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Summary
Hippocampal (HC) function and morphology have been implicated in the pathophysiology of
depression. Reduced HC volume has been observed in depressed humans, although the effect is not
always significant. Studies of functional differentiation of the HC have revealed that the anterior
portion is associated with emotional and anxiety-related functioning, and the posterior portion with
memory processing. As such, measuring whole HC volume may mask differences seen only in the
anterior or posterior HC. We used unbiased stereology to measure whole, anterior, and posterior HC
volumes in 12 adult female cynomolgus macaques, half of which exhibited spontaneously occurring
depressive behavior defined as a slumped/collapsed body posture with open eyes, and a relative lack
of responsivity to environmental stimuli. The two groups were otherwise matched on circulating
estradiol, progesterone, and cortisol levels, social status, estimated age, and body weight. Frozen
postmortem HC tissue from depressed and nondepressed monkeys was serially sectioned and thionin-
stained. According to established neuroanatomical guidelines and with the aid of Neurolucida
software (MBF Bioscience), every tenth section throughout the extent of the HC was 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
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indicate that reduced volume in the anterior HC, an area previously implicated in emotional
functioning, may be associated with a depressive phenotype in female cynomolgus macaques.
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Introduction
Depression is the fourth leading cause of disease burden worldwide (World Health
Organization, 2001). As less than half of patients respond to standard treatment, depression
remains a significant treatment challenge (Nemeroff, 2007), and a greater understanding of the
underlying neurobiology is needed to generate novel therapeutic interventions. The results of
two meta-analyses suggest 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 sex differences in stress responses in humans and rodents,
and perhaps in HC volume 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 (Singh,
2006; Spencer et al., 2008) 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 as a slumped or collapsed body posture with eyes open, accompanied by a relative lack
of responsivity to environmental stimuli (Suomi et 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
glucocorticoid negative feedback in a dexamethasone suppression test (Shively et al., 1997;

Willard et al. Page 2

Psychoneuroendocrinology. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 et al., 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).

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 for 32 months (Shively and Clarkson,
1994). Six animals died during the course of the 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). Behavioral
depression was defined as a slumped or collapsed body posture, with opened eyes,
accompanied by a relative lack of responsiveness to environmental stimuli to which other
monkeys are attending (Suomi et al., 1975). This depressed posture is depicted in Figure 1.
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
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that ever exhibited this posture were characterized as depressed (N=16, or 38%). Interobserver
reliability was ≥ 92% throughout the study.

HPA Axis Function
A dexamethasone suppression test (DST) was used to assess the sensitivity of the HPA axis to
negative feedback from circulating levels of cortisol and has been described elsewhere
(Davidson et al., 1984; Mossman and Somoza, 1989; Shively et al., 1997; Shively et al.,
2002). Briefly, a morning blood sample was taken for a baseline measure of cortisol, an evening
dose (130 ug/kg body weight, I.M.) of dexamethasone was administered, and another blood
sample was taken the following morning for cortisol assay. The difference between the first
and second morning cortisol concentrations (percent change from baseline or percent
suppression) was used as an indicator of sensitivity to glucocorticoid negative feedback (Kalin
and Carnes, 1984). This test was administered one month prior to necropsy, after the monkeys
had lived in their social groups for 25 months.

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).

Tissue Preparation and Subject Selection
At necropsy, brains were rapidly removed, hemisected, and frozen at −80°C. The brains of six
depressed animals were randomly chosen for autoradiographic investigation. Six nondepressed
animals that most closely matched the six depressed animals in body 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). 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 used in each group. In an attempt to develop
a method to reduce the number of sections and experimenter workload, three randomly selected
brains (two from the nondepressed group and one from the depressed group) were sagittally-
sectioned at 50 μm from the lateral to medial extent of the HC. The remaining brains (N=9)
were 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, x̄=29 sections) or medial-lateral (sagittally-
sectioned HC, x̄=19 sections) axis was thionin-stained to identify HC cytoarchitecture and
differentiate the HC from surrounding grey and white matter.

Hippocampal Volumetry
Using Neurolucida mapping software (MicroBrightField, Inc., Williston, VT) and a Nikon
Optiphot (Melville, NY) microscope with motorized stage (Ludl Electronics Products,
Hawthorne, NY) and Magnafire digital camera (Optronics, Goletta,CA), volumes were
determined from manual tracings of approximately every tenth serial section along the anterior-
posterior (coronally-sectioned HC) or medial-lateral (sagittally-sectioned HC) axis of the HC.
Structures included in each tracing were the cornu ammonis (CA1- CA3), dentate gyrus,
subiculum, fimbria (throughout the HC head and body), and alveus, as depicted in Figure 2.
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)
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was delineated from the posterior HC (body and tail) at the presence of the uncus (Figure 3C)
(Pruessner et al., 2000).

Statistical Analysis
Student's t-tests were used to determine group differences for whole, anterior and posterior
volumes, and to confirm a lack of statistically significant differences in other characteristics
of the depressed and nondepressed groups that might affect HC volume. 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).

Hippocampal Volume
There were no significant differences between depressed and nondepressed animals in whole
HC volumes (t(10) = 0.89, p = 0.39; Figure 4). There was, however, an average 4% reduction
in whole HC volumes in depressed animals compared to controls. No significant differences
were observed in posterior volumes between the two groups (t(10) = 1.13, p = 0.28). Anterior
HC volumes were significantly smaller (t(10) = 2.42, p = 0.036) in depressed animals compared
to their nondepressed counterparts (Figure 4). On average, the anterior HC of depressed
monkeys was 15.4% smaller than nondepressed monkeys. Similar results were obtained
between the two groups for 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 (258.11, 250.81-276.36) and coronally-sectioned (244.40, 218.09-281.16) HC
were not different, suggesting that comparable postmortem measurements can be obtained from
either neuroanatomical plane.

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
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differences, and incongruent results among human studies, HC volume is consistently reduced
bilaterally in depressed persons compared to age and sex-matched controls (Campbell et al.,
2004; Videbech and Ravnkilde, 2004), with an average volume reduction in the left and right
HC of eight percent and ten percent, respectively (Videbech and Ravnkilde, 2004).
Furthermore, the only postmortem human study in which HC volume has been investigated
reported this same trend bilaterally in the HC, although the difference did not reach statistical
significance (Bielau et al., 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 may to some
extent be attributed to subject heterogeneity. In addition, methodological 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.

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 pharmacotherapy, recreational drugs or
alcohol. Depressive behavior was objectively 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 mechanism or combination of mechanisms underlying volumetric alterations 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 and 2005; Czeh and Lucassen, 2007). Likewise, an
extensive literature documents the effects of ovarian steroids on HC architecture and function.
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
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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 small sample presented here may be as much a function of
small sample size as 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 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
correlated significantly with astroglial number, and antidepressants prevented glial 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 of the
HC in other species can be extended to nonhuman primates. A critical question yet to be
adequately addressed is whether small 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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Figure 1.
A monkey displaying the depressed posture (A) compared to a nondepressed monkey (B). The
nondepressed monkey is alert and attending to the photographer, a potential threat; the monkey
displaying depressive behavior appears inattentive to the photographer, and is in a slumped
posture, with eyes open and directed downward.
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Figure 2.
Thionin-stained coronal 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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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, based on section thickness and distance
between sections, and volumes were determined from these models. A. Coronally-sectioned
right hemisphere HC model, oblique view. B. Sagittally-sectioned left hemisphere HC model,
oblique view. C. Top-down view of coronally-sectioned left hemisphere HC model depicting
the delineation of the anterior HC from the posterior HC by the presence of the uncus. Scale
bar: 1000μm.
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Figure 4.
Anterior HC volume is reduced in behavioral depression. Brains were sectioned at 50μm
throughout the extent of the HC, and every tenth serial 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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Table 1

Group characteristics.

Depressed
N=6

Nondepressed
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

Progesterone (ng/ml) 0.71 ± 0.35 0.26 ± 0.036 1.27 0.23

Estradiol (pg/ml) 68.62 ± 21.87 77.11 ± 25.61 0.25 0.81

Social status
 (range 0-1,
1=dominant)

0.47 ± 0.14 0.52 ± 0.15 0.24 0.82

Baseline cortisol (μg/dl) 34.48 ± 3.86 41.52 ± 4.64 1.17 0.27

Cortisol response to
dexamethasone

8.52 ± 2.47 6.09 ± 0.63 0.95 0.36

Difference in cortisol
between baseline and
response to
dexamethasone

-25.96 ± 2.97 -35.43 ± 4.22 1.84 0.10

% Suppression of
Cortisol

76.15 ± 4.68 84.97 ± 1.29 1.82 0.10

Values represent means ± SEM.

Psychoneuroendocrinology. Author manuscript; available in PMC 2010 November 1.


