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Abstract
Neuroimaging consistently reveals smaller hippocampal volume in recurrent or chronic major
depressive disorder (MDD). The underlying cellular correlates of the smaller volume are not
clearly known. Postmortem tissues from 17 pairs of depressed and control subjects were obtained
at autopsy, and informant-based retrospective psychiatric assessment was performed. Formalin-
fixed left temporal lobes were sectioned (40 μm), stained for Nissl substance, and every 60th

section selected throughout the entire hippocampus. Total volume of the hippocampal formation
was calculated, and total numbers of pyramidal neurons (in hippocampal fields CA1, CA2/3,
hilus), dentate gyrus (DG) granule cells, and glial cells were estimated stereologically. While
hippocampal volume in all MDD subjects was not significantly smaller versus control subjects, in
recurrent/chronic MDD, total volume decreased with duration of depressive illness (r=−0.696,
p<0.026). There was no significant difference between MDD and controls in total number or
density of pyramidal neurons/granule cells or glial cells in CA1, CA2/3, hilus, or DG. However,
CA1 pyramidal neuron density increased with duration of illness in recurrent/chronic MDD
(r=0.840, p<0.002). Granule cell (r=0.971, p<0.002) and glial cell numbers (r=0.980, p<0.001)
increased with age in those taking antidepressant medication (n=6). Increasing DG granule cell
and glial cell numbers with age in antidepressant-treated subjects may reflect proliferative effects
of antidepressant medications. Decreasing total volume and increasing CA1 pyramidal neuron
density with duration of illness in recurrent/chronic MDD lends support to the neuropil hypothesis
of MDD.
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1. INTRODUCTION
Major depressive disorder (MDD) is a debilitating illness affecting 121 million worldwide
and the leading cause of disability and fourth greatest source of disease burden worldwide
(WHO, 2010). Annual and lifetime prevalence is estimated at 6.6% and 16.2%, respectively
(Kessler et al., 2003). Medications effective in treating MDD have been available for over
half a century. However, despite improvements in side-effect profile and toxicity, efficacy
has improved little (Gartlehner et al., 2011), with at least a third of patients responding
partially or not at all (Rush et al., 2006). This suggests much remains unknown about the
pathophysiology underlying the disorder.

Solid evidence of hippocampal involvement in depression comes from neuroimaging studies
revealing smaller hippocampal volume in MDD (Bremner et al., 2000; Sheline et al., 1996),
though the microscopic basis for smaller volume is not known. It is not clear whether
smaller volume precedes or follows onset of MDD. Recent meta-analyses of magnetic
resonance imaging (MRI) studies indicate smaller hippocampal volume in individuals with
multiple depressive episodes or longer duration of depression (Kempton et al., 2011;
McKinnon et al., 2009), suggesting the smaller volume is a consequence of depression,
perhaps involving elevated cortisol (Conrad, 2008). However, another recent meta-analysis
of MRI studies found smaller hippocampal volume in the first depressive episode (Cole et
al., 2011), suggesting that smaller hippocampal volume precedes onset of depression and
could instead indicate an etiological risk factor.

Apparent hippocampal atrophy in MDD has been proposed to reflect attenuated structural
plasticity due to impaired neurotrophin signaling (Blugeot et al., 2011; Calabrese, 2009;
Cooke & Bliss, 2006). Hence, it may be reversible through successful treatment.
Antidepressant drugs are believed to exert their effects, at least in part, by enhancing
neurotrophin signaling (Castrén & Rantamäki, 2008). Brain-derived neurotrophic factor
(BDNF) is perhaps best characterized in this respect. BDNF exerts its effects through
receptor tyrosine kinase B (TrkB) (Castrén & Rantamäki, 2010). In suicide, mRNA and
protein expression of both BDNF and TrkB are reduced (Dwivedi et al., 2003).

Activation of TrkB by BDNF invokes the mitogen-activated protein (MAP) kinase pathway
(Huang & Reichardt, 2003; Reichardt, 2006). Duric et al. (2010) reported elevated
expression of mitogen-activated protein kinase phosphatase 1 (MKP-1), a negative regulator
of MAP kinase signaling, in CA1 and dentate gyrus in postmortem tissue in MDD.
Subsequent experiments revealed reduced sucrose preference and impaired active avoidance
performance associated with upregulated MKP-1 mRNA transcription in hippocampus of
rats exposed to chronic stress and that fluoxetine ameliorated these effects of stress (ibid.).
Finally, viral-mediated MKP-1 overexpression in hippocampus of mice produced
depressive-like behaviors in absence of stress, whereas constitutive deletion of the MKP-1
gene rendered mice unsusceptible to depressogenic effects of stress, indicating MKP-1
expression is necessary and sufficient for expression of depressive-like behavior.

Elevated MKP-1 expression may contribute to smaller hippocampal volume by disrupting
propagative effects of neurotrophins on neuropil, thereby diminishing the volume of
neuropil within hippocampus and resulting in tighter packing density of neurons and glia.
Consistent with this hypothesis, we previously reported higher densities of pyramidal
neurons, dentate granule cells, and glial cells and smaller pyramidal neuronal somata in
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postmortem hippocampus of MDD patients (Stockmeier et al., 2004). However, that study,
examining only three sections from body of hippocampus, could not comment on total
numbers of neurons and glia as the entire structure was not sampled. Until now, no one has
completed a stereological estimation of total numbers of neurons and glia in hippocampus in
MDD.

The aim of this study was to assess whether smaller hippocampal volume in MDD might
reflect smaller numbers or sizes of hippocampal neurons or glia. Using formalin-fixed
postmortem human brain tissue from subjects with MDD and psychiatrically-healthy
controls matched for age and sex, total volume of hippocampal formation was calculated
using serial tissue sections. Stereological methods were used to estimate total numbers of
CA field pyramidal neurons, dentate granule cells, and glia, as well as average sizes of
neuronal somata and glial cell nuclei. We hypothesized hippocampal volume would be
smaller in MDD and that smaller volume would be associated with fewer neurons or glia.

2. MATERIALS AND METHODS
2.1 Subjects

The protocol for recruitment, tissue collection, and interviews was approved by the
Institutional Review Boards of University Hospitals of Cleveland and University of
Mississippi Medical Center. Written informed consent was obtained from legal next-of-kin
for tissue collection and informant-based retrospective diagnostic interviews. Tissues were
collected at autopsy at the Cuyahoga County Coroner’s Office and cause of death ruled by
the coroner. Cases with history or evidence of neurological injury or disorder were excluded.

All subjects underwent retrospective assessment for Axis I diagnosis according to the
Diagnostic and Statistical Manual of Mental Disorders (4th ed.) (DSM-IV) (APA, 1994) by a
trained interviewer using the Structured Clinical Interview for DSM Axis I Disorders
modified for third-person reporting (First et al., 1995). Interview notes and clinical histories
were reviewed independently by two licensed mental health clinicians, who assigned
consensus diagnoses in conference.

Each subject diagnosed with MDD (n = 17) was paired with a control subject matched for
sex, age (± 5 years), postmortem interval (PMI) (± ~7.5 h), and tissue pH. There was no
significant difference between MDD and Control in age, PMI, tissue pH, or fixation time in
formalin (Table 1). Urine and blood collected at autopsy were examined by the coroner for
presence of psychotropic medication or psychoactive substances. Laboratory personnel were
unaware of individual diagnoses throughout the study. Clinical characteristics of MDD
Cohort are summarized in Table 2. For individual Subject details, see Supplementary Tables
1 through 3.

All MDD subjects met criteria for depression within last two weeks of life except one
subject in remission. No Control subject met criteria for any current or past mood disorder
or other psychiatric disorder. However, 1 Control subject did have a history of alcohol
abuse, in full remission. Similarly, 1 MDD subject had a history of alcohol dependence, also
in full remission. Three MDD subjects had active sedative and alcohol abuse, active
cannabis abuse, and active cannabis dependence, respectively.

For measurement of total volume, one control subject was excluded because the caudal end
of hippocampus was missing. As only a portion of subiculum was lost, the tissue loss did not
affect CA fields or dentate gyrus so total cell counts were unaffected in this subject.
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2.2. Tissue preparation and histology
Left temporal lobe was collected at autopsy and submerged in phosphate-buffered formalin
(10%) for 21 to 369 weeks (141.1 ± 13.1 weeks, mean ± SEM). Temporal lobes were
divided along the rostrocaudal axis into 6 mm-thick slabs, embedded in celloidin, and
sectioned with a microtome (40 μm). Every tenth section was stained for Nissl substance
using cresyl violet. Approximately every sixth Nissl-stained section throughout entire
rostrocaudal length of hippocampal formation was selected for each subject, starting at
anterior pole.

2.3. Stereological estimation of total volume and cell numbers
Total volume of hippocampal formation, consisting of Cornu Ammonis (CA), dentate gyrus,
and subicular complex, was estimated (Uylings et al., 1986). A contour outlining the
hippocampal formation in each tissue section was traced under 20× magnification via a
Nikon Plan UW 2× objective (N.A. = 0.06, W.D. = 7.5 mm) (Nikon Instruments, Melville,
NY) on a Nikon Eclipse 80i microscope using Stereo Investigator version 7.0 (MBF
Bioscience, Williston, VT). Area within the contour was determined cartographically by
Stereo Investigator. Partial volumes were calculated by multiplying contour areas by
distance between each section and then summed to yield estimated total volume (Fig. 1. A.).

Total volumes of individual hippocampal fields were calculated similarly for the purpose of
estimating total cell numbers. Total numbers of pyramidal neurons and glial cells were
estimated in pyramidal cell layer of CA1, CA2/3, and hilus and granule cells and glial cells
in granule cell layer of dentate gyrus. Hippocampal fields were delineated via
cytoarchitectonic criteria (Amaral & Insausti, 1990) (Fig. 1. B.). Hilus was defined as the
pyramidal cell layer located within the concavity of dentate gyrus. CA2/3 referred to the
pyramidal cell layer interposed between its borders with hilus and CA1 and is characterized
by relatively high cell density and large pyramidal neuron somata size. CA1 is interposed
between CA2/3 and subicular complex and exhibits smaller pyramidal neuron somata and
lower cell density versus CA2/3.

Estimation of cell number was carried out using the Optical Fractionator in Stereo
Investigator. Stereological parameters are summarized in Table 3. Average volumes of
neuronal somata and glial cell nuclei in each hippocampal field were estimated using the
Isotropic Nucleator. Stereological procedures were carried out under 400× magnification
using Nikon Plan Apo 40× oil-immersion objective (N.A. = 1.0, W.D. = 0.16 mm).
Pyramidal neurons were identified by the pyramidal morphology of somata and discrete
nucleoli; soma size varied by CA field. Dentate granule cells were small neuronal cells
exclusive to DG granule cell layer. Glial cells were identified by the round morphology of
their nuclei and distinct staining patterns that differ by cell type. No attempt was made to
differentiate glial cell types. Unlike neurons, a Nissl stain makes observable only the nuclei
of glial cells and not their somata.

2.4. Statistical analyses
Sample size was determined by power analyses (Lenth, 2006–2009) based on previous
results (Stockmeier et al., 2004). All subsequent statistical analyses were performed using
SAS software, version 9.2 or 9.3 (SAS Institute, Cary, NC). Threshold for statistical
significance was set at Type I error rate of α = 0.05, nonsignificant trends noted at 0.05 ≤ p
≤ 0.10.

Dependent variables were tested by Cohort for normality of distribution via Shapiro-Wilk W
statistic. Those variables exhibiting non-normal distribution in both Cohorts underwent
comparison by Cohort via Wilcoxon rank sum test. Otherwise, Cohort comparisons were
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made via t-tests. Pooled t-tests were used if folded F statistic indicated equality of variances
between the two Cohorts, Satterthwaite t-tests if unequal variances.

To test for potential effects of suicide, antidepressant prescription (valid within last month of
life), detection of antidepressant medication in postmortem toxicology, or recurrence/
chronicity of depression, the MDD cohort was divided accordingly into two groups, yielding
a total of three groups to compare. Subjects were considered to have suffered recurrent or
chronic depression if they had multiple episodes or at least one continuous episode lasting
>2 years. Eleven subjects were included in this group and had an average illness duration of
13.8 ± 2.7 years. Amongst the remainder who had only a single episode, average duration
was 0.3 ± 0.1 years, approximately two to five months. Dependent variables were tested by
these new groupings for normality of distribution, as done earlier by cohort, and
comparisons amongst groups were made using either analyses of variance (ANOVA) or
Kruskal-Wallis tests. Interactions of cohort with sex or age dichotomized into young (<50
years old) versus old (≥50 years old) were assessed using two-way factorial ANOVA
(cohort × sex and cohort × young/old, respectively) or corresponding Kruskal-Wallis tests
treating the interaction as sole factor in the model. Post hoc comparisons for all ANOVA
were made using Tukey’s Honestly Significant Difference test, whereas those following
Kruskal-Wallis tests were made via Wilcoxon rank sum tests across all possible
comparisons, with Bonferroni correction.

Analyses of covariance (ANCOVA) were conducted to adjust for potential covariance due
to age. Age was chosen for inclusion in the model through examination of Pearson’s
correlations, across cohort, between dependent variables and continuous demographic
variables. Variables assessed but ultimately not included were PMI, tissue pH, and fixation
time in formalin. Post hoc comparisons utilized least-squares means.

Pearson’s correlations were examined by class variable for linear associations between
dependent and continuous demographic variables.

3. RESULTS
3.1. Total hippocampal volume

There was no significant difference in total volume between MDD and control (Table 4).
Moreover, contrary to expectation (Sheline et al., 1996), total volume was not significantly
lower in recurrent/chronic MDD (Table 4). However, total volume did decrease with
duration in recurrent/chronic MDD (r = −0.696, p < 0.026) (Fig. 2).

Recent imaging studies suggest hippocampal subregions are differentially affected in MDD
(Maller et al., 2007, 2011; Malykhin et al., 2010). However, subdivision of total volumes
here into head, middle, and tail yielded no differences, even after considering recurrence/
chronicity, suicide, or antidepressants (Supplementary Table 4).

3.2. Total hippocampal neuron and glial cell numbers
There was no significant difference in pyramidal neuron or glial cell number between MDD
and control in CA1, CA2/3, or hilus (Table 5).

There was no significant difference between MDD and control in DG granule cell or glial
cell number (Table 5). However, granule cell number decreased with duration in MDD
subjects with no current antidepressant prescription at time of death (r = −0.739, p < 0.037)
and with percent of life with MDD in suicide (r = −0.632, p < 0.050). Moreover, both
granule cell (r = 0.971, p < 0.002) and glial cell numbers (r = 0.980, p < 0.001) increased
with age in MDD subjects with antidepressant detected in postmortem toxicology (Fig. 3).
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3.3. Hippocampal neuron and glial cell densities
There was no significant difference in pyramidal neuron or glial cell density between MDD
and control in CA1, CA2/3, or hilus (Table 5). In CA1, pyramidal neuron density increased
with duration in recurrent/chronic MDD (r = 0.840, p < 0.002) (Fig. 2) and glial cell density
with age in control (r = 0.499, p < 0.042) but not MDD. CA2/3 pyramidal neuron density
increased with age in MDD subjects with no antidepressant detected postmortem (r = 0.620,
p < 0.042).

In DG, neither granule cell nor glial cell density was significantly different between MDD
and control (Table 5). However, granule cell density decreased with duration in MDD
subjects with no current antidepressant prescription (r = −0.734, p < 0.039).

Like volume, cell densities were not significantly different in MDD in head, middle, or tail,
even after accounting for recurrence/chronicity, suicide, or antidepressants (Supplementary
Table 5).

3.4. Volumes of neuron somata and glial cell nuclei
There was no significant difference between MDD and control in pyramidal neuron soma
volume or glial nuclear volume in CA1, CA2/3, or hilus (Table 5). However, glial nuclear
volume in CA1 increased with age in MDD (r = 0.560, p < 0.020) but not control.

In DG, there was no significant difference in granule cell soma volume or glial nuclear
volume between MDD and control (Table 5). However, granule cell soma volume decreased
with age in MDD subjects with antidepressant detected postmortem (r = −0.977, p < 0.001),
whereas glial nuclear volume increased with age in suicide (r = 0.744, p < 0.014).

4. DISCUSSION
Hippocampal volumes reported here in postmortem tissue were comparable to those
observed via neuroimaging (Gur et al., 2002; Lupien et al., 2007; Pavić et al., 2007;
Villarreal et al., 2002). Meta-analyses of neuroimaging studies generally report subtle but
significant reduction in hippocampal volume in MDD (Cole et al., 2011; Kempton et al.,
2011; McKinnon et al., 2009). Here, a significant decrease was noted in total hippocampal
volume but only as a function of duration of depressive illness in recurrent or chronic MDD.
Total numbers of pyramidal neurons and glial cells were estimated to determine whether
cellular pathology is basis for reductions in hippocampal volume in depression. Total
numbers of neurons and glia here did not differ in any hippocampal field examined.
However, total number of dentate granule cells decreased as a function of illness duration in
untreated MDD or suicide, and both granule cell and glial cell numbers in increased with
age in MDD subjects treated with antidepressant drugs. Moreover, although neither neuronal
nor glial cell density differed in MDD in any hippocampal field, pyramidal neuron density in
CA1 increased with duration of depressive illness in recurrent/chronic MDD.

Neuronal and glial cell densities were previously estimated in replicate sections from body
of right, frozen postmortem hippocampus in subjects with MDD and matched controls
(Stockmeier et al., 2004). In that study, higher neuronal and glial cell density and smaller
neuronal soma size in MDD were reported in all hippocampal fields examined. Minor
methodological differences may account for the subtle differences between here and the
2004 study. For example, whereas fixed, celloidin-embedded tissues exhibiting no tissue
shrinkage were used here, the 2004 study reported substantially (~18%) greater shrinkage in
frozen sections from MDD subjects versus controls, closely matching reductions in neuron
soma volume (17–21%). It was proposed that differential tissue shrinkage might reflect a
difference in water content. Cellular volume is mostly water so the soma volume reduction
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reported in 2004 may have been an artifact of water loss during tissue processing, as cell
densities but not soma sizes were corrected for tissue shrinkage. Additionally, the current
study applied the Isotropic Nucleator to estimate soma volume, whereas “projected surface
area measurements” were collected previously (Stockmeier et al., 2004). As for cell
densities, only three sections were examined within the body of hippocampus in 2004,
whereas the entire structure was sampled here. Cell densities cannot be assumed
homogeneous throughout an entire structure so greater cell densities in MDD may be
restricted to hippocampal body, yet this was not replicated here (Supplementary Table 5).
Relative dearth of antidepressant-treated subjects could explain greater cell densities in
MDD in the earlier study. Over a third of MDD subjects studied here had antidepressant
medication detected in postmortem toxicology, versus only two subjects in 2004.

Decreasing total hippocampal volume as a function of duration of depression in recurrent or
chronic MDD observed here was consistent with previous neuroimaging results (Sheline et
al., 1996). This finding in conjunction with increasing CA1 pyramidal neuron density with
duration of depression in the same subjects supports the hypothesis that smaller
hippocampal volume in MDD reflects attenuated volume of neuropil. This putative neuropil
deficit has been proposed to involve diminished neurotrophic factor signaling, particularly
brain-derived neurotrophic factor (BDNF) (Castrén et al., 2007; Castrén & Rantamäki,
2010; Kuipers & Bramham, 2006). Indeed, using tissues from the same collection as here,
Duric et al. (2010) reported reduced gene transcription for BDNF, as well as CREB and
several other growth factors. BDNF is thought essential to efficacy of antidepressant
medications (Kozisek et al., 2008; Lee & Kim, 2010; Masi & Brovedani, 2011). Cumulative
evidence in depression and from suicide victims (Duric et al., 2010; Dwivedi et al., 2003)
and stress-induced animal models related to depression (Yu & Chen, 2011) suggests mRNA
and protein expression of BDNF and its receptor, tyrosine kinase B (TrkB), are reduced in
hippocampus and prefrontal cortex and elevated in amygdala and nucleus accumbens,
whereas antidepressant drugs restore normal BDNF expression in these areas. At least in
rats, antidepressant compounds can restore normal TrkB expression in brain (Yu & Chen,
2011). We recently observed reduced TrkB mRNA density in CA2/3 in MDD (Stockmeier
et al., 2009).

Activation of Trk receptors by neurotrophins invokes downstream intracellular signaling,
including the mitogen-activated protein (MAP) kinase pathway (Huang & Reichardt, 2003;
Reichardt, 2006). The MAP kinase pathway appears to be critical to etiology and treatment
of MDD (Duric et al., 2010). Whole-genome assessment in postmortem hippocampal tissue
revealed elevated expression of a negative regulator of MAP kinase signaling, mitogen-
activated protein kinase phosphatase 1 (MKP-1), in CA1 and dentate gyrus in MDD. On this
basis, Duric et al. (2010) exposed rats to chronic unpredictable stress, with or without
fluoxetine. Stress resulted in decreased sucrose preference and impaired active-avoidance
performance, with increased MKP-1 mRNA transcription in dentate gyrus, CA1, and CA3,
whereas fluoxetine ameliorated these behaviors and opposed the upregulation of MKP-1.
Finally, viral-mediated overexpression of MKP-1 in hippocampus of mice produced
depressive-like behavior in absence of stress, whereas constitutive deletion of the MKP-1
gene rendered mice unsusceptible to depressogenic effects of stress, suggesting MKP-1 is
necessary and sufficient for expression of depressive-like behavior. It is plausible MKP-1
expression would be increased in MDD subjects examined here. However, the neuropil
reduction proposed here may not in fact reflect a direct consequence of enhanced
MKP-1expression. BDNF via TrkB actually induces MKP-1 expression in vitro, and
reduced MKP-1 expression is associated with reduced axonal arborization in vivo
(Jeanneteau et al., 2010).
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In addition to development and maintenance of neuropil, BDNF is implicated in neurogenic
effects of antidepressant drugs (Castrén et al., 2007; Duman & Monteggia, 2006; Lee &
Kim, 2010; Masi & Brovedani, 2011). Interventions effective against depressive symptoms
generally enhance hippocampal neurogenesis (Bolwig, 2011; Malberg et al., 2000; Paizanis
et al., 2007). Antidepressant efficacy may in fact require hippocampal neurogenesis (David
et al., 2009; Malberg, 2004; Perera et al., 2011). Thus, the observation here that numbers of
dentate granule cells and glial cells increased with age in MDD treated with antidepressant
drugs requires further exploration.

Boldrini et al. (2009) reported greater numbers of nestin-immunoreactive neural progenitor
cells (NPCs) in postmortem anterior hippocampal DG of subjects who had been treated with
a selective serotonin reuptake inhibitor or tricyclic antidepressant versus untreated MDD
subjects or controls. Moreover, numbers of NPCs decreased with age in treated MDD,
though there was no relationship between age and numbers of Ki-67-immunoreactive
mitotic cells in any group (Boldrini et al., 2009). We observed here increased numbers of
presumably mature dentate granule cells and glial cells in antidepressant-treated MDD.
Synthesizing the observations of these two studies, it is possible that while differentiation of
proliferating cells toward neural fate, though not cell proliferation per se, decreases with age
over course of treatment, antidepressants promote or prolong survival of fully-differentiated,
mature granule cells over the course of treatment or in conjunction with age. Speculation
vis-à-vis increased number of glial cells with age in antidepressant-treated MDD observed
here is more difficult given that Nissl staining methods allow for identification of glial cells
per se, whereas reliable identification of specific glial cell types requires
immunohistochemical labeling. Boldrini et al. (2009) did examine GFAP-immunoreactivity
but reported only qualitative observations. A forthcoming companion study to the one
reported here may provide pertinent insights.

Increasing granule cell and glial cell numbers with age in antidepressant-positive subjects
may not necessarily reflect effect of illness or treatment duration. Indeed, age did not
correlate with illness duration, even when single-episode subjects are excluded. (Only 1 of 6
[17%] with single episode tested positive for antidepressants versus 6 of 11 [55%] recurrent/
chronic.) Moreover, no direct information on treatment duration was available. Postmortem
toxicology reveals only whether a drug was taken within a brief window of days to weeks.
Long-term antidepressants may reduce likelihood of relapse (Kim et al., 2011; Nutt, 2010),
but effects of treatment duration on hippocampal morphology or cell numbers are not well
studied.

There are several limitations to the present study. Major limitations of any study of
postmortem brain tissue are that subjects are examined at only a single point in time. Direct
exploration of neural, biochemical, or genetic mechanisms involved in the etiopathology of
depression is impossible in postmortem brain tissue. The fact that much of the information
about our subjects was obtained second-hand via interviews with next-of-kin might appear
prima facie to be a critical limitation. However, such informant-based methods have been
validated as consistent with direct subject interviews or review of medical records (DeJong
et al., 2010; Kelly & Mann, 1996). Another limitation includes the small number of subjects
to support our conclusions regarding MDD after segregating subjects by recurrence or
chronicity of MDD, duration of depressive illness, or toxicological evidence or
documentation of treatment with antidepressant compounds. Moreover, conclusions about
glia are limited by use of Nissl staining methods, as discussed in the preceding paragraph.
Finally, comparison between imaging work and the present study is complicated by the
majority of our subjects being male and many older than 50 years of age, whereas cohorts in
imaging studies tend to be younger and better balanced by sex.
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In conclusion, whether smaller hippocampal volume in recurrent or chronic MDD is due to
fewer neurons or glia is only partially resolved by this study. However, decreasing total
volume and increasing CA1 pyramidal neuron density with duration of depressive illness,
taken together, are consistent with the neuropil hypothesis of depression. This, along with
increasing numbers of dentate gyrus granule cells and glial cells with age in antidepressant-
treated MDD, may reflect the action of neurotrophic factors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Total hippocampal volume and stereology
(A) Volume calculation. Each grey cylinder represents the cartographic area of region of
interest traced in Stereo Investigator. Section thickness and distance between sections are
indicated in the figure. (B) Cytoarchitectonic delineation of hippocampal fields by criteria of
Amaral and Insausti (1990). Inset image depicts a single sampling site under 400× total
magnification.
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Fig. 2. Total volume and pyramidal neuron density as a function of duration
Total hippocampal volume decreased (r = −0.696, p < 0.026), and CA1 pyramidal neuron
density increased (r = 0.840, p < 0.002), as a function of duration of depressive illness in
those with recurrent or chronic MDD. Subjects who had had only a single episode are not
shown in the figure, as these correlations were not statistically significant within that subset
of depressed subjects.
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Fig. 3. Dentate gyrus cell numbers, age, and antidepressants
Total numbers of granule cells (r = 0.971, p < 0.002) and glial cells (r = 0.980, p < 0.001) in
DG increased as a function of age in subjects with MDD in whom evidence of
antidepressant intake was detected in postmortem toxicology. If the eldest subject (age 79
years) is excluded, the correlation remains statistically significant for granule cells (r =
0.814, p < 0.049) but is reduced to a nonsignificant trend for glial cells (r = 0.749, p <
0.087). However, please note that there is no empirical, a priori basis to exclude this subject.
Please also note that neither total hippocampal volume nor volume of the dentate gyrus was
significantly different amongst controls and MDD subjects with or without either
antidepressant in postmortem toxicology.
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Table 1

Demographic and histological characteristics (mean ± SEM shown)

Control n = 17 Major depressive disorder n = 17

Age (years) 51.8 ± 3.4 51.5 ± 3.1 p < 0.950

Sex (M/F) 13/4 12/5 -

Postmortem interval (PMI; hours) 23.4 ± 1.5 24.4 ± 2.4 p < 0.811

Tissue pH 6.6 ± 0.1 6.4 ± 0.1 p < 0.119

Fixation time in formalin (weeks) 155 ± 21 127 ± 15 p < 0.290

Means ± SEM are shown here. Demographic and histological characteristics did not differ between Control and MDD subjects.
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Table 2

Clinical characteristics of the MDD Cohort (mean ± SEM shown)

Major depressive disorder n = 17

Age of onset of depression (years) 42.3 ± 4.2

Duration of depression (years) 9.0 ± 2.3

Percent of life with depression (%) 18.3 ± 4.6

Single-episode v. Recurrent/Chronic MDD (S/RC) 6/11

Suicide (Y/N) 10/7 (59%)

Antidepressant detected in postmortem toxicology (Y/N) 7/10 (41%)

Antidepressant prescription in last month of life (Y/N) 10/7 (59%)
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Table 3

Stereological parameters for cell quantification

Disector dimensions (μm) Grid dimensions (μm)

CA1 100 (X) × 100 (Y) × 25 (Z) 1000 (X) × 1000 (Y)

CA2/3 90 (X) × 90 (Y) × 25 (Z) 650 (X) × 650 (Y)

Hilus 100 (X) × 100 (Y) × 25 (Z) 800 (X) × 800 (Y)

Dentate gyrus 35 (X) × 35 (Y) × 25 (Z) 450 (X) × 450 (Y)
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Table 4

Total hippocampal volume

Control MDD

Total volume, mm3

2,535 ± 156 2,712 ± 90 p < 0.340

Recur/Chronic: 2,586.2 ± 102.7
Single-Ep: 2,921.3 ± 153.3 p < 0.290

Means ± SEM are shown here. Total volume did not differ between MDD and Control subjects (p < 0.340), even after parsing MDD by recurrence
or chronicity (p < 0.290).
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