mechanisms 

contributing to those mechanisms are unknown. Reduced hippocampal volume is 

reported in depressed patients, yet the interpretation of human studies is confounded by 

subject heterogeneity. Although the hippocampus is functionally differentiated such that 

the anterior hippocampus is associated with emotional functioning, few human studies 

report separate regional analyses. Moreover, animal models of depression have 

historically been male rodents, and relatively little research has been conducted in 

regard to female depression, despite the 2-fold increased prevalence of depression in 

women and known effects of estrogen in the brain. Detailed evaluations of the 

hippocampus in a nonhuman primate model of depression in which the neurobiology 

more closely resembles that of humans while still allowing experimental control over 

potential confounds would help clarify these issues and further elucidate the 

mechanisms responsible for hippocampal alterations in depression. 
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We have developed an adult female cynomolgus macaque model of depression in 

which the animals display behavioral and physiological characteristics like those of 

depressed humans (Shively et al., 1997; 2002; 2005). In Chapter Two we reported that 

behaviorally depressed adult female monkeys with intact ovarian function have reduced 

anterior but not whole or posterior hippocampal volume postmortem, thus extending 

reports of functional differentiation of the hippocampus to depressed female primates, 

and further associating the anterior hippocampus with mood disorders. In Chapter 

Three, we reported that surgically postmenopausal monkeys exhibit reductions in 

whole, anterior and posterior hippocampal volumes measured in vivo, suggesting a 

protective role for ovarian steroids in hippocampal alterations in depression. In Chapter 

Four, we reported substantial reductions in glia number and extent of neuropil in the 

anterior DG and CA1 of behaviorally depressed female monkeys, suggesting that the 

reduced size of the anterior hippocampus in depressed female primates appears to 

arise from alterations in the numbers of glia and the extent of neuropil, but not the 

numbers of neurons, in CA1 and DG. In Chapter Five, we reported that increased GFAP 

protein and mRNA expression in the CA1 is reciprocally related to the expression of 

postsynaptic proteins that are decreased in the CA1, thus providing evidence of 

astrocyte-mediated impairments in synaptic plasticity.  The design of the present studies 

takes advantage of the well-characterized adult female monkey model of depression 

that more accurately reflects the behavior, physiology and neurobiology of depressed 

women than do rodent models, while also controlling for subject characteristics that vary 

in human studies. In addition, these studies make use of an anatomically sophisticated 

approach in which subregion and layer specific divisions were examined across the 
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entire hippocampus as divided into functional anterior-posterior regions. Moreover, the 

studies presented below employ modern, fully quantitative in vitro and in vivo 

techniques that provide substantial insight into the neurobiology of the depressed 

female brain.  

 



 

CHAPTER ONE 

 

INTRODUCTION 
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Depression is the third leading cause of disease burden worldwide, and is projected by 

the World Health Organization to be the leading cause by 2020 (World Health 

Organization, 2001; 2004a). In the United States, depression has a lifetime prevalence 

rate of 16.6% (Kessler et al., 2005). It is recurrent, with each episode leading to a 

greater likelihood of additional episodes, and resulting in poor rates of remission (Rush 

et al., 2006). Moreover, depression is highly comorbid with numerous medical and 

psychiatric illnesses, worsens comorbid disease outcomes, and is associated with 

increased mortality risk (Cuijpers & Schoevers, 2004; Jackson et al., 2004; Krishnan, 

2003). Given that depression begins early in life and results in substantial role 

impairment in the majority of patients, depression has profound economic ramifications 

(Kessler et al., 2005; Wang et al., 2003; World Health Organization, 2001). This 

economic burden is influenced by both reduced work productivity and substantial health 

care costs due to low quality of life, increased disability and suicidality (Greenberg et al., 

2003). While the number of depressed patients receiving treatment has dramatically 

increased over the past few decades, the economic burden has remained largely the 

same (Greenberg et al., 2003). This is not surprising given that standard 

pharmacotherapy is efficacious in less than half of depressed patients (Nemeroff, 2007). 

As such, depression remains a substantial treatment challenge. 

 

Despite the worldwide prevalence and burden of depression, progress toward 

understanding the various mechanisms involved in its pathophysiology has been slow 

compared with other prevalent disease states, owing largely to the challenge of 

assessing the living brain. Noninvasive neuroimaging technology has provided some 
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insight into neural mechanisms, but currently does not allow an investigation of 

mechanisms at the cellular and molecular level. Moreover, depression is a whole-body 

disease that is heterogeneous in manifestation, subjectively diagnosed, and often 

accompanied by alterations in most of the major physiological systems. Although 

depression is common in both sexes, it is twice as prevalent in women as in men; 20% 

of reproductive-aged women will experience clinically significant depression (Lopez et 

al., 2006; WHO, 2004b). Most animal models of depression have been males, and 

relatively little research has been conducted in regard to female depression. In order to 

develop more effective treatment strategies, a better understanding of the adult female 

brain in depression is needed. Thus, our ability to uncover the mechanisms of 

depression will depend on neurobiological investigations in appropriate sex-specific 

animal models of depression that reflect the complexity of this disease. 

 

1.1  The Path Towards Understanding the Neurobiological Underpinnings of 

Depression 

Although Hippocrates first described and attempted to treat depression over 2000 years 

ago (Oltmanns and Emery, 2007), our understanding of the neurobiology of depression 

remains at an infantile stage. Treatment for depression throughout the centuries was 

largely ineffective and included such crude methods as blood-letting by leeches, 

imprisonment and heavy opioid-sedation, insulin-induced comas, and lobotomy 

(Oltmanns and Emery, 2007). In the 1950’s, hydrazide compounds given to tuberculosis 

patients were observed to have euphoric and mood-raising properties (Chessin et al., 

1957), and the antihistamine chlorpromazine when given  schizophrenic patients was 
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reported to contain antipsychotic properties (Slattery et al., 2004). Laboratory studies 

conducted around the same time confirmed that hydrazide compounds inhibit 

monoamine oxidases (MAOs) thus increasing serotonin (5-HT), and that tricyclic 

compounds such as imipramine (derivative of chlorpromazine) blocked uptake of both 

serotonin and noradrenaline (Hertting et al., 1961; Zeller and Barsky, 1952). These 

observations resulted in the serendipitous discovery of the first effective antidepressant 

pharmacotherapies and the development of the first empirically-derived neurobiological 

explanation of depression, the catecholamine hypothesis (Lopez-Munoz et al., 2007; 

Schildkraut, 1965).  

 

The catecholamine hypothesis posited that depression resulted from a deficiency in 

noradrenaline and serotonin. While this discovery was indeed a breakthrough in 

neuropsychiatric research, early MAO-inhibitors (MAOIs) and tricyclic antidepressants 

(TCAs) were minimally effective and had numerous side effects, many of which were 

life-threatening (Lopez-Munoz et al., 2007). Nevertheless, these drugs were considered 

the “gold standard” of antidepressant efficacy until the early 1980’s when selective 

serotonin reuptake inhibitors (SSRIs) were introduced (Judd, 1998). SSRIs quickly 

became the most prescribed antidepressants, thus shifting the focus of the 

catecholamine hypothesis towards 5-HT deficiency. SSRIs proved more tolerable than 

TCAs and MAOIs, but not necessarily more effective (Slattery et al., 2004). Moreover, 

the therapeutic effects of SSRIs take weeks to occur, and then diminish over time. Even 

so, SSRIs remain the treatment option of choice to this day, despite the observation that 

less one-third of depressed patients respond to them (Trivedi et al., 2006). Since the 
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discovery of SSRIs, newer pharmaceutical agents have proven no more effective, and 

progress towards understanding the pathophysiology of depression has greatly stalled. 

As will be discussed below, we now know that monoamines are only a small piece of 

the depression puzzle, and that uncovering the other pieces will require employing new 

experimental strategies. Until we truly understand the biological basis for the disease, 

treatment options will remain inadequate and depression will continue to increase in 

prevalence and economic burden.  

 

1.1.1  Diagnosis of Depression 

When investigating the pathophysiological underpinnings of depression, it is important 

to consider that the disease is complex and heterogeneous in manifestation. The 

Diagnostic and Statistics Manual of Mental Disorders, 4th Edition, text revision (DSM-IV-

TR) characterizes four major subtypes within the depression syndrome, including Major 

Depressive Disorders (MDD), Bipolar Disorders (BPD), Mood Disorder Due to a 

General Medical Condition, and Substance-Induced Mood Disorder (American 

Psychiatric Association, 2000). Within each subtype, there are several further 

subgroups based on symptoms, time of onset and course of illness. MDD, otherwise 

known as unipolar depression, is the most common of the four major subtypes (World 

Health Organization, 2004a). According to the DSM-IV-TR, MDD is diagnosed by the 

presence of one or more major depressive episodes (MDE), as described in Table 1.1 

(American Psychiatric Association, 2000).  
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Table 1.1. Diagnostic criteria for Major Depressive Episode1 

A. Five or more of the following symptoms have been present during the same 2-week period, 
represent a change from previous functioning, and persist most of the day, nearly every day. 
At least one symptom must be (1) depressed mood, or (2) loss of interest or pleasure.  

(1) depressed mood 
(2) markedly diminished interest/pleasure in usual activities 
(3) significant weight loss OR gain when not dieting; significant decrease OR increase in    
appetite 
(4) insomnia OR hypersomnia 
(5) psychomotor agitation OR retardation 
(6) fatigue/loss of energy 
(7) feelings of worthlessness, excessive/inappropriate guilt 
(8) diminished ability to think/concentrate, indecisiveness 
(9) recurrent thoughts of death, suicidal ideation/attempt 

B. The symptoms do not meet criteria for a Mixed Episode. 
C. The symptoms cause clinically significant distress or impairment in social/occupational 
functioning. 
D. The symptoms are not due to direct effects of a substance or general medical condition. 
E. The symptoms are not better accounted for by Bereavement, do not persist for longer than 
2 months or are characterized by marked functional impairment, morbid preoccupation with 
worthlessness, psychotic symptoms. 

1American Psychiatric Association, 2000. 

 

The symptom diagnosis pool for MDD is almost twice that of the number of symptoms 

that must be present for a diagnosis, and many of the symptoms may be present in one 

direction or the other including increased or decreased appetite, weight, sleep, and 

motor activity (American Psychiatric Association, 2000), resulting in patients with a wide 

variety of symptom profiles (Rush, 2007). For many clinicians, this results in diagnostic 

ambiguity as the boundaries between depression and other DSM-IV-TR disorders are 

often nor clear enough to establish the most appropriate treatment regime (Hyman, 
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2010). Moreover, the diagnostic criteria are largely based on subjective measures and 

do not reflect known pathological alterations. This lack of clear and objective diagnostic 

criteria strongly emphasizes the need to further our understanding of the neurobiology 

of depression by charting new experimental territory.   

 

1.1.2  The Neurocircuitry of The Depressed Brain 

The symptomology of depression suggests that brain regions regulating mood, anxiety, 

attention, motivation, social interaction, neurovegetative function, and stress responses 

may be dysregulated (American Psychiatric Association, 2000). These brain regions 

include the orbital, ventral, medial and dorsal prefrontal cortices (PFC), dorsal, rostral 

and subgenual anterior cingulate cortices (ACC), amygdala, hippocampus, insular 

cortex, ventral striatum, medial thalamic nuclei, hypothalamus and brainstem (Bennett, 

2011; Maletic et al., 2007; Mayberg et al., 1999; Ongur and Price, 2000; Ongur et al., 

2003; Price and Drevets, 2010). Structures within the “limbic” system (amygdala, 

hippocampus, anterior thalamus, hypothalamus, cingulate cortex) were the first to be 

implicated as a circuit in regulating emotional expression (MacLean, 1949; Papez, 

1937). More recent observations from imaging and histopathological studies in both 

depressed patients and animal models suggest that the amygdala and hippocampus 

are highly interconnected with the ACC and regions of the PFC, and thus form an 

integrated PFC-limbic circuit that regulates emotional behavior related to fear, anxiety, 

mood, learning and contextual memory processes (Figure 1.1; Carmichael and Price, 

1995; Drevets, 1998; Mayberg et al., 1999; Price and Drevets, 2010). Motivational 

aspects of emotional behavior are modulated via reciprocal connections between the 
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PFC-limbic circuit and the ventral striatum, and the medial thalamus relays cortical 

information to subcortical structures within the PFC-limbic circuit (Bennett, 2011). 

Moreover, this network has outputs to visceral control areas in the hypothalamus, thus 

modulating autonomic and neuroendocrine function in relation to emotion (Price and 

Drevets, 2010). Disrupted reciprocal connectivity within this circuitry may be central to 

depression, as evidenced by neuroimaging studies in depressed patients (Drevets, 

Figure 1.1. The neurocircuitry of depression. Emotiona

2000; Mayberg et al., 1999; Taylor and Liberzon, 2007).  

l behavior is regulated by a 
highly interconnected circuit formed between limbic regions (amygdala, hippocampus, 
anterior cingulate cortex (ACC), insula) and the prefrontal cortex (PFC). The medial 
thalamus relays information from cortical to subcortical structures, and the PFC-limbic 
circuit has reciprocal connections with the ventral striatum by which emotional behavior 
is modulated. The PFC-limbic circuit regulates visceral function through its connections 
with the hypothalamus and brainstem. Lower activity in regions regulating cognitive 
capacities might result in the dysregulation of regions controlling affective capacities. 
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Studies of regional blood flow in MDD patients suggest hyperactivity in the ventrolateral 

and ventromedial PFC, subgenual ACC and amygdala, and hypoactivity in the 

dorsolateral and dorsomedial PFC, as well as the dorsal and rostral ACC compared with 

controls (Figure 1.1; Drevets, 1998; Taylor and Liberzon, 2007). Increased activity in 

the ventral PFC is associated with greater sensitivity to pain, anxiety, and depressive 

thoughts, whereas decreased activity in the dorsolateral PFC is associated with deficits 

in executive function, attention, and working memory, as well as psychomotor 

retardation. Furthermore, a loss of connectivity between the amygdala, hippocampus 

and ACC might result in an inability of the ACC to negatively regulate emotion (Anand et 

al., 2005; Whittle et al., 2005). The observed differences in activity suggest that dorsal 

areas (cognitive capacities) are less capable of inhibiting ventral areas (affective 

capacities) in MDD patients (Drevets, 1998; Taylor and Liberzon, 2007).  

 

1.1.3  Hippocampal Volume in Depression 

 in the pathophysiology of depression, given The hippocampus has long been implicated

the central role it plays in bridging circuits that regulate limbic, cognitive and 

neuroendocrine functions, including the hypothalamic-pituitary-adrenal (HPA) axis. As 

mentioned above, the hippocampus maintains close connectivity with the amygdala, 

PFC, ACC, and hypothalamus, and is instrumental in mood and emotion regulation via 

these connections (Drevets, 1999). Learning and memory are specifically regulated by 

hippocampal circuitry, and deficits in these functions often accompany depression 

(Austin et al., 2001). In addition, the hippocampus has been the focus of much 

pharmacotherapy research, as disruptions in 5-HT neurotransmission known to occur in 
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depression involve the hippocampus. Moreover, the hippocampus is also the principal 

site of adult neurogenesis, and activation of 5-HT1A receptors in the hippocampus leads 

to increased neurite outgrowth and cell survival (Fricker et al., 2005). This ultimately 

leads to increased hippocampal neurogenesis, which is thought to be the final 

therapeutic effect of certain antidepressants (Duman et al., 2001; Jacobs, 2002; 

Santarelli et al., 2003).  

 

The hippocampus is a highly plastic structure that is easily prone to changes induced by 

environmental stimuli (McEwen and Margarinos, 2001). In particular, the hippocampus 

contains a large concentration of glucocorticoid (GC) receptors, making it especially 

vulnerable to the effects of stress. HPA axis dysfunction, including the inability to 

suppress increased GC production in response to stress, may occur in depressed 

patients (Holsboer and Barden, 1996). As the hippocampus plays a major role in the GC 

negative feedback loop of the HPA axis, chronically elevated GC levels due to 

insensitivity to negative feedback could lead to hippocampal atrophy (Sapolsky, 2000). 

Indeed, elevated GC levels have been associated with reduced hippocampal volume 

(Czeh and Lucassen, 2007; Sapolsky, 2000). Numerous MRI studies have investigated 

hippocampal volume in depressed patients. These studies are complicated by the 

heterogeneous characteristics of the subject pool, with variations in age, gender, age at 

onset of illness, comorbidities, drug and alcohol use, current depression versus 

remission, prior antidepressant exposure, treatment response, and number, duration, 

and severity of depressive episodes, all of which are associated with hippocampal 

volume (Ballmaier et al., 2008; Campbell et al., 2004; Neumeister et al., 2005; Videbech 
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and Ravnkilde, 2004). Nevertheless, meta-analyses demonstrated that, despite 

substantial subject heterogeneity, methodological differences, and incongruent results 

among human studies, hippocampal volume is consistently reduced bilaterally in 

depressed persons compared to age and sex-matched controls (Campbell et al., 2004; 

Koolschijn et al., 2009; Videbech and Ravnkilde, 2004), with an average volume 

reduction in the left and right hippocampus of 8% and 10%, respectively (Videbech and 

Ravnkilde, 2004). The degree of hippocampal reduction is associated with the number 

and duration of untreated MDEs (Sheline et al., 2003). Compared to healthy controls, 

first episode MDD patients have reduced hippocampal volume (Cole et al., 2011), and 

patients with recurrent MDD continued to exhibit smaller hippocampal volume even after 

remission. These observations suggest that a smaller hippocampus may predispose to 

depression, and might even be a trait characteristic of MDD (Neumeister et al., 2005). 

Controlled studies using animal models support an association between hippocampal 

volume and mood-related behavior. Hippocampal volume reductions have been 

observed in male rodents in response to chronic corticosterone exposure (Murray et al., 

2008) and in association with anxiety-related behavior (Kalisch et al., 2006). Likewise, 

chronic psychosocial stress results in decreased hippocampal volume in male tree 

shrews (Ohl et al., 2000). 

 

1.1.4  Functional Heterogeneity of the Hippocampus 

ntiated along its anterior-posterior The hippocampus is reported to be functionally differe

axis such that the anterior hippocampus functions primarily in mood and emotional 

processing, whereas the posterior hippocampus is implicated specifically in memory 
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(Bannerman et al., 2004; Colombo et al., 1998; Moser et al., 1993; Strange and Dolan, 

1999; Van den Hove et al., 2006). Evidence for this stems largely from lesion studies in 

rodents, neuron labeling studies in nonhuman primates, and imaging studies in humans. 

The anterior hippocampus of the primate corresponds to the ventral hippocampus of the 

rodent, whereas the posterior hippocampus of the primate corresponds to the dorsal 

hippocampus of the rodent. Moser et al. (1993) showed that aspirate lesions in the 

dorsal hippocampus of the rodent disrupted spatial learning in the Morris water maze, 

but lesions in the ventral hippocampus had no such effect.  In a subsequent study, 

Moser and colleagues (1995) made bilateral neurotoxic lesions to the dorsal 

hippocampus of the rodent, leaving fiber pathways intact, and observed the same 

spatial learning deficits as in their previous study. These observations suggested that 

the observed behavioral effects were due to differences in functions regulated by the 

different hippocampal regions, and not fiber tracts passing through the dorsal 

hippocampus. Similarly, human imaging studies reported that posterior hippocampal 

volume was greater and anterior hippocampal volume smaller in London taxi drivers 

compared to healthy controls (Maguire et al., 2000). Not only does this implicate the 

posterior hippocampus in spatial memory, but provides further evidence that the 

hippocampus is highly plastic and can respond accordingly to environmental demands.   

 

In support of this hypothesis of functional heterogeneity, Richmond et al. (1999) showed 

that cell loss restricted to the dorsal hippocampus had no effect on conditioned freezing 

behavior, a measure of anxiety and fear dimensions of emotionality. However, lesions in 

the ventral hippocampus disrupted the acquisition and expression of this behavior. In 
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addition, Van den Hove et al. (2006) demonstrated that 5-HT1A binding was lower in the 

ventral hippocampus of four week old rats whose mothers were exposed to restraint 

stress during gestation compared to rats whose mothers were left undisturbed. Since 

levels of 5-HT1A binding were not different between groups in the dorsal hippocampus, 

and 5-HT1A receptors are implicated in the modulation of emotion, these results support 

the notion that the anterior hippocampus functions preferentially in the regulation of 

emotion. 

 

These observations are supported by the neuroanatomical relationships that exist 

between the anterior hippocampus and other primary brain areas known to function in 

depression. In contrast to the posterior hippocampus, the anterior hippocampus 

maintains close apposition and connectivity to the amygdala and hypothalamus (Amaral 

and Lavenex, 2007; Jacobsen and Sapolsky, 1991; Petrovich et al., 2001; Pitkanen et 

al., 2000). In addition, neuron labeling studies in rhesus monkeys showed that rostral 

(anterior) hippocampal regions had afferent and efferent connections to the medial, 

dorsal and orbital PFC, whereas the posterior hippocampus does not (Barbas and Blatt, 

1995). The pattern of projection to the medial PFC arose largely from the anterior cornu 

ammonis (CA)1 subregion of the hippocampus. This implies that the anterior CA1 in 

primates may regulate visceral control areas, since the medial PFC is characterized by 

outputs to the hypothalamus. Although most human volumetric studies do not detail 

separate investigations of the anterior and posterior hippocampus, volume reductions 

were recently observed in the anterior hippocampus of depressed patients versus 

controls (Ballmaier et al., 2008; Malykhin et al, 2010). Interestingly, most studies do not 
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control for hormone levels in female participants, even though volume changes in the 

anterior hippocampus are associated with menstrual cycle phase in women 

(Protopopescu et al., 2008).  

 

1.1.5  Hippocampal Neuroanatomy 

e hippocampus, it is important to note that the term 

he largely unidirectional circuitry of the hippocampal formation begins in the EC. The 

EC is composed of five layers, and cells originating from Layers II and III send 

Before discussing the anatomy of th

“hippocampus” is often used in place of “hippocampal formation,” as will be observed 

throughout this document. Comparative neuroanatomists Amaral and Lavenex (2007) 

have studied and described the anatomy of this region in great detail through a series of 

publications over the past few decades. They refer to nomenclature used by Ramon y 

Cajal and Lorente de Nó, whose regional delineations remain largely accurate today. 

According to Amaral and Lavenex (2007), the hippocampal formation is comprised of 

the entorhinal cortex (EC), dentate gyrus (DG), hippocampus proper (CA1, CA2, CA3), 

and subicular complex (subiculum, parasubiculum, presubiculum). They include these 

regions in their definition of the hippocampal formation because they are linked by 

unique and unidirectional functional pathways. Although there are functional, 

topographical and size differences between the hippocampii of rodents, nonhuman 

primates and humans, the basic architecture is common to all three species. The 

anatomy of the macaque hippocampal formation is depicted in Figure 1.2 and 

described below according to Amaral and Lavenex (2007).  

 

T
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projections to the DG as part of the perforant path, which is the major hippocampal input 

pathway. The principle cells of the DG do not project back to the EC, but instead give 

rise to axons called mossy fibers that terminate onto pyramidal cells in the CA3. While 

CA3 pyramidal cells do project onto the CA3 through associational connections, the 

CA3 does not project back onto the DG, but instead connects onto pyramidal cells in the 

CA1 via Schaffer collateral axons. CA1 projects largely to the subiculum, and not back 

to CA3. The subiculum and CA1 then project onto the EC, completing the circuit.  

Figure 1.2. Hippocampal neuroanatomy. The hippocampal formation is comprised of 
distinct subregions and layers. The dentate gyrus contains three layers: molecular 
(MOL), granule cell (GCL) and polymorphic cell (POL) layers. The proximal CA3 

the alveus emerge as the fimbria.  

consist solely of a pyramidal cell layer (PCL). The distal CA3, CA2 and CA1 consist 
of four layers each: stratum oriens (SO), PCL, stratum radiatum (SR) and stratum 
lacunosum moleculare (SLM). The distal CA3 also contains the stratum lucidum (SL). 
The majority of hippocampal afferents originate in the entorhinal cortex, whereas 
most of the efferents arise from the subiculum. Efferent and afferent fibers traveling in 
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o

consist primarily of four layers. The granule cell layer (GCL) of the DG contains densely 

packed granule neurons that extend their dendritic arborizations into the relatively cell-

free molecular layer that is located superficial to the hippocampal fissure. Fibers from 

Layer II of the EC project along the perforant path to synapse within the molecular layer 

of the DG, as described above. Mossy fibers from of the granule neurons travel through 

the polymorphic layer of the DG to synapse in the stratum lucidum of the CA3 onto the 

apical dendrites of CA3 pyramidal neurons. The polymorphic layer contains both 

glutamatergic neurons and GABAergic interneurons that receive collaterals from the 

Mossy fibers as they move through the layer. Although the stratum lucidum exists solely 

within the CA3, all CA fields otherwise consist of the same multilaminate structure. The 

pyramidal cell layer (PCL) of the CA fields contains pyramidal neurons that extend their 

basal dendrites into the cell sparse stratum oriens, which is deep to the PCL. The 

pyramidal neurons project the proximal portion of their apical dendrites into the adjacent 

cell sparse stratum radiatum, whereas the distal portion extends to the more superficial 

molecular layer, the stratum lacunosum moleculare. The stratum oriens and the stratum 

radiatum also contain Schaffer collaterals passing from CA3 to CA1, as well as 

associational connections within CA3. The stratum lacunosum moleculare receives 

input directly from EC fibers, with Layer II projecting to CA3 and CA2, and Layer III 

projecting to CA1. The subiculum also contains a PCL, but since it does not receive 

projections from CA3, it lacks a stratum radiatum. The molecular layer superficial to the 

PCL of the subiculum receives afferents from CA1 and Layers III and V of the EC. 

hile the EC contains a laminar structure, the DG and CA1 regions are also comprised

f distinct layers (Figure 1.2). The DG contains three layers, whereas the CA regions 
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Recently, Witter (2007) reported that the CA3 exhibits functional heterogeneity along its 

proximodistal axis, with the proximal portion being closest to the DG and the distal 

portion closer to the CA2. As such, some groups have begun to divide the CA3 into two 

functional regions, thus referring to the portion contained within the blades of the DG as 

the proximal CA3 and the portion distal to the DG as distal CA3. 

 

In primates, there are two major fiber pathways for the hippocampal formation, the 

angular bundle and the fimbria-fornix pathway. The angular bundle is interposed 

between the EC and subicular complex, and it the main path taken by the ventral EC to 

all rostrocaudal levels of all hippocampal subregions. The perforant path component of 

the angular bundle contains the EC projections travelling to the DG and CA subregions, 

and is the primary way that neocortical inputs reach these subregions. The fimbria-

fornix pathway is the major route for subcortical afferent and efferent connections with 

the hippocampal formation, largely via the alveus, which also contains intrinsic fibers. 

The fibers of the alveus are topographically organized along the rostrocaudal (anterior-

posterior) axis of the hippocampal formation, and thicken into the fimbria. At the caudal 

level, the fimbria arises bilaterally from the hippocampal formation, moves medially, 

arches back rostrally, and then merges to form the fornix. The fornix contains fibers that 

target primarily caudal regions of the hippocampal formation, and carries those fibers to 

and from subcortical structures such as the hypothalamus, and brainstem regions such 

as the raphe nuclei, where 5-HT cells are located.  
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1.2  Proposed Mechanisms of Hippocampal Volume Reduction in Depression  

The exact mechanisms underlying alterations in hippocampal volume in depression are 

not known. Several mechanisms are purported to contribute to volumetric changes 

including increased apoptosis of neurons or glia, decreased neurogenesis and/or 

gliogenesis, and reduced dendritic branching and spines. Evidence of these cellular 

echanisms comes from multiple studies including the observation that increasing 

ise, CA3 pyramidal neuron loss was 

ported in male rodents in response to restraint stress (Mizoguchi et al., 1992), and in 

ocially stressed and ulcerated (gastric) male vervet monkeys (Chlorocebus aithiops) 

m

hippocampal neurogenesis appears to be important for some of the therapeutic effects 

of antidepressants (Sahay and Hen, 2007). Likewise, elevated GC levels in rodent 

stress models have been associated with suppressed neurogenesis in the dentate 

gyrus, reduced gliogenesis, increased apoptosis, dendritic retraction and reduced 

dendritic spines (Czeh and Lucassen, 2007; McEwen, 2005; Sapolsky, 2000; Sapolsky 

et al., 1990). These cellular alterations and the molecular mechanisms influencing these 

alterations are described in detail below. 

 

1.2.1  Neuronal Atrophy 

The first reports of neuronal alterations in the hippocampus stemmed from studies in 

which male rodents were exposed to chronic GCs or repeated stress. As mentioned 

previously, the hippocampus is densely populated with GC receptors, which makes it 

particularly vulnerable to the effects of stress (i.e. increased GC levels). Sapolsky et al. 

(1985) and Clark et al. (1995) reported that male rodents exposed to high levels of GCs 

exhibited pyramidal neuron loss in the CA3. Likew

re

s
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(Uno et al., 1989). In the latter study, the subjects died spontaneously, were presumably 

an hippocampus in depressed subjects. This 

uggests that alterations in neuropil, here defined as dendrites, proximal axons, and 

esses that surround neuron cell bodies, may contribute more 

socially subordinate and showed evidence at necropsy of hyperplastic adrenal cortices, 

suggesting sustained GC release. Interestingly, neuron loss was not observed in 

socially stressed and ulcerated female monkeys. Human studies investigating neuronal 

atrophy are few. Although apoptosis is thought to be the mechanism by which GC-

induced cell death occurs, cell counting and in situ-end labeling for DNA fragmentation 

and apoptosis in postmortem depressed human hippocampus found no cell death and 

only minor evidence of apoptosis in the DG, CA1 and CA4 (corresponds to proximal 

CA3), but not distal CA3 (Lucassen et al., 2001). Similarly, Muller et al. (2001) found 

that depressed patients with or without GC treatment exhibited no differences in 

hippocampal neuron number compared to controls. Alternatively, Stockmeier et al. 

(2004) reported that neuronal density was increased and neuron soma size was 

decreased in all subregions of the hum

s

glial cells and their proc

than neuron number to hippocampus size in depression. Although informative, all of the 

studies discussed above were conducted using semi-quantitative methods that relied on 

cell densities estimated in few sections. This is problematic in that the resulting outcome 

measures were biased by changes in cell size and volume of the hippocampus. Indeed, 

Sapolsky et al. (1985) reported reduced CA3 cell size in rodents with chronic GC 

exposure, and Stockmeier et al. (2004) reported reduced neuron soma size in the 

hippocampus of depressed patients, thus biasing their results. In addition, studies in 

animal models using unbiased stereological methods failed to find hippocampal cell loss 

19 
 



after stress or prolonged GC exposure. For example, chronic administration of GCs to 

pigtailed macaque (Macaca nemestrina) in the absence of stress did not result in 

hippocampal neuron loss when measured using unbiased stereology (Leverenz et al., 

1999).  

 

A more consistent finding in animal studies is the atrophy of neuronal processes in 

response to stress or GC exposure. Psychosocial stress in tree shrews and restraint 

stress in rats results atrophy of CA3 pyramidal neuron apical dendrites (Magarinos et 

al., 1996; Woolley et al., 1990). Similarly, Sousa et al. (2000) showed that high levels of 

GCs resulted not only in retraction of CA3 apical dendrites, but also to a lesser extent 

retraction of DG granule and CA1 pyramidal dendrites. This study also reported a 

reduction in the number of mossy fiber-CA3 synapses, similar to the effects observed by 

Sandi et al (2003) in rats exposed to restraint stress. Likewise, Tata et al. (2006) found 

that chronically elevate GCs resulted in a 40% reduction of total synapse number, and a 

25-40% reduction in dendrite length in the neuropil layers of the CA3. In addition to 

measuring dendritic branching, assessment of microtubule associated protein 2 (MAP2) 

can also be used to address dendritic integrity. MAP2 aids in dendritic stability by 

associating with microtubules, and is enriched in dendrites (Harada et al., 2002). 

Chronic unpredictable mild stress reduced MAP-2 expression in the hippocampus of 

male rodents (Yang et al., 2009), and high doses of GCs administered to male rodents 

resulted in reduced MAP2 immunostaining in the CA1 and DG (Cereseto et al., 2006). 

Human microarray data suggests downregulation of MAP-2 in MDD (Duric et al., 2012), 

but in situ hybridization of MAP2 in hippocampal sections from mixed mood disorder 
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patients (MDD + BPD) was similar to controls (Law et al., 2004). Although, dendritic 

atrophy appears to be reversible after removal of the stressor or treatment with 

antidepressants, suggesting that 1) antidepressants may confound human studies of 

MAP2, and 2) dendritic alterations may be a form of structural plasticity that has 

nctional consequences (Duman, 2009; Magarinos et al., 1996; McEwen, 1999). fu

 

Further evidence of neuronal atrophy comes from assessments of synaptic integrity in 

response to stress. Synaptophysin (SYN), a synaptic vesicle membrane protein, is often 

used as a marker of presynaptic function (Evans et al., 2005). Thome et al. (2001) 

found that acute and chronic stress decreased SYN mRNA in all subregions of the 

hippocampus of male rodents compared to controls. Learned helplessness in male 

rodents reduced SYN-immunostaining in the CA3 (Reines et al., 2008; Sifonios et al., 

2009), while restraint stress and chronic unpredictable stress reduced expression of 

SYN protein in the rodent hippocampus (Xu et al., 2004; Zhao et al., 2012). Presynaptic 

deficits suggest perturbed synaptic function, which raises the question of whether 

postsynaptic elements are altered as well. Postsynaptic density 95 (PSD-95) is a 

scaffolding protein that is highly enriched in the postsynaptic domain of synapses, and 

is known to function in synapse stabilization and plasticity (El-Husseini et al., 2000). As 

such, PSD-95 is considered a marker of postsynaptic function, and limited evidence 

suggests that PSD-95 is altered in response to stress or chronic GCs. PSD-95-

immunostaining was reduced in the DG and CA3 of male rodents in response to chronic 

GCs (Cohen et al., 2011), and learned helplessness resulted in reduced PSD-95-

immunostaining in the CA3 of male rodents (Reines et al., 2008; Sifonios et al., 2009). 

21 
 



Only two studies have investigated either SYN or PSD-95 in human depression. Muller 

et al. (2001) reported no differences between MDD patients and controls in SYN 

immunoreactivity (Muller et al., 2001), and no differences between MDD patients and 

controls were observed in PSD-95 expression in the postmortem DG (Toro and Deakin, 

2005). All of the subjects in these studies were taking antidepressants at the time of 

eath. As mentioned above for MAP2, antidepressants have been shown to reverse or d

prevent SYN and PSD-95 deficits in rodent stress studies (Reines et al., 2008; Sifonios 

et al., 2009), suggesting that antidepressants might mask synaptic alterations in human 

postmortem tissue.  

 

Given the alterations in synaptic markers described above, it’s not surprising that 

reduced numbers of dendritic spines are reported in rodent models of depression, such 

as learned helplessness (Hajszan et al., 2009). This effect, however, is complicated by 

sex differences. Early ultrastructural studies showed that spine density in the CA1 

fluctuates across the rodent estrous cycle, with the highest density occurring during 

proestrus when estrogen levels peak (Woolley et al., 1990). Similarly, estrogen 

treatment in ovariectomized rats resulted in increased spine density on apical and basal 

dendrites of CA1 pyramidal neurons (Gould et al., 1990). Spinophilin, a protein that is 

highly enriched in dendritic spines, interacts with actin to influence the formation, 

maintenance and morphology of dendritic spines (Feng et al., 2000). Administration of 

estradiol in ovariectomized monkeys increased spinophilin-immunoreactive spines in 

the CA1 (Hao et al., 2003), as well as tissue levels of spinophilin in the CA1 as 

measured with radioimmunocytochemistry (Choi et al., 2003). Whereas acute stress 
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increases spine density in the CA1 of male rodents, stress prevents the estrogen-

mediated increase during proestrus in female rodents (Shors et al., 2001). Conversely, 

estrogen appears to protect chronically stressed female rodents from the dendritic 

retraction observed in CA3 pyramidal neurons in males (Galea et al., 1997). As 

mentioned previously, depression is twice as prevalent in women as in men. Given that 

estrogen has a synaptogenic effect in the hippocampus like that of antidepressants 

(Hajszan et al., 2005; Woolley and McEwen, 1992), estrogen may influence behavioral 

and synaptic responses to stress and depression in ways that clearly would not occur in 

males. Thus, unraveling the neurobiology of depression depends on the use of sex-

pecific animal models.   s

 

1.2.2 Altered Neurotrophin Signalling 

A well-known effect of stress in the hippocampus is decreased adult neurogenesis. 

Stress is a prominent regulator of neurogenesis, and various types of stressors 

employed by rodent models result in suppressed proliferation of cells (Duman, 2004). 

Adult neurogenesis is linked to depressed by the observation that antidepressants 

stimulate adult hippocampal neurogenesis in both humans and rodents, which may be 

necessary for the behavioral effects of some antidepressants (Boldrini et al., 2009; 

Sahay and Hen, 2007; Santarelli et al., 2003). In addition, increased neurogenesis 

requires chronic treatment, and the time course for maturation of new neurons 

corresponds to that of the therapeutic effects of antidepressants (Malberg et al., 2000; 

Ngwenya et al., 2006). Since the proliferation, growth and survival of adult neurons and 

glia are highly regulated by brain derived neurotrophic factor (BDNF), alterated 

23 
 



expression of BDNF and other neurotrophins might contribute to structural alterations of 

the hippocampus in stress and depression. The neurotrophic hypothesis of depression 

posits that environmental stress, via its effects on cytokine and cortisol production, 

decreases levels of BDNF and other neurotrophins critical in maintaining neuronal 

plasticity (e.g. NGF, VEGF, IGF-1, FGF-2). This reduction in neurotrophins impairs 

neuronal branching, synaptogenesis, and neurogenesis (Duman and Monteggia 2006; 

Hayley et al., 2005). In contrast, antidepressants increase levels of BDNF, which may 

lead to neuronal restoration and increased neurogenesis (Nibuya et al., 1995; Duman 

and Monteggia, 2006). Serum levels of BDNF are significantly decreased in depressed 

patients and antidepressant treatment can reverse this effect (Duman and Monteggia, 

006). Similarly, the infusion of BDNF into the rodent hippocampus produced 

a et al., 2002). A role for BDNF in MDD is also 

2

antidepressant-like effects (Shirayam

supported by human postmortem data showing that BDNF expression is decreased in 

depressed suicide patients and increased in patients that were taking antidepressants 

at the time of death (Chen et al, 2001; Dwivedi et al, 2003; Karege et al, 2005). A 

functional polymorphism of BDNF, Val66Met, reduces the production and release of 

BDNF, and has been associated with small hippocampii and poor cognitive function in 

depressed patients (Egan et al., 2003; Frodl et al., 2007).  

 

Mature BDNF exerts its effects by binding to the receptor tyrosine kinase (Trk)B and 

triggering intracellular signalling cascades that result in the activation of cyclic AMP 

response binding element (CREB), a transcription factor that causes the expression of 

genes related to cell proliferation, neurogenesis and mood stabilization (Miller and 
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Kaplan, 2001; Voleti and Duman, 2012). Postmortem human studies showed that 

BDNF-TrkB signaling pathways, including MAPK/ERK and PI3K-Akt, are perturbed in 

depressed patients (Dwivedi et al., 2009). By contrast, proBDNF, the precursor for 

mature BDNF, binds the pan-neurotrophin receptor p75 and elicits apoptosis (Lu et al., 

2005). It is unclear whether there is a deficit of mature BDNF or an over-accumulation of 

proBDNF in depression, though it is conceivable that the interplay between these two 

and the availability of their respective receptors may contribute to structural alterations 

in the hippocampus. What’s more, estrogen may modify BDNF and trkB expression, 

thus illuminating a potential pathway of female-specific susceptibility to depression 

(Sohrabji and Lewis, 2006). 

 

1.2.3  Glial Pathology 

Although typically smaller than neurons, glial cells outnumber neurons 10:1 in the 

human brain (Kettenman and Ransom, 2005), making them the most numerous 

population of cells. In the macaque hippocampus, the glia to neuron ratio ranges 

between 5:1 and 9:1, depending on the subregion (Willard, unpublished observation). 

These ratios suggest that an alteration in number or density of glia might contribute 

more to hippocampus size than alterations in neuron number. There are three main 

pes of glial cells in the brain, astrocytes, oligodendrocytes and microglia, each with ty

specialized roles that contribute to the proper functioning of neurons. Although 

astrocytes are the most abundant, complex and well studied type of glial cell, all three 

types are implicated in depression neurobiology.  
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Astrocytes exist in primarily two forms in the brain, protoplasmic and fibrous. 

Protoplasmic astrocytes have large round nuclei that are larger than other glial cell 

types, and are found primarily in gray matter. In contrast, fibrous astrocytes have 

smaller, ovoid nuclei and predominate in white matter (Miller and Raff, 1984). 

Astrocytes serve many critical functions for neurons, including glucose metabolism. The 

end-feet of astrocytes contain numerous glucose transporters and surround capillaries 

walls in order to facilitate glucose uptake, glucose being the main source of fuel for both 

glia and neurons. Astrocytes also express most types of receptor systems and ion 

channels that are found in neurons, and modulate extracellular levels of glutamate, 

serotonin, dopamine, norepinephrine and other neurotransmitters through specialized 

ansporters on their processes (Verkhratsky et al., 1998). In particular, 90% of 

rs through the glial glutamate transporter (GLT-1 in rodents, and 

ase their expression of glial fibrillary 

cidic protein (GFAP), a cytoskeletal protein that helps maintain the integrity of the 

tr

glutamate uptake occu

excitatory amino acid transporter-2, EEAT-2, in primates), allowing astrocytes to 

metabolize and recycle glutamate (Bezzi et al., 2004; Furuta et al., 2005; Rothstein et 

al., 1994). This is critical for the health of neurons, since high levels of extracellular 

glutamate can lead to neuronal death (Rothstein et al., 1993). Glutamate is converted to 

glutamine by glutamine synthetase within astrocytes, and then glutamine is released 

and taken up by neurons where it is converted to either glutamate or γ-aminobutyric 

acid (GABA) (Pfrieger and Barres, 1997). Moreover, astrocytes regulate N-methyl-D-

aspartic acid (NMDA) receptor activation by producing D-serine, which is important for 

the activation of NMDA receptors (Wolosker et al., 1999). In response to immune 

triggers, astrocytes become “activated” and incre

a
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astrocyte cytoskeleton. Recent evidence suggests that GFAP might contribute to 

astrocyte functions such as neuron-glia interactions and signal transduction pathways, 

yet the exact function of GFAP remains largely unknown (Middeldorp and Hol, 2011). 

Astrocytes also play a role in immune responses by synthesizing and releasing 

inflammatory cytokines and neurotrophins including BDNF (Wang and Bordey, 2008). 

Importantly, sex differences exist in glial cell function, with all glial subtypes containing 

estrogen receptors that enable glial-mediated neuroprotection by estrogen (Dhandapani 

and Brann, 2007). In astrocytes, estrogen inhibits both gene and protein expression of 

GFAP, and increases glial glutamate transporters and glutamine synthetase in the 

hippocampus and hypothalamus (Garcia-Segura and McCarthy, 2004; Pawlak et al., 

2005; Stone et al., 1998). This modulation of glutamatergic neurotransmission can 

result in decreased extracellular glutamate and prevention of neuronal death.  

 

Smaller than astrocytes and with fewer processes, oligodendrocytes exist in two forms 

in the adult brain. Perineuronal oligodendrocytes surround neuronal cell bodies in gray 

matter, and interfascicular oligodendrocytes sheath fibers with myelin in white matter. 

Like astrocytes, oligodendrocytes aid in anti-imflammatory processes by producing both 

neurotrophins and cytokines (Reuss and Unsicker, 2005). Oligodendrocytes also 

express NMDA receptors, allowing them to influence glutamatergic neurotransmission. 

Microglia are even smaller cells, with bean-shaped nuclei and short, ramified processes 

(Banati, 2003), that rapidly activate in response to pathological changes in the brain. 

Resting microglia create a dense network throughout the entire brain, but upon 

activation rapidly change their ramified morphology, proliferate, express neurotrophins 
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and cytokines, and then gradually transform into large macrophages (Banati, 2003). 

Activated perineuronal microglia help remove synapses from injured neurons (Banati, 

2003). While microglia can aid in neuroprotection via neurotrophins and anti-

inflammatory processes, stress and GCs can induce a pro-inflammatory state in 

microglia that results in the release of toxic chemicals that may damage neurons and 

other glia (Boje and Arora, 1992; Chao et al., 1992). Given this balance of function, 

changes in number or size of microglia in diseases such as depression should be 

interpreted with caution. 

 

Many of the glial functions described above are so essential to proper brain functioning 

that impairments in these functions could understandably contribute to the neurobiology 

of depression. The first reports of glial pathology in depression involved the use of Nissl-

stained postmortem human tissue to count glial cells regardless of subtype. Although 

several studies of PFC tissue from depressed patients reported reductions in glia 

number, size and density (Rajkowska and Miguel-Hidalgo, 2007), only one study has 

looked at glia in the hippocampus of depressed patients and found  increased density 

and smaller cell size in specific hippocampal subfields (Stockmeier et al., 2004). This 

study was semi-quantitave using only three sections from the body of the hippocampus, 

thus it cannot be determined whether these findings can be extended to the entire 

hippocampus. Regardless, these results raise the possibility of a reduction in neuropil.  

 

Human depression and animal stress studies have measured astrocytes using 

astrocyte-specific markers, however the degree to which these markers represent 
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actual cell numbers is highly debatable (Middeldorp and Hol, 2011). For example, the 

most commonly used markers GFAP and S100 caclium binding protein (S100)β are 

known to increase and/or decreased in astrocytes in response to stress and disease, 

including depression. In the Wistar-Kyoto rat strain model of depression, GFAP-

immunoreactivity was decreased whereas S100β was increased in the hippocampus 

compared to Sprague-Dawley controls (Gosselin et al., 2009). Nonetheless, GFAP is 

most commonly used to assess astrocyte density and number. Reduced GFAP-

immunoreactive cells were reported in the CA1 and CA2 hippocampal subregions in GC 

eated or MDD patients (Muller et al., 2001). Studies in animal models support this, as 

 

locked by antidepressant treatment (Bal et al., 1997). Likewise, administration of 

tr

psychosocial stress reduces both the number and size of GFAP-immunoreactive 

astrocytes in the hippocampus, effects that were inversely correlated with hippocampal 

volume (Czeh et al., 2006). Interestingly, antidepressant treatment prevented the 

reduction in glia number but not size, suggesting that human reports may be 

confounded by antidepressant treatment at the time of death (Czeh et al., 2006). 

Moreover, elevated circulating levels of S100β were reported in MDD patients, an effect 

that was reversible with antidepressant treatment (Arolt et al., 2003; Schroeter et al., 

2002).  

 

Additional evidence of astrocytic dysfunction comes from studies in which the ability for 

cultured astrocytes to remove extracellular neurotransmitters such as serotonin is

b

certain SSRIs to cultured astrocytes upregulates the expression of BDNF and increases 

glucose uptake by astrocytes (Allaman et al., 2011). In addition, astrocyte ablation in the 
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PFC of rodents in the chronic unpredictable stress model induced depressive behavior, 

and was reversed with antidepressants (Banasr and Duman, 2008; Banasr et al., 2011). 

Magnetic resonance spectroscopy studies showed that MDD patients have altered 

levels of cortical glutamate and GABA (Yildiz-Yesiloglu and Ankerst, 2006). In 

postmortem tissue from MDD patients, mRNA expression of genes encoding for 

glutamine sythetase and glial glutamate transporters were observed to be reduced in 

mood-related cortical regions (Choudary et al., 2005). Similarly, postmortem studies in 

PFC tissue from MDD patients reported alterations in specific NMDA receptor subunits 

(Karolewicz et al., 2005). Correspondingly, lower levels of D-serine in the CA1 were 

associated with impairments in synaptic plasticity and memory in the Flinders Line 

Sensitive rat model of depression compared to Sprague-Dawley controls (Gomez-Galan 

et al., 2012). The reduction in D-serine was also accompanied by reduced protein 

expression of glial glutamate transporters, increased GFAP and increased 

glutamatergic synaptic activity. These results suggest that suppressed astrocytic 

regulation of glutamate neurotransmission is related to astrocyte activation and may 

contribute to the memory dysfunction observed in MDD patients (Gomez-Galan et al., 

2012).  

 

Little work has been conducted in the hippocampus with regard to oligodendrocyte 

alterations in MDD. Alternatively, cortical regions have been the focus of 

oligodendrocyte studies in MDD. Reduced levels of immunoreactive myelin basic 

protein (MBP), a marker for mature oligodendrocytes, was reported in PFC tissue from 

MDD patients (Honer et al, 1999). Regenold et al. (2007) observed reduced myelin 
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staining in the PFC of MDD subjects compared to controls, and Aston et al. (2005) 

reported decreased expression of genes related to oligodendrocyte function in the 

temporal cortex of MDD patients. In addition, numerous diffusion tensor imaging studies 

(DTI) report white matter dysfunction in MDD (Tham et al., 2011). Lower fractional 

anisotropy (FA) values were observed in the frontal gyrus, parietal lobe and temporal 

gyrus (Li et al., 2007; Ma et al., 2007), superior longitudinal fasciculus and anterior limb 

of the internal capsule (Zou et al., 2008), and striatum (Kieseppä et al., 2010) of 

depressed patients. Although these studies suggest that major fiber pathways are 

altered in the brains of depressed patients, further studies are warranted to determine 

the contribution of oligodendrocyte dysfunction to these white matter deficits.  

 

Studies of microglia-specific dysfunction in depression are even fewer. Restraint stress 

and elevated GCs increased proliferation of microglia in the mouse brain (Nair and 

Bonneau, 2006), and antidepressants have been shown to attenuate microgliosis in 

rodent brain as measured with immunoreactivity to the microglia marker, ionized 

calcium binding adaptor molecule (Iba)1 (Hashioka, 2011). In addition, several studies 

suggests that antidepressants inhibit the release of inflammatory cytokines such as 

mor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-10 (Hashioka, 2011). Most of tu

these studies do not distinguish whether the inflammatory cytokines were released from 

microglia or astrocytes.  Even though no studies have been conducted to date that 

suggest reduced microglia numbers in MDD, the evidence described above suggests 

that the pro-inflammatory response in microglia may be involved in the pathophysiology 

of depression.  
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While there is considerable evidence to suggest that glial alterations may contribute to 

depression neurobiology, much work remains to be done in regard to understanding 

glial contributions to depression in females. Recent evidence suggests that glial deficits 

may be sex-specific. For example, maternal restraint stress in mice resulted in reduced 

glia number and density in the PCL of female but not male offspring (Behan et al., 

2011). Given this observation and the previously mentioned regulation of astrocytic 

neuroprotection by estrogen, increasing our understanding of glial alterations as they 

relate to the neurobiology of depression will require the use of appropriate, sex-specific 

animal models.  

 

1.3  The Challenges of Modeling a Complex Disease 

merican Psychiatric Association, 2000), resulting in patients with a wide 

Animal models are evaluated based on their construct, face, and predictive validities 

(McKinney, 1984; Willner, 1984). As such, an ideal animal model is created through the 

same etiologic processes as the human disease being modeled (construct validity), has 

phenotype similarity to the human disease (face validity), and predicts human 

responses to interventions (predictive validity). Developing appropriate animal models of 

depression has proven difficult given the vast heterogeneity in symptomology, causes 

and course of illness, and treatment of human depression. As previously mentioned, 

there are many subtypes within the depression syndrome, and the symptom diagnosis 

pool is nearly twice that of the number of symptoms that must be present for a particular 

diagnosis (Rush, 2007). In addition, many of the symptoms may be present in one 

direction or the other including increased or decreased appetite, weight, sleep, and 

motor activity (A
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variety of symptom profiles. Reproducing such complex depression symptomology in 

animal models is highly challenging, as is assessing the validity of such models when 

diagnosis is subjective and so little is known about the pathophysiology of depression.  

There are several excellent reviews in the recent literature that detail the validity and 

utility of animal models of depression (i.e., Duman, 2010; Krishnan and Nestler, 2010; 

Nestler and Hyman, 2010), thus animal models will be discussed only briefly below. 

    

1.3.1  Traditional Rodent Models 

Historically, animal models of depression have been mostly male rodents in stress 

aradigms that capture behavioral and physiological responses to stress. These models 

d that stress often precipitates 

p

are used for a number of reasons: 1) it is well-establishe

human depression (Kessler, 1997); 2) the depression-like behavior produced by these 

stress paradigms is generally reversed with antidepressants; and 3) rodents are 

inexpensive, have relatively short life spans, and thus provide a fast screening tool for 

novel pharmacotherapies (Duman, 2010; Krishnan and Nestler, 2010; Nestler and 

Hyman, 2010).  

  

Some rodent models are routinely used as pharmacologic screening tools, such as the 

learned helplessness, forced swim and tail suspension tests. These models employ 

acute stress to produce immobility or helplessness phenotypes, both considered forms 

of behavioral despair. Although much has been gleaned from these models in the way 

of understanding monoamine mechanisms of antidepressant action, the ability of these 

models to uncover novel mechanisms in depression may be thwarted by their selectivity 
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for monoamines (Berton and Nestler, 2006; Cryan et al., 2002). Less than half of 

depressed patients respond to the standard pharmacotherapies that were developed 

using these rodent models (Nemeroff, 2007). In addition, some of these models use 

relatively acute stress to invoke an immediate antidepressant response (Berton and 

Nestler, 2006), whereas chronic treatment is necessary to produce a response in 

humans. Unlike the forced swim and tail suspension tests, the learned helplessness 

del roduces a syndrome of physiological endpoints that actually look similar to 

ight loss, decreased activity and motivation, and 

s. For example, chronic mild or unpredictable stress uses physical 

/or social stressors to produce anhedonia, a hallmark feature of 

mo p

human depression, such as we

increased corticosteroids, and the time course to antidepressant response is longer 

(Maier and Watkins, 2005). The degree to which acute stress-induced behavioral 

despair in rodents promotes understanding of the complex etiology and heterogenous 

symptomology of human depression remains an open question.    

  

Given that chronic stress has long been associated with human depression (Kessler, 

1997; Liu and Alloy, 2010), more recent animal model development has utilized chronic 

stress paradigm

stressors and

depression, which can be reversed by chronic, but not acute, antidepressant treatment 

(Willner, 2005). Alternatively, social defeat models use social conflict and the resulting 

social subordination as a means of inducing a depression-like syndrome that may 

include anhedonia, reduced social interaction, metabolic abnormalities, and suppression 

of hippocampal neurogenesis, and these effects can last weeks to months after the 

removal of the stressor (Duman, 2010; Van Bokhoven et al., 2011). The anhedonia and 
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social withdrawal in these defeat models are reversed by 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 allows for the study 

of why some populations are resilient to stress whereas others are at risk, as is 

observed in humans (Charney, 2004; Krishnan et al., 2007). Thus, these chronic stress 

models hold the potential to provide greater mechanistic insight than traditional drug-

screening models, given their ability to model more naturalistic stress-induced 

depression-like behavior.   

  

Invaluable insights into the neurobiology of depression have been provided by rodent 

stress models, however the limitations to validity and utility of these models for human 

depression are well recognized (Nestler and Hyman, 2010). New models that capture 

rent aspects of the complex etiology and heterogenous symptomology of more and diffe

human depression are needed. More in-depth investigations of mechanisms underlying 

the complex pathophysiology of depression would benefit substantially from the 

development of sex-specific animal models that closely resemble human physiology, 

neurobiology and behavior.  

  

1.3.2  The Importance of Sex Differences  

Traditionally, most rodent stress models use only males, although 1) depression is twice 

as common in women, 2) response to antidepressant therapy may be gender-specific, 

and 3) human sex differences are reported in the function and morphology of mood-

related brain regions (Gorman, 2006; Maller et al., 2007; Marcus et al., 2005). As 
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described above, estrogen has profound effects on the brain in response to stress, and 

these effects may be central to the neurobiology of depression in females. The higher 

incidence of female depression is not lost on rodent researchers; many are limited by 

the low levels of aggression characteristic of female rodents (Palanza et al., 2001). 

Indeed, some groups have recently attempted to apply stress models of depression to 

female rodents, with varying degrees of success (Dalla et al., 2010; Schmidt et al., 

2010; Ter Horst et al., 2009). Emerging evidence indicates that rodent neurobiological 

and behavioral responses are sex-specific in some of the commonly used paradigms, 

learned helplessness, chronic mild stress, social defeat, and the forced 

 particular have proven advantageous for modeling human 

ely and Clarkson, 2009). Macaques are small enough to house and 

vasively image effectively. They have 95% 

including the 

swim test (Dalla et al., 2010; Ter Horst et al., 2009; Trainor et al., 2011). This evidence 

suggests that some of these paradigms may be less appropriate for female rodents, 

research on male animals in these models may not generalize to women, and other 

animal models are needed to elucidate mechanisms of female depression.   

 

1.3.3  Attributes of Nonhuman Primates That May Be Valuable to Depression Research 

Nonhuman primates offer the unique opportunity to translate between basic and clinical 

science. Macaque species in

disease (Shiv

handle easily, yet large enough to nonin

overall genetic coding sequence identity to humans (Magness et al., 2005), and are 

more similar to humans in multiple physiological systems than are rodents. Importantly 

for sex-specific disease processes, female macaques have a true menstrual cycle like 

women in which the endometrium is shed, unlike rodents which absorb the 
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endometrium during the estrous cycle. In macaques, the length and associated 

hormone fluctuations of the menstrual cycle are likewise similar to women, thus 

providing an ideal model for investigating the relationship between depression and 

ovarian steroids. Finally, the macaque brain is far more similar to that of the human in 

terms of cortex elaboration, nuclear organization, connectivity patterns, and overall 

evolutionary conservation of functional areas (Amaral and Lavenex, 2007; Hofman, 

1989; Preuss, 1995; Wise, 2008). Rodent models of depression have focused on the 

hippocampus as it is stress-responsive. However, cortical areas, particularly the 

prefrontal cortex, anterior cingulate, and subgenual cingulate cortex appear to be 

critically involved in human depression. These are well represented in the macaque 

brain but not present or only rudimentarily defined in the rodent brain (Preuss, 1995; 

Wise, 2008). This neuroanatomical difference limits the translation between the 

neurobiology of stress models of depression in rodents and the neurobiology of 

epression in primates.  d

  

Recently Perera and colleagues reported the results of a small study of 6 adult female 

bonnet macaque (Macaca radiata) behavioral responses to social isolation stress 

(Perera et al., 2011). Briefly, socially-housed macaques were separated from their pen 

mates and socially isolated 2 days/week for 15 weeks; 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 
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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 the utility of this potential model. 

  

Notably, all of the animal models previously discussed induce depressive-like behavior 

by stressing the animal. Thus, the effects of stress are not separable from the 

depression-like behavior. 

 

1.4  The Adult Female Monkey Model of Depression 

We have developed an adult female nonhuman primate model of depression using 

cynomolgus macaques (Macaca fascicularis) that were wild-caught as adults from a 

purpose-bred free-ranging island colony in Indonesia. In order to approximate typical 

dietary constituents consumed in Western societies, the monkeys are fed a diet 

containing moderate amounts of fat and cholesterol. The monkeys are housed under a 

k cycle in small social groups of 3-5 monkeys, and live in rooms (8-10 m3) 12/12 light/dar

with visual access to the outside that are enriched with perches, barrels and 

manipulanda including mirrors and toys.  

  

When placed in social groups, adult female cynomolgus monkeys quickly organize 

themselves into linear social status hierarchies that are stable over long periods of time 

(Shively and Kaplan, 1991). Social status is evaluated by recording the outcomes of 

aggressive interactions between cage-mates, and has been described in detail 

previously (Shively et al., 1997; 2002). Briefly, the animal to which all other cagemates 
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send submissions is considered first-ranking. The animal to which all other cagemates, 

except the first-ranking animal, send submissions is considered second-ranking, and so 

forth. On average, the first and second-ranking animals are considered dominant, 

ird and fourth-ranking animals are considered subordinate. Compared to 

tes are also hypercortisolemic, insensitive to glucocorticoid 

egative feedback in a dexamethasone suppression test, respond to a standardized 

an dominants, and have poor 

ptivity and the wild. The relationship between 

ation stress and depression is described in more detail below. 

whereas the th

their dominant counterparts, subordinate females receive more aggression, are 

groomed less, are more vigilant, and spend more time alone (Shively et al., 1997; 

Shively, 1998). Subordina

n

stressor with heart rates that recover more slowly th

ovarian function (Kaplan et al., 1986; 2010; Shively et al., 1997; Shively, 1998). As 

such, socially subordinate female cynomolgus monkeys are stressed relative to 

dominant monkeys. While subordinate animals are more susceptible than dominants to 

various disease pathologies, the following discussion focuses on behavioral depression. 

It is important to note here that unlike rodent stress paradigms, stress is not used as an 

experimental manipulation to produce depressive-like behavior in this monkey model. 

Social subordination stress is not an experimental manipulation, but instead a normal 

facet of macaque life that exists in both ca

social subordin

 

1.4.1  Definition and Incidence of Behavioral Depression  

In the late 1980s, we began observing and documenting a behavior displayed by some 

monkeys that was similar to a behavioral phenotype exhibited by maternally-separated 

infant macaques (Harlow and Suomi, 1974). As depicted in Figure 1.3, this “behavioral 
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depression” is operationally defined as a slumped or collapsed body posture, head at or 

below shoulders, in which an animal’s eyes are open, yet the animal lacks interest or 

responsivity to environmental events (Shively et al., 1997; 2005; Suomi et al., 1975).  

the depressed posture (B). The nondepressed monkey responds to the 
photographer, a potential threat, by being alert and attentive, whereas the 

posture, with open eyes in a downward gaze. 
 

Figure 1.3. A nondepressed monkey (A) compared with a monkey displaying 

monkey displaying depressive behavior is inattentive and in a slumped 

The lack of interest and responsivity to the environment may reflect anhedonia similar to 

that observed in the Perera model mentioned above. Behavioral depression in captive 

cynomolgus macaques appears to be spontaneous and not induced by a specific 

experimental manipulation. Details of behavior collection technique and depressive 

classification have been described in detail previously (Shively et al., 1997; 2005). 

Briefly, we have observed and recorded the percent time spent in depressive behavior 
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during weekly observations in a total of 78 adult female monkeys over two experiments, 

with interobserver reliability of at least 92% across studies. All animals exhibit 

behavioral depression at different rates, ranging from never to very often.  Much like 

humans, the incidence of depressive behavior varies among individuals. Thus, the 

behavior can be plotted as a distribution, and that distribution drives the manner in 

which “behaviorally depressed” and “nondepressed” monkeys are characterized. In the 

first experiment (Experiment I), the distribution tended to be bimodal; monkeys either 

did or did not engage in this behavior (Shively et al., 1997). Therefore, those that were 

ever observed in the depressed posture were classified as “behaviorally depressed,” 

and those that never exhibited behavioral depression were characterized as 

“nondepressed.” In the second experiment (Experiment II), percent time spent in the 

depressed posture was more broadly distributed, and was divided into two groups at the 

mean (Shively et al., 2005). Monkeys that fell above the mean were designated as 

“behaviorally depressed,” and those that fell below the mean were designated 

“nond two 

expe 5 of 

36 m 005) displayed depressive behavior.  

 

1.4.2  The Relationship between Depressive Behavior and Social Status 

Following a three-month quarantine, the 42 animals in Experiment I lived in their first 

social groups for 8 weeks, and their second social groups for 26 months (Figure 1.4). 

All social groups were counterbalanced for body weight prior to their formation. Social 

status was determined in their first social groups, and then the constituency of the social 

epressed.”  The incidence of behavioral depression was similar between the 

riments: 16 of 42 monkeys (38%) in Experiment I (Shively et al., 1997), and 1

onkeys (42%) in Experiment II (Shively et al., 2
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groups was changed.  Subordinates (the two bottom ranking monkeys) were housed 

with subordinates, and dominants (the two top-ranking monkeys) were housed with 

dominants. Linear social status hierarchies reformed resulting in four groups: 

Subordinates that had a history of subordination, subordinates that became dominant; 

dominants that became subordinate, and dominants with a history of social dominance. 

Current subordinates were more likely to exhibit depression than current dominants 

(14/23=61% versus 2/19=10%). However, it was subordinates with a history of social 

subordination that were most affected: 83% (10/12) of these monkeys exhibited 

depressive behavior (Figure 1.5). Thus, low social status may increase the risk of 

depressive behavior in subordinate female monkeys. Furthermore, subordinates that 

are most likely to be subordinate, no matter their social environment, appear to be at 

enhanced risk, suggesting that some inherent characteristic of these individuals also 

contributes to their depression risk.  
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Figure 1.4. Experimental design of Experiments I and II. Following a three-
e placed in their first social 

groups (n53–5/group) and linear social status hierarchies were formed (initial 
social status). During social group reorganization, group constituencies were 
changed such that dominants were housed with dominants and subordinates 
housed with subordinates. Liner social status hierarchies reformed (current 
social status) in the second social groups. Half the monkeys that were 
dominant in the first social group became subordinate in the second social 
group and half the monkeys that were subordinate in the first social group 
became dominant in the second social group. The other half of the dominant 
and subordinate monkeys maintained their initial social status in the second 
social group (Shively et al., 1997, 2005). 

 

  

month quarantine in single cages, monkeys wer
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Figure 1.5. A history of social subordination increases risk of depression. 
Social group reorganization resulted in four groups: current subordinates that 
had a history of social subordination, current subordinates with a history of 

The  the 

obse ften 

preci also 

inversely related to socioeconomic status in depressed humans (Adler and Rehkopf, 

2008; Lorant et al., 2003). For persons of lower socioeconomic status, this relationship 

may be mediated by inadequate personal resources such as coping style, self-esteem, 

social dominance, current dominants with a history of social subordination, 
and current dominants with a history of social dominance. Current 
subordinates were more likely to exhibit behavioral depression than current 
dominants (14/23561% vs. 2/19510%). However, it was subordinates with a 
history of social subordination that were most affected: 83% (10/12) of these 
monkeys exhibited depressive behavior (Shively et al., 1997). 

 
increased risk of depressive behavior in subordinates is not surprising given

rvation that subordinate animals are stressed, and that stressful events o

pitate depression in humans (Kessler, 1997). Rates of depression are 

44 
 



and locus of control, as well as the presence of ongoing life stressors, poor social 

support, low education level, and insufficient access to health care (Adler and Rehkopf, 

2008; Lorant et al., 2003). These observations suggest that characterization of 

individual differences in personality variables might explain some of the variance in 

depressive behavior in the nonhuman primate model. While depressive behavior is 

more common in socially-housed subordinate females, many subordinates do not 

display depressive behavior, and some dominants do. Like humans and other species, 

there seems to be individual variation in resilience within the monkey model. Taken 

together, these results suggest that there is indeed a relationship between social 

subordination stress and depression, yet they are not the same constructs, as socially 

subo and 

neuro ).  

 

1.4.3

Expe ses. 

Durin  the 

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

rdinate and behaviorally depressed monkeys are behaviorally 

biologically distinguishable (Shively et al., 2005; Shively and Willard, submitted

  Housing Considerations 

riment II (Figure 1.4) included 36 monkeys and was divided into three pha

g Phase 0 the animals were housed in single cages for 12 months, in Phase 1

social groups were systematically reorganized similar to Experiment I 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. While depression 

did occur in single cages, it did not predict depression in later social groups, suggesting 

that monkeys responding to social isolation with depression are different from those that 

become behaviorally depressed in social situations. This may also indicate that the 
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behavioral and physiological antecedents of depression are not the same for socially-

isolated and socially-housed individuals, and that housing condition should be carefully 

considered when studying depressive behavior in primates.  

 

1.4.4  Predictors of Depression 

In Experiment I, heart rates were recorded while the animals were in single cages, just 

prior to being placed into social groups. The monkeys that later exhibited depression in 

social groups had higher overnight heart rates while in single cages compared to those 

that never exhibited depressive behavior (Shively et al., 2002). In Experiment II, the 

monkeys lived in single cages for a year throughout Phase 0. During this time, monkeys 

that subsequently became behaviorally depressed in Phase 1 social groups had 

decreased circulating insulin-like growth factor-1 (IGF-1) concentrations, lower activity 

vels, decreased cortisol secretion in a corticotropin-releasing hormone (CRH) 

l plasma cholesterol (TPC) and the ratio of TPC:high 

le

challenge test, and higher tota

density lipoprotein (HDL) cholesterol concentrations. None of these characteristics were 

associated with depressive behavior during Phase 0 (Shively et al., 2005). As such, 

monkeys that become behaviorally depressed can be distinguished physiologically from 

those that do not become behaviorally depressed.  

 

1.4.5  Body Composition 

Diagnostic criteria for human depression subtypes reflect the heterogeneity of this 

prevalent disorder by including such criteria as an increase or a decrease in appetite, 

weight, and physical activity. It appears that the relationship between body mass and 
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depression in humans is U-shaped, with the leanest and heaviest patients being the 

most depressed (de Wit et al., 2009). Behaviorally depressed monkeys have 17% lower 

body weight, and 20% lower body mass indices than nondepressed female cynomolgus 

onkeys (Shively et al., 2005). By comparison, body weight is unrelated to social status 

 (Kaplan et al., 2002; 2010).   

keys have menstrual cycles that are similar in length and 

m

in female cynomolgus macaques

 

1.4.6  Ovarian Function  

As mentioned previously, depressive disorders occur in women at nearly twice the rate 

of men, particularly during the reproductive years (Gorman, 2006; Kessler, 2003). 

Depression is associated with changes in reproductive system function (Spinelli, 2005), 

which suggest an important role for ovarian steroids in this disease. Primary ovarian 

insufficiency, characterized by 4 or more months of amenorrhea, is associated with an 

increased lifetime risk of major depression (Schmidt et al., 2011). However the nature of 

the relationship between depression and lack of ovarian cyclicity remains to be 

elucidated. In addition, women are more likely than men to respond to stress with 

depression (Maciejewski, 2001), perhaps due in part to the ovarian steroid modulation 

of stress responsivity in brain systems that mediate mood (Goldstein et al., 2010; 

Shansky, 2009; Ter Horst et al., 2009).  

 

Female cynomolgus mon

hormonal fluctuations to those of women, and thus provide an ideal model in which to 

study the relationship between depression and ovarian steroids (Figure 1.6A). Peak 

progesterone values during the luteal phase of the menstrual cycle reveal the quality of 
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Figure 1.6. Characteristics of behaviorally depressed monkeys. Compared 
with nondepressed monkeys, peak luteal phase progesterone levels are 

function; behaviorally depressed monkey have chronically elevated heart 
rates around the clock (B) signifying autonomic dysfunction; and the ratio of 

depressed monkeys (C) indicating a greater imbalance of fatty acids in the 
circulation. *p<0.05. (Chilton et al., 2011; Shively et al., 1997, 2002, 2005). 

 

the menstrual cycle, with high values indicating the occurrence of ovulation, and 

lowvalues indicating impaired or no ovulati

lower in behaviorally depressed monkeys (A) suggesting impaired ovarian 

the sum of circulating ω-6 to ω-3 fatty acids is higher in behaviorally 

on. Socially subordinate females have low 

s (Kaplan et al., 2010) which may be a factor in their 

menstrual cycle (Adams et al., 1985) suggesting that behaviorally depressed monkeys 

peak progesterone concentration

increased risk of depression. Low peak progesterone concentrations are also 

characteristic of behaviorally depressed monkeys, indicating impaired ovarian function 

in these animals (Shively et al., 2002; 2005). Cynomolgus monkeys with low luteal-

phase progesterone levels also produce less estrogen during the follicular phase of the 
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with low peak progesterone levels are likely estrogen-deficient. During a cycle in which 

peak progesterone is low, menses may still occur. Thus, depressed women may exhibit 

normal patterns of menstrual cyclicity, but still be deficient in ovarian steroids, 

increasing their risk of comorbidities such as coronary heart disease and osteoporosis.   

Ovarian steroids have been shown to affect antidepressant efficacy, which is evidenced 

by a number of studies reporting age-related gender differences in response to various 

pharmacotherapies (Bigos et al., 2009). Women respond differently than men to tricyclic 

antidepressants (TCAs) and selective serotonin reuptake inhibitors (SSRIs) (Kornstein 

et al., 2000; Young et al., 2009). Similarly, premenopausal women respond differently 

than  al., 

2005 ent 

thera t of 

prem 05). 

Thes acy, 

which nergic 

eurotransmission in female macaques (Bethea et al., 2002). Given the ability to track 

postmenopausal women to both TCAs and SSRIs (Pae et al., 2009; Thase et

). In postmenopausal depressed women, administration of hormone replacem

py in addition to an SSRI markedly improves antidepressant efficacy to tha

enopausal women (Cohen et al., 2005; Schneider et al., 1997; Thase et al., 20

e results suggest an important role for ovarian function in antidepressant effic

 is not surprising since estrogen has been shown to modulate seroto

n

menses and determine ovarian steroid concentrations over long periods of time, as well 

as the observation that behaviorally depressed monkeys have reduced serotonin-1A 

receptor (5-HT1A) binding potential like depressed women (described below) (Shively et 

al., 2006), the female monkey model of depression would be a useful model system for 

studying mechanisms of subclinical ovarian dysfunction in depression and 

antidepressant efficacy.  
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Figure 1.7. Hypothalamic–pituitary–adrenal (HPA) axis. (A) The core central 
nervous system stress response system consists of the hypothalamus, pituitary, 
and adrenal cortex. In response to stress, the hypothalamus secretes corticotropin-
releasing hormone (CRH), which leads to the secretion of adrenocorticotropin 
(ACTH) from the pituitary, and this in turn triggers the secretion of cortisol from the 

and peripheral tissues to regulate key stress-related functions. Cortisol also 
activates glucocorticoid receptors along the HPA axis (gray arrows), resulting in 

subsequent cortisol secretion. CRH release is centrally mediated by the amygdala 
and the hippocampus. Although activation of the amygdala promotes the stress 

receptors in the hippocampus as part of the HPA negative feedback loop (gray 
arrows) results in feedback inhibition of CRH and suppression of subsequent 

nondepressed monkeys in a CRH challenge test, as indicated by the average 
cortisol area under the

adrenal cortex (black arrows). Cortisol activates glucocorticoid receptors in neural 

feedback inhibition of subsequent CRH and ACTH release, which reduces 

response by stimulating CRH release (white arrow), activation of glucocorticoid 

cortisol production. (B) Behaviorally depressed monkeys secrete less cortisol than 

 curve (AUC). (C) Behaviorally depressed monkeys are 
insensitive to glucocorticoid negative feedback, with reduced suppresion of cortisol 
in response to a dexamethasone suppression test (DST) compared with 
nondepressed monkeys. *p<0.01 (Shively et al., 1997; 2005). 
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1.4.7  Hypothalamic-Pituitary-Adrenal (HPA) Axis Function 

The HPA axis is the central neuroendocrine stress response system. Briefly, the HPA 

axis (Figure 1.7A) is activated by the secretion of CRH from the hypothalamus in 

response to stress. This leads to the secretion of adrenocorticotropin (ACTH) from the 

pituitary, which in turn triggers the secretion of glucocorticoids from the adrenal cortex. 

Glucocorticoids then activate glucocorticoid receptors in target tissues located 

throughout the periphery and the brain, to regulate key stress-related functions including 

immunity and neural plasticity. Glucocorticoids also activate glucocorticoid receptors 

along the HPA axis, resulting in feedback inhibition of subsequent CRH and ACTH 

release. CRH release is centrally mediated by the amygdala and the hippocampus, two 

neural structures whose function and morphology are implicated in the pathophysiology 

of  
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 mood and anxiety disorders. While activation of the amygdala via thalamic and

rtical inputs promotes continuation of the stress response by stimulating CR

lease, activation of glucocorticoid receptors in the hippocampus as part of the HPA

gative feedback loop results in feedback inhibition of CRH. Over time, chronic

posure to stress may result in HPA dysfunction at various levels along the axis,

rticularly in regions densely populated with glucocorticoid receptors (Sapolsky et al., 

92), and these dysfunctions are well-established in a number of stress-related

sease states, including depression (Pariente and Lightman, 2008). HPA axis

sfunction is not surprising in depression given that stress often precipitates

pression (Kessler, 1997). Indeed, stressed socially subordinate females exhibit

rturbations in HPA axis function (Shively et al., 1997; 1998; Kaplan et al., 2010). 

arious manifestations of HPA dysfunction are reported in depressed humans, the 
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degree to which appears to depend upon depression subtype and severity (Pariente 

been shown to be a function of endogenous CRH hypersecretion and the resulting 

and Lightman, 2008).  

  
Similar to depressed humans, HPA axis function is altered in behaviorally depressed 

monkeys. Unlike their nondepressed counterparts, behaviorally depressed monkeys are 

insensitive to glucocorticoid negative-feedback as determined in a dexamethasone 

suppression test (DST), with a greater cortisol response to dexamethasone as well as 

an inability to suppress cortisol in response to dexamethasone suppression (Figure 

1.7C) (Shively et al., 1997; 2002). Given that the HPA negative feedback loop is 

centrally mediated by the hippocampus, these results indicate hippocampal dysfunction. 

Insensitivity to glucocorticoid negative feedback promotes sustained high levels of 

cortisol, and chronically elevated glucocorticoids in brain areas rich in glucocorticoid 

receptors such as the hippocampus can lead to significant remodeling and even atrophy 

in those regions (McEwen, 2005; Sapolsky, 2000). There are no differences between 

behaviorally depressed and nondepressed monkeys in cortisol levels in response to an 

ACTH challenge test (Shively et al., 1997; 2005), indicating that adrenal HPA function is 

normal in behaviorally depressed monkeys. However, behaviorally depressed monkeys 

have lower cortisol responses to a CRH challenge test than nondepressed monkeys 

(Figure 1.7B), and tended to have lower ACTH levels in response to the CRH test, 

though this latter difference did not reach significance (Shively et al., 2005). These 

results suggest that behaviorally depressed monkeys may have reduced sensitivity to 

CRH and are hypocortisolemic in response to CRH challenge. Similarly in depressed 

humans, exogenous CRH administration leads to a blunted ACTH response, which has 
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desensitization of pituitary CRH receptors (Gold et al., 1986; Heim et al., 2001; 

Holsboer et al., 1986). Whether these alterations in HPA axis function predispose one to 

depression, or are the consequence of a depressed state remains to be determined.  

 

1.4.8  Autonomic Function  

On average, behaviorally depressed animals maintain higher heart rates throughout the 

day (measured over 24 hours) than nondepressed animals (Shively et al., 2002; 2005), 

suggesting that autonomic function is perturbed in behaviorally depressed monkeys 

(Figure 1.6B). This may be indicative of impairments in autonomic balance, and is 

consistent with the observation that behaviorally depressed monkeys are less capable 

of suppressing HPA responses to stress, as evidenced by the insensitivity to 

glucocorticoid negative feedback. Increased heart rate is also characteristic of 

depressed humans (Carney et al., 2005; Lahmeyer and Bellur, 1987; Nabi et al., 2010), 

and is associated with markedly increased coronary heart disease (CHD) risk compared 

to healthy controls (Carney et al., 2002; Musselman et al., 2008; Rudisch and Nemeroff, 

2003).  

 

1.4.9  Cardiovascular Disease Risk 

Increased heart rate is also associated with increased coronary artery atherosclerosis 

(CAA) in monkeys (Kaplan et al., 1987). Indeed, depression is closely, positively 

correlated with CAA in the female monkey model, and monkeys have nearly four times 

the plaque area of their nondepressed counterparts (Shively et al., 2008; 2009). 

Moreover, behaviorally depressed female monkeys are dyslipidemic, with higher TPC 
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and lower HDLC than nondepressed monkeys (Shively et al., 2005). While the literature 

is mixed regarding the direction of relationship between cholesterol and depression in 

humans, some studies suggest that low HDLC may be characteristic of long-term 

epression (Lehto et al., 2008), and perhaps more prevalent in depressed women than 

Zhang et al., 2005). Altered lipid metabolism has been 

eurobiological Characteristics 

ompared to rodents, the macaque brain is far more similar to that of the human in 

connectivity patterns, and overall evolutionary 

tomography (PET), we found reduced 5-HT1A receptor binding potential in behaviorally 

d

men (Chen et al., 2001; 

purported to be a mechanism at play in the relationship between depression and CHD 

(Grippo and Johnson, 2002). Behaviorally depressed female monkeys also have altered 

circulating serum fatty acid profiles, with a higher ratio of ω-6 to ω-3 fatty acids (Figure 

1.6C), and higher ω-6 fatty acid levels (Chilton et al., 2011). An imbalance among ω-3 

and ω-6 fatty acids in humans is likewise associated with depression (Freeman et al., 

2006; Wolfe et al., 2009), as well as coronary heart disease risk (Iso et al., 2006). Taken 

together, these observations provide further evidence supporting the validity of using 

this monkey model for studies aimed at revealing the mechanisms underlying the 

relationship between depression, autonomic function and cardiovascular disease. 

 

1.4.10  N

C

terms of nuclear organization, 

conservation of functional areas (Amaral and Lavenex, 2007; Hofman, 1989; Preuss, 

1995; Wise, 2008). As such, this monkey model of depression is advantageous for 

furthering our understanding of the neurobiology of human depression. We have 

observed that behaviorally depressed monkeys exhibit similar neurobiological 

perturbations as those observed in depressed humans. Using positron emission 
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depressed compared to nondepressed animals (Shively et al., 2006). This reduction 

was observed across eleven areas bilaterally, including the raphe nucleus, amygdala, 

hippocampus, and anterior cingulate cortex, and appeared to be linearly related to 

depression severity (Figure 1.8). Likewise, decreased 5-HT1A binding potential has 

been reported in multiple brain areas in both currently depressed and remitted humans, 

indicating that this characteristic reflects a trait marker of depression (Bhagwagar et al., 

2004; Drevets et al., 1999; Sargent et al., 2000). Reduced 5-HT1A binding potential was 

inversely correlated with telemetered heart rate as well as atherosclerotic extent in 

behaviorally depressed monkeys (Shively et al., 2009), which provides evidence to 

support a relationship between serotonergic deficits and autonomic dysfunction in 

depression. 
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Figure 1.8. Serotonin (5-HT)1A receptor binding potential in behaviorally 
depressed monkeys. (A) 5-HT1A receptor binding potential is reduced in 
behaviorally depressed compared with nondepressed monkeys. In this group 
of 18 monkeys from Experiment II, the distribution of depressive behavior 
was divided into tertiles, such that one group of monkeys never displayed 
behavioral depression (nondepressed, n56), one group displayed behavioral 
depression in 25–74% of the months (mid-depressed, n56), and one group 
displayed behavioral depression in 75% or more of the months (high-
depressed, n55). Distribution volume ratio5 (ROI % injected dose/c.c. 
tissue)/(cerebellum % injected dose/c.c. tissue). *p<0.05 (Shively et al., 
2006) 
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1.4.11  Behavioral Characteristics 

Given the extensive differences in neural structure and function between behaviorally 

depressed and nondepressed monkeys, perhaps it is not surprising that behavioral 

differences extend well beyond the occurrence of depressive behavior. Behaviorally 

depressed monkeys spend more time in body contact with conspecifics, and less time 

alone than their nondepressed counterparts (Shively et al., 2005). In addition, 

behaviorally depressed animals are far less active than nondepressed animals, as 

indicated by a significant reduction in percent time locomoting (Shively et al., 2005), and 

an inverse correlation between depression and percent time locomoting (Shively et al., 

2008). The relationship between body composition, activity levels, and time spent in 

body contact is intriguing. While human depression is often characterized by social 

withdrawal, the majority of depressive behavior in these animals was recorded while 

they were in physical contact with others. On the surface this might appear 

contradictory; howev

beha sed 

monk ay 

bene tion, 

beha  to 

envir ing 

behavior of another monkey close by to warn of environmental threats. In this way, 

phys  for behaviorally depressed 

animals.   

 

er, physical contact may provide valuable resources for 

viorally depressed monkeys. As mentioned above, behaviorally depres

eys are relatively lean and less active than nondepressed monkeys, and thus m

fit from the warmth generated by close physical proximity to others. In addi

viorally depressed monkeys are by definition relatively unresponsive

onmental stimuli, and as a consequence might use the startle and orient

ical contact may be an adaptive, purposeful behavior
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1.4.12  Mortality 

The distribution of percent time spent behaviorally depressed was divided into quartiles 

(n=9 per quartile) and mortality over the course of Experiment II was examined (Shively 

et al., 2005). Zero to two monkeys died prior to the end of the study in each of the three 

lowest quartiles of behavioral depression. However, 5/9 or 56% of the animals died out 

of the most behaviorally depressed quartile. Although complete gross and histological 

pathology evaluations were done, in some cases while physiological abnormalities were 

identified, causes of death were not clear. Increased mortality (not including suicide) is 

also associated with major depression in humans (Kouzis et al., 1995; Michaud et al., 

2001).  

 

1.4.13  Summary of the Adult Female Monkey Model of Depression  

Depression is a prevalent, costly and poorly understood disease. Advancement in 

understanding and treating depression requires the development of new animal models.  

The adult female monkey model of depression has many characteristics in common 

with the physiology, neurobiology and behavior of human depression. Like depressed 

human beings, behaviorally depressed female cynomolgus monkeys have reduced 

body mass, HPA axis disturbances, autonomic dysfunction, increased cardiovascular 

disease risk, reduced hippocampal volume, altered serotonergic function, decreased 

activity levels, and increased mortality (Table 1.2). They also have low ovarian steroid 

concentrations, even though they continue to have menstrual cycles. While this type of 

ovarian dysfunction has not been reported in depressed women and is difficult to 

entify, it may be key to understanding the high prevalence of depression in women. id
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       Table 1.2 

monkeys* 
Characteristics of depressed adult female cynomolgus 

• Low body mass indices 
• Impaired ovarian function 

• Poor suppression in DST 
• Hypocortisolemic to CRH 
•
• Exacerbated CAA 
• Dyslipidemia 
• High ratio of ω-6 to ω-3 fatty acids 
• Decreased 5-HT1A binding potential 

• Normal cortisol to ACTH 

 High heart rate 

• Smaller hippocampus 
• More time in body contact 
• Less time alone 
• Less active 
• Increased mortality 

*Compared to nondepressed adult female cynomolgus monkeys. 

suppressions test; CRH: corticotropin-releasing hormone; CAA: 
coronary artery atherosclerosis; 5-HT1A: serotonin-1A receptor. 

  

Different social environmental challenges, such as isolation versus subordination, may 

elicit the depressive response in some animals and not others, suggesting individual 

differences in sensitivity to specific environmental stressors. Depressive behavior is 

more common in socially subordinate monkeys, but the behavior and neurobiology of 

subordinates is different than that of behaviorally depressed monkeys, suggesting that 

stress and depression are related yet separate constructs (Shively and Willard, 2012). 

Due to the similarities in central nervous system structure and function betwe

ACTH: adrenocorticotropin hormone; DST: dexamethasone 

en 

cynomolgus monkeys and humans, the ability to differentiate between stressed and 
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d sed populationepres s, and that the depressive behavior is naturally occurring, the 

nonhuman del of depression 

with g ard. 

 

It is re  depression is similar to a particular type (or 

types) of human depression. In humans, a number of depressive disorders and their 

subtyp he presentation of a wide variety of symptoms 

(American Psychiatric

that of  for a diagnosis, and many of the 

sympt r the other, such as increased or decreased 

appetite, weight, sleep, and motor activity. However, given this heterogeneity in 

symptomology of human depression, what we know of depression in monkeys to date 

suggests epressed 

patients nd may 

have slee itation. One of 

istent clinical features of melancholic depressed patients is a particular 

 primate model of depression represents a new animal mo

reat promise for moving the field forw

  

asonable to consider whether monkey

es are diagnosed based on t

 Association, 2000). The symptom diagnosis pool is almost twice 

 the number of symptoms that must be present

oms may be present in one direction o

 some similarity to major depression with melancholic features. D

with melancholic features have major depression and anhedonia, a

p disturbances, weight loss, and psychomotor retardation or ag

the most cons

pattern of HPA dysfunction (Carroll et al., 1981; Gold and Chrousos, 2002). Melancholic 

depressives have an insensitivity to glucocorticoid negative feedback, and hypersecrete 

CRH, resulting in a blunted ACTH response to exogenous CRH (Gold and Chrousos, 

2002). This pattern of HPA dysfunction is similar to that of behaviorally depressed 

female monkeys. Given that behaviorally depressed monkeys also have low body 

weight, reduced activity, and are generally unresponsive to environmental stimuli, the 

female monkey model of depression may approximate depression with melancholic 
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features. Moreover, slumped body posture and downcast gaze like that observed in 

behaviorally depressed monkeys are common manifestations of psychomotor 

retardation in melancholic depressed humans (Sobin et al., 1998). Further studies of 

g behaviors and other features of melancholic depression are sleep, anxiety, eatin

warranted in the monkey model.  

  

Another approach to understanding the heterogeneity in depression symptomology is to 

consider that depressed persons experience a range of life events, and that these 

varied experiences might differentially contribute to specific depression characteristics. 

HPA axis function is thought to change over time, and vary among individuals with 

regard to number and duration of depressive episodes, as well as exposure to acute 

versus prolonged stress (Gold and Chrousos, 1985; Parker et al., 2003). For example, 

adverse early life experiences are associated with heightened vulnerability to stress and 

increased risk of mood disorders, effects that are mediated by HPA axis function (Heim 

et al., 2001; McCauley et al., 1997). Women with a history of child abuse without adult 

depression have increased ACTH response to CRH (Heim et al., 2001). Alternatively, 

depressed women with a history of child abuse have reduced cortisol levels and lower 

ACTH in response to a CRH challenge, indicating pituitary insensitivity to CRH (Heim et 

al., 2001). These results suggest that adverse early life events contribute to a greater 

HPA sensitivity to stress and increased vulnerability for depression in adulthood. The 

pattern exhibited by depressed women with a history of abuse is similar to that 

displayed by behaviorally depressed monkeys, although the reduced ACTH response to 

CRH challenge did not reach significance in behaviorally depressed monkeys. It is 
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interesting to note that social subordination stress exposure begins early in life for 

subordinate monkeys, since cynomolgus macaques assume the social status of their 

mothers at birth. Given that depressive behavior is more common in subordinate 

females, perhaps early life adversity results in an HPA axis sensitivity that predisposes 

subordinates to increased vulnerability for depressive behavior. 

  

In conclusion, this nonhuman primate model of depression distinguishes between 

stressed and depressed populations, is sensitive to social environmental characteristics, 

and includes individuals at enhanced risk of depression. Unlike rodent models, the 

stress of social subordination is not an experimental manipulation but instead a normal 

facet of macaque life that exists in both captivity and the wild. As such, the etiology of 

behavioral depression in this model may be more relevant to the etiology of human 

depression than the experimentally-manipulated stress of rodent models. Moreover, 

behaviorally depressed monkeys exhibit numerous multi-system physiological, 

neurobiological and behavioral characteristics like that of depressed humans, many of 

which cannot be evaluated in rodent models. While the female monkey model appears 

to have good face and construct validity, we are currently investigating the model’s 

predictive validity through studies of commonly prescribed antidepressant treatments on 

depressive behavior. Though the female monkey model has been under study for 20 

years, there are a number of characteristics of the model yet to be explored that may 

enrich our understanding of human depression and lead to new avenues for therapeutic 

intervention. 
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1.5  Synthesis 

Depressive disorders constitute a severe global crisis, with incredibly high rates of 

prevalence, comorbities and economic burden. Our lack of knowledge about the 

pathophysiology of depression is reflected by our inadequate means of treating the 

disease. Over the past few decades, substantial mechanistic insight into the 

f depression has been gleaned from rodent stress studies. Although the 

pisodes, are all associated with hippocampal volume (Ballmaier et al., 

008; Campbell et al., 2004; Neumeister et al., 2005; Videbech and Ravnkilde, 2004).  

neurobiology o

data from preclinical stress models are compelling, the degree to which stress 

responses in animal models are relevant to human depression remains controversial. 

Moreover, animal models of depression have historically been males, and relatively little 

research has been conducted in regard to female depression, despite the 2-fold 

increased prevalence of depression in women and known effects of estrogen in the 

brain. In order to develop more effective treatment strategies, a better understanding of 

the neurobiology of depression in females is needed. 

 

The hippocampus is implicated in the pathophysiology of depression, and alterations in 

hippocampal volume in human depression are reported in numerous in vivo MRI 

studies. However, the interpretation of findings from both in vivo and postmortem 

human studies is complicated by the vast subject heterogeneity that is typical of human 

studies. Subject characteristics including age, gender, age at onset of illness, 

comorbidities, drug and alcohol use, current depression versus remission, prior 

antidepressant exposure, treatment response, and number, duration, and severity of 

depressive e

2
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The hippocampus is functionally heterogeneous as the anterior hippocampus plays a 

 and synaptic complexity, and not 

ecessarily changes in cell proliferation or apoptosis (Reif et al., 2006; Lucassen et al., 

 

larger role in mood and emotion-related functioning than does the posterior 

hippocampus (Moser and Moser, 1998). Most human volumetric studies do not detail 

separate investigations of the anterior and posterior hippocampus or control for 

hormone levels in female participants, even though volume alterations in the anterior 

hippocampus are associated with menstrual cycle phase in women (Protopopescu et 

al., 2008). 

 

The exact mechanisms underlying reduced hippocampal volume in depression are not 

known. Several mechanisms are purported to contribute to volumetric changes, and 

recent clinical and preclinical evidence (Czeh et al., 2006; Stockmeier et al., 2004; 

Santarelli et al., 2003; McEwen, 2005) suggest that hippocampus volumetric reductions 

are likely due to changes in glial number and dendritic

n

2001; Muller et al., 2001; Balu and Lucki, 2008). Detailed evaluations of the entire 

hippocampus in a nonhuman primate model of depression in which the neurobiology 

more closely resembles that of humans while still allowing experimental control over 

potential confounds would help clarify these issues and further elucidate the cellular 

mechanisms responsible for hippocampus volume reductions in depression. 

 

We have developed an adult female cynomolgus macaque model of depression in 

which the animals display behavioral and physiological characteristics like those of 

depressed humans (Shively et al., 1997; 2002; 2005). Cynomolgus macaques have
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menstrual cycles like those of women in length and hormone fluctuations, and the 

macaque hippocampus more accurately reflects the nuclear organization and 

connectivity patterns of the human hippocampus than does that of the rat (Amaral and 

Lavenex, 2007). As such, this model is advantageous for furthering our understanding 

of the neurobiology of female depression. 

 

The studies described in the proceeding chapters aim to improve upon the existing 

terature and contribute to a better understanding of the depressed female primate 

 additional 

ritical studies to better understand, prevent, and treat depression in women. 

li

brain. The design of the present studies takes advantage of the well-characterized adult 

female monkey model of depression that more accurately reflects the behavior, 

physiology and neurobiology of depressed women than do rodent models, while also 

controlling for subject characteristics that vary in human studies. In addition, these 

studies make use of an anatomically sophisticated approach in which the subregion and 

layer specific divisions were examined across the entire hippocampus as divided into 

functional anterior-posterior regions. Moreover, the studies presented below employ 

modern, fully quantitative in vitro and in vivo techniques. It is likely that in-depth 

investigations of the cellular and molecular mechanisms that contribute to size 

differences in the anterior hippocampus of depressed female primates would provide 

substantial insight into the pathophysiology of human depression, and guide

c
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Abstract 

Hippocampal (HC) function an have been implicated in the 

pathophysiology of depression. Reduced HC volume has been observed in depressed 

human iation 

of the HC have emotional and 

anxiety-related functioning, and the posterio  portion with memory processing. As such, 

me or 

posterior HC. We used un le, anterior, and posterior 

HC volumes in 12 

spontaneously occurrin mped/collapsed body 

posture with o  stimuli. The 

two grou  cortisol 

levels, social status, estimated age, and body weight. Frozen postmortem HC tissue 

from depressed and nondepressed monkey was serially sectioned and thionin-stained. 

According to established neuroanatomical guidelines and with the aid of Neurolucida 

oftware (MBF Bioscience), every tenth section throughout the extent of the HC was 

a previously implicated in emotional 

d morphology 

s, although the effect is not always significant. Studies of functional different

 revealed that the anterior portion is associated with 

r

asuring whole HC volume may mask differences seen only in the anterior 

biased stereology to measure who

adult female cynomolgus macaques, half of which exhibited 

g depressive behavior defined as a slu

pen eyes, and a relative lack of responsivity to environmental

ps were otherwise matched on circulating estradiol, progesterone, and

s 

s

manually traced and used to reconstruct the 3-D models used to determine volumes. 

Anterior and posterior HC were delineated by the presence or absence of the uncus. No 

significant differences were found between depressed and nondepressed monkeys for 

whole or posterior HC volume, although the average HC volume was 4% smaller in 

depressed than nondepressed monkeys. Anterior HC volumes were significantly smaller 

(15.4%) in depressed compared to nondepressed monkeys. These results indicate that 

reduced volume in the anterior HC, an are
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functioning, may be associated with a depressive phenotype in female cynomolgus 

macaques.   

 

Keywords: behavioral depression, female, hippocampal volume, monkey, nonhuman 

primate 
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Introduction 

Depression is the fourth leading cause of disease burden worldwide (World Health 

rganization, 2001). As less than half of patients respond to standard treatment, 

nding of the underlying neurobiology is needed to generate novel therapeutic 

t that HC volume measured with 

magnetic resonance imaging (MRI) is reduced bilaterally in depressed patients 

(Campbell et al., 2004; Videbech and Ravnkilde, 2004). However, clinical studies of the 

neurobiology of depression are complicated by heterogeneity in age, gender, age at 

onset of illness, comorbidities, drug and alcohol use, current depression versus 

remission, prior antidepressant exposure, treatment response, and number, duration, 

and severity of depressive episodes, and all of these have been shown to differentially 

affect HC volume (Campbell et al., 2004; Videbech and Ravnkilde, 2004; Neumeister et 

al., 2005; Ballmaier et al., 2008). 

 

Controlled animal studies support an association between HC volume and mood-related 

behavior. HC volume reductions have been observed in male rodents in association 

with anxiety- related behavior and in response to chronic corticosterone exposure, and 

in male tree shrews in response to chronic psychological stress (Ohl et al., 2000; 

Kalisch et al., 2006; Murray et al., 2008). While the data from preclinical stress models 

are compelling, the degree to which stress responses in animal models are relevant to 

human depression remains controversial. Most animal models of depression are male 

rodents. However, depression is twice as prevalent in women as in men, and there are 

O

depression remains a significant treatment challenge (Nemeroff, 2007), and a greater 

understa

interventions. The results of two meta-analyses sugges
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sex differences in stress responses in humans and rodents, and perhaps in HC volume 

 as a slumped or collapsed body posture with eyes 

pen, accompanied by a relative lack of responsivity to environmental stimuli (Suomi et 

in humans (Konkle et al., 2003; Lopez et al., 2006; Maller et al., 2007; Dalla et al., 

2008). Moreover, HC structure is affected by ovarian steroids (Spencer et al., 2008; 

Singh, 2006) and anterior HC volume changes with menstrual cycle phase in women 

(Protopopescu et al., 2008). These observations implicate female reproductive system 

function in depression. Investigations of HC volume in an adult female animal model 

that more closely resembles human neurobiology and behavior may be helpful in 

understanding human depression.  

 

We have developed an adult female cynomolgus macaque (Macaca fascicularis) model 

of depression. Depressed female monkeys display behavioral and physiological 

characteristics associated with human depression and these have been described in 

detail in a series of publications (Shively et al., 1997; 2005; 2009). Briefly, depressive 

behavior in this model is defined

o

al., 1975). In these studies, female monkeys live in small social groups and form stable 

social status hierarchies within each group (Shively and Kaplan, 1991). Subordinates 

appear stressed behaviorally as they receive more aggression and less grooming, are 

more vigilant, and spend more time alone than dominants (Shively, 1998). Subordinate 

females are significantly more likely to display depressive behavior, which may be a 

consequence of the stress associated with low social status (Shively et al., 1997). 

Depressed females have higher overnight heart rates, impaired ovarian function, and 

disturbed hypothalamic-pituitary-adrenal (HPA) function, including reduced sensitivity to 
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glucocorticoid negative feedback in a dexamethasone suppression test (Shively et al., 

1997; Shively et al., 2002). Cynomolgus macaques have menstrual cycles like those of 

women in length and associated hormonal fluctuations. Furthermore, the macaque HC 

bears greater resemblance to the human HC than does the rat with regard to nuclear 

organization, projection pathways, and innervation patterns (Amaral and Lavenex, 

2007). Thus, this female primate model may further our understanding of the 

neurobiology of depression in women and provide avenues for new treatment 

modalities. 

 

The HC is functionally differentiated along its anterior-posterior axis (Colombo et al., 

1998; Strange and Dolan, 1999). Human and rodent studies suggest that the anterior 

HC functions primarily in mood and emotional processing, whereas the posterior HC is 

implicated more in memory (Moser et al., 1993; Bannerman 2004; Van den Hove et al., 

2006). Indeed, volume reductions were recently observed in the anterior HC of 

depressed patients versus controls (Ballmaier et al., 2008). Using the adult female 

monkey model of depression, we investigated whole, anterior, and posterior HC 

volumes postmortem. We hypothesized that HC volume would be smaller in depressed 

compared to nondepressed monkeys, with the greatest deficits occurring in the anterior 

HC. The depressed and nondepressed animals were carefully matched on variables 

known to affect HC structure, including circulating hormone levels (Protopopescu et al., 

2008) and social status due to the stress associated with subordination (Shively et al., 

1997; Sapolsky, 2000). 
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Materials and Methods 

 Animals 

Forty-eight adult (6-12 years of age as estimated by dentition) female cynomolgus 

monkeys (Macaca fascicularis) of reproductive age were obtained from Charles River 

Research Primates (Port Washington, NY) and housed under a 12/12 light/dark cycle in 

stable social groups of four animals each for 26 months. As part of a study of  

behavioral effects on atherosclerosis, the animals were fed a diet designed to mimic a 

Western diet containing 0.25 mg cholesterol/kcal and 40% of calories as fat ad libitum 

r 32 months (Shively and Clarkson, 1994). Six animals died during the course of the 

vioral depression was defined as a slumped or collapsed body 

osture, with opened eyes, accompanied by a relative lack of responsiveness to 

fo

experiment from causes unrelated to the experiment, resulting in a final sample of 42 

animals.  

 

All procedures involving monkeys were conducted in accordance with state and federal 

laws, standards of the department of Health and Human Services, and guidelines 

established by the institutional Animal Care and Use Committee.  

  

Social Status and Behavioral Depression 

Social status was determined monthly throughout the experiment by recording the 

outcomes of aggressive interactions between cage mates, as previously described 

(Shively et al., 1997; Shively et al., 2002). The resulting social status hierarchies for 

each social group were stable over time, as observed in previous experiments (Shively 

and Kaplan, 1991). Beha

p
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environmental stimuli to which other monkeys are attending (Suomi et al., 1975). This 

 posture is depicted in Figure 1.  

 
Figure 1. A monkey displaying the depressed posture (A) compared to a 

the photographer, a potential threat; the monkey displaying depressive behavior 

 

Cynomolgus macaques in captivity may spontaneously exhibit depressive behavior; 

behavioral depression in this experiment was not induced by a specific experimental 

manipulation. Time spent depressed was recorded once a week throughout the 26-

month period using a 30-minute group ad libitum observation method, punctuated with 

scan samples every three minutes (Shively et al., 1997). Characteristics of depressive 

behavior in these animals have been described in detail elsewhere (Shively et al., 1997; 

Shively et al., 2002). Animals that never displayed the depressed posture were 

characterized as nondepressed (N=26), whereas animals that ever exhibited this 

depressed

 

 

 

 

 

 

 

 

 

nondepressed monkey (B). The nondepressed monkey is alert and attending to 

appears inattentive to the photographer, and is in a slumped posture, with eyes 
open and directed downward. 
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posture were characterized as depressed (N=16, or 38%). Interobserver reliability was ≥ 

92% throughout the study. 

 

HPA Axis Function 

 dexamethasone suppression test (DST) was us

xis to negative feedback from circulating levels of co

lsewhere (Davidson et al., 1984; Mossman and Somoza, 1989;

hively et al., 2002). Briefly, a morning blood

f cortisol, an evening dose (130 ug/kg 

dministered, and another blood sample was ta

assay. The difference between the first and 

A ed to assess the sensitivity of the HPA 

rtisol and has been described 

 Shively et al., 1997; 

 sample was taken for a baseline measure 

body weight, I.M.) of dexamethasone was 

ken the following morning for cortisol 

second morning cortisol concentrations 

(per of 

sen as 

adm ial 

grou

  

Cortisol, estradiol, and progesterone asssays  

Estradiol and progesterone were assayed in blood taken at necropsy. Steroid 

concentrations were determined by radioimmunoassay in the Yerkes Assay Laboratory 

of Yerkes Regional Primate Research Center (Emory University, Atlanta, GA). 

 

 

 

a

e

S

o

a

cent change from baseline or percent suppression) was used as an indicator 

sitivity to glucocorticoid negative feedback (Kalin and Carnes, 1984). This test w

inistered one month prior to necropsy, after the monkeys had lived in their soc

ps for 25 months.  
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Tissue Preparation and Subject Selection 

At necropsy, brains were rapidly removed, hemisected, and frozen at −80ºC. The brains 

f six depressed animals were randomly chosen for autoradiographic investigation. Six 

als that most closely matched the six depressed animals in body 

     Table 1. Group characteristics. 

Depressed Nondepressed 

o

nondepressed anim

weight, age estimated from dentition, social status history, basal cortisol levels, and 

estradiol and progesterone levels at the time of necropsy were selected as a 

comparison group (Table 1).  

 

 

N=6 N=6 
t(10) p≤ 

Body Weight (kg) 2.74 ± 0.18 3.07 ± 0.23 1.14 0.28 

Age (yrs) 9.37 ± 0.78 9.70 ± 0.69 0.31 0.76 

% Suppression of Cortisol 76.15 ± 4.68 84.97 ± 1.29 1.82 0.10 

Progesterone (ng/ml) 0.71 ± 0.35 0.26 ± 0.036 1.27 0.23 

Social Status  

Basal Cortisol (µg/dl) 34.48 ± 3.86 41.52 ± 4.64 1.17 0.27 

Estradiol (pg/ml) 68.62 ± 21.87 77.11 ± 25.61 0.25 0.81 

 0-1, 1=Dominant) 

0.47 ± 0.14 0.52 ± 0.15 0.24 0.82 

       (Range

      Values represent means ± SEM. 

This matching was done to reduce variance in this relatively small sample and to assure 

that the only statistically significant difference in characteristics that might affect HC 

volume was depressive behavior.  An equivalent number of left and right brains were 

sed in each group. In an attempt to develop a method to reduce the number of 

ections and experimenter workload, three randomly selected brains (two from the 

ondepressed group and one from the depressed group) were sagittally-sectioned at 50 

u

s

n
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µm from the lateral to medial extent of the HC. The remaining brains (N=9) were 

ippocampal Volumetry 

Using Neurolucida mapping software (MicroBrightField, Inc., Williston, VT) and a Nikon 

Optiphot (Melville, NY) microscope wi torized sta udl Ele ics Products, 

Haw  Magnafire digital camera (Optronics, Goletta,CA), volumes were 

determined from manual tracings of approxim  ev al s

ante section ed gitt ct  HC) 

axis res included acin ornu ammonis (CA1- 

CA3 rus, subiculum, fi ugho head and body), and 

alve  

Figure 2. Thionin-stained cor-onal 

coronally-sectioned at 50 µm throughout the anterior-posterior extent of the HC. In 

preparation for volumetric determinations, approximately every tenth section along the 

anterior-posterior (coronally-sectioned HC, =29 sections) or medial-lateral (sagittally-

sectioned HC, =19 sections) axis was thionin-stained to identify HC cytoarchitecture 

and differentiate the HC from surrounding grey and white matter.   

 

H

th mo ge (L ctron

thorne, NY) and

ately ery tenth seri ection along the 

rior-posterior (coronally- ed HC) or m ial-lateral (sa ally-se ioned

 of the HC. Structu  in each tr g were the c

), dentate gy mbria (thro ut the HC 

us, as depicted in Figure 2. 

HC section delineating areas 
included in volume determinations. 
Every tenth section throughout the 
extent of the HC was manually 
traced and used to determine 
volumes. Structures included in 
tracings were the cornu ammonis 
(CA1- CA3), dentate gyrus, 
subiculum, alveus, and fimbria. 
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Given the 50 µm section thickness and the distance between each section 

(approximately 450 µm), Neurolucida’s automatic 3-D reconstruction program used the 

2-D tracings to reconstruct 3-D models of the HC (Figures 3A & 3B). Using these 

models, volumes were determined by the Neurolucida software for the whole, anterior, 

and posterior HC. The anterior HC (head) was delineated from the posterior HC (body 

and tail) at the presence of the uncus (Figure 3C) (Pruessner et al., 2000).  

based on section thickness and distance bet
ls. A

model, oblique view. B. Sagittally-sectioned le
view. C. Top-down view of coronally-sec  
depicting the delineation of the anterior 
presence of the uncus. Scale bar: 1000µm. 

  

Statistical Analysis 

Student’s t-tests were used to determine group differences for whole, anterior and 

posterior volumes, and to confirm a lack of sta er 

characteristics of the depressed and nondepres volume. 

Figure 3. 3-Dimensional HC Models. Every tenth serial section throughout the 
extent of the HC was traced. The tracings were used to create 3-D models, 

determined from these mode
ween sections, and volumes were 

. Coronally-sectioned right hemisphere HC 
ft hemisphere HC model, oblique 

tioned left hemisphere HC model
HC from the posterior HC by the 

tistically significant differences in oth

sed groups that might affect HC 
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All p values are the result of two-sided tests, with the level of significance set at p ≤ 

0.05. 

 

Results 

Group Characteristics 

Characteristics of the depressed and nondepressed animals are described in Table 1. 

There were no differences between the two groups in body weight (t(10) = 1.14, p = 

0.28), age (t(10) = 0.31, p = 0.76), social status (t(10) = 0.24, p = 0.82), and estradiol 

(t(10) = 0.25, p = 0.81) and progesterone (t(10) = 1.27, p = 0.23) concentrations 

measured at the time of necropsy. Monkeys with behavioral depression were not 

different from nondepressed monkeys in baseline cortisol levels (t(10) = 1.17, p = 0.27), 

the cortisol response to dexamethasone in the DST (t(10) = 0.95, p = 0.36), or 

suppression of cortisol in the DST (percent suppression: t(10) = 1.82, p = 0.10). 

 

Hipp

The  in 

who ge 

4% o 

sign rior volumes between the two groups 

 = 0.28). Anterior HC volumes were significantly smaller (t(10) = 2.42, p = 

 animals compared to their nondepressed counterparts (Figure 4). 

ocampal Volume 

re were no significant differences between depressed and nondepressed animals

le HC volumes (t(10) = 0.89, p = 0.39; Figure 4). There was, however, an avera

reduction in whole HC volumes in depressed animals compared to controls. N

ificant differences were observed in poste

(t(10) = 1.13, p

0.036) in depressed

On average, the anterior HC of depressed monkeys was 15.4% smaller than 

nondepressed monkeys. Similar results were obtained between the two groups for 
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whole, anterior, and posterior volumes using only coronal sections (N=5 depressed HC, 

N=4 nondepressed HC). Moreover, the median and range of volumes from sagittally 

58.11, 250.81-276.36) and coronally-sectioned (244.40, 218.09-281.16) HC were not 

suggesting that comparable postmortem measurements can be obtained from 

 plane. 

sectioned at 50µm throughout the extent of the HC, and every tenth serial 

 

(2

different, 

either neuroanatomical

Figure 4. Anterior HC volume is reduced in behavioral depression. Brains were 

section was traced to determine whole, posterior, and anterior HC volumes. 
There was no difference in whole or posterior HC volumes, but there was a 
significant average reduction of about 15.4% in anterior HC volume in 
depressed compared to nondepressed animals. Data depicted are raw means ± 
SEMs; *p<0.05. 
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Discussion 

This is the first postmortem assessment of whole, anterior, and posterior HC volumes in 

either human or nonhuman primates with depression. The results indicate that reduced 

anterior HC volume is associated with behavioral depression in adult female 

cynomolgus macaques. This observation is supported by the neuroanatomical 

relationships that exist between the anterior HC and other primary brain areas known to 

function in depression. In contrast to the posterior HC, the anterior HC maintains close 

connectivity to the amygdala and hypothalamus, and projects to and from the prefrontal 

cortex, areas that are implicated in depression (Bannerman et al., 2004). Human and 

rodent studies suggest that the anterior HC functions primarily in mood and emotional 

processing, whereas the posterior HC is associated more with memory (Moser et al. 

1993; Bannerman et al., 2004; Van den Hove et al., 2006). The findings reported here 

support and extend rodent and human observations of functional heterogeneity in the 

HC to nonhuman primates and further implicate the anterior HC in mood disorders.  

 

HC volume alterations in depression have been investigated in a multitude of human 

studies using MRI, and meta-analyses demonstrate that despite subject heterogeneity, 

methodological differences, and incongruent results among human studies, HC volume 

is c x-

mat an 

ave nt, 

resp an 

study in which HC volume has been investigated reported this same trend bilaterally in 

onsistently reduced bilaterally in depressed persons compared to age and se

ched controls (Campbell et al., 2004; Videbech and Ravnkilde, 2004), with 

rage volume reduction in the left and right HC of eight percent and ten perce

ectively (Videbech and Ravnkilde, 2004). Furthermore, the only postmortem hum
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the HC, although the difference did not reach statistical significance (Bielau et al., 

ay 

 some extent be attributed to subject heterogeneity. In addition, methodological 

2005). In the present study, this trend is further supported and clarified by the non-

significant four percent reduction observed postmortem in whole HC volume in 

depressed versus nondepressed monkeys.  

  

More recently, human studies have begun to evaluate the morphometry of the anterior 

and posterior HC separately. Reduced anterior HC volume measured with MRI has 

been recently reported in depressed patients and in response to psychological stress 

(Szeszko et al., 2003; Ballmaier et al., 2008). Maller et al. (2007) also reported 

significantly smaller HC tails in depressed subjects. However, the anterior HC head was 

not evaluated separately from the posterior body, thus their findings are difficult to 

directly compare to those presented here.  

  

The wide variety of results obtained in human studies of HC volume in depression m

to

differences among studies, such as those in scanning protocols, segmentation 

techniques, and neuroanatomical structure delineations, contribute to the heterogeneity 

of results (Pantel et al., 2000; Pruessner et al., 2000). Given the limited resolution of 

MRI, several groups have experienced difficulty delineating the HC head from the 

amygdala and thus included the two structures in the same measurement (Campbell et 

al., 2004). Such variability has made it difficult to confidently draw conclusions from the 

results of human MRI investigations of HC volume in depression. 
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The use of this animal model eliminated much of the variability inherent in clinical 

studies. Delineation of the HC from surrounding structures is relatively simple using light 

microscopy, as done in the present study. The animals all lived in the same housing 

conditions and consumed the same diet, and were not exposed to antidepressant 

py, recreational drugs or alcohol. Depressive behavior was objectively 

chanism or combination of mechanisms underlying volumetric alterations 

ewise, an extensive 

ments the effects of ovarian steroids on HC architecture and function. 

pharmacothera

documented continuously over the course of two years prior to necropsy, and 

depressed and nondepressed monkeys were matched on a number of characteristics 

that might influence the results. At necropsy, the brains were all collected in the same 

manner with no delay after death, and experienced equivalent freezer time. Given the 

careful matching and lack of subject heterogeneity, this is the least confounded 

assessment of HC volume to date.   

    

The exact me

in depression have yet to be fully elucidated. The structure of the HC is highly plastic 

and reactive to environmental conditions. HPA axis dysfunction, including the inability to 

suppress glucocorticoid production in response to stress, is a well-established 

occurrence in depressed patients. The HC contains high levels of glucocorticoid 

receptors and plays a major role in the modulation of HPA axis function. Insensitivity to 

negative feedback may lead to chronically elevated glucocorticoid levels, and an 

extensive literature documents that prolonged stress or glucocorticoid exposure has 

adverse effects on the rodent hippocampus that may result in HC atrophy (Sapolsky, 

2000; McEwen, 2001; 2005; Czeh and Lucassen, 2007). Lik

literature docu
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The recent observation of changes in anterior HC size between phases of the menstrual 

cycle further supports the role of reproductive system function as a determinant of HC 

volume (Spencer et al., 2008; Singh, 2006; Protopopescu et al., 2008). 

  

In the parent population from which the sample reported here was derived, depressed 

animals (N=16) were significantly less sensitive to glucocorticoid negative feedback 

than their nondepressed counterparts (N=26). Likewise, the ovarian function of 

depressed females was suppressed relative to their nondepressed counterparts as 

reflected in luteal phase progesterone concentrations (Shively et al. 1997; 2002). These 

attributes of the parent population are well to keep in mind since the lack of a 

statistically significant difference in HPA or reproductive system function in the relatively 

resented here may be as much a function of small sample size as small sample p

biological equivalence. Thus, the matching of depressed and nondepressed subjects on 

physiological characteristics known to influence HC volume in this small sample is not 

definitive evidence for a lack of involvement of the HPA or reproductive axis as 

determinants of HC size.  

  

Postmortem histological analyses of human HC in depression have failed to find 

substantial neuronal and glial loss, suggesting that apoptosis contributes only slightly to 

volume alterations (Lucassen et al., 2001; Stockmeier et al., 2004). Instead, increases 

in neuronal and glial packing densities and well as decreased soma size in the HC were 

observed in a postmortem assessment of three adjacent human HC sections, 

suggesting that reduced neuropil may be contributing to volume reductions in 
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depression (Stockmeier et al., 2004). By contrast, a more comprehensive study of the 

entire HC in psychosocially stressed tree shrews demonstrated significantly decreased 

size and number of astroglia with stress (Czeh et al., 2006). In that study, HC volume 

nificantly with astroglial number, and antidepressants prevented glial 

 of the HC in other species can be extended to nonhuman 

critical question yet to be adequately addressed is whether small 

correlated sig

number reductions. This suggests the possibility that antidepressant therapy in 

depressed patients may affect study results. More controlled studies like these in a 

nonhuman primate model of depression in which the neurobiology more closely 

resembles that of humans and drug exposure is not a factor may clarify these issues 

and further elucidate the cellular mechanisms responsible for HC volume reductions in 

depression.    

  

In conclusion, behavioral depression in female cynomolgus macaques is associated 

with volume reductions in the anterior HC. This finding supports the observation in 

human subjects of an anterior HC volume reduction, and further implicates the 

functioning of the anterior HC in depression. Likewise, this finding suggests that reports 

of functional differentiation

primates. A 

hippocampi precede and predispose to depression, or are the result of depression. 

Because of the ability to control many of the variables that confound human studies, 

and the accuracy afforded by postmortem investigation of the whole, anterior, and 

posterior HC, this  primate model may provide the means to address this issue in future 

studies.  
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Abstract  

Objectives: Magnetic resonance udies report hippocampal (HC) 

volume reductions in depression. Despit  observations in the HC of functional 

alterations or control for me vitro methods, we recently 

observed reduced anterior HC volume in antidepressant-naïve, ovarian-intact, 

beh irm 

these findings in vivo an rian steroids affects the 

relationship between d

Methods: MR olumes in a 

matched female 

cynomolgus macaques characterized for ehavioral depression (n=6 depressed, 6 

nondepressed). High resolution structural f 

interest were manually segmented. HC volumes were normalized to whole brain 

olumes prior to analysis.  

 imaging (MRI) st

e

heterogeneity and ovarian steroid influence, few studies report regional volume 

nstrual cycle phase. Using in 

aviorally depressed adult female monkeys. The purpose of this study was to conf

d examine whether lack of ova

epression and HC volume.  

I was used to measure whole, anterior, and posterior HC v

 sample of antidepressant-naïve, surgically-postmenopausal, adult 

b

MRIs were acquired, and HC regions o

v

Results: Similar to the previous in vitro study, HC volume measured in vivo was 

associated with depression. In contrast to the previous study of ovarian-intact females, 

whole, anterior and posterior volumes of both left and right HC were significantly smaller 

in depressed compared to nondepressed surgically postmenopausal females.  

Conclusions: These findings confirm and extend previous observations of smaller HC 

volumes in behaviorally depressed female monkeys, and suggest a possible role for 

ovarian steroids in HC protection in depression. Further studies of the potential 
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modulating effects of ovarian function on the relationship between depression and HC 

volume are warranted. 

 

Keywords: Macaca fascicularis, female, MRI, postmenopausal, posterior hippocampus, 

estrogen 
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Introduction 

The structure and function of the hippocampus (HC) are implicated in the 

athophysiology of depression. Numerous magnetic resonance imaging (MRI) studies 

e observation that depression is nearly twice as prevalent in women as in 

focus specifically on depressed 

females. Clinical studies are thus complicated by heterogeneity in subject 

characteristics that may differentially affect HC volume, including gender and menstrual 

cycle phase. 

  

An association between mood-related or depressive behavior and HC structure is 

supported by animal studies. However, animal models of depression typically utilize 

only male rodents in stress paradigms despite evidence of ovarian steroid regulation of 

stress response circuitry and sex differences in behavioral and neurobiological 

responses to stress in humans and rodents.3-4 Furthermore, hippocampal dendritic 

spine density varies over the estrus cycle,5 estradiol increases dendritic spines and 

synaptic protein expression in female rodents and non-human primates,6-8 and estradiol 

protects against neuronal loss in the HC of chronically-stressed female rats.9 Thus, 

estrogen-influenced structural alterations in the HC, particularly in response to stress, 

may be central to the neurobiology of depression in females. While preclinical stress 

models are informative, the degree to which female human depression is reflected in 

male animal responses to stress remains to be determined. We have developed an 

adult female cynomolgus macaque (Macaca fascicularis) model of depression in which 

p

support an association between depression and morphometric alterations in the HC.1  

Despite th

men,2 few studies of depression and HC volume 
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the animals display behavioral and physiological characteristics like those of depressed 

elated functioning than does the posterior HC.14 Most human volumetric 

 detail separate investigations of the anterior and posterior HC or control 

humans.10-12 Cynomolgus macaques have menstrual cycles that parallel those of 

women in length and hormonal fluctuations, and the macaque HC more accurately 

reflects the nuclear organization and connectivity patterns of the human HC than does 

the rat.13 As such, this model is advantageous for furthering our understanding of the 

neurobiology of female depression. 

  

The HC is functionally heterogeneous as the anterior HC plays a larger role in mood 

and emotion-r

studies do not

for hormone levels in female subjects, even though volume alterations in the anterior 

HC are associated with menstrual cycle phase in women.15 We recently reported a 

reduction in anterior HC volume measured post mortem in depressed compared to 

nondepressed adult female cynomolgus monkeys controlled for menstrual cycle phase 

and with no prior antidepressant exposure.16 To our knowledge, no comparison of HC 

volumes exists between depressed and nondepressed postmenopausal human or non-

human primates. To confirm these findings in vivo and examine whether a lack of 

ovarian steroids affects the relationship between depression and HC volume, the 

present study investigated whole, anterior and posterior HC volumes in vivo in 

antidepressant-naïve, surgically-postmenopausal animals using MRI. Given the positive 

influence of estrogen on HC structure mentioned above and our previous post mortem 

findings, we hypothesized that HC volume would be smaller in depressed compared to 

121 
 



nondepressed surgically-postmenopausal monkeys, with the largest reduction in the 

anterior HC.  

 

Materials and Methods 

Subjects  

Twenty-three adult female cynomolgus monkeys (M. fascicularis) were obtained from 

cts (Woodside, CA) and housed in small social groups of five animals 

E2, 1 mg/day (Estrace) and medroxyprogesterone acetate (MPA), 2.5 mg/day (Provera; 

Primate Produ

each for 25 months. All animals were ovariectomized at three months, and cycling 

characteristics were measured for the following six months to determine successful 

removal of ovarian material. Throughout the experiment, the animals were fed a diet 

based on the typical North American diet. All procedures in this study were conducted in 

compliance with State and Federal laws, standards of the US Department of Health and 

Human Services, and guidelines established by the Wake Forest University Animal 

Care and Use Committee.  

 

Study Design and Treatment   

The study followed a randomized, placebo-controlled, crossover trial design in which all  

animals received each of the following four treatments (expressed as equivalent 

hormone doses for women): (1) placebo; (2) micronized 17β-estradiol (E2), 1 mg/day 

(Estrace; Mylan Pharmaceuticals, Morgantown, WV, and Bristol-Myers Squibb, New 

York, NY); (3) micronized E2, 1 mg/day (Estrace) and micronized progesterone (P4), 

200 mg/day (Prometrium; Solvay Pharmaceuticals, Marietta, GA); and (4) micronized 
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Barr Laboratories, Pomona, NY).17 Absolute doses were 0.05, 11.1, and 0.139 mg/kg 

body weight for E2, P4, and MPA, respectively. Doses were administered based on 

dividual body weights, while dose scaling to human equivalents was based on caloric 

eight to correct for species differences in metabolism.18 Dose 

sent clinically-approved, commonly prescribed amounts for 

d based on the outcomes of agonistic interactions,10-12 and 

as stable across time as in previous studies.19 Using the focal animal technique,20 

 min three days/week per animal, during a three-week 

in

intake rather than body w

equivalents repre

postmenopausal women. Treatments were given daily for two months, followed by a 

one-month washout period during which all animals were given placebo doses. The last 

hormone regimen phase was followed by a three-month washout prior to acquisition of 

MR images. Behavior observations were completed during the last three weeks of each 

two month treatment phase, and at the end of the three-month washout just prior to 

acquisition of MR images. 

 

Behavior 

Social status was determine

w

behavior was recorded for 15

period every three months. Depressive behavior was defined as a slumped or collapsed 

body posture with open eyes, accompanied by a lack of responsiveness to 

environmental stimuli to which other animals are attending, and has been described in 

detail elsewhere (Figure 1).10-12 Behavioral depression was not induced by an 

experimental manipulation; captive cynomolgus macaques may spontaneously exhibit 

depressive behavior.   
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The effects of treatment on behavior have been described in detail.21 Briefly, the effects 

of treatment on behavior were analyzed using a linear mixed effects model approach 

with subject as a random factor to account for the intraclass correlations incurred from 

the design. The effects of treatment, social status (dominant, subordinate), and 

treatment by social status interaction were analyzed adjusting for the potential phase 

effect. Carryover effects were also examined in all analyses and found to be 

nonsignificant.  

 

 

 

 

 

 

 

Figure 1.  A comparison between behaviorally depressed and nondepressed 
monkeys. The nondepressed monkey (A) appears alert and attentive, whereas 
the monkey displaying depressed behavior (B) appears inattentive, with a 

 

Importantly for the study repor here were no significant main or interaction 

effects of hormone regimen on depressive behavior. Thus, the percent time spent in the 

depressed posture was averaged over the entire study. As in previous studies, the 

 

 

slumped body posture and open eyes pointed downward.  

ted here, t

sed was skewed with seven of the 23 monkeys falling distribution of time spent depres
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above the mean in depressive behavior. The seven that fell above the mean in 

depressive behavior spent an average of 12.10 (range: 6.34-23.10) percent of their time 

in the depressed posture, whereas those that fell below the mean (n=16) spent an 

average of 2.79 (range: 0-5.29) percent time in the depressed posture.  

 

Observations of depressive behavior were repeated following the three month washout, 

just prior to scanning. Six animals fell above the mean in depressive behavior during the 

eatment phase of the study and also just prior to scanning; these were chosen for 

canning to represent the “depressed” group. Thus, the depressed monkeys in this 

tudy were currently depressed and had a prior history of depressive behavior. These 

ix depressed animals were carefully matched with six nondepressed animals (those 

at exhibited below average depressive behavior during the treatment phase of the 

tudy and no depressive behavior just prior to scanning) on social status and body 

eight. Just prior to scanning, the depressed animals (n=6) spent an average of 4.68 

(range: 1.00-10.55) percent of their time in the depressed posture, whereas 

nondepressed animals (n=6) spent 0 percent of their time in the depressed posture.   

 

MR

MR nkeys (Ketamine HCl/Xylazine: 7.0/0.6 

g/kg. i.m.) on a 3-Tesla MRI scanner with Twin speed gradient coil using a single 

tr

s

s

s

th

s

w

 Image Acquisition and Analysis 

I images were acquired in anesthetized mo

m

channel human quadrature knee coil (GE Healthcare, Milwaukee, WI). The knee coil 

was used for neuroimaging of the nonhuman primate because its smaller form factor 

results in a better signal-to-noise ratio per unit time compared to the human quadrature 
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head coil. Proton density (PD) and T2-weighted (T2) images were acquired with a dual-

echo fast-spin echo-pulse sequence (TE1/TE2 = 13.6 msec/81.6 msec, TR = 9.1 sec, 

echo-train length = 8, receiver bandwidth = 31.2 kHz, voxel size 0.5 × 0.5 × 1.0 mm, 

field of view = 12 × 12 × 6 cm). Two PD/T2 images were acquired sequentially and 

averaged offline to improve the signal-to-noise ratio of the final reconstructed image. 

otal acquisition time for both sets of PD/T2 images was 20 minutes. The PD and T2 

e 

epressed and nondepressed animals did not differ in social status and body weight. 

or) of the left and right hippocampus was assessed 

T

images were co-registered with SPM (Statistical Parametric Mapping, University 

College London, London, UK) prior to averaging with in-house software (Matlab, 

Mathworks, Natick MA). HC regions of interest were manually segmented on PD 

images using MRIcro (Chris Rorden, Georgia Institute of Technology, Atlanta, GA). HC 

boundaries were adapted from Machado et al.22 and Willard et al.16 The anterior HC 

was delineated from the posterior HC by the last coronal slice in which the uncus was 

present (Figure 2A-C). 

 

Statistical Analysis 

To correct for intersubject variation in head size, HC volume was divided by whole brain 

volume prior to analysis. T-tests for independent groups were used to verify that th

d

Each region (whole, anterior, posteri

separately using t-tests for independent groups. For the left and right hippocampi, three 

a priori comparisons were made. A two-tailed significance level of 0.05 was used for all 

comparisons.  
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Results 

There were no differences between depressed and nondepressed animals in age (t(10) 

= 1.14, p = 0.28), body weight (t(10) = 0.06, p = 0.95), or social status (t(10) = 0.75, p = 

0.47) as expected. Whole hippocampal volumes (Figure 2D) were compared.  

Figure 2.  Hippocampal (HC) volume in behaviorally depressed monkeys.  (A – 

the uncus. The cross-hairs indicate the same position in all three proton-density 
images.  (A) Coronal: The last slice in which the uncus is present marks the 
caudal boundary of the anterior HC.  (B) Sagittal: The anterior HC appears to 
the right of the vertical cross-hairs.  (C) The anterior – posterior boundary of the 
HC as viewed in the axial plane.  
volumes w

C) The anterior HC was delineated from the posterior HC by the presence of 

(D) Bilateral whole, anterior and posterior HC 
ere all smaller in depressed compared to nondepressed animals. *p 

< 0.05; **p ≤ 0.01; ***p ≤ 0.001. 
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between the depressed and nondepressed group on the left and right sides and found 

aller in the depressed animals, bilaterally: left whole HC (t(10) = 4.34, p = 

rior and 

posterior regions (Figure 2D). Volumes were significantly reduced in depressed 

compared to nondepressed animals in both the anterior and posterior regions, 

bilaterally: left anterior HC (t(10) = 3.36, p = 0.007), left posterior HC (t(10) = 3.11, p = 

0.01), right anterior HC (t(10) = 3.17, p = 0.01), and right posterior HC (t(10) = 2.34, p = 

0.04). Thus, no effects of laterality were observed. Averaged over left and right, the 

anterior hippocampi were 24% smaller, and the posterior hippocampi were 17% smaller 

in the depressed monkeys compared to their nondepressed counterparts. There was no 

difference in whole brain volume between groups (t(10) = 1.32, p = 0.22).  

 

Discussion 

This is the first study investigating whole, anterior and posterior HC volumes in 

depressed and nondepressed female primates with no prior antidepressant exposure 

and no endogenous ovarian steroid production. The results indicate global reductions in 

HC volume, thus supporting an association between HC morphometric alterations and 

dep ed 

bila ale 

mon nt 

bilateral reductions in age  

to be sm

0.001), right whole HC (t(10) = 3.22, p = 0.009). On average, the whole hippocampi of 

depressed monkeys was 20% smaller than their nondepressed counterparts. To test for 

heterogeneity along the anterior-posterior axis, each side was divided into ante

ressive behavior in adult female cynomolgus macaques. The observation of reduc

teral whole HC volume in depressed compared to nondepressed adult fem

keys is consistent with the results of a recent meta-analysis confirming significa

and sex-matched depressed humans.1 The observation of
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sma the 

16 23

24 o reported 

reduced volume in subregions of the anterior HC in unmedicated depressed adults 

women. In contrast, Neumeister et al.25 

uced posterior but not anterior HC volume in unmedicated depressed 

ller HC volume in depressed monkeys is compelling because many of 

racteristics that differentially affeccha t HC volume in human studies are controlled in this 

primate model. The animals were all surgically-postmenopausal, lived in the same 

housing conditions, consumed the same diet, and were not exposed to antidepressant 

pharmacotherapy, recreational drugs, or alcohol. Depressive behavior was objectively 

documented throughout the course of two years prior to MRI, and depressed and 

nondepressed monkeys were matched on social status and body weight.   

  

The observation of decreased anterior HC volume in antidepressant-naïve depressed 

compared to nondepressed female monkeys validates our previous in vitro findings in 

the same model.  Similarly, Ballmaier et al.  observed reduced whole and anterior HC 

volumes in a population of unmedicated late-life depressed patients with an average 

age of approximately 71 years, 74% of which were women and presumably 

postmenopausal, compared to age-matched controls. Bearden et al.  als

averaging 39 years of age, 77% of which were 

observed red

patients in remission, 77% of which were women who averaged approximately 40 years 

of age. Although these studies used mostly depressed women, the majority of subjects 

had prior antidepressant exposure, one was of elderly postmenopausal women and 

none of the other studies controlled for menstrual cycle phase or mention menopausal 

status. The variability in the results of these studies is currently unexplained. The 

reduced whole, anterior, and posterior HC volumes reported in depressed, 
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ovariectomized female monkeys herein reflect an antidepressant-naïve state in which 

hormone production had ceased for over two years. We observed only anterior 

reductions in volume in our previous post mortem histological study of intact 

antidepressant-naïve females that lived under conditions very similar to those of the 

monkeys in the study reported here. It is possible that endogenous female hormones 

are somewhat protective of HC volume reduction in depression, particularly in the 

posterior HC; and that the magnitude and localization of HC volume reductions in 

human beings may be influenced by antidepressant exposure, ovarian steroid 

r both.  fluctuations, o

  

The potential for ovarian steroid modulation of the depression-HC volume relationship is 

important because of the functional differentiation of the HC along the anterior – 

posterior axis. While the posterior HC is central to memory functioning26 and memory 

disturbances in depression are well-documented, the anterior HC maintains close 

connectivity to primary brain areas in depression neurocircuitry and is implicated in 

mood and emotion-related functioning.27 The present study is limited in that the sample 

size is relatively small, and MRI comparison to females with intact ovarian function was 

not possible. The differences in the relationship between depression and posterior HC 

volumes reported for surgically postmenopausal female cynomolgus monkeys in the 

present in vivo study versus monkeys with intact ovarian function in the previous post 

mortem study suggest that further studies of the potential modulating effects of ovarian 

function on the relationship between depression and HC volume are warranted. 
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Conclusions 

In this first ever investigation of whole, anterior and posterior HC volume in 

antidepressant naïve and surgically postmenopausal depressed and nondepressed 

adult female monkeys, an association between depression and global HC volume 

reductions was observed. Consistent with the results of numerous human studies,1 

reduced bilateral whole HC volume in depressed compared to nondepressed adult 

female monkeys is reported herein. The observation of decreased anterior HC volume 

in antidepressant-naïve depressed compared to nondepressed female monkeys 

validates our previous in vitro findings in the same model.16 Given that we observed 

posterior HC reductions in the present study of ovariectomized animals, but not in our 

mortem study of intact females, it is possible that endogenous female previous post 

hormones might protect against HC volume reduction in depression, particularly in the 

posterior HC. Future studies using this adult female monkey model of depression in 

which characteristics that differentially affect HC volume in human studies are 

controlled, including antidepressant exposure and menstrual cycle phase, are warranted 

to evaluate the potential modulating effect of ovarian steroids on hippocampal volume in 

depression.  

 

Acknowledgements 

The authors would like to thank Jean Gardin, Chuck Boyd, Matt Dwyer, Dewayne 

Cairnes, Nancy Buchheimer and Stephanie Rideout for technical assistance, and Dr. 

Thomas B. Clarkson for advice in planning the experiment. 

131 
 



References 

PC, van Haren NE, Lensvelt-Mulders GJ, Hulshoff Pol HE, Kahn RS. 
Brain volume abnormalities in major depressive disorder: a meta-analysis of 

 

 

stress responses: focus on ovarian hormones. Physiol Behav 2009;97:239-249.  

4. Goldstein JM, Jerram M, Abbs B, Whitfield-Gabrieli S, Makris N. Sex differences in 

2010;30:431-438. 

5. Woolley CS, McEwen BS. Roles of estradiol and progesterone in regulation of 

Neurol 1993;336:293-306. 

6. Choi JM, Romeo RD, Brake WG, Bethea CL, Rosenwaks Z, McEwen BS. Estradiol 

female rhesus macaques (Macaca mulatta).  Endocrinology 2003;144(11):4734-8.  

7. Hao J, Janssen WG, Tang Y, Roberts JA, McKay H, Lasley B, et al. Estrogen 

young and aged female rhesus monkeys. J Comp Neurol 2003;465(4):540-50. 

8. Spencer JL, Waters EM, Romeo RD, Wood GE, Milner TA, McEwen BS. Uncovering 

2008;29(2):219-37.  

9. Takuma K, Matsuo A, Himeno Y, Hoshina Y, Ohno Y, Funatsu Y, et al. 17beta-

by chronic restraint stress in ovariectomized rats. Neuroscience 2007;146(1):60-68. 

10. Shively CA, Laber-Laird K, Anton RF. Behavior and physiology of social stress and 
depression in female cynomolgus monkeys. Biol Psychiatry 1997;41:871-882. 

 
s JK, Laber-Laird K, Anton RF. Depression and coronary artery 

atherosclerosis and reactivity in female cynomolgus monkeys. Psychosom Med 

 

stress-associated depression in adult female cynomolgus monkeys (Macaca 

 

1. Koolschijn 

magnetic resonance imaging studies. Hum Brain Mapp 2009;30:3719-3735. 

2. Kessler RC. Epidemiology of women and depression. J Affect Disord 2003;74:5-13.  

3. Ter Horst GJ, Wichmann R, Gerrits M, Westenbroek C, Lin Y. Sex differences in 

 

stress response circuitry activation dependent on female hormonal cycle. J Neurosci 

 

hippocampal dendritic spine density during the estrous cycle in the rat. J Comp 

 

increases pre- and post-synaptic proteins in the CA1 region of the hippocampus in 

 

increases the number of spinophilin-immunoreactive spines in the hippocampus of 

 

the mechanisms of estrogen effects on hippocampal function. Front Neuroendocrin 

  

estradiol attenuates hippocampal neuronal loss and cognitive dysfunction induced 

 

11. Shively CA, William

2002;64:699-706. 

12. Shively CA, Register TC, Friedman DP, Morgan TM, Thompson J, Lanier T. Social 

fascicularis). Biol Psychol 2005;69:67-84.  

132 
 



13. Amaral D, Lavenex P. Hippocampal neuroanatomy. In: Anderson P, Morris R, 
Amaral D, Bliss T, O’Keefe J, editors. The Hippocampus Book. New York: Oxford 

, et al. 
Regional dissociations within the hippocampus--memory and anxiety. Neurosci 

pus 
2008;18:985-988. 

haviorally depressed female cynomolgus macaques. 
Psychoneuroendocrinology 2009;34:1469-1475. 

. Breast Cancer Res Treat 2009;114:233-42. 

. Shively CA, Wood CE, Register TC, Willard SL, Lees CJ, Chen H, et al. Hormone 

2. Machado CJ, Snyder AZ, Cherry SR, Lavenex P, Amaral DG. Effects of neonatal 

sychiatry 2008;165:229-237. 

UP, 2007:37-114. 
 
14. Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, Bast T

Biobehav Rev 2004;28:273-283. 
 
15. Protopopescu X, Butler T, Pan H, Root J, Altemus M, Polanecsky M, et al. 

Hippocampal structural changes across the menstrual cycle. Hippocam

 
16. Willard SL, Friedman DP, Henkel CK, Shively CA. Anterior hippocampal volume is 

reduced in be

 
17. Wood CE, Register TC, Cline JM. Transcriptional profiles of progestogen effects in 

the postmenopausal breast
 
18. Schneider K, Oltmanns J, Hassauer M. Allometric principles for interspecies 

extrapolation in toxicological risk assessment – empirical investigations. Regul 
Toxicol Pharmacol 2004;39:334–347. 

 
19. Shively CA, Kaplan JR. Stability of social status rankings of female cynomolgus 

monkeys, of varying reproductive condition, in different social groups. Am J Primatol 
1991;23:239-245. 

 
20. Altmann J. Observational study of behavior: sampling methods. Behaviour 

1974;48:1-41. 
 
21

therapy effects on social behavior and activity levels of surgically postmenopausal 
cynomolgus monkeys. Psychoneuroendocrinology 2007;32:981-990.  

 
2

amygdala or hippocampus lesions on resting brain metabolism in the macaque 
monkey: a microPET imaging study. Neuroimage 2008;39:832-846. 

 
23. Ballmaier M, Narr KL, Toga AW, Elderkin-Thompson V, Thompson PM, Hamilton L, 

et al. Hippocampal morphology and distinguishing late-onset from early-onset elderly 
depression. Am J P

 
24. Bearden CE, Thompson PM, Avedissian C, Klunder AD, Nicoletti M, Dierschke N, et 

al. Altered hippocampal morphology in unmedicated patients with major depressive 
illness. ASN Neuro 2009;1:265-273. 

 

133 
 



25. Neumeister A, Wood S, Bonne O, Nugent AC, Luckenbaugh DA, Young T, et al. 
Reduced hippocampal volume in unmedicated, remitted patients with major 
depression versus control subjects. Biol Psychiatry 2005;57:935-937. 

7. Drevets WC, Price JL, Furey ML. Brain structural and functional abnormalities in 

 
26.  Moser MB, Moser EI. Functional Differentiation in the Hippocampus. Hippocampus 

1998;8:608-619.     
 
2

mood disorders: implications for neurocircuitry models of depression. Brain Struct 
Funct 2008;213:93-118. 

 

  

134 
 



 

CHAPTER FOUR 

 

CELL NUMBER AND LAYER ALTERATIONS IN SUBREGIONS OF THE ANTERIOR 

 

 Forbes,2 and Carol A. Shively3 

1Neuroscience Graduate Program 

2Department of Neurobiology & Anatomy 

3Department of Pathology, Section on Comparative Medicine 

Wake Forest University School of Medicine, Winston-Salem, NC, USA 

 

 

 

 

 

 

The following manuscript is in preparation for submission to Biological Psychiatry

HIPPOCAMPUS IN A FEMALE MONKEY MODEL OF DEPRESSION 

Stephanie L. Willard,1 David R. Riddle,2 M. Elizabeth

. 

Stylistic variations are due to the requirements of the journal. Stephanie L. Willard 

performed the experiments and prepared the manuscript. Dr. David R. Riddle provided 

technical assistance with the experimental protocol and acted in an advisory and 

editorial capacity. M. Elizabeth Forbes provided technical assistance with the 

experimental protocol. Carol A. Shively and acted in an advisory and editorial capacity. 

135 
 



ABSTRACT  

Background: The anterior hippoc d with emotional functioning and 

hippocampal volume is reduced in depress n. More women are depressed than men, 

y  

hippocam ues; the 

mechanisms contributing to that reduction are unknown. The present study represents 

th d 

female primates. 

Methods: The cellular amined in subregions 

of the anter dult female 

monkeys essed). 

Unbiased stereology was used to estimate neuron and glia numbers, neuron soma size, 

and region and layer volumes. 

Results: Neuropil and cell layer volumes were reduced in cornu ammonis (CA)1 and 

entate gyrus (DG) of the anterior but not the posterior hippocampus of depressed 

ompared to nondepressed monkeys. Glia numbers were approximately 30% lower in 

e anterior CA1 and DG of depressed monkeys, with no differences observed in the 

t 

not the numbers of neurons, in the CA1 and the DG.  

ampus is associate

io

et the depressed female brain is little studied. We previously reported reduced anterior

pal volume in behaviorally depressed adult female cynomolgus macaq

e first systematic morphological investigation of the entire hippocampus in depresse

determinants of hippocampus size were ex

ior and posterior hippocampus in antidepressant-naive, a

 characterized for behavioral depression (n=8 depressed, 8 nondepr

d

c

th

posterior hippocampus. Granule neuron number tended towards a reduction in the 

anterior DG, and pyramidal neuron number was unchanged in any region. Somal size of 

pyramidal neurons and glial densities tended to be reduced throughout the whole 

hippocampus of depressed monkeys, whereas neuronal densities were unchanged. 

Conclusions: The reduced size of the anterior hippocampus in depressed females 

appears to arise from alterations in the numbers of glia and the extent of neuropil, bu
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Keywords: unbiased stereology, macaca fascicularis, hippocampal volume, glia 

number, neuron number, soma size 
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INTRODUCTION 

Hippocampal morphometric alterations are implicated in the pathophysiology of 

epression, as evidenced by numerous reports of reduced hippocampal volume in 

 the mechanisms contributing to 

these reductions are poorly understood. Given that standard pharmacotherapeutics help 

less than half of patients, treating depression poses a substantial challenge (Nemeroff, 

2007). Increased understanding of the underlying neurobiology is essential to 

generating novel therapeutic interventions. 

 

Mechanisms of hippocampal volume alterations are suggested by animal studies 

reporting that hippocampal neurogenesis may be critical for the therapeutic effects of 

some antidepressants (Sahay and Hen, 2007), and also by studies in which elevated 

glucocorticoid levels were associated with suppressed neurogenesis and gliogenesis, 

increased apoptosis, dendritic retraction and reduced dendritic spines in the 

hippocampus (Czeh and Lucassen, 2007; McEwen, 2005; Sapolsky, 2000). 

Postmortem histological analyses of the hippocampus of depressed patients failed to 

find substantial neuron and glia loss (Lucassen et al., 2001), but instead reported 

d

depressed patients (Koolschijn et al., 2009), although

decreased density of glial fibrillary acidic protein (GFAP)-immunoreactive astrocytes 

(Muller et al., 2001), increased neuronal and glial packing densities, and decreased 

neuron size (Stockmeier et al., 2004). These studies suggest that alterations in neuropil 

and glia may contribute more than neuron number to volume reductions in depression 

(Stockmeier et al., 2004). Unfortunately, data from human studies are sparse and semi-

quantitative in that they utilize relatively few hippocampus sections from depressed 
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patients. Moreover, the human studies involved patients with histories of antidepressant 

epression in women (Kessler 2003), little is 

nown about the depressed female brain. However, ovarian steroid-induced changes in 

exposure. In animal studies, antidepressant treatment prevented stress-induced glia 

reductions in mood-related brain regions (Banasr et al., 2010; Czeh et al., 2006), 

suggesting that although glia alterations may be contributing to hippocampal volume 

reductions in depression, antidepressant exposure in human subjects might mask such 

effects.  

 

Despite the 2-fold increased prevalence of d

k

hippocampal morphology have been described in rodents (McEwen), and volume 

alterations in the anterior hippocampus are associated with menstrual cycle phase in 

women (Protopopescu et al., 2008). It is notable that these reproductive system 

influences are confined to the anterior hippocampus as the hippocampus is functionally 

differentiated such that the anterior region is associated with emotional functioning 

(Moser and Moser, 1998).  Thus, it is not surprising that sex differences in behavioral 

and neurobiological responses to stress have been observed in humans and rodents 

(Goldstein et al., 2010; Ter Horst et al., 2009). Glial deficits associated with depression-

like behavior in prenatally stressed mice appear to be limited to female offspring (Behan 

et al., 2011), and estrogen protects against neuronal loss in the hippocampus of 

chronically stressed female rats (Takuma et al., 2007). Therefore, it is likely that 

estrogen-influenced structural alterations in the hippocampus, particularly in response to 

stress, may be central to the neurobiology of depression in females.   
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In order to promote understanding of the depressed female primate brain, we have 

been studying social stress-associated depressive behavior and the accompanying 

physiology and neurobiology in adult female cynomolgus macaques (Macaca 

fascicularis) for 15 years (see Willard et al., 2012 and Shively et al., 2012 for reviews). 

Cynomolgus macaques have menstrual cycles like those of women in length and 

hormonal fluctuations, and the macaque hippocampus more closely reflects the nuclear 

rganization and connectivity patterns of the human hippocampus than does that of the 

ubjects 

o

rat (Amaral and Lavenex, 2007). Previously, we reported reduced anterior hippocampal 

volume in antidepressant-naïve, behaviorally depressed females (Willard et al., 2009). 

The goal of the present study was to elucidate the cellular mechanisms of anterior 

hippocampal volume reduction by conducting the first ever systematic investigation of 

the entire hippocampus in depressed female primates, while controlling for ovarian 

steroids and eliminating the confounding influence of treatment. To accomplish this, we 

used design-based stereologic methods to estimate neuron and glia numbers, neuron 

soma size, and layer volumes in all subregions of the anterior and posterior 

hippocampus, using tissue derived from a carefully matched sample of antidepressant-

naïve, adult, female monkeys characterized for behavioral depression. Based on 

previous human and animal studies, we hypothesized that glia and neuropil alterations 

would contribute more to differences in hippocampus size than neuronal alterations, and 

that these effects would be limited to the anterior hippocampus. 

 

METHODS AND MATERIALS 

S
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Twenty-eight reproductive-aged female cynomolgus macaques (Macaca fascicularis), 

were obtained directly from Indonesia (Institut Pertanian Bogor, Bogor, Indonesia). The 

animals were housed in stable social groups of four animals each under a 12/12 

light/dark cycle for 24 months. As part of a larger study investigating the comorbidity of 

depression and cardiovascular disease risk factors, the animals consumed a diet 

designed to mimic the typical North American diet, containing 0.28 mg cholesterol/Cal 

and 42.4% of calories as fat (Shively et al., 2005; 2006; 2008). All procedures involving 

primates were conducted in compliance with institutional, state, and federal laws for the 

usage of primates in laboratory settings.   

 

Social Status and Behavioral Depression 

Social status was determined monthly by recording the outcomes of agonistic 

interactions (Shively et al., 1997; 2002; 2005), and the resulting social status hierarchy 

within each social group was stable over time, as in previous experiments (Shively and 

Kaplan, 1991). Behavioral depression is operationally defined as a slumped or 

collapsed body posture (head lower than shoulders), in which an animal’s eyes are 

open, but the animal lacks interest in or responsivity to environmental stimuli (Shively et 

al., 1997; 2002; 2005, see Figure 1). Behavioral depression in captive cynomolgus 

macaques appears to occur spontaneously and is not induced by a specific 

experimental manipulation. Focal animal observations (Altmann, 1974) were used to 

cord time spent in behavioral depression was observed in each monkey for 15 

× 2 years for a total of 26 hours/monkey. Time spent in 

l depression was divided by observation length to calculate percent time spent  

re

minutes/week × 52 weeks/year 

behaviora
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Figure 1. A monkey displaying the depressed posture (A) is compared to a 
depressed monkey is alert and attentive 

appears inattentive, and is in a slumped body posture (head below 

 

behaviorally depressed.  Monkeys that fell above the mean per cent time spent in the 

depressed posture were designated ‘‘depressed’’ (N=15/36) and those that fell below 

the mean were designated ‘‘nondepressed’’ (N=21/36). Interobserver reliability was 

≥92% throughout the study. Detailed characteristics of the behavior and peripheral 

physiology of these animals have been described (Shively et al., 2005; 2006; 2008; 

2009). 

 

Hypothalamic-Pituitary-Adrenal (HPA) Axis Function 

A dexamethasone suppression test (DST) was used to assess the sensitivity of the HPA 

axis to glucocorticoid negative feedback and has been described elsewhere (Shively et 

nondepressed monkey (B). The non
to the photographer, whereas the monkey displaying depressive behavior 

shoulders), with eyes open and directed downward. 

142 
 



al., 1997; 2002; 2005). Briefly, a morning blood sample was taken for a baseline 

easure of cortisol, a dexamethasone dose (130 μg/kg body weight, I.M.) was 

dministered later in the evening, and then another blood sample was taken the 

llowing morning for cortisol assay. The difference between the baseline and second 

orning cortisol concentrations divided by the baseline value and multiplied by 100 (% 

uppression of cortisol) was used as an indicator of sensitivity to glucocorticoid negative 

edback (Kalin and Carnes, 1984). This test was administered one month prior to 

ecropsy. 

 

Steroid Hormone Assays 

Estra rian 

stero ble 

radio  Angeles, California).  

 

Subject Selection 

From the parent population of 28 animals, eight depressed animals were carefully 

matched with eight nondepressed animals based upon body weight, age, social status, 

basal cortisol levels, cortisol response in the DST, % suppression of cortisol, and 

estradiol and progesterone levels at the time of necropsy (Table 1), for a final sample of 

N=16 animals. This matching was done to reduce variance in the relatively small 

sample and assures that behavioral depression was the only statistically significant 

difference between the two groups with respect to known characteristics that might 

affect hippocampal structure. 

m

a

fo

m

s

fe

n

diol and progesterone were assayed in blood collected at necropsy. Ova

ids and cortisol concentrations were determined using commercially availa

immunoassays (Diagnostic Products Corporation, Los
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Table 1. Group characteristics 

 Depressed Nondepressed t(14) p 

Values represent means ± SEM.  *Range 0-1, 0=subordinate, 1=dominant. 

 

Tissue Preparation 

At necropsy, brains were rapidly removed, hemisected, and frozen at -80°C. The 

temporal lobe from one hemisphere of each animal was dissected at -20°C, immersion-

fixed in 4% phosphate-buffered paraformaldehyde at 4°C for one week, and then 

cryoprotected in graded concentrations of phosphate-buffered sucrose (up to 30%). 

Fixed-tissue blocks were frozen in TFM™ (TBS®, Inc., Durham, NC) and coronally 

cryosectioned at 50μm throughout the anterior-posterior extent of the hippocampus. 

Tissue sections were collected into antifreeze solution (1:1:2 ethylene glycol, glycerol 

and 0.1M phosphate-buffered saline) and stored at -20ºC until use. To control for 

laterality effects, experimental groups were counterbalanced for hemisphere as done in 

previous hippocampal volumetry studies (Willard et al., 2009).  

(N=8) (N=8) 

% Time Behaviorally Depressed 4.25 ± 0.48 0.73 ± 0.16 7.10 0.000005

Age (yrs) 18.4 ±1.38 20.5 ± 1.10 1.21 0.25 

Body Weight (kg) 0.32 ± 0.12  0.31 ± 0.16  0.67  0.52  

Progesterone (ng/ml) 19.07 ± 4.69 20.24 ± 4.05  0.05  0.96  

Estradiol (pg/ml) 0.33 ± 0.09  0.56 ± 0.15  1.40  0.18  

Baseline Cortisol (µg/ml) 42.05 ± 5.13 42.39 ± 3.82  0.02  0.99  

Cortisol Response to Dexamethasone 10.99 ± 1.41 11.30 ± 2.10 0.12 0.90 

73.65 ± 2.16 73.16 ± 3.93 0.11 0.92 

Relative Social Status* 0.33 ± 0.09 0.57 ± 0.15 1.40 0.18 

% Suppression of Cortisol 
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Immunohistochemistry and Histology 

NeuN immunohist chemistry was use ze uro igure ). 

Sections were processed in cohorts of animals equally representing behavioral 

depression status.  Sections were washed of antifreeze solu s-buffered 

s S), and endogenous ctiv ced uba

center thickness of the tissue at the level of the granule cell layer because of 

section. Scale bar = 10 µm. 

o d to visuali  pyramidal ne ns (F  2A

tion in 0.1M tri

aline, pH 7.5 (TB peroxidase a ity was redu  by inc tion  

Figure 2. NeuN and cresyl violet were used to visualize cells. (A) NeuN-
immunoreactive pyramidal neurons. (B)  NeuN staining was weak in the 

dense cell packing within the layer, and the thickness (50µm) of the sections. 
(C) Glial cells stained with cresyl violet were easily distinguished from 
neurons and endothelial cells based on distinct, known morphological 
characteristics. White stars indicate neurons, solid black arrows indicate glial 
cells, and the dashed black arrow indicates an endothelial cell (not included 
in present study). (D) Unlike NeuN, histological staining with cresyl violet 
clearly delineates granule neurons in the center thickness of the tissue 
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for 30 minutes in 0.6% hydrogen peroxide diluted in TBS. Sections were washed and 

r 

Laboratories, Inc., Burlingame, CA) and visualized employing peroxidase-conjugated 

avidin-biotin complex (ABC Elite Kit, Vector Laboratories, Inc.) and nickel enhanced 

diaminobenzidine peroxidase substrate (DAB kit, Vector Laboratories, Inc). Sections 

were mounted in TBS onto superfrost Plus slides (Fisher Scientific, Pittsburgh, PA), 

blotted of residual buffer, air dried 30 minutes, dehydrated using a graded series of 

ethanol, cleared in xylene and coverslipped using Cytoseal 60 permanent mounting 

medium (VWR, West Chester, PA). 

 

Histochemistry for Nissl substance was used to label granule neurons and glia. NeuN 

staining was weak with cells barely discernible in the center thickness of the tissue at 

the level of the DG granule cell layer (Figure 2B), presumably due to the high packing 

density of neurons in this cell layer and th

for s  for 

astro ay 

not 09; 

Midd  for 

deter ith 

cresy cells without regard to glial subtype, as well 

incubated for 1 hour at room temperature in TBS containing 5% normal horse serum 

and 0.2% Triton X-100 followed by overnight incubation in the same solution at 4ºC 

containing mouse monoclonal anti-NeuN (1:20,000; MAB377, Millipore, Billerica, MA). 

Label was detected with biotinylated anti-mouse secondary antibody (1:1000; Vecto

e large section thickness (50µm) necessary 

tereological analysis. Available glial markers, such as GFAP and S100β

cytes, are known to be up or down-regulated by various disease states and m

be expressed at detectable levels in healthy tissue (Gosselin et al., 20

eldorp and Hol, 2011; Sofroniew and Vinters, 2010), making them unreliable

mining cell type-specific numbers. Thus, standard Nissl substance staining w

l violet was used to visualize all glial 
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as granule neurons (Figure 2C-D). Sections were washed of antifreeze solution in TBS, 

mounted onto superfrost Plus slides, blotted of residual buffer, and air dried 60 minutes. 

Slide-mounted sections were dehydrated using a graded series of ethanol, cleared in 

xylene, rehydrated through a graded series of ethanol, and stained with 0.1% cresyl 

violet acetate for two minutes. Sections were then dehydrated/differentiated through a 

series of graded ethanol, cleared in xylene and coverslipped using Cytoseal 60 

permanent mounting medium. 

 

Quantitative Stereological Analyses 

Design-based stereology was used in the present study because its methods minimize 

bias and are thus highly quantitative, given that the measurement outcomes are derived 

independently of the shape, size, orientation, or distribution of the counting objects 

est, 2002). Total numbers of neurons and glia were estimated using the optical (W

fractionator technique (West et al., 1991), and all measurements were conducted using 

the Stereo Investigator system (MicroBrightfield, Williston, VT) and an Olympus BX51 

Microscope (Center Valley, PA) connected to a digital video camera (Optronics 

Microfire, Goleta, CA). Although astrocytes were of primary interest given their 

implications in the pathophysiology of depression (Rajkowska and Miguel-Hidalgo, 

2007), distinguishing glial subtypes in cresyl violet stained tissue is difficult and error-

prone, thus all glia were counted regardless of subtype. The hippocampus was divided 

into anterior and posterior regions for analysis. The anterior hippocampus was 

delineated from the posterior hippocampus by the presence of the uncus (Willard et al., 

2009; 2011). Within each region of the hippocampus (anterior, posterior), the following 
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subregions were included in stereological assessments: 1) DG, 2) proximal CA3 

(portion of CA3 contained within the blades of the DG), 3) distal CA3 (portion of CA3 

deep to the DG) + CA2, and 4) CA1 + subiculum (see Figure 3E). Given the difficulty in 

delineating the distal CA3 from the adjacent CA2 (Amaral and Lavenex, 2007), those 

two subregions were combined. Similarly, the boundary between the CA1 and 

subiculum is oblique (Amaral and Lavenex, 2007), and there is evidence to suggest 

subicular structure is altered in unmedicated depressed patients (Bearden et al., 2009), 

us the CA1 region was expanded to include the subiculum. Glial counting was 

d neuropil layers in each of the subregions, and 

th

conducted over all combined cell an

neuronal measures were conducted in the principle cell layers only. For example, the 

DG region of interest (ROI) for glial counting included all three layers (molecular layer, 

granule cell layer, polymorphic cell layer), whereas as the ROI for neuronal counts was 

confined to the granule cell layer.  

 

Stereological parameters were empirically derived for use in adult cynomolgus macaque 

hippocampus, with the precision of each estimate indicated by the Schmitz-Hof (2000) 

method of calculating the coefficient of error (CE), and these parameters are described 

for each ROI in Table 2. The section sampling interval was determined separately for 

the anterior and posterior hippocampus. The anatomy of the anterior hippocampus 

changes frequently throughout its extent as the head of the hippocampus turns medially 

and arches caudally towards the uncal recess, whereas the posterior hippocampus is 

more homogenous in structure. Thus, systematically random series of sections for 

stereological measures were empirically determined at intervals of 1-in-12 throughout  
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Table 2. Stereological parameters 

A(frame) 
(µm × µm) 

A(x,y step) 
(µm × µm) 

h 
(µm) 

Ta 

(µm) 
- a a,b Region/Object ssf   ΣQ CE

Anterior hippocampus        
     D
      
          Glia 1/12 50 × 50 450 × 450 10 21.5 ± 0.26 549 ± 39 0.044 
     P
          Pyramidal neurons 1/12 70 × 70 350 × 350 10 16.3 ± 0.23 272 ± 16 0.062 
       
     D
          Pyramidal neurons 
       
     CA1/subiculum        
       
          Glia
 
Pos
     Dentate gyrus        
      0 225 × 225 10 20.2 ± 0.26 435 ± 34 0.050 
          Glia 1/24 50 × 50 450 × 450 10 20.8 ± 0.29 402 ± 20 0.051 
     Proximal CA3        
       
       
     D
          Pyramidal neurons 1/24 70 × 70 350 × 350 10 17.8 ± 0.43 390 ± 21 0.051 
       
     CA1/subiculum        
       
       

entate gyrus        
    Granule neurons 1/12 20 × 20 225 × 225 10 20.0 ± 0.23 487 ± 43 0.047 

roximal CA3        

    Glia 1/12 50 × 50 400 × 400 10 22.0 ± 0.22 407 ± 24 0.051
istal CA3/CA2        

1/12 70 × 70 350 × 350 10 16.4 ± 0.22 461 ± 18 0.047 
    Glia 1/12 50 × 50 400 × 400 10 22.4 ± 0.24 1138 ± 66 0.030

    Pyramidal neurons 1/12 70 × 70 500 × 500 10 17.0 ± 0.26 522 ± 20 0.044
 1/12 50 × 50 650 × 650 10 22.5 ± 0.25 602 ± 40 0.042 

       
terior hippocampus        

    Granule Neurons 1/24 20 × 2

    Pyramidal neurons 1/24 70 × 70 350 × 350 10 18.3 ± 0.52  215 ± 14 0.071
    Glia 1/24 50 × 50 400 × 400 10 21.1 ± 0.27 215 ± 13 0.070
istal CA3/CA2        

    Glia 1/24 50 × 50 400 × 400 10 21.8 ± 0.27 540 ± 25 0.044

    Pyramidal neurons 1/24 70 × 70 500 × 500 10 17.6 ± 0.47 450 ± 17 0.047
    Glia 1/24 50 × 50 650 × 650 10 21.7 ± 0.32 407 ± 16 0.050

a

grid; h: height of dissector; t: section thickness; ΣN-: number of objects counted. 

Values listed are means ± SEMs. 
bFor all mean CE (coefficient of error), SEM was ≤0.003.  

ssf: section sampling fraction; A(frame): area of counting frame; A(x,y steps): area of sampling 
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the extent of the anterior hippocampus and 1-in-24 throughout the posterior 

hippocampus. The borders o  to ed thin each section were defined 

during the same session for each section ion (10X). NeuN-

ons were evaluated using a plan-fluorite 40X (N.A. = 

 ob e ir an is u n

ll layers (Figure 2A). Cresyl-violet stained granule neurons were evaluated 

 plan-apochro 0X  1. rsi b  ll 

n Du  di ns i

tained tissue, l e ga ss w

e  u  m n b he iz k 

prominent nucleolus (F gure 2C). Cells were quantified in c unting frames withi  

rea, , of x d y steps ematically random 

liz  fo hro iss r b gu

, and insi  the co nting frame area, A(frame). Section thickn s (t) wa  

ounting frame. Total num

 = ΣQ- × 1/ssf × 1/asf ×1/tsf, where ΣQ- is the total number of objects 

d within an RO ss ion tio m n c

s ea g  A m s d

ess sampling fr ) 

 

actionators probe. We validated 

adequate sampling for these results by applying the Cavalieri method probe on a subset 

f all ROIs  be analyz  wi

under low magnificat

immunoreactive pyramidal neur

1.3) oil immersion jectiv given the large size d d perse distrib tion withi  the 

pyramidal ce

using a mat 6  (N.A. = 4) oil imme on o jective given their sma size 

and high packing de s . ity e t theo fficulty in distinguishing glial subpopulatio n 

Nissl s all glia cells wer counted re rdle  of subpopulation and ere 

distinguished from n urons nder 60X agnificatio y t ir smaller s e and lac of a 

i o n

sampling grids (a A an ) distributed in a syst

manner, and visua ed by cusing t ugh the d ecto height (h), elow the ard 

height of 3µm de u  es s

measured in every third c ber of cells for each ROI was 

estimated as N

counte I acro  all sect s, ssf (sec n sa pling fractio ) is the se tion 

sampling interval, a f (ar  samplin fraction) = (fra e) / A(x,y teps), an  tsf 

(thickn action = h/t.  

 

Volumes for each subregion, neuronal layer and neuropil layer were determined using

the planimetric outcome measures from the optical fr
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of animals (Gunderson and Jensen, 1987). Whole hippocampal volumes were assessed 

by summing all subregions (DG, proximal CA3, distal CA3/CA2, and CA1) within the 

anterior or posterior measurements (Figure 3C). Neuronal and glial average densities 

were calculated for each ROI as total number of cells/planimetric volume of the ROI. 

Neuronal soma size was estimated in every fifth neuron counted using the nucleator 

probe (Gundersen et al., 1988; Schmitz et al., 1999). All analyses were performed 

blinded to the experimental condition.  

 

Statistical Analyses 

Two-tailed t tests were used to verify that depressed and nondepressed animals did not 

differ in matching characteristics, and to compare whole, anterior and posterior 

hippocampal volumes between groups, as done in our previous postmortem study 

(Willard et al., 2009). Two group (depressed, nondepressed) × four subregion (DG, 

proximal CA3, distal CA3/CA2, CA1/subiculum) mixed models ANOVA was used to 

assess the main effect of depression, and depression by subregion interactions. Given 

the size differences among hippocampal subregions, main effects of subregion were 

expected and are not reported. Neuron soma size was analyzed separately for granule 

and pyramidal neurons due to the large difference in scale of the measures. Student-

Newman-Keuls was used for post hoc comparisons between groups. F and t ratios and 

egrees of freedom are listed in the figure legends. The α level was set at 0.05 for all d

analyses, and data are depicted as means ± SEMs.  
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Figure 3. Specific subregions of the anterior hippocampus are smaller in 

were smaller (t(14) = 2.32, p < 0.05) in depressed compared to 

indicating that whole, anterior and posterior hippocampal volume measures 

 5.36, p < 0.05) and differed 
significantly smaller anterior 

CA1/subiculum (p < 0.01) and DG (p < 0.05) volumes. No effects were found 
in the posterior hippocampus. (E) Nissl-stained coronal section depicting the 
delineations used for volumetric assessment of subregions. *p < 0.05; **p < 
0.01. 

behaviorally depressed female monkeys. (A) Whole and posterior 
hippocampal volumes were not different, but anterior hippocampal volumes 

nondepressed monkeys, similar to those reported in our previous study (3B) 
(adapted from Willard et al., 2009). (C) Nissl-stained coronal section 

included all subregions. (D) In the anterior hippocampus, subregion volumes 
were smaller in depressed monkeys (F(1,14) =
by subregion (F(3,42) = 6.91, p < 0.001), with 
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RESULTS 

Small anterior hippocampal volume is characteristic of behaviorally depressed female 

monkeys. 

There were no differences between depressed and nondepressed animals in body 

weight, age social rank, basal cortisol levels, cortisol response to DST, % suppression 

of cortisol, or estradiol and progesterone levels at the time of necropsy (Table 1). There 

were no significant differences between depressed and nondepressed animals in whole 

or posterior hippocampal volumes (Figure 3A). Anterior hippocampal volumes were 

13.5% smaller (p < 0.05) in depressed animals compared to their nondepressed 

counterparts. These results are nearly identical to those observed in our previous 

postmortem evaluation of hippocampal volume (Figure 3B, Willard et al., 2009). 

 

Differences in anterior hippocampal volume are restricted to the CA1 and DG, and are 

greatest in the neuropil layers of behaviorally depressed female monkeys. 

No significant effects were observed in subregion, neuropil, or principle cell layer 

volum in 

effec 01) 

were rior 

CA1/  to 

nond the 

volum cant 

depre the 

pyram red 

to nondepressed monkeys (p < 0.05). A main effect of depression was observed for  

es in the posterior hippocampus. In the anterior hippocampus, a significant ma

t of depression (p < 0.05) and a depression × subregion interaction (p < 0.0

 observed for subregion volumes (Figure 3D). The volumes of the ante

subiculum (p < 0.01) and DG (p < 0.05) were smaller in depressed compared

epressed monkeys. While no main effect of depression was observed for 

es of the principle cell layers in the anterior hippocampus, there was a signifi

ssion × subregion interaction (p < 0.01; Figure 4A-B). The volume of 

idal cell layer in the anterior CA1/subiculum was smaller in depressed compa
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Figure 4. CA1 and DG neuropil and principle cell layers are smaller in the 
anterior hippocampus of depressed monkeys. (A) No main effect of 

with reduced volume of the pyramidal cell layer in the CA1/subiculum (p < 

depicted. (C) Neuropil volumes were smaller in depressed monkeys (F(1,14) 

depression was found, but there was an interaction by subregion (F(3,42) = 
4.32, p < 0.01) for principle cell layer volumes in the anterior hippocampus, 

0.05) of depressed monkeys. No effects were observed in the posterior 
hippocampus. (B) The subregion delineations for principle cell layers are 

= 8.41, p < 0.05), with an almost significant interaction by subregion (F(3,42) 
= 3.22, p < 0.06) and smaller neuropil extent in the anterior CA1/subiculum (p 
< 0.01) and DG (p < 0.05). No effects were found in the posterior 
hippocampus. (D) The subregion delineations for neuropil layers are 
depicted. *p < 0.05; **p < 0.01. 
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neuropil volumes in the anterior hippocampus (p < 0.05; Figure 4C-D), but the 

depressed compared to nondepressed monkeys (Figure 5C). Pyramidal neuron so

depression × subregion interaction did not reach significance (p < 0.10). The volumes of 

the neuropil layers in the anterior CA1/subiculum (p < 0.01) and DG (p < 0.05) were 

smaller in depressed animals.  

 

Neuron number, density and soma size are minimally altered in the hippocampii of 

behaviorally depressed female monkeys. 

No significant effects were observed for neuron density in the anterior or posterior 

hippocampus (Figure S1).  In the anterior hippocampus, depressed animals had fewer 

neurons than nondepressed, on average, but the main effect of depression did not 

reach significance (p < 0.10). However, there was a significant depression × subregion 

interaction (p < 0.05; Figure 5). There were fewer anterior DG granule neurons on 

average, although this difference was not significant (p < 0.10; Figure 5A). No 

significant effects were observed for neuron number in the posterior hippocampus. 

While there was no difference between groups in anterior DG granule neuron soma 

size, posterior DG granule neuron soma size (p < 0.05) was significantly smaller in 

ma 

size was, on average, lower in depressed compared to nondepressed animals across 

all su no 

signif

 

 

bregions throughout the extent of the whole hippocampus (Figure 5D), but 

icant effects were observed in either the anterior or posterior hippocampus.  
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Figure S1. Neuronal Density is Unaltered in Behaviorally Depressed Female 
cts were observed for granule neuron 

 

Glia number is substantially lower in the anterior CA1 and DG of behaviorally depressed 

female monkeys. 

No significant effects were observed for glia number or density in the posterior 

hippocampus. A significant main effect of depression (p < 0.01) and an interaction effect 

between depression × subregion (p < 0.001) were observed for the number of glia in the 

anterior hippocampus (Figure 6A).  Depressed animal had 30% fewer glia in both the 

anterior CA1 (p < 0.01) and DG (p < 0.05) than nondepressed animals. While the main 

effect of depression approached significance for glia density in the anterior 

hippocampus (p < 0.10), no depression × subregion interaction effect was found 

(Figure 6B).   

Monkeys. (A-B) No significant effe
density (A) or pyramidal neuron density (B) in the anterior or posterior  
hippocampus. 
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Figure 5. Alterations in hippocampal neurons are minor in behaviorally 
depressed female monkeys. (A-B) In the anterior hippocampus, neuron 
number tended to be lower in depressed monkeys (F(1,14) = 4.12, p < 0.07), 
but did differ by subregion (F(3,42) = 3.23, p < 0.05), with a trend for fewer 
DG granule neurons (p < 0.09). No effects were found in the posterior 
hippocampus. (C) Posterior, but not anterior, DG granule neuron soma size 
(t(1,14) = 5.05, p < 0.05) was smaller in depressed monkeys. (D) The 
average pyramidal neuron soma size was lower in depressed animals across 
all subregions, but no effects were found in the anterior or posterior 
hippocampus. #p < 0.10; *p < 0.05. 
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Figure 6. Behaviorally depressed female monkeys have less glia in the anterior 

hippocampus (F(1,14) = 11.14, p < 0.01) and the numbers differed by subregion 
(F(3,42) = 8.99, p < 0.0001), with 30% fewer glia in the anterior CA1 (t(1,14) = 

in the posterior hippocampus. (B) Glia density tended to be lower in the anterior 
hippocampus of depressed monkeys (F(1,14) = 4.15, p < 0.07), but no 

was observed for glia density in the posterior hippocampus, but the interaction 
by subregion approached significance (F(3,42) = 2.66, p = 0.060

CA1 and DG. (A) Depressed monkeys had fewer glia in the anterior 

3.99, p = 0.0013) and DG (t(1,14) = 2.85, p = 0.013). No effects were observed 

interaction by subregion interaction was observed. No main effect of depression 

). *p < 0.05; **p 
< 0.01. 
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DISCUSSION 

This is the first study to systematically investigate the morphological characteristics of 

the entire hippocampus in depressed female primates with no prior antidepressant 

exposure. The results indicate profound alterations in anterior hippocampal morphology 

specifically within the CA1 and the DG in depressed compared to nondepressed 

animals, with few alterations in the posterior hippocampus. Moreover, it appears that the 

number of glia and the extent of the neuropil likely contribute more than neuron 

alterations to anterior hippocampus size. These observations are compelling because 

many of the characteristics that differentially affect hippocampal structure in human 

studies are controlled in this primate model. The animals lived in the same housing 

conditions, consumed the same diet, and were not exposed to antidepressant 

pharmacotherapy, recreational drugs, or alcohol. Depressive behavior was objectively 

documented over the course of two years, and depressed and nondepressed monkeys 

were carefully matched on body weight, age, social status, ovarian steroids and cortisol 

levels.  

 

A ma y is 

unbia are 

remo  the 

whole tudy 

replic 9). 

We found nearly the same magnitude and level of significance for reduced anterior 

hippocampal volume in depressed monkeys in both studies, even though the studies 

used different subjects, were conducted years apart, and used different stereological 

jor strength of this study lies in the methodology. Design-based stereolog

sed and produces robust outcomes because sources of systematic errors 

ved from the calculations (West 2002). This is evidenced by how precisely

, anterior and posterior volume measurements reported in the present s

ated our previous postmortem unbiased stereological study (Willard et al., 200
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software. These replicated results further suggest that smaller anterior hippocampal 

volume may be characteristic of behaviorally depressed adult female monkeys. 

Moreover, this result supports the expectation that, when properly planned and 

executed, unbiased stereological analyses produce robust and consistent outcomes.  

 

There are a number of potential limitations in the study, including the relatively small 

sample size. For certain variables including glial density and soma size, the effect of 

depression may have reached significance with additional animals. Another limitation is 

our lack of ability distinguish glial subtypes, thus the results are generalized to all glia, 

even though glial subtypes have distinct functions and may be altered differentially in 

depression. In addition, reductions in one type of glial cell may be masked by increases 

in another type. A third limitation of this study is that we do not know whether the 

animals were exhibiting behavioral depression at the time of necropsy. This prohibits a 

discussion of state versus trait characteristics. Furthermore, the delineation between 

anterior and posterior hippocampus is largely arbitrary. While anterior and posterior 

regions have different efferent and afferent connectivity, it is likely that these differences 

exist somewhat along a gradient, with an intermediate zone separating the two regions 

(Fan

 

The

non ult 

mac ed 

patients (Muller et al., 2001; Luc

selow and Dong, 2010). 

 total numbers of neurons that we observed within each hippocampal subregion for 

depressed monkeys are comparable to those previously reported for mature ad

aques (Keuker et al., 2003). In agreement with postmortem studies of depress

assen et al., 2001; Stockmeier et al., 2004), we found 
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no  of 

depressed monkeys. There was a trend for fewer granule neurons in the anterior 

red levels of DG cytogenesis as observed 

in the anterior (ventral) hippocampus of rodents under chronic mild stress (Jayatissa et 

al., 2006), however this could only be verified with additional studies using a larger 

sample size. While Stockmeier et al. (2004) reported decreased pyramidal soma size in 

depressed patients, we observed only a trend for this effect, likely limited again by the 

relatively small sample size of the present study. Unlike Stockmeier et al. (2004), we 

found no effect of depression on neuronal density, however we had the ability to utilize 

the entire hippocampus and employ unbiased techniques, whereas their group was 

limited to semi-quantitative assessment of a few sections at one location in the 

hippocampus. We did find a reduction in the size of both the anterior DG granule and 

CA1 pyramidal cell layers, as well as reduced neuropil layer volumes within these same 

regions. Reduced principle cell layer volume without reduced principle cell number 

provides further evidence for alterations in the substance between neuronal cell bodies 

mechanisms related to spine, dendrite and synaptic complexity. Nevertheless, neuronal 

alterations reported herein were minor in depressed monkeys and likely to contribute 

little to the observed anterior volume reduction. 

 

the anterior CA1 and DG. This is the first study in which glia numbers without regard to 

glial subtype were assessed over all layers and not just the principle cell layer within 

strong evidence for loss of granule or pyramidal neurons in the hippocampus

hippocampus, which may be reflective of alte

(i.e. neuropil), and ongoing studies in this same set of animals are investigating 

The most striking outcome of the present study was the 30% reduction of total glia in 
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each subregion of the hippocampus, thus the results are not easily compared to 

previous studies. For example, Stockmeier et al. (2004) reported increased Nissl-

stained glial packing densities within the principle cell layers of the depressed human 

hippocampus, whereas we observed decreased glial packing density CA1/subiculum 

and proximal CA3 measured over all layers within those subregions. Had we measured 

glia solely within the principle cell layers, we may have observed the same effects, 

ough this could only be confirmed though additional studies. Although we did not 

endritic atrophy in the CA3 is commonly reported in male rodents in response to stress 

th

distinguish glial subtype, it is known that astrocytes are by far the most abundant glial 

cell type in neural tissue. Astrocytes are dynamic cells that play many critical roles in 

support of neurons, such as regulating energy and metabolism, neurotransmitter 

modulation, and synaptic plasticity (Sofroniew and Vinters, 2010), and glial pathologies, 

including astrocyte alterations, have long been implicated in depression (Rajkowska and 

Miguel-Hidalgo, 2007). Two human studies reported decreased GFAP-immunoreactive 

astrocytes in the hippocampus of depressed patients (Lucassen et al., 2001), 

specifically in the CA1 and CA2 (Muller et al., 2001). Likewise in the hippocampus of 

male tree shrews, psychosocial stress increased apoptosis in non-neuronal cells 

(Lucassen et al., 2004) and reduced GFAP-immunoreactive astrocytes (Czeh et al., 

2006). Such evidence suggests the change in total glia observed here reflects a 

reduction in astrocytes, but this remains to be determined. 

 

D

(McEwen and Margarinos, 2001; Sapolsky, 2000), however we observed no significant 

differences between groups in CA3 neuropil volume. Unlike rodent stress models, 
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behavioral depression in adult female monkeys is not induced by the experimental 

manipulation of stress or administration of glucocorticoids. Although we know that 

subordinates are socially-stressed, only 60% of subordinates ever exhibit depressive 

behavior (Shively et al., 1997; 2002; 2005; Shively and Willard, 2012). In the present 

study, we balanced the depressed and nondepressed groups on social status, cortisol 

levels and HPA-axis function, so that the results obtained would more likely reflect 

depressive behavior and not necessarily stress. On the same token, behaviorally 

depressed animals in this model typically exhibit HPA-axis dysfunction (Shively et al., 

1997; 2002; 2005; Willard and Shively, 2012). Had we not controlled for cortisol levels 

and HPA-axis function, we may have observed the same stress-sensitivity in the CA3 

reported in male rodent stress studies. Likewise, the matching of depressed and 

nondepressed subjects on physiological characteristics known to influence hippocampal 

structure in this small sample is not definitive evidence for a lack of involvement of the 

HPA axis on cellular determinants of hippocampal size. 

 

It is important to note that sex differences exist in rodent studies such that estrogen 

protects chronically stressed female rodents from the dendritic retraction observed in 

CA3 pyramidal neurons in males (Galea et al., 1997). By contrast, estradiol increased 

dendritic spines in the CA1 in chronically stressed rodents (McLaughlin et al., 2010) and 

decreased CA1 spines in acutely stressed rodents (Shors et al, 2001). The CA1 

appears to be more stress-sensitive in female rodents, and we observed the largest 

lterations between depressed and nondepressed female monkeys in the CA1. 

Although matched on ovarian steroids in the present study, we know that behaviorally 

a
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depressed female monkeys have suppressed ovarian function and may be estrogen-

deficient (Shively et al., 1997; 2002; 2005; Willard and Shively, 2012). Additional studies 

are necessary to determine whether ovarian dysfunction contributes to morphological 

deficits in the anterior hippocampus of depressed female monkeys.  

 

In conclusion, we have conducted the most comprehensive evaluation of hippocampal 

morphology in depressed female primates to date. These data suggest that alterations 

in glia and neuropil, but not necessarily neurons, in the anterior CA1 and DG may 

contribute to hippocampus size differences in behaviorally depressed female monkeys. 

The study was conducted using carefully matched, antidepressant-naïve, adult female 

monkeys in which depressive behavior was continually documented over two years, and 

not induced by the experimental manipulation of stress. The macaque hippocampus 

more closely resembles that of the human hippocampus with regard to nuclear 

organization and efferent and afferent connectivity, and the present study was 

conducted in all female primates. Thus, future studies in both rodents and primates are 

necessary to determine whether the observed reductions in the anterior hippocampus of 

depressed female monkeys are sex-specific, and whether they can be extended to 

rodents. Sex-specific assessments of hippocampal morphology in depression may 

prove critical for illuminating factors contributing to the increased prevalence of 

depression in women.   
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ABSTRACT 

Background: The anterior hippocampus is associated with emotional functioning and 

hippocampal volume is reduced in depression. We previously reported reduced neuropil 

volume and glia numbers in the dentate gyrus (DG) and cornu ammonis (CA)1 of the 

anterior hippocampus in behaviorally depressed adult female cynomolgus macaques. 

Using the same subjects, we measured protein and gene expression of glial and 

synaptic markers in subregions of the anterior hippocampus. 

he molecular mechanisms of glia and neuropil alterations were examined in 

cterized for behavioral depression (n=8 depressed, 8 

 were decreased in the CA1 of depressed female 

bserved in the CA1 and was inversely related to serum estradiol. GFAP 

the structure of the anterior hippocampus and reciprocally related to 

te-mediated synaptic plasticity 

Methods: T

subregions of the anterior and posterior hippocampus in antidepressant-naive, adult 

female monkeys chara

nondepressed). Western blot analyses were used to measure glial and synaptic 

proteins in the DG, CA3 and CA1, and secondary analysis of gene transcripts was 

conducted using qPCR. 

Results: Glial fibrillary acidic protein (GFAP) was increased whereas spinophilin and 

postsynaptic density (PSD)-95 protein

monkeys. GFAP was reciprocally related to spinophilin and PSD-95 protein in the CA1. 

Gene expression of GFAP, but not spinophilin and PSD-95, paralleled the protein 

changes o

protein was reciprocally related to alterations in neuropil, subregion and layer volumes 

in the DG and CA1. 

Conclusions: These results suggest that increased GFAP in the CA1 may be 

detrimental to 

synaptic proteins, providing evidence of astrocy
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impairments. Additional studies examining the complex relationship between estrogen 

and these mechanisms are necess rstand the neurobiology of female 

depression. 

 

Keywo mpal 

volume  

ary to better unde

rds: macaca fascicularis, GFAP, PSD-95, Spinophilin, estrogen, hippoca
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INTRODUCTION 

and increased apoptosis 

ns in neuropil and glia may contribute more than neuron 

raction and reduced number of synapses in the cornu ammonis 

Alterations in the structure and function of the hippocampus are implicated in the 

pathophysiology of depression. Hippocampal volume reductions are commonly reported 

in depressed patients (Koolschijn et al., 2009), and the anterior hippocampus is known 

to function in mood and emotion (Fanselow and Dong, 2010). Early studies in 

chronically stressed or glucocorticoid-treated male rodents suggested that hippocampal 

atrophy may be associated with suppressed cytogenesis 

(McEwen, 2005; Sapolsky, 2000), yet no substantial neuron loss has been found in 

postmortem histological analyses of the hippocampus of depressed patients (Lucassen 

et al., 2001). Alternatively, decreased density of glial fibrillary acidic protein (GFAP)-

immunoreactive astrocytes (Muller et al., 2001), increased neuron and glia packing 

densities, and decreased neuron size (Stockmeier et al., 2004) were reported, 

suggesting that alteratio

number to volume reductions in depression (Stockmeier et al., 2004). Antidepressant 

treatment prevented the stress-induced reductions in GFAP-immunoreactive astrocytes 

in the hippocampus of tree shrews (Czeh et al., 2006), suggesting that antidepressant 

exposure in human subjects might confound glial measures.  

 

Further evidence for neuropil alterations comes from studies in male rodents that 

showed dendritic ret

(CA)3 of the hippocampus in response to stress or glucocorticoid exposure (McEwen 

and Magarinos, 2001; Tata et al., 2006; Woolley et al., 1990). Similarly, stress 

decreased immunostaining and expression of the presynaptic marker synaptophysin 
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(SYN) and the postsynaptic marker postsynaptic density (PSD)-95 in the CA3 of male 

rodents (Cohen et al., 2011; Thome et al., 2001; Reines et al., 2008; Sifonios et al., 

2009). These results suggest that synaptic integrity may be compromised in the neuropil 

f stressed male rodents. However, no differences were reported between MDD 

Deakin, 2005), though 

antidepressants have been shown to reverse or prevent SYN and PSD-95 deficits in 

rodent stress studies (Reines et al., 2008; Sifonios et al., 2009).  

 

Despite the 2-fold increased prevalence of depression in women (Kessler, 2003), less is 

known about the female hippocampus in depression, and sex differences in behavioral 

and neurobiological responses to stress are reported in humans and rodents (Goldstein 

et al., 2010; Ter Horst et al., 2009). For example, glial deficits associated with 

depression-like behavior in prenatally stressed mice appear to be limited to female 

offspring (Behan et al., 2011), and estrogen protects chronically stressed female 

rodents from the dendritic retraction observed in CA3 pyramidal neurons in males 

(Galea et al., 1997). In the CA1 of the hippocampus, estrogen increases spine density 

in rodents (Gould et al., 1990), and immunoreactivity for spinophilin, a marker of 

dendritic spines, in monkeys (Hao et al., 2003). Given that estrogen has a synaptogenic 

effect in the hippocampus like that of antidepressants (Hajszan et al., 2005; Woolley 

and McEwen, 1992), estrogen-influenced alterations in hippocampal neuropil, 

particularly in response to stress, may be central to the neurobiology of depression in 

o

patients and controls in SYN immunoreactivity (Muller et al., 2001) or PSD-95 

expression in the postmortem hippocampus (Toro and 
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females. Thus, unraveling the neurobiology of depression may depend on the use of 

tic markers in subregions 

f the anterior hippocampus, in tissue derived from the same set of carefully matched 

sex-specific animal models.  

 

In order to increase understanding of the depressed female primate brain, we have 

studied social stress-associated depressive behavior and the accompanying physiology 

and neurobiology in adult female cynomolgus macaques (Macaca fascicularis) for 15 

years (see Willard et al., 2012 and Shively et al., 2012 for reviews). Cynomolgus 

macaques have menstrual cycles like women in length and hormone fluctuations, and 

the macaque hippocampus more closely resembles the nuclear organization and 

connectivity patterns of the human hippocampus than does that of the rat (Amaral and 

Lavenex, 2007). Recently, we reported reduced anterior hippocampal volume, as well 

as smaller neuropil and principle cell layer volumes and fewer glia in the anterior CA1 

and the anterior dentate gyrus (DG) of antidepressant-naïve, behaviorally depressed 

females (Willard et al., 2009). The goal of the present study was to elucidate the 

molecular mechanisms of anterior hippocampal volume reduction in depressed female 

primates, while eliminating the confounding influence of treatment. To accomplish this, 

we measured protein and gene expression of glial and synap

o

antidepressant-naïve, adult, female monkeys characterized for behavioral depression 

that were used in the previous morphologic study (Willard et al., submitted). Given the 

alterations in glia and neuropil described above, we hypothesized that markers of glia 

and synaptic integrity would be dysregulated in the CA1 and DG anterior hippocampus 

of behaviorally depressed female monkeys. 
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METHODS AND MATERIALS 

Subjects 

Twenty-eight reproductive-aged female cynomolgus macaques (Macaca fascicularis), 

were obtained directly from Indonesia (Institut Pertanian Bogor, Bogor, Indonesia). The 

animals were housed in stable social groups of four animals each under a 12/12 

light/dark cycle for 24 months. As part of a larger study investigating the comorbidity of 

depression and cardiovascular disease risk factors, the animals consumed a diet 

designed to mimic the typical North American diet, containing 0.28 mg cholesterol/Cal 

nd 42.4% of calories as fat (Shively et al., 2005; 2006; 2008). All procedures involving 

in behavioral depression was observed in each monkey for 15 minutes/week X 52 

a

primates were conducted in compliance with institutional, state, and federal laws for the 

usage of primates in laboratory settings.   

 

Social Status and Behavioral Depression 

Social status was determined monthly by recording the outcomes of agonistic 

interactions (Shively et al., 1997; 2002; 2005), and the resulting social status hierarchy 

within each social group was stable over time, as in previous experiments (Shively and 

Kaplan, 1991). Behavioral depression is operationally defined as a slumped or 

collapsed body posture (head lower than shoulders), in which an animal’s eyes are 

open, yet the animal lacks interest or responsivity to environmental stimuli (Shively et 

al., 1997; 2002; 2005), as depicted in Figure 1A. Behavioral depression in captive 

cynomolgus macaques appears to occur spontaneously and is not induced by a specific 

experimental manipulation. Using focal animal observations (Altmann, 1974), time spent 
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weeks/year X 2 years for a total of 26 hours/monkey. Percent time spent behaviorally 

depressed was calculated by dividing time spent in behavioral depression by 

bservation length. Monkeys that fell above the mean per cent time spent in the 

photographer, whereas the depressed monkey (B) remains in a slumped, 

o

depressed posture were designated ‘‘depressed’’ (N=15/36) and those that fell below 

the mean were designated ‘‘nondepressed’’ (N=21/36). Interobserver reliability was 

≥92% throughout the study.  Detailed characteristics of the behavior and peripheral 

physiology of these animals have been described (Shively et al., 2005; 2006; 2008; 

2009). 

 

Figure 1.  A nondepressed monkey (A) compared to a depressed (B) 
monkey. The nondepressed monkey (A) is alert and attentive to the 

collapsed body posture with eyes pointed downward, and is unresponsive to 
environmental threats. (C) Cresyl violet stained section of the hippocampus 
in the coronal plane indicating subregional dissections. 
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Hypothalamic-Pituitary-Adrenal (HPA) Axis Function 

A dexamethasone suppression test (DST) was used to assess the sensitivity of the HPA 

axis to glucocorticoid negative feedback and has been described elsewhere (Shively et 

al., 1997; 2002; 2005). Briefly, a morning blood sample was taken for a baseline 

measure of cortisol, a dexamethasone dose (130 μg/kg body weight, I.M.) was 

administered later in the evening, and then another blood sample was taken the 

following morning for cortisol assay. The difference between the baseline and second 

morning cortisol concentrations divided by the baseline value and then multiplied by 100 

(% suppression of cortisol) was used as an indicator of sensitivity to glucocorticoid 

negative feedback (Kalin and Carnes, 1984). This test was administered one month 

prior to necropsy. 

 

Steroid Hormone Assays 

Estradiol and progesterone were assayed in serum collected at necropsy. Ovarian 

steroids and cortisol concentrations were determined using commercially available 

radioimmunoassays (Diagnostic Products Corporation, Los Angeles, California) as 

previously described (Shively et al., 2002) 

 

Subject Selection 

From the initial population of 28 animals, eight depressed animals were carefully 

matched with eight nondepressed animals for body weight, age, social status, basal 

cortisol levels, cortisol response in the  DST, % suppression of cortisol, and estradiol 

and progesterone levels at the time of necropsy (Table 1), for a final sample of N=16 
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animals. This matching was done to reduce variance in this relatively small sample and 

to assure that behavioral depression was the only statistically significant difference 

between the two groups in characteristics that might affect hippocampal structure. 

  

 
Table 1. Characteristics of the experimental groups 

 Depressed 
(N=8) 

Nondepressed 
(N=8) t(14) p 

Values are means ± SEM.  *Range 0-1, 0=subordinate, 1=dominant. 

 

% Time behaviorally depressed 4.25 ± 0.48 0.73 ± 0.16 7.10 0.000005

Relative social status* 0.33 ± 0.09 0.57 ± 0.15 1.40 0.18 

Body weight (kg) 0.32 ± 0.12  0.31 ± 0.16  0.67  0.52  

Age (yrs) 18.4 ±1.38 20.5 ± 1.10 1.21 0.25 

Estradiol (pg/ml) 0.33 ± 0.09  0.56 ± 0.15  1.40  0.18  

Progesterone (ng/ml) 19.07 ± 4.69  20.24 ± 4.05  0.05  0.96  

Baseline cortisol (µg/ml) 42.05 ± 5.13  42.39 ± 3.82  0.02  0.99  

Cortisol response to dexamethasone 10.99 ± 1.41 11.30 ± 2.10 0.12 0.90 

% Suppression of cortisol 73.65 ± 2.16 73.16 ± 3.93 0.11 0.92 
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Tissue Preparation 

At necropsy, brains were rapidly removed, hemisected, and frozen at -80°C. The 

temporal lobe from one hemisphere of each animal was dissected and immersion-fixed 

in 4% phosphate-buffered paraformaldehyde, cryoprotected in phosphate-buffered 

sucrose, and then cryosectioned at 50μm throughout the anterior-posterior of the 

hippocampus for histochemical and morphological analyses as previously described 

(Willard et al., submitted). The temporal lobe from the other hemisphere was thawed to -

15°C, and three subregions encompassing the whole anterior hippocampus were 

manually dissected. The anterior hippocampus was delineated from the posterior 

hippocampus by the presence of the uncus (Willard et al., 2009; 2011). The subregions 

dissected included all layers of the 1) dentate gyrus (DG), 2) cornu ammonis (CA)3, and 

) CA1 (Figure 1C). The CA3 was dissected to include the adjacent CA2, and the CA1 

 the subiculum. Each region was then pulverized in liquid 

estern blotting 

n analyses were PSD-95, SYN, spinophilin, Iba1, MAP2, and GFAP. 

described procedure (Tang et al., 2003). Tissue samples were homogenized in 10 mM 

3

was dissected to include

nitrogen and stored at -80°C for later protein and gene expression analyses. To control 

for laterality effects, treatment groups were counterbalanced for hemisphere as done in 

previous hippocampal volumetry studies (Willard et al., 2009).  

 

W

Proteins included i

Given that the first four proteins listed are mostly localized to cellular membranes, and 

the latter two are cytosolic, tissue samples were fractionated into sub-cellular 

compartments in order to enrich each fraction and optimize detection of differences 

between groups. Sub-cellular fractionation of protein was modified from a previously 
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HEPES, 10 mM NaCl, 1 mM KH2PO4, 5 mM NaHCO3, 1 mM CaCl2, 0.5 mM MgCl2, 0.5 

mM EDTA, Halt™ Protease Inhibitor Cocktail (PI cocktail; Pierce, Rockford, IL, USA), 

and centrifuged X2 in an Eppendorf 5414 D at 7500 rpm for 5 min at 4oC. Total 

pernatant was centrifuged in a Beckman Coulter SW55Ti rotor at 60,000 × g for 40 

in at 4oC, and the cytosolic supernatant was harvested and stored at -80oC. The 

hate-buffered saline (PBS, pH 7.4) 

with PI cocktail, and stored at -20oC. cen est d usin he 

say kit (  dilu to achieve equivalent 

ations. For each h l reg emb prote s 

les were denatured in Laemmli sample buffer (Bio-Rad, Hercules, CA) 

 to 95oC for 5 minutes, and t  into  tris DS- E  

electrophoresed (200 r), red roce  

roblotting (100V, m loc r one hour 

 

Tween-20 (Sigma-Aldrich, Inc., St. Louis, MO), and then incubated in primary antibody 

overnight at 4 C with agitation. Primary antibodies were 1) mouse monoclonal anti-SYN 

llerica, MA),  2) mouse monoclonal anti-PSD-95 (1:5000; 

6G6-1C9, Millipore), 3) rabbit polyclonal anti-spinophilin (1:500; 06-852, Millipore), 4) 

mouse monoclonal anti-MAP2 (1:500; M4403, Sigma-Aldrich, Inc.); 5) rabbit polyclonal 

anti-GFAP (1:1000; 173002, Synaptic Systems, Gottingen, Germany), 6) goat 

polyclonal anti-Iba (1:1000; ab5076, Abcam Inc., Cambridge, MA), and 7) mouse 

monoclonal anti-n-tubulin (1:20000; 05-559; Millipore). Secondary antibodies were 

generally diluted at 1:10000, and included either goat anti-mouse IRDye800 (610-132-

su

m

plasma membrane pellet was re-suspended in phosp

Protein con trations were imate g t

bicinochoninic acid protein as Pierce) and ted in PBS 

final protein concentr ippocampa ion, 20µg m rane in wa

analyzed. Samp

by heating hen loaded precast 10% -HCl S PAG

gels (Bio-Rad), V, one hou and transfer to nit llulose

membranes by elect one hour). Me branes were b ked fo

in one part Odyssey blocking buffer (Licor, Lincoln, NE) and one part 1X PBS/0.1%

o

(1:5000; MAB368, Millipore, Bi
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121; Rockland Immunochemicals, Gilbertsville, PA, USA), goat anti-rabbit IRDye800 

d pooled samples were 

erially diluted from 1:20 to 1:640 for use as standards. 

(611-132-002; Rockland), goat anti-mouse Alexa Fluor 680 (Life Technologies, 

Carlsbad, CA), or donkey anti-goat IRDye 800CW (926-32214; Licor). Blots were 

scanned with the Licor Odyssey infrared scanner and signal intensities were calculated 

with background subtraction using Odyssey version 3.0 software. Equal protein loading 

and efficiency of transfer to nitrocellulose membrane were confirmed by probing blots 

with anti-n-tubulin. Data are reported as signal intensities for proteins of interests 

relative to those of n-tubulin.  

 

RNA Isolation and Reverse Transcription 

Total RNA was isolated from 30 mg pulverized tissue using Trizol (Sigma-Aldrich, Inc.) 

followed by chloroform extraction and isopropanol precipitation. RNA was quantified 

using a Nanodrop spectrophotometer (XXX) and stored at −80°C. For each sample, 2µg 

of total RNA was reverse transcribed using random primers and SuperScript III kits 

(Invitrogen, Carlsbad, CA, USA).  A pool of total RNA combined from all 16 monkeys 

was used as control. The cDNA product was diluted 1:100 an

s

 

Quantitative real-time PCR 

Taqman assays were used to assess gene expression of specific markers (GFAP: 

Rh02840886_m1, Spinophilin: Hs00261636_m1, PSD-95: Hs00176354_m1; Life 

Technologies)  using an ABI Prism 7900HTS real-time detector (Life Technologies). 

Briefly, 0.5μl aliquots of 20X Taqman Expression Assay (Life Technologies), 5.0μl 2X 
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Absolute QPCR ROX PCR Mastermix (ThermoScientific), and 4.5 μl diluted cDNA were 

pipetted into single wells of 384-well plates. Each sample was run in triplicate. 

Thermocycling conditions were as follows: (1) one cycle 2 min at 50°C, (2) one cycle 15 

min at 95°C, and (3) 40 cycles 15 s at 95°C and 1 min at 60°C. Fluorescence was 

measured during the 60°C step for each cycle. Reactions were quantified by the 

standard curve method using SDS2.1 software generating a mean quantity value (Qty 

mean) for each sample from the triplicates of that sample for each gene of interest. 

Using geNorm software, endogenous controls were selected from a set of nine 

candidate reference transcripts (Taqman assays, Life Technologies): β-actin (ACTB: 

Hs99999903_m1), β-2-microglobulin (B2M: hs99999907_m1), glyceraldehyde 3-

phosphate dehydrogenase (GAPDH: Hs99999905_m1), ribosomal protein 18S (18S: 

Hs99999901_m1), TATA box binding protein (TBP: Hs99999910_m1), hypoxanthine 

phosphoribosyltransferase 1 (HPRT1: Hs99999909_m1), peptidylprolylisomerase A 

(PPIA: Hs99999904_m1), β-glucuronidase (GUSB: Hs99999908_m1), and 

phosphoglycerate kinase 1 (PGK1: Hs99999906_m1). geNorm allows the determination 

of the most stable reference genes from a given test panel. geNorm calculates the gene 

expression stability measure (M) by computing the average pairwise variation (V) for 

each control gene paired with all other tested control genes. This selection within 

individual sample sets minimizes bias in the data as a result of normalization. The gene 

expression normalization factor is calculated based on the geometric mean of a user-

defined number of reference genes (Vandesompele et al., 2002). Three candidate 

genes, PGK1, TBP, HPRT1, were selected to serve as endogenous controls. Gene 

expression was calculated using SDS 2.1 software (Applied Biosystems, Foster City, 
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CA, USA) to interpolate the Ct values for each well onto a standard curve generated 

from the Ct values of a dilution series of standards. These quantity values were then 

averaged across triplicates after removal of outliers and expressed relative to the 

quantity value for the mean of the endogenous control genes measured in the same 

sample on the same plate. Data are reported as relative expression (gene of interest 

quantity mean/geomean of endogenous control quantity means). 

 

Morphological Analyses 

Histological staining and stereological methods are described for this tissue in detail 

fly, NeuN immunohistochemistry was used to 

. Glial counting was conducted 

ver all combined cell and neuropil layers in each of the subregions, and neuronal 

in the principle cell layers only. All glial cells were counted 

elsewhere (Willard et al., submitted). Brie

visualize pyramidal neurons, and Nissl-staining with cresyl violet was used to visualize 

glia. Total number of neurons and glia were estimated using the optical fractionator 

technique (West et al., 1991), and all measurements were conducted using the Stereo 

Investigator system (MicroBrightfield, Williston, VT). The following subregions of the 

anterior hippocampus were included in stereological assessments: 1) DG, 2) proximal 

CA3 (portion of CA3 contained within the blades of the DG), 3) distal CA3 (portion of 

CA3 deep to the DG) + CA2, and 4) CA1 + subiculum

o

measures were conducted 

regardless of subpopulation. Stereological parameters were empirically derived for use 

in adult cynomolgus macaque hippocampus, as described in Willard et al. (submitted). 

Regional and layer volumes were determined using planimetric outcome measures and 
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validated by applying the Cavalieri method probe on a subset of animals (Gundersen 

and Jensen, 1987).  

 

Statistical Analyses 

Comparison of values for variables used as selection criteria for depressed and 

nondepressed groups were performed by t-tests (Willard et al., 2009; submitted). 

Preliminary Western blot analyses revealed no effects of depression on SYN, MAP2, or 

Iba1, therefore these markers were eliminated from further protein analyses. Within the 

three subregions, t-tests were used determine group differences for GFAP, spinophilin 

and PSD-95 protein. In the subregions where differences in proteins were observed, 

follow-up gene expression analyses were conducted and group differences determined 

using t-tests. Pearson’s r was used to determine correlation between variables. All 

analyses were two-tailed with the α levels set at 0.05, and data are depicted as means ± 

SEMs.  

 

RESULTS 

Expression of Glial and Synaptic Markers in the CA1 

Western blotting revealed that alterations in glial and synaptic proteins appeared to be 

limited to the CA1, with no group differences observed for any protein examined in DG 

or CA3 (Figure 2). Relative quantification of GFAP revealed that depressed animals 

had on average 15% more GFAP protein in the CA1 compared to nondepressed 

animals (t(1,14) = 2.2, p < 0.05; Figure 2A). By contrast, PSD-95 (t(1,14) = 2.4, p < 

0.05; Figure 2B) and spinophilin (t(1,14) = 3.0, p < 0.01; Figure 2C) were both nearly 
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30% lower in the CA1 of depressed compared to nondepressed animals. In the CA1 

only, GFAP protein expression was inversely correlated with that of PSD-95 (r = -0.54, p 

< 0.05; Figure 2D) and spinophilin (r = -0.66, p < 0.01; Figure 2E), suggesting a 

reciprocal relationship between glial and synaptic proteins.  

Figure 2.  Effects of behavioral depression on GFAP, spinophilin and PSD-

the CA1 of depressed compared to nondepressed monkeys. (D-E) In the 
CA1, GFAP protein was inversely correlated with spinophilin and PSD-95 
protein. *p < 0.05.  

95 in the anterior hippocampus. (A-C) Protein levels were quantified by 
densitometry, relative to n-tubulin (relative quantification (R.Q.). Immunoblots 
for the detection of each protein are shown above each respective panel. 
GFAP was increased whereas spinophilin and PSD-95 were decreased in 
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As a follow-up to the protein expression results, secondary analysis of GFAP, 

spinophilin and PSD-95 gene expression was conducted in the CA1 to determine if 

rotein levels were paralleled by expression of genes encoding those proteins. Relative 

GFAP was ~28% greater in the CA1 of depressed compared to 

hip between Molecular and Morphological Characteristics of the Hippocampus 

 Behaviorally Depressed Monkeys 

e reported morphological alterations in the contralateral anterior 

Willard et al., submitted). Smaller 

p

gene expression of 

nondepressed monkeys (t(1,14) = 2.2, p < 0.05; Figure 3A). Although the groups were 

carefully balanced on characteristics known to affect hippocampal structure and 

function, correlational analyses were used to determine whether any matching variable 

was associated with proteins or genes observed to vary between groups. In depressed 

animals only (N=8), there was an inverse correlation between estradiol levels at the time 

of necropsy and GFAP gene expression (r = -0.57, p < 0.05; Figure 2B). In addition, 

cortisol was inversely correlated to PSD-95 and spinophilin protein expression in the DG 

of depressed animals (Figure 2C-D). 

 

Relations

in

Recently w

hippocampus of same individuals described herein (

subregional and layer volumes were observed in depressed monkeys, with the largest 

differences observed in the CA1, and to a lesser degree the DG. An average of 30% 

few glia were reported for both the CA1 and the DG of depressed monkeys. 

Associations between those morphological outcomes and the present protein and gene 

expression studies were examined in depressed monkeys (Table 2). GFAP protein 

expression in the DG was negatively correlated with anterior hippocampal volume, 
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whole DG volume, DG granule cell layer volume, whole CA1 volume, CA1 pyramidal 

cell layer volume, and the total number of CA1 pyramidal neurons. Alternatively, 

spinophilin protein expression in the CA1 was positively correlated with anterior 

hippocampal volume, whole DG volume, DG neuropil layer volume, whole CA1 volume, 

CA1 pyramidal cell layer volume, and the total number of CA1 pyramidal neurons. Gene 

expression of spinophilin in the CA1 was positively correlated with the total number of 

glia in the anterior DG. 
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Figure 3.  Gene expression in the CA1, and relationship between subject 
characteristics and gene and protein expression. (A) GFAP gene expression 
was increased in the CA1 of depressed female monkeys compared to their 
nondepressed counterparts. In depressed monkeys, gene expression of 
GFAP in the CA1 was reciprocally related to estradiol (B) whereas gene 
expression of spinophilin and PSD-95 in the DG were reciprocally related to 
cortisol (C-D). *p < 0.05. 
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DISCUSSION 

The present study represents the first examination of the relationship between glial and 

synaptic markers in the anterior hippocampus of behaviorally depressed female 

primates, and how alterations in those markers might relate to anterior hippocampal 

atrophy in the depressed female brain. Behaviorally depressed adult female monkeys 

had increased GFAP gene and protein expression, and decreased spinophilin and PSD-

95 protein expression in the CA1 of the anterior hippocampus. In addition, there 

AP and synaptic proteins in the 

CA1. In depressed animals only, GFAP gene expression was inversely related to 

estradiol, and DG synaptic proteins had a reciprocal relationship with cortisol. These 

observations are compelling because many of the characteristics that differentially affect 

hippocampal structure in human studies are controlled in this primate model. The 

animals lived in the same housing conditions, consumed the same diet, and were not 

exposed to antidepressant pharmacotherapy, recreational drugs, or alcohol. Depressive 

behavior was objectively documented over the course of two years, and depressed and 

nondepressed monkeys were carefully matched on body weight, age, social status, 

ovarian steroids and cortisol levels.  

 

There are a number of potential limitations in the study. Given that no experimental 

manipulation was used to induce depression in this model, and the animals were 

matched on cortisol, social status and ovarian steroids, it is difficult to expect large 

differences in basal gene and protein expression between groups. This is a weakness 

for the present study because Western blotting and PCR are not powered to detect 

subtleties. Since the sample size is relatively small, we might detect additional 

appeared to be a reciprocal relationship between GF
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differences between groups if we had more animals. Our model is also a strength in the 

present study for two main reasons. First, where differences between groups are large 

enough to detect, we are potentially identifying variables that represent major molecular 

perturbations in the hippocampus of depressed female primates. Second, the model 

reflects spontaneously occurring depression, not the experimental manipulation of 

stress as in rodent models, or the pharmacologically treated brains of depressed 

patients. As such, this model provides the opportunity to look at the effects of 

depressive behavior that was objectively documented over a long period of time without 

the confounds of pharmacological intervention or induced stress. Another limitation of 

this study is that we do not know whether the animals were exhibiting behavioral 

depression at the time of necropsy. This prohibits a discussion of state versus trait 

characteristics. Furthermore, the delineation between anterior and posterior 

hippocampus is largely arbitrary, even though anterior and posterior regions have 

different efferent and afferent connectivity (Amaral and Lavenex, 2007). It is possible 

that the differences observed herein might exist as a gradient along the anterior-

posterior axis of the hippocampus (Fanselow and Dong, 2010). 

 

In the eas 

in ou  we 

found ish 

glial glial 

ell populations were affected. Given that astrocytes are the most abundant type of glial 

ion, it is plausible that astrocyte 

 present study we found increased GFAP protein expression in the CA1, wher

r previous study using tissue from the other hemisphere in the same animals

 that the number of glia was decreased in the CA1. We were unable to distingu

subtypes in the previous study, so we cannot draw conclusions as to which 

c

cell and are implicated in the neurobiology of depress
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numbers might be lower in depressed female monkeys. If this were the case, then the 

ased GF ein exp bs  the present study might be the result of 

r, more activated astrocytes. GFAP protein expression is upregulated during 

octye ac  a  associated 

 dec ed g amine levels and glutamate-glutamine conversion rates (Lieth et al., 

8). creas P ciated with perturbed glutamatergic 

rotra ission and impaired synaptic plasticity (Middeldorp and Hol, 2011). This 
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in.  
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bers d  atable 

deld  and Hol, 2011). Nonetheless, chronic psychosocial stress reduced the 

ber unore tr  m shrews  a 006), 

 GF pro  expression in male rats (Araya-Callís et al., 2012). However, sex 

rences e strocyt n, t a  contain n ptors 

 can syn estroge da  B 07). In astrocytes, estrogen 

its both  and protein expression of GFAP, and increases glial glutamate 

sporters mine e pp  and hy us ia-

ura and McCarthy, 2004; Pawlak et al., 2005; Stone et al., 1998). Although the 
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ion in the CA1 was depre e ys. 
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Moreover, the ovarian suppression that is characteristic of depressed female monkeys 

 et al., 1999), the reduction in glia observed in the 

A1 of our previous study might result in reduced astrocyte-mediated NMDA receptor 

(Shively et al., 1007; 2002; 2005) might influence the effects of estrogen in astrocytes, 

and may be central to understanding anterior hippocampal alterations, particularly within 

the CA1, in depressed female primates. Future studies are warranted to determine 

whether the present findings represent a sex difference, and whether increased protein 

expression of GFAP is related to GFAP-immunoreactive astrocyte number. 

 

Decreased spinophilin and PSD-95 in the CA1 of behaviorally depressed monkeys 

suggest alterations in postsynaptic integrity. This is supported by studies in which stress 

decreased spine density and synapses in the CA1 of female rodents (Hajszan et al., 

2007; Shors et al., 2001). Stress causes dendritic retraction and synapse loss in the 

CA3 of male and not female rodents (McEwen and Magarinos, 2001), and we observed 

reduced PSD-95 and spinophilin protein in the CA1 and not the CA3, thus supporting 

that notion that subregional alterations in hippocampal plasticity are sex-dependent. 

Since N-methyl-D-aspartate (NMDA) receptor activation is necessary for estrogen-

mediated effects on CA1 spines (Woolley and McEwen, 1994), and astrocytes regulate 

NMDA receptor activation (Wolosker

C

activation, and thus decreased expression of synaptic proteins as observed in the 

present study. Although no differences between groups were observed for spinophilin 

and PSD-95 protein expression in the DG, there was an association between cortisol 

and the expression of these two genes, even though the two groups were carefully 

matched for cortisol levels. Behaviorally depressed female monkeys typically exhibit 
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HPA-axis dysfunction (Shively et al., 1997; 2002; 2005), and the hippocampus is 

densely populated with glucocorticoid receptors, making it vulnerable damage from 

altered glucocorticoid levels (Sapolsky et al., 2000). Our results are similar to 

observations of reduced PSD-95-immunostaining and loss of synapses in the 

hippocampii of rodents in response to chronic glucocorticoids (Cohen et al., 2011; Tata 

et al., 2006). Thus, the present results support a relationship between depressive 

behavior, cortisol and compromised postsynaptic integrity in female monkeys. 

 

Decreased spinophilin and PSD-95 protein in the CA1 were not accompanied by 

parallel changes in expression of the genes that encode these proteins. Even though it 

is not uncommon to find a dissociation between gene and protein expression (Gry et al. 

2009; Guo et al. 2008), there are a number of post-transcriptional mechanisms that 

might contribute to this dissociation. Protein levels of PSD-95 are regulated by activity 

(Ehlers, 2003), and translation of PSD-95 is under the local control of mRNA binding 

proteins at the level of the synapse (Liu-Yesucevitz et al., 2011). In addition, estrogen 

stimulates protein synthesis of PSD-95 (Akama and McEwen, 2003). Whereas stress 

sults in deficits in synaptic plasticity (McEwen and Magarinos, 2001; Pittenger and re

Duman, 2008), estrogen has the opposite effect (McEwen, 2002), and the interaction 

between these processes may be related to reduced synthesis of PSD-95 protein in 

depressed female monkeys. Similar mechanisms may be involved in the translation of 

spinophilin protein, since it also takes place within the dendrite (Zhong et al., 2006). 

Recently, microRNAs (miRNAs) have emerged as prominent post-transcriptional 

regulators whose functions are altered by stress, and may be involved in depressive 
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disorders (Mouillet-Richard et al., 2012), though candidate miRNAs promoting the 

downregulation of synaptic proteins have yet to be identified. 

 

Recently we reported morphological alterations in the anterior hippocampus of the same 

individuals presented herein (Willard et al., submitted). Association analyses between 

those morphological outcomes and the present protein and gene expression studies 

revealed that GFAP protein expression in the DG was negatively correlated with 

anterior hippocampal volume, whole DG volume, DG granule cell layer volume, whole 

CA1 volume, CA1 pyramidal cell layer volume, and the total number of CA1 pyramidal 

neurons. This suggests that higher levels of GFAP protein in the DG are related to the 

maller subregional and layer volumes within the same region. In addition, the s

reciprocal relationship between GFAP protein in the DG, and layer and neuron numbers 

in the CA1 suggest that altered levels of GFAP in one region may have negative 

downstream consequences in another. Similarly, gene expression of spinophilin in the 

CA1 was positively correlated with the total number of glia in the anterior DG. As 

described above, increased GFAP is related to impaired synaptic plasticity; perhaps 

similar mechanisms are at play in the anterior hippocampus of depressed female 

primates. Alternatively, spinophilin protein expression in the CA1 was positively 

correlated with anterior hippocampal volume, whole DG volume, DG neuropil layer 

volume, whole CA1 volume, CA1 pyramidal cell layer volume, and the total number of 

CA1 pyramidal neurons. Given that spinophilin protein levels likely reflect deficits in 

dendritic spines, these results suggest that the alterations in CA1 subregion and layer 
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volumes previously reported in the hippocampus of behaviorally depressed female 

monkeys may be related to deficits in CA1 spines.  

 

Much work is still needed to further characterize the mechanisms contributing to 

alterations in anterior hippocampal structure and function in female depression. Data 

from the present study suggest that increased GFAP protein and mRNA expression in 

e CA1 may be detrimental to the structure of the anterior hippocampus and th

reciprocally related to synaptic proteins, providing evidence of astrocyte-mediated 

synaptic plasticity impairments. Additional studies examining the complex relationship 

between estrogen and these mechanisms are necessary to better understand the 

neurobiology of female depression. 
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6.1 Summary of Findings 

The primary aim of this dissertation is to increase understanding of the neurobiology of 

female monkeys with intact ovarian function. This supports an association between 

epression in 

nterior volume supports and extends rodent and human 

ppocampus in mood disorders (Chapter Two). 

female depression by examining the cellular and molecular mechanisms of 

hippocampus size in behaviorally depressed adult female monkeys. The main findings 

include: 

1. The volume of the anterior hippocampus, but not the posterior or whole 

hippocampus, is smaller in behaviorally depressed, antidepressant-naïve, adult 

morphological alterations in the anterior hippocampus and behavioral d

adult female primates (Chapter Two).  

2. The finding of reduced a

observations of functional heterogeneity in the hippocampus to nonhuman primates, 

and further implicate the anterior hi

3. In contrast to ovarian-intact females, the removal of endogenous ovarian steroid 

production results in smaller volumes of the whole, anterior and posterior 

hippocampus in behaviorally depressed adult female monkeys, suggesting a 

protective role for ovarian steroids in the hippocampus of depressed female primates 

(Chapter Three). 

4. Surgically postmenopausal female monkeys with behavioral depression exhibit 

bilateral reductions in volume, with no asymmetry between left and right hippocampii 

(Chapter Three).   
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5. The reduced size of the anterior hippocampus in depressed females appears to 

arise from alterations in the numbers of glia and the extent of neuropil, but not the 

in the anterior CA1 and DG of 

depressed monkeys. Neuron number was unchanged in any subregion. 

c. Somal size of pyramidal neurons and glial densities tended to be reduced 

throughout the whole hippocampus of depressed monkeys, whereas neuronal 

densities were unchanged. 

6. Alterations in glia number and extent of neuropil are mechanisms occurring only in 

the anterior hippocampus; no effects of behavioral depression were observed for 

these parameters in the posterior hippocampus (Chapter Four). 

7. In the CA1, GFAP is reciprocally related to the postsynaptic proteins PSD-95 and 

spinophilin, and may be detrimental to the structure of the anterior hippocampus, 

suggesting evidence of astrocyte-mediated synaptic plasticity impairments in the 

hippocampus of depressed female primates (Chapter Five). 

a. GFAP protein expression was increased whereas spinophilin and 

postsynaptic density (PSD)-95 protein were decreased in the CA1 of 

depressed female monkeys. GFAP was inversely correlated with spinophilin 

and PSD-95 protein in the CA1.  

numbers of neurons, in the CA1 and the DG (Chapter Four). 

a. Neuropil and cell layer volumes were reduced in cornu ammonis (CA)1 and 

dentate gyrus (DG) of the anterior hippocampus of depressed compared to 

nondepressed monkeys.  

b. Glia numbers were approximately 30% lower 
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b. Gene expression of GFAP, but not spinophilin and PSD-95, paralleled the 

protein changes observed

c. GFAP protein was reciprocally related to morphological alterations in neuropil, 

subregion and lay whereas spinophilin protein 

logical alterations. 

8. Suppressed ovarian function in depressed female monkeys may be related to 

dysregulated GFAP expression and astrocyte-mediated hippocampal atrophy 

(Chapter Five). 

9. Behavioral depression was not associated with the gene and protein expression of 

SYN (presynaptic), Iba1 (microglia) or MA2 (dendrites). In depressed monkeys, 

however, the expression of these markers in specific hippocampal subregions was 

associated with certain morphological alterations in the same or other subregions 

(Appendix I). 

 

6.1 Limitations to these Studies 

There are a number of limitations to these studies that deserve mention. Likely the most 

limiting factor was the relatively small sample size. Although the subjects were matched 

on characteristics known to affect hippocampal structure and function, many of those 

characteristics, including HPA-axis and ovarian function, differ between depressed and 

nondepressed female monkeys. For example, depressed animals are less sensitive to 

glucocorticoid negative feedback than their nondepressed counterparts (Shively et al., 

1997; 2002; 2005; 2008). Likewise, the ovarian function of depressed females was 

suppressed relative to their nondepressed counterparts as reflected in luteal phase 

 in the CA1.  

er volumes in the DG and CA1, 

was positively associated with these morpho
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progesterone concentrations (Shively et al., 1997; 2002). These attributes of the parent 

size as biological equivalence. Thus, the matching of depressed and 

ion in the DG were inversely related 

s 

animals were matched on cortisol, social 

t powered to detect subtleties. Indeed, no differences 

between groups were found for SYN, Iba1, and MAP2, yet these variables were 

associated with certain morphological and matching characteristics (see Appendix I, 

population from which the subjects in the present studies were chosen are well to keep 

in mind since the lack of a statistically significant difference in HPA or reproductive 

system function in the relatively small samples may be as much a function of small 

sample 

nondepressed subjects on physiological characteristics known to influence the 

hippocampus in this relatively small sample is not definitive evidence for a lack of 

involvement of the HPA or reproductive axis. In Chapter Five we saw that regardless of 

careful group balancing, GFAP gene expression in the CA1 was inversely related to 

estradiol, and spinophilin and PSD-95 gene express

to cortisol in depressed female monkeys. 

 

In addition, several nonsignificant trends between groups were observed in Chapter

Four and Five that might have reached significance with the increased power from 

additional subjects (Appendix I). For certain variables examined in Chapter Four 

including glial density and soma size, the effect of depression may have reached 

significance with additional animals. Given that no experimental manipulation was used 

to induce depression in this model, and the 

status and ovarian steroids, it is unrealistic to expect large differences in basal gene and 

protein expression between groups. This is a weakness for Chapter Five because 

Western blotting and PCR are no
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Figure A1.1), suggesting that there may be some effects of behavioral depression that 

are masked by low sample numbers. Again, the lack of group differences among these 

variables might be more a function of small sample size than biological equivalence. 

are

 

res r side 

In 

an left and right hemispheres from the same set of 

ot ovarian steroids 

our studies on ovarian 

fem

ne

hippoc

 

Additional studies are warranted to determine whether these synaptic and glial markers 

 altered in depressed female primates. 

In Chapters Two, Four and Five only one brain hemisphere was used for each of the 

pective studies. In these studies, experimental groups were counterbalanced fo

such that an equivalent number of left and right hemispheres were used in each group. 

Chapter Two, the alternate hemisphere had been used in a previous unrelated study, 

d in Chapters Four and Five, the 

animals were used to conduct the two separate studies. Although we observed no 

effects of laterality in Chapter Three, those animals were surgically postmenopausal 

and we cannot conclude without subsequent studies whether or n

influence laterality differences in the hippocampal volume of depressed monkeys. In 

women, volume is increased in the right anterior hippocampus during the postmenstrual 

phase (Protopopescu, 2008), suggesting that anterior hippocampal volume varies 

across the menstrual cycle. While we balanced the groups in 

steroids, we did not control for time of cycle. In Chapter Three, MRI comparison with 

ale monkeys with intact ovarian function was not possible.  Additional studies are 

cessary to determine the degree to which menstrual cyclicity affects bilateral anterior 

ampal volume in depressed female primates. 
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Another limitation of these studies is that we do not know whether the animals were 

hibiting behavioral depression at the time oex f brain collection, which prohibits a 

cu

Alt e of years, we 

 and molecular mechanisms, given that we 

rent and afferent connectivity, it is likely 

at these differences exist somewhat along a gradient, with an intermediate zone 

low and Dong, 2010). Division of the hippocampus 

discussion of state versus trait characteristics. This is unfortunate in that studies of 

rrently depressed and untreated patients are rare for obvious ethical reasons. 

hough depressive behavior was objectively documented over the cours

do not know the history of behavioral depression in these animals prior to the start of 

each study. In addition, we cannot say whether hippocampal atrophy is the direct result 

of the alterations we observed in cellular

could not measure the hippocampus prior to the onset of depression. The monkey 

model provides the unique opportunity to investigate the currently depressed female 

primate brain that is entirely unexposed to any drugs or alcohol. Furthermore, the 

delineation between anterior and posterior hippocampus is largely arbitrary. While 

anterior and posterior regions have different effe

th

separating the two regions (Fanse

into three regions, anterior, intermediate and posterior, may have produced different 

results. 

 

In Chapter Four, we were unable to distinguish glial subtypes, thus the results were 

generalized to all glia, even though glial subtypes have distinct functions and may be 

altered differentially in depression. In addition, reductions in one type of glial cell may 

have been masked by increases in another type. Unfortunately, glial subtype-specific 

markers that are constitutively expressed and not up- or downregulated by disease 
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have yet to be discovered (Middeldorp and Hol, 2011). The only currently reliable 

method for determining glia numbers is histological staining. Similarly, given the difficult 

in delineating specific hippocampal subregions, we did not distinguish the distal CA3 

from the CA2, or the CA1 from the subiculum in Chapters Four or Five. This was done 

for a few reasons: 1) to minimize workload because additional staining of hundreds of 

sections would have been required, 2) there is insufficient evidence in mood disorder 

research to suggest a role for the narrow CA2 in depression, and 3) the structure and 

function of the subiculum is implicated in depression. However, since the CA2 and 

subiculum do have distinct connectivity (Amaral and Lavenex, 2007), it follows that they 

may exhibit distinct functional alterations as well. This has yet to be studied in 

depression. 

 

6.3 Implications of the Current Research 

In Chapter Two, we conducted the first postmortem assessment of whole, anterior, and 

posterior hippocampal volumes in either human or nonhuman primates with depression. 

The results indicated that reduced anterior hippocampal volume is associated with 

behavioral depression in adult female cynomolgus macaques. This observation is 

supported by the neuroanatomical relationships that exist between the anterior 

hippocampus and other primary brain areas known to function in depression (see 

Figure 1.1). Whereas the anterior hippocampus functions primarily in mood and 

emotional processing, the posterior hippocampus is associated more with memory 

(Columbo et al., 1998; Moser et al., 1993; Bannerman et al., 2004; Fanselow and Dong, 

2010). The findings described in Chapter Two support and extend rodent and human 
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observations of functional heterogeneity in the hippocampus to nonhuman primates. 

Moreover, these results further implicate the anterior hippocampus in mood disorders.  

 

To confirm these findings in vivo and examine whether a lack of ovarian steroids affects 

the relationship between depression and hippocampal volume, the studies presented in 

hapter Three investigated whole, anterior, and posterior hippocampal volumes in vivo 

ortem histological study of intact 

ntidepressant-naive female monkeys that lived under conditions very similar to those 

C

in antidepressant-naive, surgically postmenopausal animals using MRI. Given the 

positive influence of estrogen on hippocampal structure and our postmortem findings, 

we hypothesized that hippocampal volume would be smaller in depressed compared 

with nondepressed surgically postmenopausal monkeys, with the largest reduction in 

the anterior hippocampus. The results indicated global reductions in hippocampal 

volume, further supporting an association between hippocampal morphometric 

alterations and depressive behavior in adult female cynomolgus macaques. The 

observation of reduced bilateral whole hippocampal volume in depressed compared 

with nondepressed adult female monkeys is consistent with the results of a meta-

analysis confirming significant bilateral reductions in age- and sex-matched depressed 

humans (Koolschijn et al., 2009).  

 

The reduced whole, anterior, and posterior hippocampal volumes reported in 

depressed, ovariectomized female monkeys reflect an antidepressant-naïve state in 

which hormone production had ceased for more than two years. We observed only 

anterior reductions in volume in the previous postm

a
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of the monkeys in the in vivo study. It is possible that endogenous female hormones are 

somewhat protective of hippocampal volume reduction in depression, particularly in the 

posterior hippocampus, and that the magnitude and localization of hippocampal volume 

reductions in human beings may be influenced by antidepressant exposure, ovarian 

steroid fluctuations, or both. The potential for ovarian steroid modulation of the 

depression-hippocampal volume relationship is important because of the functional 

differentiation of the hippocampus along the anterior-posterior axis. Indeed, anterior 

hippocampus size fluctuates between phases of the menstrual cycle, further supporting 

the role of reproductive system function as a determinant of hippocampal volume 

(Protopopescu et al., 2008; Singh, 2006; Spencer et al., 2008). 

 

Why is the anterior hippocampus smaller in ovarian-intact depressed female primates? 

The mechanisms contributing to hippocampal volume alterations in depression are 

suggested by stress studies in male rodents and limited human postmortem data 

potentially confounded by antidepressant effects. In Chapter Four, we investigated the 

cellular mechanisms of anterior hippocampal volume reduction by conducting the first 

ever systematic investigation of the entire hippocampus in depressed female primates, 

hile controlling for ovarian steroids and eliminating the confounding influence of w

treatment. Based on previous human and animal studies, we hypothesized that glia and 

neuropil alterations would contribute more to differences in hippocampus size than 

neuronal alterations, and that these effects would be limited to the anterior 

hippocampus. We observed profound alterations in anterior hippocampal morphology 

specifically within the CA1 and the DG in depressed compared to nondepressed 
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animals, with few alterations in the posterior hippocampus. It appears that the number 

of glia and the extent of the neuropil likely contribute more than neuron alterations to 

anterior hippocampus size.  

 

In agreement with postmortem studies of depressed patients (Muller et al., 2001; 

Lucassen et al., 2001; Stockmeier et al., 2004), we found no strong evidence for loss of 

granule or pyramidal neurons in the hippocampus of depressed monkeys, suggesting 

that neuron number is not likely to contribute to anterior hippocampal volume. There 

was a trend for fewer granule neurons in the anterior hippocampus, which may be 

reflective of altered levels of DG cytogenesis as observed in the anterior (ventral) 

hippocampus of rodents under chronic mild stress (Jayatissa et al., 2006), however this 

ould only be verified with additional studies using a larger sample size. We did find a 

 granule and CA1 pyramidal cell layers, as 

c

reduction in the size of both the anterior DG

well as reduced neuropil layer volumes within these same regions. Reduced principle 

cell layer volume without reduced principle cell number provides further evidence for 

alterations in the substance between neuronal cell bodies (i.e. neuropil), and suggests 

mechanisms related to spine, dendrite and synaptic complexity.  

 

This is the first study in which glia numbers without regard to glial subtype were 

assessed over all layers and not just the principle cell layer within each subregion of the 

hippocampus. Although we did not distinguish glial subtype, it is known that astrocytes 

are by far the most abundant glial cell type in neural tissue. Astrocytes are dynamic 

cells that play many critical roles in support of neurons, such as regulating energy and 
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metabolism, neurotransmitter modulation, and synaptic plasticity (Sofroniew and 

Vinters, 2010), and glial pathologies, including astrocyte alterations, have long been 

plicated in depression (Rajkowska and Miguel-Hidalgo, 2007). Two human studies 

epression in adult female monkeys is not induced by 

e experimental manipulation of stress or administration of glucocorticoids. Although 

im

reported decreased GFAP-immunoreactive astrocytes in the hippocampus of depressed 

patients (Lucassen et al., 2001), specifically in the CA1 and CA2 (Muller et al., 2001). 

Likewise in the hippocampus of male tree shrews, psychosocial stress increased 

apoptosis in non-neuronal cells (Lucassen et al., 2004) and reduced GFAP-

immunoreactive astrocytes (Czeh et al., 2006). Such evidence suggests the 30% 

reduction in glia observed in our study reflects a reduction in astrocytes, but this 

remains to be determined. 

 

Dendritic atrophy in the CA3 is commonly reported in male rodents in response to stress 

(McEwen and Margarinos, 2001; Sapolsky, 2000), however we observed no significant 

differences between groups in CA3 neuropil volume. We did observe that, in depressed 

monkeys, the density of glia in both the proximal and the distal CA3 is inversely related 

to the amount of time spent in the depressed posture (Appendix I, Figure A1.2). Unlike 

rodent stress models, behavioral d

th

we know that subordinates are socially-stressed, only 60% of subordinates ever exhibit 

depressive behavior (Shively et al., 1997; 2002; 2005; Shively and Willard, 2012). On 

the same token, behaviorally depressed animals in this model typically exhibit HPA-axis 

dysfunction (Shively et al., 1997; 2002; 2005; Willard and Shively, 2012). As mentioned 

above, careful group matching on HPA-axis and social status in the present study 
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cannot eliminate the possibility that these factors might influence hippocampal structure 

and function in depressed female monkeys. 

 

Estrogen protects chronically stressed female rodents from the dendritic retraction 

observed in CA3 pyramidal neurons in males (Galea et al., 1997). By contrast, estradiol 

increased dendritic spines in the CA1 in chronically stressed rodents (McLaughlin et al., 

2010) and decreased CA1 spines in acutely stressed rodents (Shors et al, 2001). The 

CA1 appears to be more stress-sensitive in female rodents, and we observed the 

largest alterations between depressed and nondepressed female monkeys in the CA1. 

Although matched on ovarian steroids in this study, we know that behaviorally 

epressed female monkeys have suppressed ovarian function and may be estrogen-d

deficient (Shively et al., 1997; 2002; 2005; Willard and Shively, 2012). Additional studies 

are necessary to determine whether ovarian dysfunction contributes to morphological 

deficits in the anterior CA1 of depressed female monkeys.  

 

In order to better understand our findings with regard to cellular alterations in the 

anterior hippocampus as described in Chapter Four, the studies in Chapter Five 

represent investigations of the molecular mechanisms related to glia and neuropil. We 

used tissue derived from the same set of carefully matched antidepressant-naïve, adult, 

female monkeys characterized for behavioral depression that were used in the Chapter 

Four. Given the alterations in glia and neuropil previously observed, we hypothesized 

that markers of glia and synaptic integrity would be dysregulated in the CA1 and DG 

anterior hippocampus of behaviorally depressed female monkeys. Given that no 
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experimental manipulation was used to induce depression in this model, and the 

animals were matched on cortisol, social status and ovarian steroids, it is not realistic to 

expect large differences in basal gene and protein expression between groups. 

owever, where differences between groups are large enough to detect, we are 

 glutamate-glutamine 

onversion rates (Lieth et al., 1998). As such, increased GFAP is associated with 

H

potentially identifying variables that represent major molecular perturbations in the 

hippocampus of depressed female primates.  

 

We found increased GFAP protein expression in the CA1, which supports our previous 

study using tissue from the other hemisphere in the same animals in which we observed 

altered glia number in the CA1. As mentioned above, we did not distinguish glial 

subtypes in the previous study, but given that astrocytes are the most abundant type of 

glial cell and are implicated in the neurobiology of depression, it is plausible that 

astrocyte numbers might be lower in depressed female monkeys. If this were the case, 

it is possible that the increased GFAP protein expression observed in the present study 

might be the result of fewer, more activated astrocytes. GFAP protein expression is 

upregulated during astroctye activation in response to injury or insult, and increased 

GFAP is associated with decreased glutamine levels and

c

perturbed glutamatergic neurotransmission and impaired synaptic plasticity (Middeldorp 

and Hol, 2011). This altered synaptic plasticity provides a potential mechanism for the 

reciprocal relationship between GFAP and synaptic protein levels in CA1 of depressed 

monkeys reported in Chapter Five.  
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It is debatable whether GFAP-immunoreactivity reflects actual cell numbers (Middledorp 

and Hol, 2011). Nonetheless, stressed male rodents and depressed human patients are 

reported to have less GFAP-immunoreactive astrocytes (Czeh et al., 2006; Muller et al., 

2001). Whether or not increased protein expression of GFAP is related to GFAP-

immunoreactive astrocyte number remains to be determined. However, sex differences 

exist in astrocyte function, such that astrocytes contain estrogen receptors and can 

synthesize estrogen (Dhandapani and Brann, 2007). In astrocytes, estrogen inhibits 

both gene and protein expression of GFAP, and increases glial glutamate transporters 

and glutamine synthetase in the hippocampus and hypothalamus (Garcia-Segura and 

McCarthy, 2004; Pawlak et al., 2005; Stone et al., 1998). Although the groups in the 

resent study were carefully balanced for ovarian steroids, GFAP gene expression in p

the CA1 was inversely related to estradiol in depressed female monkeys. Moreover, the 

ovarian suppression that is characteristic of depressed female monkeys (Shively et al., 

1007; 2002; 2005) might influence the effects of estrogen in astrocytes, and may be 

central to understanding anterior hippocampal alterations, particularly within the CA1, in 

depressed female primates.  

 

Decreased spinophilin and PSD-95 in the CA1 of behaviorally depressed monkeys 

suggest alterations in postsynaptic integrity. This is supported by studies in which stress 

decreased spine density and synapses in the CA1 of female rodents (Hajszan et al., 

2008; Shors et al., 2001). Stress causes dendritic retraction and synapse loss in the 

CA3 of male and not female rodents (McEwen and Magarinos, 2001), and we observed 

reduced PSD-95 and spinophilin protein in the CA1 and not the CA3, thus supporting 
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that notion that subregional alterations in hippocampal plasticity are sex-dependent. 

Since N-methyl-D-aspartate (NMDA) receptor activation is necessary for estrogen-

ediated effects on CA1 spines (Woolley and McEwen, 1997), and astrocytes regulate 

rable damage from altered 

lucocorticoid levels (Sapolsky et al., 2000). Our results are similar to observations of 

m

NMDA receptor activation (Wolosker et al., 1999), the reduction in glia observed in the 

CA1 of our previous study might result in reduced astrocyte-mediated NMDA receptor 

activation, and thus decreased expression of synaptic proteins as observed in the 

present study.  

 

Although no differences between groups were observed for spinophilin and PSD-95 

protein expression in the DG, there was an association between cortisol and the 

expression of these two genes, even though the two groups were carefully matched for 

cortisol levels. Behaviorally depressed female monkeys typically exhibit HPA-axis 

dysfunction (Shively et al., 1997; 2002; 2005), and the hippocampus is densely 

populated with glucocorticoid receptors, making it vulne

g

reduced PSD-95-immunostaining and loss of synapses in the hippocampii of rodents in 

response to chronic glucocorticoids (Cohen et al., 2011; Tata et al., 2006). Thus, these 

results suggest that the relationship between depressive behavior and compromised 

postsynaptic integrity in the anterior DG is influenced by cortisol in female monkeys. 

 

Decreased spinophilin and PSD-95 protein in the CA1 were not accompanied by 

parallel changes in expression of the genes that encode these proteins. Although is 

common to find a dissociation between gene and protein expression (Gry et al. 2009; 
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Guo et al. 2008), there are a number of post-transcriptional mechanisms that might 

contribute to this occurrence. Protein levels of PSD-95 are regulated by activity (Ehlers, 

2003), and translation of PSD-95 is under the local control of mRNA binding proteins at 

the level of the synapse (Liu-Yesucevitz et al., 2011). In addition, estrogen stimulates 

protein synthesis of PSD-95 (Akama and McEwen, 2003). Whereas stress results in 

deficits in synaptic plasticity (McEwen and Magarinos, 2001; Pittenger and Duman, 

008), estrogen has the opposite effect (McEwen, 2002), and the interaction between 

, suggesting that normal numbers of glia in the DG 

re necessary for maintenance of spines in downstream regions.  

2

these processes may be related to reduced synthesis of PSD-95 protein in depressed 

female monkeys. Similar mechanisms may be involved in the translation of spinophilin 

protein, since it also takes place within the dendrite as well (Zhong et al., 2006).  

 

Association analyses between those morphological outcomes in Chapter Four and the 

present protein and gene expression studies (Chapter Five) revealed that GFAP protein 

expression in the DG was negatively correlated with anterior hippocampal volume, 

whole DG volume, DG granule cell layer volume, whole CA1 volume, CA1 pyramidal 

cell layer volume, and the total number of CA1 pyramidal neurons. This suggests that 

higher levels of GFAP protein in the DG are related to the smaller subregional and layer 

volumes within the same region. In addition, the reciprocal relationship between GFAP 

protein in the DG, and layer and neuron numbers in the CA1 suggest that altered levels 

of GFAP in one region may have negative downstream consequences in another. 

Similarly, gene expression of spinophilin in the CA1 was positively correlated with the 

total number of glia in the anterior DG

a
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Alternatively, spinophilin protein expression in the CA1 was positively correlated with 

anterior hippocampal volume, whole DG volume, DG neuropil layer volume, whole CA1 

volume, CA1 pyramidal cell layer volume, and the total number of CA1 pyramidal 

neurons. Given that spinophilin protein levels likely reflect deficits in dendritic spines, 

these results suggest that the alterations in CA1 subregion and neuropil layer volumes 

previously reported in the hippocampus of behaviorally depressed female monkeys may 

be related to deficits in CA1 spines.  

 

Taken together, the data presented in this dissertation suggest a potential role for 

estrogen in modulating astrocyte-mediated impairments in synaptic plasticity in the 

anterior hippocampus of depressed female monkeys, as described below in Figure 6.1. 

A 

B

C
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Figure 6.1. A potential role for estrogen in modulating astrocyte-mediated 
impaired synaptic plasticity. A) Glutamate is packaged into synaptic vesicles in the 

presynaptic cell, and glutamate is released into the synapse. Glutamate can then 
bind to AMPA glutamate receptors on the postsynaptic neuron, resulting in the 

+

of NMDA glutamate receptors, through which Ca2+ enters the cell and activates a 
number of signaling cascades. Critical for synaptic plasticity, a target of these 
signaling cascades is the activation of CREB, which results in the expression of 
BDNF. BDNF

presynaptic neuron, the vesicle fuses with the plasma membrane of the 

influx of Na  and depolarization of the postsynaptic cell. This allows the activation 

 is then synthesized and released from the cell, where it can activate 
its receptor TrkB. Activation of TrkB receptors lead to increased expression and 
translation of synaptic proteins including PSD-95 and spinophilin that are 

through glial glutamate transporters (excitatory amino acid transporters, EAATs), 

presynaptic neuron and converted back into glutamate, thus replenishing the 

Astrocytes also contain estrogen receptors, and estrogen has been shown to 

translation of synaptic proteins in the CA1, and facilitates synaptic plasticity 

the CA1, 4) an inverse relationship between estradiol and GFAP mRNA in the 

 
related to increased GFAP in the CA1, which leads to fewer EAATs and less 
glutamine synthetase. This would result in less clearance of glutamate from the 

2+

pathways result in injury to the postsynaptic neuron, and do not result in events 

necessary for synaptic plasticity. Excess glutamate in the synaptic cleft is cleared 

converted to glutamine by glutamine synthetase within the astrocyte, and then 
glutamine is released into the extracellular space where it is taken up by the 

neuronal vesicular pool of excitatory neurotransmitter. B) In astrocytes, high levels 
of GFAP are associated with low levels of EAATs and glutamine synthetase. 

positively regulate the levels of EAATs and glutamine synthetase, while negatively 
regulating GFAP expression. Estrogen also upregulates dendritic spines and the 

through these actions. C) Depressed female monkeys have 1) suppressed ovarian 
function, 2) smaller anterior hippocampal volume, 3) less neuropil and fewer glia in 

CA1, and 5) high levels of GFAP and low levels of PSD-95 and spinophilin protein 
in the CA1. Thus, we can speculate that low estrogen in female monkeys may be

synaptic cleft, less recycling of glutamate to glutamine, and less replenishment of 
glutamine back to the presynaptic neuron. High levels of extracellular glutamate 
are known to be toxic to both neurons and glia, leading to chronically activated 
NDMA receptors. When this occurs, excess Ca  enters the cell thus activating an 
entirely different set of intracellular signaling pathways. These pro-apoptotic 
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that facilitate the expression or translation of proteins necessary for synaptic 
plasticity. Thus, low levels of estrogen and high levels of GFAP may be 

perhaps contributing to the observed gross structural deficits in the anterior 
hippocampus. Through the mechanisms described in this figure, estrogen may 

hippocampus of behaviorally depressed adult female monkeys.  

 

6.4 Strengths of these Studies 

The studies described herein represent the most comprehensive evaluation ever 

conducted in the hippocampus of depressed female primates with regard to structural 

differences in its functional divisions, and the cellular and molecular mecha

detrimental to both glial and neuron function and synaptic integrity within the CA1, 

modulate astrocyte-mediated impairments in synaptic plasticity in the anterior 

nisms 

ontributing to those differences. Furthermore, Chapter Two and Three describe the first 

 difficult to confidently 

c

in vivo and in vitro assessments of whole, anterior, and posterior hippocampal volumes 

in either human or nonhuman primates with depression. Chapter Four contains the only 

quantitative assessment of neuron and glia number ever conducted in human or 

nonhuman primates with regard to depression, much less in females. Moreover, 

Chapter Five was conducted in the same neural tissue as Chapter Four enabling 

comparisons between biochemical and structural alterations. 

 

The wide variety of results obtained in human studies of hippocampal structure and 

function in depression may to some extent be attributed to subject heterogeneity. Given 

the limited resolution of MRI, several groups experienced difficulty delineating the 

hippocampal head from the amygdala and thus included the two structures in the same 

measurement (Campbell et al., 2004). Such variability has made it
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draw conclusions from the results of human MRI investigations of hippocampal volume 

in depression. The use of this animal model eliminated much of the variability inherent 

in clinical studies. In Chapter Three, delineation of the hippocampus from surrounding 

structures was relatively simple using light microscopy. In addition, most human studies 

are likely confounded by antidepressant treatment at the time of death, as evidence by 

animal studies in which antidepressant treatment prevented or reversed stress-induced 

neuronal and glial atrophy (Basanr et al., 2010; Czeh et al., 2006; Duman, 2009). The 

ndings reported herein are particularly compelling because many of the characteristics 

drugs, or alcohol. Depressive behavior was objectively documented over the course of 

two years, and depressed and nondepressed monkeys were carefully matched on body 

weight, age, social status, ovarian steroids and cortisol levels.  At necropsy, the brains 

were all collected in the same manner with no delay after death, and experienced 

equivalent freezer time. 

 

Animal models of depression typically use only male rodents in stress paradigms 

despite evidence of ovarian steroid regulation of stress response circuitry and sex 

differences in behavioral and neurobiological responses to stress between humans and 

rodents (Ter Horst et al., 2009; Goldstein et al., 2010). Dendritic spine density in the 

hippocampus varies over the estrous cycle (Woolley and McEwen, 1993), estradiol 

increases dendritic spines and synaptic protein expression in female rodents and 

fi

that differentially affect hippocampal volume in human studies are controlled in this 

primate model. The animals all lived in the same housing conditions, consumed the 

same diet, and were not exposed to antidepressant pharmacotherapy, recreational 
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nhuman primates (Choi et al., 2003, Hao et al., 2003; Spencer et al., 2008), and

trogen protects against neuronal loss in the hippocampus of chronically stresse

ale rats (Takuma et al., 2007). Thus, estrogen-influenced structural alterations in th

pocampus, particularly in response to stress, may be central to the neurobiology o

pression in females. Although preclinical stress models are informative, the degree t

is reflected in male animal responses to stress remains 

be determined.  

male macaques have a true menstrual cycle like women in which the endometrium 

ed, unlike rodents that absorb the endometrium during the estrous cycle. I

caques, the length and associated hormone fluctuations of the menstrual cycle ar

ewise similar to women, thus providing an ideal model for investigating th

ationship between depression and ovarian steroids. The macaque brain is far more

ilar to that of the human in terms of cortex elaboration, nuclear organization

nnectivity patterns, and overall evolutionary conservation of functional areas (Amara

d Lavenex, 2007; Hofman, 1989; Preuss, 1995; Wise, 2008). Moreover, studies from

r laboratory over the past few decades have resulted in a number of publication

monstrating that behaviorally depressed female monkeys exhibit behaviora

ysiological and neurobiological perturbations similar to depressed patients (Shively e

, 1997; 2002; 2005; 2006; 2008; 2009; Willard et al., 2009; 2011). The model reflect

ontaneously occurring depression, not the experimental manipulation of stress as i

ent models, or the pharmacologically treated brains of depressed patients. As such

s model provides the opportunity to look at the effects of depressive behavior tha
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ph  

of l 

tha

 

A major strength of the studies presented in Chapters Two and Four lies in the 

eology is unbiased and produces robust outcomes 

lyses produce robust and 

onsistent outcomes.  

s objectively documented over a long period of time without the confounds o

armacological intervention or induced stress. Thus, one of the most notable strengths

the present studies is the use of all female primates, in a well characterized mode

t resembles human depression. 

methodology. Design-based ster

because sources of systematic errors are removed from the calculations (West, 2002). 

This is evidenced by how precisely the whole, anterior and posterior volume 

measurements reported in the Chapter Four replicated our previous postmortem 

unbiased stereological study (Chapter Two). We found nearly the same magnitude and 

level of significance for reduced anterior hippocampal volume in depressed monkeys in 

both studies, even though the studies used different subjects, were conducted years 

apart, and used different stereological software. These replicated results also suggest 

that smaller anterior hippocampal volume may be characteristic of behaviorally 

depressed adult female monkeys. Moreover, they support the expectation that, when 

properly planned and executed, unbiased stereological ana

c

 

Most human volumetric studies do not detail separate investigations of the anterior and 

posterior hippocampus or control for hormone levels in female participants, even though 

volume alterations in the anterior hippocampus are associated with menstrual cycle 

phase in women (Protopopescu et al., 2008). In addition, only three human studies have 
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reported measurement of neuronal and glial atrophy in the hippocampus of depressed 

patients, and those studies were limited to semi-quantitative analysis of relatively few 

sections from depressed patients with histories of antidepressant exposure (Lucassen 

et al., 2001; Muller et al., 2001; Stockmeier et al., 2004). Moreover, postmortem human 

studies of hippocampus structure and function rarely report which level was examined, 

despite observations that the hippocampus is structurally and functionally differentiated 

along its anterior-posterior axis (Columbo et al., 1998; Moser et al., 1993; Bannerman et 

al., 2004; Fanselow and Dong, 2010). Our ability to assess the entire hippocampus and 

separate according to functional domains sets these studies apart. We are the first to 

examine the postmortem hippocampus of depressed female primates at more than one 

level along its anterior-posterior axis. Indeed, the findings reported here support and 

extend rodent and human observations of functional heterogeneity in the hippocampus 

to nonhuman primates and further implicate the anterior hippocampus in mood 

disorders. Examinations of the whole hippocampus or at one specific level might inhibit 

the ability to detect subregional and layer-specific alterations as reported herein. Since 

the circuitry of the hippocampus is described in such great detail (Amaral and Lavenex, 

007), an investigation of subregional and layer differences in cellular and molecular 2

mechanisms affords a more informed interpretation of how changes to this circuitry 

might affect overall function. 

 

 

6.5 Conclusions 
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Much work is still needed to further characterize the mechanisms contributing to 

alterations in anterior hippocampal structure and function in female depression. 

However, data from this dissertation suggest that, in behaviorally depressed female 

primates 1) smaller anterior hippocampal volume is characteristic, 2) alterations in glia 

number and extent of neuropil, particularly in the DG and CA1, contribute more than 

neuron number to differences in anterior hippocampus size, and 3) increased GFAP 

protein and mRNA expression in the CA1 is reciprocally related to the expression of 

ostsynaptic proteins that are decreased in the CA1, and astrocyte-mediated p

impairments in synaptic plasticity may be detrimental to the structure of the anterior 

hippocampus. Additional studies examining the complex relationship between estrogen 

and these mechanisms are necessary to better understand the neurobiology of female 

depression.  
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APPENDIX I 

 

RELATIONSHIPS AMONG MORPHOLOGICAL CHARACTERISTICS AND GENE AND 

AMPUS OF BEHAVIORALLY PROTEIN EXPRESSION IN THE ANTERIOR HIPPOC

DEPRESSED FEMALE MONKEYS 
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OVERVIEW 

In Chapters Four and Five, a number of significant as well as nonsignificant findings 

were observed that were not suitable for the two respective publications, but are 

expression for many synaptic and glial markers were not different between depressed 

terior hippocampus described in 

at the studies described in Chapter Four were 

The following figures depict those relationships.  

nonetheless integral to the dissertation as a whole. In Chapter Five, gene and protein 

and nondepressed monkeys in certain subregions. Several relationships were observed 

among the morphological characteristics of the an

Chapter Four and the gene and protein expression described in Chapter Five. These 

relationships are compelling in th

conducted in one brain hemisphere, and the studies described in Chapter Five were 

conducted in the other hemisphere from the same set of carefully matched monkeys. 
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Figure A1.1. Relationships among morphological and molecular 
characteristics of the anterior hippocampus in depressed female monkeys. In 
the DG, cortisol was positively correlated with AIF1 (gene encoding for Iba1) 
mRNA, supporting an association between cortisol and inflammation in the 
tissue. Alternatively, cortisol was inversely correlated with SYN mRNA in the 
DG. Granule neuron soma size was positively correlated with PSD-95 mRNA 
in the DG. Neuron number in the CA3 had a positive association with the 
expression of PSD-95 mRNA in the region that CA3 neurons project to, the 
CA1. Glia number in the CA3 was inversely correlated with GFAP protein 
expression in the CA1, suggesting that healthy numbers of glia in one region 
are necessary to prevent an increase in GFAP protein downstream. All other 
associations depicted in this figure are discussed in Chapters Four and Five. 
inv: inverse relationship.  
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Figure A1.2. Reciprocal relationship between depressive behavior and glia 
density. In depressed monkeys (N=8), the density of glia in the anterior 
proximal CA3 (A) and distal CA3/CA2 (B) were correlated with the average 
percent time spent in the depressed posture. Ant: anterior, prox: proximal, 
dist: distal. 
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Figure A1.3. Synaptophysin and PSD-95 gene expression in the anterior 
hippocampus. No differences were observed between depressed and 
nondepressed animals in gene expression of synaptophysin or PSD-95 in 
any anterior hippocampal subregion. 
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Figure A1.4. Spinophilin and MAP2 gene expression in the hippocampus. 
No differences were observed between depressed and nondepressed 
animals in gene expression of spinophilin or MAP2 in any anterior 

 
hippocampal subregion. 
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Figure A1.5. AIF1 and Iba1 expression in the anterior
expression of AIF1 (encodes for Iba-1) tended to 

 hippocampus. Gene 
be lower in the anterior DG 

of depressed compared to nondepressed monkeys, and no differences were 
observed between depressed and nondepressed animals in protein 
expression of Iba1 in any anterior hippocampal subregion.  
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Figure A1.6. Synaptophysin and MAP2 protein expression in the anterior 

  

hippocampus. No differences were observed between depressed and 
nondepressed animals in protein expression of synaptophysin or MAP2 in 
any anterior hippocampal subregion.  
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