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Abstract
Background—Imaging studies report that hippocampal volume is decreased in major depressive
disorder (MDD). A cellular basis for reduced hippocampal volume in MDD has not been
identified.

Methods—Sections of right hippocampus were collected in 19 subjects with MDD and 21
normal control subjects. The density of pyramidal neurons, dentate granule cell neurons, glia, and
the size of the neuronal somal area were measured in systematic, randomly placed three-
dimensional optical disector counting boxes.

Results—In MDD, cryostat-cut hippocampal sections shrink in depth a significant 18% greater
amount than in control subjects. The density of granule cells and glia in the dentate gyrus and
pyramidal neurons and glia in all cornv ammonis (CA)/hippocampal subfields is significantly
increased by 30% –35% in MDD. The average soma size of pyramidal neurons is significantly
decreased in MDD.

Conclusion—In MDD, the packing density of glia, pyramidal neurons, and granule cell neurons
is significantly increased in all hippocampal subfields and the dentate gyrus, and pyramidal neuron
soma size is significantly decreased as well. It is suggested that a significant reduction in neuropil
in MDD may account for decreased hippocampal volume detected by neuroimaging. In addition,
differential shrinkage of frozen sections of the hippocampus suggests differential water content in
hippocampus in MDD.
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Preclinical and neuroimaging studies have implicated the hippocampus in the
pathophysiology of major depressive disorder (MDD). In addition, plasticity within the
hippocampal formation is thought to play a role in neurobiological responses to stress and to
antidepressant drug action (Duman et al 1999).
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Evidence for a role of the hippocampus in depression comes from magnetic resonance
imaging (MRI) studies examining the volume of the hippocampus (Campbell et al 2004). In
subjects with MDD or a history of MDD, MRI studies demonstrate reduced volume of the
hippocampus (Bremner et al 2000; Frodl et al 2002; MacQueen et al 2003; Mervaala et al
2000; Shah et al 1998; Sheline et al 1996, 1999; Steffens et al 2000; but not in Posener et al
2003; Rusch et al 2001; Vakili et al 2000). It appears that hippocampal atrophy is
preferentially seen in older, recurrently depressed subjects or subjects who are refractory to
antidepressant medications. Recently, hippocampal volume and function was assessed over
the course of illness in younger patients with MDD (MacQueen et al 2003). Recollection
memory was diminished in subjects with either a first-episode or multiple episodes of
depression; however, hippocampal volume was significantly decreased only in depressed
subjects with multiple depressive episodes.

Histopathologic evidence reveals cellular changes in the forebrain in depression (Davidson
et al 2002; Rajkowska 2002). In MDD, there are decreases in cortical thickness, neuronal
sizes, and neuronal and glial densities in left rostral orbitofrontal cortex and left dorsolateral
prefrontal cortex (Rajkowska et al 1999). In left subgenual cortex, a region of the anterior
cingulate cortex, Ongur et al (1998) reported a decrease in glial number in familial MDD or
bipolar disorder. Studies by Cotter et al (2001, 2002), in both left and right hemispheres,
confirm decreases in neuron size and glial density in the dorsolateral prefrontal and anterior
cingulate cortex. Finally, Bowley et al (2002) reported a decrease in glial density in the left
amygdala in MDD. Thus, both neurons and glia appear to participate in the neuropathology
of depression.

Few studies have structurally examined the postmortem human hippocampus in depression.
Cellular integrity and apoptosis have been evaluated in the hippocampus in subjects with
depression, steroid-treated subjects, and normal control subjects (Lucassen et al 2001;
Muller et al 2001). Using semiquantitative methods, these studies reported no significant
cell loss in any hippocampal region in any of the subject groups. In most of the subjects with
depression, there was evidence for a slight increase in fragmented DNA associated with
apoptosis and necrotic neuron death detected in the dentate gyrus, cornu ammonis (CA)1,
and CA4 (Lucassen et al 2001). In depression, decreases in astrocytic immunoreactivity for
cellular glial fibrillary acidic protein and the neuron-specific phosphoprotein B50 (or
GAP-45) were detected in CA1 and CA2 (Muller et al 2001). The authors suggested that
apoptosis may only be a minor contributor to volume changes in the hippocampus in
depression, whereas patterns of reactive astrogliosis and synaptic reorganization proteins
were significantly altered in some hippocampal regions in depression. Other reports of
hippocampal changes in mood disorders identified a significant decrease in the density of
nonpyramidal neurons in the CA2 region and a reduction in Reelin-positive cell density in
the hilus in subjects with bipolar disorder (Benes et al 1998; Fatemi et al 2000).

The purpose of this study was to identify the cellular basis for reductions in hippocampal
volume in MDD by the application of direct three-dimensional cell-counting methods in
tissue sections to evaluate neurons and glia in the hippocampal formation in MDD. Neuronal
and glial densities, as well as neuronal soma size and glial nuclear size, were estimated in
hippocampus proper and the dentate gyrus of subjects with MDD compared with age-
matched, psychiatrically healthy control subjects. We hypothesized that the size of
pyramidal neuron cell bodies would be decreased and the packing density of neurons and
glia increased in the hippocampal formation in MDD.
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Methods and Materials
Tissues from 19 depressed subjects and 21 age-matched psychiatrically healthy control
subjects were obtained at autopsy from the Coroner’s Office of Cuyahoga County,
Cleveland, Ohio, USA. An ethical protocol approved by the Institutional Review Board of
the University Hospitals of Cleveland was used, and informed written consent was obtained
from the next-of-kin for all subjects. Blood and urine samples from all subjects were
examined by the coroner’s office for psychotropic medications and substances of abuse.

Retrospective, informant-based psychiatric assessments were performed for all depressed
and control subjects (see Tables 1 and 2). A trained interviewer administered the Schedule
for Affective Disorders and Schizophrenia: lifetime version (SADS-L) to knowledgeable
next-of-kin of 15 of the depressed subjects, as previously described (Stockmeier et al 2002).
The Structured Clinical Interview for DSM-IV Psychiatric Disorders (SCID) was
administered to next-of-kin of the four remaining depressed subjects (First et al 1996). Axis
I psychopathology was assessed and consensus diagnosis was reached in conference using
information from the interview and medical records. Responses from the 15 subjects
evaluated with the SADS-L were also recorded in the SCID, and these subjects met DSM-IV
criteria for MDD using information collected with either structured diagnostic interview.
Eighteen subjects met DSM-IV criteria for an MDD episode within the last 2 weeks of life,
and one subject with depression was in remission. Five depressed subjects were comorbid
for panic disorder with agoraphobia; agoraphobia; benzodiazepine abuse; sedative anxiolytic
hypnotic related disorder, not otherwise specified; pathologic gambling; or delusional
disorder. Two depressed subjects met diagnostic criteria for alcohol abuse at 2 and 24 years
before their deaths.

The depressed subjects consisted of 7 women and 12 men. The deaths of 13 of the 19
depressed subjects were ruled to be suicide by the coroner. Of the subjects with depression,
Table 2 reveals that seven had a prescription for an antidepressant drug filled in the last
month of life, and the antidepressant drug sertraline was detected postmortem in two of
these subjects. Table 2 includes information on whether the depressed subjects were ever
treated with an antidepressant drug. That an antidepressant drug was present in the blood of
so few depressed subjects or suicide victims has been noted by others as well (Isometsa et al
1994;Marzuk et al 1995;Oquendo et al 1999).

The control subjects, consisting of 9 women and 11 men, did not meet criteria for an Axis I
disorder at the time of their deaths and were closely age-matched with the depressed
subjects. Two control subjects met diagnostic criteria for alcohol abuse at 10 and 30 years
before their deaths.

The hippocampal formation was dissected from the right temporal lobe at autopsy. Two
coronal cuts were made: at the interface between the anterior and posterior segments of the
uncus and at 2 cm posterior to the first cut. The body of the hippocampal formation was
dissected, frozen in dry-ice-cooled isopentane, and stored at −80°C. Tissue samples from
age-matched pairs of control and depressive subjects were coded throughout all histologic
procedures, image processing and morphometric analysis so that laboratory personnel were
not aware of the psychiatric diagnoses assigned to the samples. Coded and anonymous
blocks of tissue from the two groups of subjects were alternatively selected and sectioned.
Care was taken that coded blocks of tissue from both cohorts were sectioned in an
alternating manner to avoid a possible difference in histologic treatment of tissue. From the
anterior surface of each coded block four frozen sections were cut on an IEC microtome at a
setting of 40 µm thickness by the same experienced technician. The sections were thaw-
mounted on chrome-alum subbed microscope slides and air dried before staining. Three of
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these sections were processed for routine staining Nissl substance with cresyl violet. The
remaining section was fixed in Millonig’s buffer (Dowlatshahi et al 2000) and processed by
the Timm’s sulfide silver method to facilitate detection of hippocampal subregions
(Danscher 1981). Regions of the hippocampal formation were identified (Amaral and
Insausti 1990). The pyramidal neuron layer of CA3 makes a sharp bend extending toward
the hilus of the dentate gyrus and folds back on its own self. In this study, the portion of
CA3 extending between CA2 and the sharp bend toward the hilus is termed CA3, and the
portion of CA3 extending toward the hilus and enclosed in the granule cell layer is termed
CA3-internal (CA3i) (Figure 1).

After staining, the section thickness was determined by differential focusing using an oil-
immersion high-powered objective. An experienced observer using these criteria focused
from the top to the bottom of all sections at the selected points (Gardella et al 2003; Uylings
et al 1986). The vertical movement of the microscope stage was measured by a microcator
(Heidenhain, Germany). For each section, the thickness was measured at three randomly
selected points in the CA areas, avoiding the edges of the section, and mean values were
determined (Andersen and Gundersen 1999; Dorph-Petersen et al 2001). Because these three
measurements per section in the CA subareas were very similar, no more measurements per
section were performed. The coefficient of variance (CV = ± SD/mean) for intrasection
thickness was 3% (controls) and 5% (MDD). The CV for intersection thickness was 4%
(control) and 5% (MDD). These coefficients of variance are much smaller than the
difference in section thickness for the two cohorts (~20%). The differential shrinkage in
depressed subjects was in the z axis, because the sections were thaw-mounted on glass slides
immediately after cutting.

The number of glia and neurons (pyramidal neurons, granule cell neurons of the dentate
gyrus) per volume unit was estimated with the optical disector (Pakkenberg and Gundersen
1988). Cell measurements were made with a 63.5X oil objective (N.A. 1.4). The horizontal
x axis and y axis dimensions of the three-dimensional disector counting boxes in CA1–CA3
were 150 × 150 µm, and in the granule cell layer of the dentate gyrus they were 50 × 50 µm.
These counting boxes were positioned in a systematic, randomly placed manner in three
sections per subject. The counting unit of a cell was the center of the nucleus defined by
focusing on the clear nuclear edge and the most clearly defined nuclear chromatin and
nucleolus (e.g., Gardella et al 2003; Gundersen et al 1988; Howard and Reed 1998). A
nucleolus is present in pyramidal cells but not in glia. Using this counting unit, the height of
the counting box was the thickness of the pertinent section at the counting sites (see Results
for thickness values in the two cohorts). In each brain in CA1–CA3, 12–15 counting boxes
per region per subject were examined, and in the granule cell layer of the dentate gyrus, 7–
15 boxes were examined per subject. In all the three-dimensional boxes for CA1, 135
pyramidal neurons and 180 glia were counted on average per subject; for CA3, 135
pyramidal neurons and 210 glia were counted on average per subject. For the granule cell
layer of the dentate gyrus, an average of 80 neurons and 38 glia were counted per subject in
all three-dimensional boxes. In addition, to correct for the differential shrinkage along the z
axis between MDD and control subjects, the probe volumes for cell densities were
multiplied by 40 µm, divided by the actual section thickness, so that the height of the
counting box became equal to the “section thickness” setting of the cryostat. The cell
densities thus were differentially corrected relative to the uncorrected values, that is,
relatively more in the MDD cases. The advantage of this correction for calculating cell
density is that it assesses density of neurons and glia in the original sections before
histologic processing and thus before differential shrinkage of MDD as opposed to control
sections. This permits the comparison of cell density between cohorts without the
confounding influence of group differences in section thickness.
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Somatic size of neurons and glial nuclear size was indicated from projected surface area
measurements in the absence of the vertical section design (Gundersen et al 1988; Uylings
and van Pelt 2002) applying a 63.5X oil objective (N.A. 1.4).

Least squares adjusted means and SE estimates are presented. The main statistical analysis
used was a repeated-measure analysis of variance (ANOVA; SAS PROC Mixed), with
diagnosis as a between-subjects effect; CA regions as a within-subjects effect; and age,
postmortem interval, tissue pH, and brain weight as covariates (entered separately). Gender
was included as a factor in some analyses. Size and density data for neurons and glia in the
granule cell layer of the dentate gyrus were analyzed separately from data gathered in the
CA regions because the scale of these measures was markedly different from the scale of
data from the CA regions. The potential effect of being an active smoker before death,
having an antidepressant medication prescription within the last month of life, or of dying by
suicide was assessed individually by evaluating the depressives with one of these potential
confounds verses the depressives without these confounds. Bonferroni corrections were used
to test for statistically significant effects between the two subject groups; a p value of .05
was divided by eight, representing the anatomic variables being assessed (CA neuron
density, CA neuron soma size, CA glial density, CA glial nuclear size, DG neuron density,
DG neuron soma size, DG glial density, and DG glial nuclear size).

Pearson correlations were calculated to examine potential interactions between age,
postmortem interval, tissue pH, age at onset, and the duration of the depressive illness on the
eight neuronal and glial density and size measures. A Bonferroni-corrected p value of .
00125 was necessary for there to be a statistically significant effect of these variables on
neuronal and glial measures.

Results
Age, Postmortem Interval, and Tissue pH

There was no significant difference between subject groups in age, postmortem interval
(time between death and freezing tissue), or tissue pH. The average age (years, mean ± SE)
of the two groups was 57.9 ± 3.6 (range 26–84) for control and 57.4 ± 3.9 (range: 30–87) for
depressive subjects. The average postmortem interval (hours) of the two groups was 20.5 ±
1.1 for control and 19.3 ± 1.2 for depressive subjects. The average pH of cerebellar tissue
was 6.5 ± .1 for control and 6.6 ± .1 for depressive subjects.

Section Shrinkage
There was a robust and significant difference between control and depressive patients in the
thickness of the sections after histologic processing, regardless of cutting tissue blocks
alternatively from control and depressed subjects at the same cryostat setting (40 µm). After
histologic processing, sections from the 21 control subjects were 19.5 ± .7 µm thick (mean ±
SE), and sections from the 19 subjects with MDD were 16.1 ± .7 µm thick (F = 11.05, df =
38; p < .002). As a group, sections from depressive subjects shrank approximately 18%
more than sections from control subjects. No significant difference was detected in section
thickness between depressed subjects who died by suicide versus depressed subjects dying
form other causes of death (data not shown). For the group of control subjects, there was no
significant correlation between section thickness and any of the confounding factors (age,
postmortem interval, pH, or brain weight; data not shown). Likewise, for the group of
subjects with MDD, there was no significant correlation between section thickness and any
of the confounding factors (age, postmortem interval, pH, brain weight, duration of
depression, or age at onset of depression; data not shown).
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Soma and Nuclear Size
There was a significant effect of diagnosis and of region, but no significant diagnosis by
region interaction, on soma size of pyramidal neurons in the CA regions (Table 3, Figure
2A). There was a 17%–21% decrease in the mean soma size of pyramidal neurons in
depressed subjects, compared with normal control subjects. In the granule cell layer of the
dentate gyrus, there was a statistical trend for an effect of diagnosis, with neuronal soma size
decreased by 22% in MDD (Table 3, Figure 2A). There was no significant effect of
diagnosis or region on the size of glial nuclei in the CA regions or granule cell layer of the
dentate gyrus (Table 3, Figure 2B).

Cell Density
There was a significant effect of diagnosis and of region, but no significant diagnosis by
region interaction, on the density of pyramidal neuron cell bodies in the CA regions (Table
3, Figure 3A). After correction for differential shrinkage along the z axis, there was still a
significant, 35% –36% increase in the mean density of pyramidal neurons in depressed
subjects, compared with normal control subjects. In the granule cell layer of the dentate
gyrus, there was still a significant effect of diagnosis, with granule cell density increased by
37% in MDD (Table 3, Figure 3A).

After correction for differential shrinkage along the z axis, there was still a significant effect
of diagnosis and of region, but no significant diagnosis by region interaction, on the density
of glia within the pyramidal cell layer of the CA regions (Table 3, Figure 3B). There was a
28%–31% significant increase in the mean density of glia within the pyramidal cell layer of
the CA regions in depressed subjects, compared with normal control subjects. In the granule
cell layer of the dentate gyrus, there is a significant effect of diagnosis, with glial cell
density increased by 30% in MDD (Table 3, Figure 3B).

Other Variables
The potential effect of a number of factors (gender, age, postmortem interval, tissue pH,
smoking, suicide, antidepressant drug prescription in the last month of life, duration and age
of onset of depression) on neuronal and glial changes in the hippocampal formation in
depression was determined. On the basis of covariate analyses, the main findings of
increased neuronal and glial density and decreased neuron soma size in depression were not
significantly altered when taking into consideration factors such as gender, age, postmortem
interval, tissue pH, brain weight, smoking, antidepressant drug prescription in the last month
of life, or suicide (data not shown). There are no significant correlations between the age of
onset of depression or the duration of the illness and any of the density or size measures
(data not shown). When using Bonferroni corrections for multiple comparisons, there were
no significant correlations between age, postmortem interval, tissue pH or brain weight, and
the neuronal and glial density and size measures.

Discussion
Several imaging studies report that hippocampal volume is decreased in MDD, yet no
cellular basis for a reduction in hippocampal volume has been identified. To the authors’
knowledge, this is the first study to evaluate neuronal and glial density and soma and glial
nucleus size in postmortem hippocampus in a large cohort of subjects with MDD and age-
matched psychiatrically normal control subjects. Three-dimensional cell counting methods
were applied to the evaluation of neurons and glia in the human hippocampal formation in
major depression. Cryostat sections have been reported to show a uniform shrinkage in the z
axis (Gardella et al 2003; Hatton and von Bartheld 1999) allowing the three-dimensional
cell-counting technique applied in this study, which used the counting criterion of nuclei
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centers. After correction for differential shrinkage in the z axis, the density of granule cells
in the dentate gyrus and pyramidal neurons in all hippocampal CA subfields is still
significantly increased in MDD by approximately 35%. The average soma size of pyramidal
neurons is significantly decreased in MDD. In MDD, glial density is significantly increased
by about 30% across hippocampal pyramidal subfields and the granule cell layer of the
dentate gyrus. The substantial increases noted in neuronal and glial packing density and
decrease in neuronal soma size detected in postmortem tissue show per cell a reduced
neuropil and can thus be related to the decrease in hippocampal volume noted by structural
imaging studies in MDD.

There are a number of strengths to the observations in postmortem tissue presented here
regarding increased packing density of neurons and glia in the hippocampal formation in
depression. Strengths of this study of postmortem tissue include the large cohorts of control
subjects and depressives, the use of retrospective psychiatric assessments of both the control
subjects and those with major depressive disorder, the use of a balance of men and women
in both cohorts ranging in age over 6 decades, the inclusion of some major depressive
subjects not dying by suicide, the use of Timm staining to delineate the CA2 from CA3
subregions of the hippocampus proper, and the use of toxicological screening and reporting
of medication histories of all subjects.

A number of potential limitations in this study of hippocampal cellular features in
depression deserve mention. Only one rostrocaudal level of the right hippocampal formation
was available for examination. Consequently, only data regarding neuronal and glial density
are presented, and the total number of these cells throughout the hippocampal formation
cannot be assessed. Random sampling of the entire hippocampal formation at regular
intervals will be necessary to evaluate potential changes in total numbers of neurons and glia
in depression, although Lucassen et al (2001) and Muller et al (2001) reported no massive
cell death in the hippocampus in depression. Additional limitations related to this study
involve the use of mostly suicide victims in the depressive cohort and the use of many
depressed subjects with a history of treatment with antidepressant medications at some time
during their lives.

An unexpected observation of this study, related to the measurement of cell density, is the
recording of a significant 18% greater z axis shrinkage of hippocampal sections in depressed
subjects than in age-matched control subjects. As outlined in the Methods and Materials
section, there were no obvious differences in handling of tissue samples that would account
for the enhanced shrinkage in depressed subjects. Among several possible causes of this
differential shrinkage, one might speculate from this observation that tissue from depressed
subjects contains more water. Interestingly, Krishnan et al (1991) reported significantly
shortened T1 relaxation times for hippocampus (although not in the thalamus or cortical
white matter) in older depressed patients. Shorter T1 relaxation times were interpreted by
Krishnan et al (1991) to reflect differences in the content or organizational properties of
hippocampal water protons in the depressed patients. Such potential changes in depressed
patients in the properties of water detected with MRI may parallel changes in the shrinkage
of such tissues processed postmortem. To obtain a fair and statistically conservative
comparison of numerical cell density in depressed and control subjects, the technique used
for determining cell density was adapted to account for the presence of differential shrinkage
in the depressed subjects.

The rank order of pyramidal neuron density between hippocampal subfields was compared
with two other studies using nonbiased cell-counting techniques. In agreement with Heckers
et al (1991) and Walker et al (2002), the highest density of pyramidal neurons is in CA3,
followed by CA2 and CA1. The absolute density values for pyramidal neurons are higher in
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these two published reports, likely because of the use of formalin-fixed tissues in these
studies versus frozen sections in our study. The size of pyramidal neuron soma determined
in our study is also in good agreement with that noted by Arnold et al (1995).

Neuronal and glial changes are detected elsewhere in the brain in depression. In contrast to
the increase in cell density noted in hippocampus, studies by Ongur et al (1998), Rajkowska
et al (1999), Cotter et al (2001, 2002), and Bowley et al (2002) report a decrease in the
density or number of glia in various regions of frontolimbic cortex and amygdala in
depression. In these studies, changes in glial density in MDD are not consistently shown
across all layers in all cortical regions. Varying cortical pathology versus hippocampal
pathology is not unexpected considering the unique normal functions and unique
contributions of these regions to the psychopathology of depression. Other evidence of
dissimilarities between prefrontal cortex and hippocampus in depression comes from the
work of Mayberg and colleagues (Kennedy et al 2001; Mayberg et al 2000, 2002).
Successful clinical treatment (or even the use of placebo) in depression was associated with
an increase in metabolism in prefrontal cortex and a decrease in metabolism in
hippocampus.

The different pattern of density change noted in depression in the hippocampus in contrast to
frontal cortical areas may be related to a unique reduction in neuropil in the hippocampus in
depression. Neuropil consists of the lattice of glial cells and their processes, dendrites, and
proximal axons surrounding neuron cell bodies. The hypothesis of neuropil reduction in the
hippocampus in MDD is supported by other postmortem studies revealing a decrease in
dendritic spine density on neurons and diminished arborization of apical dendrites in the
subiculum in a small group of mixed subjects with bipolar disorder or depression (Rosoklija
et al 2000) and decreased level of synaptic proteins found in CA4 hippocampal region in
bipolar depression (Harrison and Eastwood 2001). Thus, the diminished volume of the
hippocampus in depression that some studies have found may be critically determined by a
loss in neuropil including dendritic branching, dendritic spine complexity, and glial
processes.

Alterations in cell density and soma size in the hippocampal formation in depression may be
related or in response to diminished availability of neurotrophic factors in the brain in
depression. Supporting evidence for this hypothesis comes from studies in experimental
animals in which stress and antidepressant drugs have significant effects on brain-derived
neurotrophic factor (BDNF) and related signal transduction systems in brain (Duman et al
1999). There is preliminary evidence the BDNF is the human hippocampus can be regulated
by chronic treatment with antidepressant medications. In an immunohistochemical study of
subjects with MDD, and others with bipolar disorder or schizophrenia, the immunoreactivity
of BDNF, as measured by optical density, is up-regulated in the dentate gyrus and hilus only
in subjects taking antidepressant medication (Chen et al 2001). The small number of
depressed subjects not taking psychotropic medications in this study prevents determination
of whether BDNF is significantly affected in drug-free subjects with MDD, however. In a
recent study of the hippocampus, Dwivedi et al (2003) observed a significant reduction in
mRNA and protein levels of BDNF in hippocampus in suicide victims with either MDD or
other psychiatric disorders. In the Dwivedi et al (2003) study, the decrease in expression of
BDNF occurred regardless of antidepressant treatment. To determine a possible role for
BDNF in MDD-related changes in cell density, it will be of interest to perform studies on
cell counting and BDNF expression in the same subjects.

In conclusion, differential shrinkage in thickness of hippocampal cryostat sections between
subjects with MDD and control subjects may be related to a differential content of water in
the hippocampus in MDD. The increased cell density in the hippocampus indicates a
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reduction of neuropil per cell, which may contribute to the volume reduction noted in MRI
studies in the hippocampus in MDD. Independent replication of the findings regarding
differential shrinkage of sections and increased cell density in subjects with MDD will be an
important next step.
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Figure 1.
Brightfield photomicrographs of coronal sections of the postmortem human hippocampal
formation. (A) Cresyl violet–stained section from a 70-year-old male control subject
(postmortem interval = 20 hours) and (B) an adjacent section processed by Timm staining.
Note the intensely stained granule cell layer of the dentate gyrus (DGgr) in (A) and (B), and
the clear demarcation in (B) between hippocampal subfields CA2 and CA3 afforded by the
Timm staining. A dashed line identifies the border between CA2 and CA3, and the second
dashed line shows the border between CA3 inserted within the dentate gyrus (CA3i) and
CA3 external to the dentate gyrus. (C) Cresyl violet–stained section from a depressed 77-
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year-old man (postmortem interval = 26 hours) and (D) an adjacent section processed by
Timm staining. Pyramidal neurons and glial nuclei of CA3 are highlighted (E, Control; F,
MDD) with large black arrows and white arrowheads, respectively. The scale bars in (A)
and (E) are 750 µm and 25 µm, respectively.
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Figure 2.
Neuronal soma size (A) and glial nuclear size (B) in the hippocampus of control subjects
and subjects with major depressive disorder (MDD). Pyramidal neurons were quantified in
hippocampal fields CA1–CA3, and granule cells were quantified in the granule cell layer of
the dentate gyrus (DGgr) of 21 control and 19 depressed subjects with the exception of 18
depressed subjects for CA1 and CA2. Values are least squares adjusted means ± SE. (A)
There is a significant effect of diagnosis on pyramidal neuron soma size (*p = .0006) in all
CA fields and a trend for an effect of diagnosis on granule cell soma size in the dentate
gyrus (p = .0081). Pyramidal neuron soma size is decreased by 17%–21%, and granule cell
soma size is decreased in the dentate gyrus by 22%. (B) Glial nuclear size was not
significantly affected in MDD. CA3i refers to CA3 pyramidal neurons that are inserted
within the dentate gyrus.
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Figure 3.
Neuronal (A) and glial (B) density in the hippocampus of control subjects and subjects with
major depressive disorder (MDD). Pyramidal neurons were quantified in hippocampal fields
CA1–CA3, and granule cells were quantified in the granule cell layer of the dentate gyrus
(DGgr) of 21 control subjects and CA3 and dentate gyrus (DGgr) from 19 depressed
subjects. Data in CA1 and CA2 are presented from 18 depressed subjects. Values are least
squares adjusted means ± SE. (A) There is a significant effect of diagnosis on pyramidal
neuron density in all CA subfields (*p < .0001) and granule cell density in the dentate gyrus
(**p = .0004). Pyramidal neuron density is increased by 35%–36% in CA subfields, and
granule cell density is increased in the dentate gyrus by 37%. (B) There is a significant
effect of diagnosis on glial cell density in all CA pyramidal neuron subfields (*p < .0001)
and glial cell density in the granule cell layer of the dentate gyrus (**p = .0007). Glial cell
density is increased by 28%–31% in the CA pyramidal neuron subfields and glial cell
density is increased in the granule cell layer of the dentate gyrus by 30%.
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