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Abstract

Neuroimaging and postmortem studies of subjects with major depressive disorder (MDD) reveal
smaller hippocampal volume with lengthening duration of illness. Pathology in astrocytes may
contribute significantly to this reduced volume and to the involvement of the hippocampus in
MDD. Postmortem hippocampal tissues were collected from 17 subjects with major depressive
disorder and 17 psychiatrically-normal control subjects. Sections from the body of the
hippocampus were immunostained for glial fibrillary acidic protein (GFAP), a marker of
intermediate filament protein expressed in astrocytes. The density of GFAP-immunoreactive
astrocytes was measured in the hippocampus using 3-dimensional cell counting. Hippocampal
subfields were also assessed for GFAP-immunoreactive area fraction. In CA1, there was a
significant positive correlation between age and either density or area fraction in MDD. The
density of astrocytes in the hilus, but not CA1 or CA2/3, was significantly decreased only in
depressed subjects not taking an antidepressant drug, but not for depressed subjects taking an
antidepressant drug. The area fraction of GFAP-immunoreactivity was significantly decreased in
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the dentate gyrus in women but not men with depression. In CA2/3, the area fraction of GFAP-
immunoreactivity was inversely correlated with the duration of depression in suicide victims.
Astrocyte contributions to neuronal function in the hilus may be compromised in depressed
subjects not taking antidepressant medication. Due to the cross-sectional nature of the present
study of postmortem brain tissue, it remains to be determined whether antidepressant drug
treatment prevented a decrease in GFAP-immunoreactive astrocyte density or restored cell density
to normal levels.
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1. Introduction

Major depressive disorder (MDD) is a serious, debilitating illness and a substantial
contributor to global burden of disease (Whiteford et al., 2013). In 2010, MDD accounted
for 8.2 percent of years lived with disability and 2.5 percent of disability-adjusted life years
(DALY) globally with particular impact on adults of working age (Ferrari et al., 2013).
Additionally, MDD increased the risk of both suicide and ischemic heart disease, accounting
for 16 million and 4 million outcome-related DALY, respectively (Ferrari et al., 2013).
Medications to alleviate depressive symptoms have been available for more than 50 years,
but efficacy has improved little, with no more than two thirds of patients achieving partial or
full recovery (Little, 2009). Improved knowledge of the underlying pathophysiology of this
disorder is critical to the development of more effective treatments.

Neuroimaging studies consistently reveal smaller hippocampal volume in MDD (Sheline et
al., 1996; Bremner et al., 2000; Lorenzetti et al., 2009; Kempton et al., 2011; Brown et al.,
2014; Schmaal et al., 2015). A meta-analysis of 32 magnetic resonance imaging (MRI)
studies suggests about a 4 percent smaller left hippocampal volume in patients with a history
of multiple episodes of depression or duration of illness exceeding 2 years (McKinnon et al.,
2009). Our group recently published a stereological assessment of the volume of the
postmortem hippocampus in chronic/recurrent depression and noted that total volume was
decreased with increasing duration of illness (Cobb et al., 2013). We sought to determine
whether the change in volume in MDD was due to altered neuronal or glial number, density
or soma size. Although there was no difference in the total number of neurons or glia, glial
nuclear volume was increased with age in CAL in depressed subjects and in dentate gyrus of
those who died by suicide, which suggests pathology in at least one glial cell type
(Jorgensen et al., 2007; Webster et al., 2009; Walters et al., 2012). Nissl staining was used in
Cobb et al. (2013) to identify glial cell nuclei but was not used to differentiate glial cell type.
Astrocytes, being the most numerous glial cell type in CNS and possessing relatively large
cell bodies and extensive processes, may contribute significantly to the reduction in
hippocampal volume with increasing duration of MDD.

Astrocytic pathology is implicated in the pathophysiology of MDD (Rajkowska and
Stockmeier, 2013). Treatments effective in MDD promote astrocyte proliferation and gene

Neuroscience. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cobbetal.

Page 3

expression (Fujiki and Steward, 1997; Jansson et al., 2009; Li et al., 2009; Liu et al., 2009),
whereas a glial toxin-induced reduction of the astrocyte population in medial prefrontal
cortex induces a depressive-like phenotype in rats (Banasr and Duman, 2008). Astrocyte
density and glial fibrillary acidic protein (GFAP) immunoreactivity are altered in an age-
dependent manner in postmortem dorsolateral prefrontal cortex, with cell density and
immunoreactivity, as well as expression of GFAP protein, lower in younger MDD subjects
as compared to age-matched control subjects (Miguel-Hidalgo et al., 2000; Si et al., 2004).
Lower levels of GFAP were also observed in postmortem orbitofrontal cortex from younger
adults with MDD, as compared to age-matched control subjects, but only in those depressed
subjects without an antidepressant medication in blood at the time of death (Miguel-Hidalgo
et al., 2010). The expression of both GFAP mRNA and protein was reduced in astrocytes
isolated by laser-capture microdissection from postmortem locus coeruleus of subjects with
MDD (Chandley et al., 2013). In prefrontal cortex, mRNA expression for a number of
astrocyte-related genes, including GFAP, was significantly decreased in depressed suicide
victims (Nagy et al., 2015). Moreover, in those depressed suicides with astrocytic
dysfunction, methylation associated with astrocyte-related genes was also decreased (Nagy
et al., 2015). In a follow up study of subjects in Nagy et al. (2015), Torres-Platas et al.
(2015) observed that expression of GFAP protein and mRNA was significantly decreased in
mediodorsal thalamus and caudate nucleus, but not in primary motor or visual cortex or
cerebellar cortex of depressed suicides. Taken together, these data suggest region-specific
astrocytic pathology in MDD.

Astrocytic pathology in depression is less well studied in the human hippocampus, but the
clinical and preclinical literature suggests involvement of hippocampal astrocytes in
depression and its treatment (Maller et al., 2001; Gosselin et al., 2009; Araya-Callis et al.,
2012; Gos et al., 2013; Zhang et al., 2015). Willard et al. (2013) noted a decrease in the total
number of glial cells in the anterior but not posterior hippocampus in a non-human primate
model related to depression. In chronic unpredictable stress (CUS), a rodent model for the
induction of depression-related behaviors, the antidepressant drug clomipramine reversed
the effects of CUS on protein and mRNA expression of GFAP in the hippocampus (Liu et
al., 2009). In a recent review, Czéh and Di Benedetto (2013) note that antidepressant drugs
affect a variety of astrocyte-related proteins and mMRNA expression in the hippocampus, as
well as gliogenesis.

Unbiased, design-based 3-dimensional cell counting was used here in formalin-fixed
postmortem left hippocampus to compare GFAP-immunoreactive (-ir) astrocyte density
between MDD and normal control subjects that were age- and sex-matched. In addition,
GFAP-ir area fraction was measured as a semi-quantitative, two-dimensional index of the
extent of astrocytic processes using the same tissue sections used for assessing astrocyte
density. We examined GFAP-ir astrocytes in the rostral body of the left hippocampus
because of our parallel studies on gene expression in this region on the right side showing
reduced expression of astrocyte-related genes in MDD (Duric et al., 2010; 2013). In light of
observations of reduced density of GFAP-ir astrocytes in prefrontal cortex in MDD, it is
hypothesized that astrocyte packing density and area fraction are decreased in the
hippocampus in MDD.
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2. Experimental procedures

2.1. Subjects

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

The Structured Clinical Interview for DSM-1V Axis | Disorders (First et al., 1995) was
administered by a trained interviewer to next-of-kin for all subjects to retrospectively assess
the presence or absence of Axis | diagnoses according to the Diagnostic and Statistical
Manual of Mental Disorders (4th ed.) (APA, 1994). Interview notes and clinical histories
were reviewed independently by two licensed mental health clinicians, who assigned
consensus diagnoses in conference. There is a high degree of agreement between diagnoses
of MDD based on interviewing next-of-kin and diagnoses based on examination of living
subjects (DeJong and Overholser, 2009).

For tissue processing and microscopic analysis, each subject diagnosed with MDD (n = 17)
was yoked with a control subject matched for sex, age (£ 5 years), postmortem interval (+
~7.5 h), and tissue pH. There was no significant difference between the MDD and control
cohorts in age, postmortem interval, tissue pH, or fixation time in formalin (Table 1). Urine
and blood collected at autopsy were examined by the medical examiner for the presence of
psychotropic medications or psychoactive substances. Laboratory personnel were unaware
of individual diagnoses throughout the study. Clinical characteristics of the MDD cohort are
summarized in Table 2. These subjects are identical to those studied in the related
publication (Cobb et al., 2013). For details on individual subjects, see Supplementary Tables
1 through 3.

All subjects with MDD met criteria for depression within the last two weeks of life except
one subject who was in remission. No control subject met criteria for any current or past
mood disorder or other psychiatric disorder. However, one control subject was in full
remission for 10 years from a diagnosis of alcohol dependence. Similarly, one MDD subject
had a history of alcohol dependence, also in full remission. At the time of death, three
subjects with MDD also met criteria for sedative and alcohol abuse, cannabis abuse, or
cannabis dependence.

2.2. Tissue preparation and immunohistochemistry

The left temporal lobe was collected at autopsy and submerged in phosphate-buffered
formalin (4 percent). Tissues remained in formalin for 21 to 369 weeks (141.1 + 13.1 weeks,
mean + S.E.M.). Temporal lobes were cut into 6-mm-thick slabs in the coronal plane,
embedded in celloidin, sectioned on a microtome at a thickness of 40 pm, and stored in 70
percent ethanol.
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Glial fibrillary acidic protein (GFAP) was labeled in tissue sections stored in ethanol using
immunohistochemistry to identify astrocytes. Adjacent sections were stained for Nissl
substance using cresyl violet as a guide for delineating hippocampal subfields in the GFAP-
ir sections (see Figure 1). Storage time in ethanol did not significantly differ between MDD
and control subjects (Table 1). For each subject, three tissue sections within the rostral body
of the hippocampus located 400 pm apart were selected from ethanol storage and processed
for celloidin removal and GFAP immunohistochemistry as described (Miguel-Hidalgo and
Rajkowska, 1999). Free-floating sections were washed in Tris-buffered saline (TBS; pH 7.6)
and processed using a primary antibody to GFAP diluted 1:500 (mouse monoclonal anti-
GFAP, Sigma-Aldrich, St. Louis, MO). A secondary antibody (biotinylated horse anti-
mouse, included in VECTASTAIN® Elite® ABC kit [universal], Vector Laboratories,
Burlingame, CA) diluted 1:200 was used, and immunoreactivity was revealed by the ABC
method using 3’-3’-diaminobenzidine tetrahydrochloride enhanced with nickel ammonium
sulfate. GFAP-immunolabeled sections were mounted on glass slides and cover-slipped.
Immunostaining was not detected in tissue sections in which the primary antibody was
omitted.

2.3. Estimation of astrocyte density and area fraction

In each tissue section, contours outlining sub-regions of the hippocampal formation were
outlined as described in Cobb et al. (2013) and were traced with a Nikon Eclipse 80i
microscope (Nikon Instruments, Melville, NY) using Stereo Investigator® software (version
7.0, MBF Bioscience, Williston, VT). Three-dimensional estimates of cell density of GFAP-
ir astrocytes were made in CA1, CA2/3, and hilus using the Optical Fractionator method in
Stereo Investigator. Hilus refers to the polymorphic cell layer plus the portion of CA3
located within the concavity of the dentate gyrus (Figure 1A). Astrocyte density was not
assessed in dentate gyrus due to high packing density preventing the discernment of
individual astrocyte cell bodies, even under high magnification. Cell counting was
performed elsewhere in the hippocampus at 400x magnification using a Nikon Plan Apo
40x oil-immersion objective (N.A. = 1.0, W.D. = 0.16 mm). Sampling parameters are
summarized in Supplementary Table 4.

Avrea fraction of GFAP immunoreactivity was measured in CA1, CA2/3, and DG. For
methods, see Miguel-Hidalgo et al. (2000, 2010). Area fraction was not measured in hilus
due to saturation of GFAP-ir signal there, even though astrocyte cell bodies could be easily
identified. Area fraction was measured by defining a non-immunoreactive background in the
stratum radiatum and calculating the percent of area of the hippocampal gray matter with
immunoreactive gray level greater than the background level.

For each hippocampal field in which area fraction was examined, a series of non-
overlapping images covering the entire surface area of the hippocampus was captured using
the “acquire image’ function in Stereo Investigator and saved in tagged image file format
(TIFF). Each image was opened in Image J software (National Institutes of Health,
Bethesda, MD), converted to 8-bit format, and any portion of the hippocampal field of
interest within the image was outlined. GFAP-ir area and total area within the outlines were
measured using the threshold feature in Image J with the defined non-immunoreactive
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background serving as reference. For each hippocampal field, the sum of immunoreactive
areas was divided by that for the total area and this quotient was multiplied by 100 to yield
the percent GFAP-ir area fraction. All values presented below are the mean + S.E.M..

2.4, Statistical analyses

Sample size was determined by power analyses (Lenth RV, 2006—2009) based on previously
reported differences in astrocyte density and GFAP-immunoreactivity in depression
(Miguel-Hidalgo et al., 2000; 2010). All subsequent statistical analyses were performed
using the SAS v. 9.2 software package (SAS Institute, Cary, NC). The threshold for
statistical significance was set at a Type | error rate of a = 0.05; non-significant trends were
noted at 0.05 < p <0.10.

Prior to hypothesis testing, dependent variables (e.g., CA1 astrocyte density) were tested by
cohort for normality of distribution via the Shapiro-Wilk W statistic. Those variables for
which the Wstatistic suggested a non-normal distribution in both cohorts underwent
comparison by cohort via the (nonparametric) Wilcoxon rank sum test. Otherwise, cohort
comparisons were made via (parametric) t-tests. Pooled t-tests were used if the folded ~
statistic indicated equality of variances between the two cohorts; Satterthwaite t-tests were
used if folded F statistic suggested unequal variances.

Some discrete demographic variables pertain only to MDD subjects, including death by
suicide, presence of an antidepressant medication in postmortem fluids, or recurrence of
depressive illness. To test potential effects of these factors, the MDD cohort was divided
accordingly into two groups, yielding a total of three groups to compare vis-d-vis each of
those factors. Dependent variables were tested by these new groupings for normality of
distribution, as done earlier by cohort, and comparisons were made between these two
groups and controls using either analyses of variance (ANOVA) using the General Linear
Model procedure or (nonparametric) Kruskal-Wallis tests. Post hoc comparisons for all
ANOVA were made using Tukey’s Honestly Significant Difference test, which preserves
experiment-wise Type | error rate across multiple comparisons (Ott and Longnecker, 2001).
Post hoc comparisons following (nonparametric) Kruskal-Wallis tests were made via
Wilcoxon rank sum tests of all possible comparisons, with the Bonferroni correction applied
to preserve experiment-wise Type | error rate across multiple comparisons.

Potential effects of sex or interactions thereof with cohort were assessed using two-way
factorial ANOVA (cohort x sex) or the equivalent analyses of covariance (ANCOVA)
adjusting for age (see below). If Shapiro-Wilk tests indicated nonparametric statistics should
be used, corresponding Kruskal-Wallis tests were used. Sex effects were not assessed for
comparisons where the MDD cohort is subdivided into groups based on clinical variables
(e.g., death by suicide or presence of antidepressant in toxicology) because this would result
in there being too few subjects in those parsed groups to provide appropriate statistical
power for meaningful analysis and conclusions.

For all ANCOVA conducted here, age was chosen for inclusion in the model through the
examination of Pearson’s correlations, across cohort, between dependent variables and
continuous demographic variables prior to conducting the ANCOVA. Other such variables
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assessed but ultimately not included in the ANCOVA included time between death and
fixation of tissue (postmortem interval, PMI), tissue pH, fixation time in formalin, and
storage time in ethanol. For all ANCOVA, post hoc comparisons were conducted using least-
squares means. Pearson’s correlations were examined by class variable for linear
associations between dependent and continuous demographic variables.

3.1. GFAP-immunoreactive astrocyte density

Astrocyte density in CA1 alone increased with age in MDD (r = 0.638, p = 0.006) (Figure
2A) but not in control subjects (r = 0.362, p = 0.200) (Figure 2B). After adjusting for age,
astrocyte density in the hilus was 26 percent lower in subjects with MDD in whom no
evidence of antidepressant use was detected postmortem (MDD, no antidepressant, 3,947

+ 329 cells/mm3) than in control subjects (5,304 + 346 cells/mm3) or subjects with MDD for
whom postmortem fluids contained an antidepressant medication (MDD, with
antidepressant, 5,172 + 526 cells/mm3) (ANCOVA, df = 2, F = 6.58, p = 0.005) (Figure 3).
Post hoc pairwise comparisons revealed that astrocyte density was significantly decreased in
MDD, no antidepressant, vs. control subjects (p = 0.003) and vs. MDD, with antidepressant,
(p = 0.011).

There was no significant difference in astrocyte density between subjects with MDD and
control subjects in CA1 or CA2/3, regardless of the presence of an antidepressant
medication (data not included). Likewise, there was no difference in astrocyte density in any
of the hippocampal regions between MDD subjects dying by suicide and those not dying by
suicide (data not included).

3.2. GFAP-immunoreactive area fraction

GFAP-ir area fraction in CAL increased with age in MDD (r = 0.525, p = 0.030) (Figure 4A)
but not in control subjects (r = —0.361, p = 0.130) (Figure 4B).

After adjusting for age, there was a main effect of cohort by sex for area fraction in the
dentate gyrus (ANCOVA, df = 3, F = 3.10, p = 0.043) (Figure 5A). Post hoc pairwise
comparisons revealed that GFAP area fraction was significantly decreased in females with
MDD vs. males with MDD (p = 0.009), vs. male control subjects (p = 0.009), and a trend vs.
female control subjects (p = 0.070).

In CA2/3, there was a trend for a similar main effect of cohort by sex (ANCOVA, df =3, F =
2.71, p = 0.064), with area fraction again being lower in females with MDD (Figure 5B).

There was no significant difference in GFAP-ir area fraction between MDD and control
subjects in CAL, nor was there a significant difference in area fraction in any of the
hippocampal regions between MDD subjects dying by suicide and those not dying by
suicide (data not included). Nevertheless, in subjects with MDD that died by suicide, GFAP-
ir area fraction significantly decreased with duration of depression in CA2/3 (r = -0.687, p =
0.028) (Figure 6).
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4. Discussion

The packing densities of GFAP-ir astrocytes and immunoreactive area fraction were
examined in tissue sections from postmortem hippocampus. Decreased astrocyte density was
observed in hilus in subjects with MDD without (but not with) antidepressant treatment at
the time of death. Astrocyte densities did not differ between MDD and control subjects in
CALl and CA2/3. However, astrocyte density and area fraction in CAL increased with age
only in MDD but not control subjects. Area fraction of GFAP-immunoreactivity was
selectively decreased in dentate gyrus in females with MDD, with a trend toward that effect
in females in CA2/3. In MDD subjects dying by suicide, area fraction in CA2/3 decreased
with duration of depressive illness.

An interpretation of the main observation of decreased density in GFAP-ir astrocytes in hilus
may involve mechanisms related to pathology in the dentate gyrus in MDD. We have
identified reductions in expression of synapse- and glutamate-related genes in the dentate
gyrus in MDD (Duric et al., 2010; 2013). Inasmuch as unmyelinated mossy fiber axons from
granule cells of the dentate gyrus form multiple synapses onto pyramidal neurons restricted
to the hilus and CA3 (Amaral and Lavenex, 2007), functional changes in mossy fiber axons
traversing the hilus and CA3 in MDD may be accompanied by decreased density of GFAP-ir
astrocytes. With astrocytes participating in the tripartite synapse, pathology in GFAP-ir
astrocytes may interfere with uptake of potentially excitotoxic glutamate.

To date there are few published studies using postmortem tissues that examined astrocyte
pathology in the hippocampus in MDD. One of the first, Miller et al. (2001) reported lower
GFAP-ir astrocyte density in CA1 and CA2 but not CA3, CA4, or dentate gyrus in a semi-
quantitative, two-dimensional study of postmortem human hippocampus from subjects with
a mood disorder. No data were provided by Miller et al. (2001) as to whether antidepressant
medications were detected in these subjects in postmortem blood. While the present study is
not the first study published on GFAP-ir astrocytes in postmortem hippocampus in MDD, it
is among the first using a three-dimensional cell counting method to do so. A recent study of
postmortem brain tissue reported a lower density of astrocytes immunolabeled for S100B
but not for GFAP in the pyramidal cell layer of CAL in left and right posterior hippocampus
of subjects with MDD (Gos et al., 2013). There are several differences between Gos et al.
(2013) and the present study, such as the 1) level of the hippocampus examined, 2) length of
postmortem interval, 3) clinical features of the subjects (e.g. in Gos et al., duration of
depression was shorter and most MDD subjects were treated with an antidepressant
medication) and 4) an effect of age on GFAP-ir astrocyte density in CA1 in the present
study. It remains to be determined if the S100B antibody labels a population of astrocytes
not labeled by the GFAP antibody or if it labels a subpopulation of astrocytes that are also
labeled by the GFAP antibody. Recently, using mostly the same depressed subjects as in Gos
et al. (2013), Malchow et al. (2015), using Nissl plus myelin staining, examined the cell
number and density of the total population of astrocytes in the left and right posterior
hippocampus. There were no significant changes in either astrocyte number or density in
CA4 (“hilus” in the present study) in MDD as compared to control subjects. The lack of a
significant change in astrocyte number or density in the presence of antidepressant
medications at the time of death in both Gos et al. (2013) and Malchow et al. (2015) is
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consistent with the present study where there was no significant difference in the density of
GFAP-ir astrocytes between antidepressant-treated subjects with MDD and control subjects.

In Wistar-Kyoto rats, a model for anxiety and depression showing altered behavioral and
endocrine responses to stressors, double immunofluorescence revealed that many S100B-
immunopositive cells in the hippocampus lacked GFAP-immunoreactivity, unlike in
Sprague-Dawley rats, where S100B and GFAP immunolabeling are co-localized in most
astrocytes (Gosselin et al., 2009). However, it cannot be excluded that the reduction in
density of S100B immunolabeled astrocytes in CAl in MDD may have been due to the
antidepressant treatment received in the 90 days prior to death (Gos et al., 2013). In the hilus
in the present study, the reduction in density of GFAP-ir astrocytes was only evident in
subjects with MDD not taking an antidepressant medication at the time of death.

Age appears to have a significant effect on astrocyte density and area fraction of GFAP-
immunoreactivity in depression. The observed increase reported here in MDD in astrocyte
density and area fraction with age in CA1 is consistent with that noted by Miguel-Hidalgo et
al. (2000) in dorsolateral prefrontal cortex. The increase in astrocytic markers in MDD with
age may be in response to neuronal pathology reported in MDD in prefrontal cortex
(Rajkowska et al., 1999; 2005) and hippocampus (Cobb et al., 2013).

Antidepressant medication appears to have an impact on GFAP-ir astrocytes in the
hippocampus of depressed subjects. In the present study, subjects with MDD taking an
antidepressant drug at the time of death demonstrated no significant change in astrocyte
density in the hilus, whereas those not being treated with medication at the time of death
showed a significant 26 percent decrease in cell density. In a tree shrew model of chronic
psychosocial conflict, 35 days of this stress resulted in a reduction by 25 percent in the total
number of hippocampal astrocytes (Czéh et al., 2006). Fluoxetine treatment initiated a week
into the stress prevented the chronic stress-induced reduction in total astrocyte number.
However, in a chronic psychosocial stress model in rats, citalopram, during the last four
weeks of a five-week exposure to chronic stress, did not prevent a chronic stress-induced
reduction of GFAP protein expression (Araya-Callis et al., 2012). Due to the cross-sectional
nature of the present study of postmortem brain tissue, it cannot be determined whether
antidepressant drug treatment prevented a decrease in astrocyte density or restored cell
density to normal levels.

The relationship between suicide and/or MDD in the regulation of GFAP expression in
astrocytes has not been clearly determined since most or all of the depressed subjects in
these studies committed suicide (Miguel-Hidalgo et al., 2000; 2010; Kékesi et al., 2012; Gos
et al., 2013; present study; exception is Muller et al. (2001) with only 4 of 15 depressed
subjects dying by suicide). Consistent with the observations of Miguel-Hidalgo et al. (2000;
2010), Kékesi et al. (2012) also observed a decreased expression of the GFAP protein in
prefrontal cortex in depressed suicide victims. In the present study, although only in subjects
with MDD that died by suicide, area fraction of GFAP-immunoreactivity was significantly
decreased in CA2/3 with increasing duration of depression. Additional studies are needed to
confirm a relationship between duration of depression and expression of GFAP protein
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throughout the brain and whether the observation here is unique to suicide per se or suicide
with depression.

In a small number of women (but not men) with MDD, area fraction of GFAP-
immunoreactivity was significantly lower in the dentate gyrus, and there was a trend toward
that effect in CA2/3. These observations might partially explain the greater incidence of
MDD in women than men (Kessler et al., 1993), but these experiments need to be repeated
in much larger cohorts of depressed and control women and men. Biological factors
contributing toward greater incidence of MDD in women than men likely involve effects of
ovarian steroid hormones on brain development and function. The greater prevalence of
MDD in women emerges in adolescence and persists until midlife, or around menopause
(Cyranowski et al., 2000; Jans et al., 2007). Estrogen exerts antidepressant effects and both
estrogen and progesterone influence psychological and endocrine responses to stressors, a
risk factor for depression (Seeman, 1997; Young and Altemus, 2004; Osterlund, 2010;
Naninck et al., 2011). Estrogen affects gene expression via two cytosolic steroid receptors,
estrogen receptors-a and -f3 (Katzenellenbogen et al., 2000), and both receptors are
expressed in the hippocampus in neurons and in astrocytes (Osterlund and Hurd, 2001; Lu et
al., 2003; Gonzalez et al., 2007). Transcription of GFAP mRNA is decreased in astrocytes
co-cultured with neurons in response to estrogen and an estrogen response element is located
in the 5’-upstream region of the GFAP promoter (Stone et al., 1998). Thus, fluctuations in
estrogen levels may reduce astrocytic GFAP in women predisposed to or experiencing
depressive illness.

Astrocytes in the hippocampus may be crucial for glucocorticoid-mediated feedback to the
hypothalamic-pituitary-adrenocortical (HPA) axis. The glucocorticoid receptor-a protein is
co-localized in approximately 20 percent of GFAP-ir astrocytes in dentate gyrus and 50
percent of those in CA subfields (Wang et al., 2013). Evidence for disruption of the HPA
axis in MDD comes from studies reporting elevated morning cortisol and cortisol awakening
response (Goldstein and Klein, 2014). Based on animal studies, elevated glucocorticoids
may account for hippocampal anatomical and physiological pathology in depression and the
deficits in GFAP-ir astrocytes reported here (Rodrigues et al. 2009; Carter et al., 2013;
Zhang et al., 2015). In a semi-quantitative study of subjects with MDD or non-depressed
subjects treated with steroids, astrocyte densities were lower in CAl and CA2, but not CA3
or CA4 (hilus) in both clinical cohorts (Miiller et al., 2001). The present study confirmed a
decrease in GFAP-ir astrocytes in MDD, albeit in a different hippocampal subregion.

Excess glucocorticoids lead to increased glutamate neurotransmission, evidence of which in
turn is observed in patients with MDD (Kugaya and Sanacora, 2005; Machado-Vieira et al.,
2009; Zarate et al., 2010; Popoli et al., 2011). Astrocytes contribute significantly to
glutamate reuptake. Impaired ability of astrocytes to take up excess extracellular glutamate
via the excitatory amino acid transporters (EAAT) 1 and 2 is one possible mechanism by
which astrocytic deficits may contribute to the pathophysiology of MDD. EAAT1 and
EAAT2 are located on astrocyte cellular membranes of cell bodies and processes (Takahashi
etal., 2015). Levels of EAAT1 and EAAT2 were decreased in the orbitofrontal cortex in
MDD and in the hippocampus in animal models related to depression (Miguel-Hidalgo et
al., 2010; Zink et al., 2010; Sanacora et al., 2012; Chen et al., 2014). Hence, even with
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normal numbers or densities of astrocytes, reductions in the extent of processes, as reflected
by lower GFAP-ir area fraction, could thus contribute towards a vulnerability to stress and
depression.

Trophic factors are a likely candidate linking glucocorticoid exposure to astrocyte density in
MDD. Fibroblast growth factor 2 (FGF2) expression is reduced in postmortem hippocampus
in MDD (Gaughran et al., 2006) but increases in hippocampal astrocytes with antidepressant
treatment (Bachis et al., 2008) or voluntary physical exercise (Gomez-Pinilla et al., 1997).
Peripheral administration of FGF2 in doses alleviating anxiety-like behavior is associated
with increased survival of new neurons and astrocytes in rat hippocampus (Perez et al.,
2009). However, glucocorticoids do promote FGF2 expression in cultured astrocytes (Gubba
et al., 2004) and in hippocampal tissue of stressed rats (Frank et al., 2007).

The expression of brain-derived neurotrophic factor (BDNF), capable of regulating
expression of GFAP, is altered in hippocampus in depression and rodent models of chronic
stress. BDNF protein and mRNA expression are down-regulated in postmortem
hippocampus in MDD and suicide (Dwivedi et al., 2003; Duric et al., 2010). In addition,
exposure to chronic stress or glucocorticoids decreases the expression of BDNF protein and
mMRNA in the rodent hippocampus (Duman and Aghajanian, 2012; Nowacka and
Obuchowicz, 2013). Antidepressant-like effects of BDNF itself are well-documented, and
they may involve direct effects of BDNF on astrocytes (Nowacka and Obuchowicz, 2013).
BDNF infusion to the hippocampus restores astrocytic GFAP immunoreactivity and sucrose
consumption that is reduced by chronic unpredictable stress in rats (Ye et al., 2011). In turn,
increased BDNF expression by hippocampal astrocytes is accompanied by alleviation of
depressive-like behaviors in rodents and by increased neurogenesis (Quesseveur et al.,
2013), neurogenesis being critical to the efficacy of antidepressant drugs (Santarelli et al.,
2003; Perera et al., 2011; Samuels and Hen, 2011; Mateus-Pinheiro et al., 2013). Thus, the
present report of decreased GFAP density in the hilus of antidepressant-free subjects with
MDD may be in response to decreased levels of BDNF.

There are several limitations to the current study. Unlike studies of animal models or
neuroimaging, research on postmortem tissues is not amenable to elucidating specific
mechanisms underlying disease-related pathophysiology. Although studies of postmortem
tissue have the advantage of allowing examination of subjects with depression as opposed to
animal models designed to mimic outward signs thereof, another significant limitation is that
subjects are examined only at a single point in time. While neuroimaging studies of live
patients do lend themselves to longitudinal studies, unlike studies of postmortem tissues,
however studies of actual tissue permit pathologies to be examined at the cellular level. This
study of astrocyte density in mid-body of hippocampus does not necessarily address whether
there are differences in density in more rostral or caudal planes or in total number
throughout the entire hippocampus. Additionally, that not all astrocytes contain detectable
GFAP is another limitation (Khakh and Sofroniew, 2015). Another limitation of the current
study is not controlling for the variability in behavioral, environmental, educational, and
other socioeconomic factors inherent in human populations. Finally, care must be taken in
over-interpreting our results regarding MDD after parsing our MDD cohort by treatment
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with antidepressants, death by suicide, duration of depression, or comparisons of age or sex,
due to small sample size.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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o  Astrocytes are examined 3-dimensionally in hippocampus in depressed subjects.
e Increasing age correlates with increasing astrocyte density in depression.
»  Astrocyte density is decreased in depression only in absence of antidepressants.

» Duration of depression is associated with decreased astrocyte marker in suicide.
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Figure 1.
Photomicrographs of subregions of the human hippocampus. Nissl-stained section of the

hippocampus (A) with adjacent GFAP-labeled section (B). High magnification image of
GFAP-immunoreactive astrocytes in human hippocampus (C). Representative astrocytes
noted by white arrows. Scale bar in C = 10 ym. Abbreviation: DG = dentate gyrus.
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CONTROL

Correlation between age and GFAP-immunoreactive astrocyte density in the CA1 region of
the hippocampus. There was a positive, significant correlation between astrocyte density and
age in subjects with major depressive disorder (MDD) (A). There was no significant
correlation between astrocyte density and age in control subjects (B).
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Figure 3.
GFAP-immunoreactive astrocyte density in the hilus. Astrocyte density was significantly

decreased in subjects with major depressive disorder (MDD) with no antidepressant drug
present postmortem (MDD, No Antid) compared to either control subjects or subjects with
MDD with an antidepressant drug present postmortem (MDD, Antid). *ANCOVA, df =2, F
= 6.58, p = 0.005. p = 0.003 vs. control subjects and p = 0.011 vs. MDD, Antid. Histograms
represent the mean + S.E.M..
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Correlation between age and GFAP-immunoreactive area fraction in the CA1 regions of the
hippocampus. There was a positive, significant correlation between area fraction and age in
subjects with major depressive disorder (MDD) (A) but not in control subjects (B).

Neuroscience. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cobbetal. Page 23

A Dentate gyrus B CA2/3
100~ * 100+
80 e - R MAM
© = Egul v v ~ 80=
2 pms 4 e s
5 o[ [==] —— |7 g
S 607 v O 60
o A ..6
Y v o
L 40+ A L 40
© A ©
o o
< 20+ < 20+
0 T T <(l 0
«°\ °\® 00 *
& & &8
[ 00 00
Figure 5.

GFAP-immunoreactive area fraction in control and major depressive disorder (MDD) men
(M) and women (F). (A) After adjusting for age, there was a significant main effect of
depression and gender in the dentate gyrus (ANCOVA, df = 3, F = 3.10, p = 0.043). *
Females with MDD vs. males with MDD (p = 0.009), vs. male controls (p = 0.009), and a
trend vs. female controls (p = 0.07). (B) After adjusting for age, there was a trend for a main
effect of depression and gender in CA2/3 (ANCOVA, df =3, F=2.71, p = 0.064).
Histograms represent the mean + S.E.M..
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Figure 6.
Correlation between duration of MDD in suicide victims and GFAP-immunoreactive area

fraction in CA2/3 region of the hippocampus. Area fraction was significantly decreased as a
function of duration of illness.
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Table 1

Demographic and histological characteristics of the subjects

Controln=17 Major depressive disorder n = 17
Age (years) 51.8+34 51.5+31 p =0.950
Sex (M/F) 13/4 12/5 -
Postmortem interval (PMI; hours) 23415 244+24 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
Storage time in ethanol (days) 157+ 25 117+ 21 p=0.258
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Values are means + S.E.M.. Demographic and histological characteristics did not statistically differ between control subjects and those with major

depressive disorder.
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Table 2

Clinical characteristics of the subjects

Major depressive disorder n = 17

Age of onset of depression (years) 423+42

Duration of depression (years) 9.0+23
Single episode/Recurrent or Chronic 6/11
Suicide (Y/N) 10/7
Antidepressant detected postmortem (Y/N) 7/10

Values are means + S.E.M..
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