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Abstract

Astrocyte functions in white matter are less well understood than in gray matter. Our recent study
of white matter in ventral prefrontal cortex (VPFC) revealed alterations in expression of myelin-
related genes in major depressive disorder (MDD). Since white matter astrocytes maintain myelin,
we hypothesized that morphometry of these cells will be altered in MDD in the same prefrontal
white matter region in which myelin-related genes are altered. White matter adjacent to vPFC was
examined in 25 MDD and 21 control subjects. Density and size of GFAP-immunoreactive (-ir)
astrocyte cell bodies was measured. The area fraction of GFAP-ir astrocytes (cell bodies +
processes) was also estimated. GFAP mRNA expression was determined using gRT-PCR. The
density of GFAP-ir astrocytes was also measured in vPFC white matter of rats subjected to chronic
unpredictable stress (CUS) and control animals. Fibrous and smooth GFAP-ir astrocytes were
distinguished in human white matter. The density of both types of astrocytes was significantly
decreased in MDD. Area fraction of GFAP immunoreactivity was significantly decreased in MDD,
but mean soma size remained unchanged. Expression of GFAP mRNA was significantly decreased
in MDD. In CUS rats there was a significant decrease in astrocyte density in prefrontal white
matter. The decrease in density and area fraction of white matter astrocytes and GFAP mRNA in
MDD may be linked to myelin pathology previously noted in these subjects. Astrocyte pathology
may contribute to axon disturbances in axon integrity reported by neuroimaging studies in MDD
and interfere with signal conduction in the white matter.
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INTRODUCTION

The pathology of astrocytes in the white matter in major depressive disorder (MDD) is less
well understood than in gray matter. White matter astrocytes are morphologically and
functionally differentiated from gray matter astrocytes, although both types are associated
with the blood brain barrier and glucose metabolism (Sofroniew and Vinters, 2010).
Functionally, astrocytes in white matter have specific roles in myelination and impulse
conduction (Black and Waxman, 1988; Ishibashi et al., 2006; Liedtke et al., 1996). Thus,
one of the main functions of white matter astrocytes is promotion of myelination and myelin
maintenance (Lundgaard et al., 2014). These functions are supported by gap junction-based
coupling of astrocytes to myelin-forming oligodendrocytes (Nualart-Marti et al., 2013).
Defects in myelination or in saltatory impulse conduction could impair propagation of action
potentials and neural connectivity. Altered connectivity in ventral prefrontal cortex (vPFC)
and elsewhere is reported in patients with MDD, as determined with diffusion tensor
imaging of white matter fiber tracts or with functional magnetic resonance imaging
(Jalbrzikowski et al., 2017; Murphy and Frodl, 2011; Nobuhara et al., 2006; Rolls et al.,
2017; Sexton et al., 2009; Shimony et al., 2009; Tham et al., 2011).

Our recent study in the white matter of postmortem vPFC revealed changes in the expression
of myelin-related genes and a reduction in the size of oligodendrocyte cell bodies in MDD
(Rajkowska et al., 2015), which may be related to white matter pathology detected using
neuroimaging methods. Other molecular changes such as shortened telomere length or
increased oxidation and DNA repair enzymes have been observed in white matter
oligodendrocytes or astrocytes in Brodmann’s area 10 of the prefrontal cortex in MDD
(Szebeni et al., 2014; 2017). Additionally, reductions in gray matter in
immunohistochemically labeled astrocytic gap junctions and in the density and area fraction
of astrocytes immunohistochemically labeled for glial fibrillary acidic protein (GFAP) have
been observed in the vPFC in subjects with MDD (Miguel-Hidalgo et al., 2010; 2014).
However, in white matter, 3-dimensional quantification of GFAP-immunoreactive (-ir)
astrocytes has not been reported in vPFC from subjects with MDD.

Of the few studies that have examined pathology of white matter astrocytes in depression,
only Torres-Platas et al. (2011) reported hypertrophy of fibrous astrocyte processes in the
white matter that underlies the anterior cingulate cortex in subjects with a mood disorder
who died by suicide. In studies using a two-dimensional sampling method, Williams et al.
(2013; 2014) found no significant difference in the density of GFAP-ir astrocytes in the
white matter of the subgenual cingulate cortex in subjects with MDD vs. controls. In another
two-dimensional study, there was a reduction in immuno-autoradiographic labeling of GFAP
in white matter of the anterior cingulate cortex of subjects with a mood disorder (Gittins and
Harrison, 2011). In a qualitative study, Webster et al. (2001) reported that fewer subjects
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with MDD than controls had any astrocytes immunolabeled for phosphorylated GFAP in
association with blood vessels in white matter lining the dorsolateral PFC.

Thus, the present study sought to determine whether there are alterations in the density of
GFAP-ir astrocytes and the area fraction covered by GFAP-ir astrocytic cell bodies and
processes in the white matter of vPFC in subjects diagnosed with MDD as compared to age-
matched controls. The subjects with MDD used in the present study for GFAP-ir astrocyte
morphometry were all used in our study of oligodendrocyte and myelin pathology in vPFC
white matter (Rajkowska et al., 2015). We also compared the levels of expression of GFAP
mRNA in white matter of the vPFC between MDD and control groups in a mostly different
cohort of subjects from the same brain collection. Finally, using rats exposed to chronic
unpredictable stress (CUS) as a model for the induction of depression-like behaviors
(Willner, 2016), and control animals, we investigated the density of GFAP-ir astrocytes in a
region of the rat white matter homologous to the human vPFC.

METHODS

Human subjects

Brain tissue was collected at autopsy at the Cuyahoga County Medical Examiner’s Office
(Cleveland, OH). Legally-defined next-of-kin provided written informed consent for tissue
collection, medical histories, and diagnostic interviews administered to knowledgeable
informants. The institutional review boards of University Hospitals Case Medical Center,
Cleveland, OH, and the University of Mississippi Medical Center, Jackson, MS, approved
the protocol for recruitment, tissue collection, and interviews.

Tissue samples from the left ventral prefrontal white matter were collected from 25 subjects
that met diagnostic criteria for MDD and 21 psychiatrically-normal control subjects that
were matched for age and postmortem interval. The Structured Clinical Interview for DSM-
IV Axis | Disorders (First et al., 1995) was administered by a trained interviewer to a
knowledgeable informant for all subjects, as described (Cobb et al., 2013). Lifetime and
recent psychopathology was determined by a board-certified psychiatrist and board-certified
clinical psychologist according to the Diagnostic and Statistical Manual of Mental Disorders
(4th ed.) (DSM-1V; American Psychiatric Association, 1994). Information was also
collected from informants or medical records about psychoactive substance use and
medication history. No subjects had evidence of head trauma, neurologic or
neuropathological disease. Twenty four subjects met criteria for MDD in the last month of
life and one other diagnosed with MDD was in remission for one year. Subjects with MDD
were comorbid with delusional disorder (n=1), dysthymic disorder (n=1), generalized
anxiety disorder (n=1), panic disorder with agoraphobia (n=1), and anxiety disorder (not
otherwise specified, n=1). Only one subject with MDD had a psychoactive drug use disorder
at the time of death (benzodiazepine abuse). None of the 21 control subjects met criteria for
a DSM-IV diagnosis at the time of death, although three subjects met criteria for alcohol
dependence at 6, 8, and 30 years prior to death. Eighteen of the 25 MDD subjects died by
suicide (Tables 1 and 2). Postmortem samples of urine and blood were evaluated by the
medical examiner for the presence of psychotropic medications or psychoactive substances.
An antidepressant drug was identified postmortem in four of the 25 subjects with MDD
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(Tables 1 and 2). Control and MDD subjects were yoked for all procedures and matched for
age and gender, and these values plus postmortem interval, tissue pH, and storage time in
formalin are noted in Tables 1 and 2.

A total of 25 subjects with MDD and 21 control subjects were examined, with 8 MDD and 8
control subjects used for GFAP morphometry (Table 1) and 17 MDD and 13 control subjects
used for mRNA expression (Table 2). One control subject and 4 subjects with MDD were
used in both studies. Tissue frozen at autopsy was examined for mRNA expression, while
other vPFC tissues were fixed in 10% phosphate-buffered formalin and used for GFAP
immunohistochemistry and morphometry.

There were more subjects for expression of GFAP mRNA than for morphometry because
there were more subjects in the brain collection with frozen than with fixed tissue. In
addition, fixed tissue was chosen for morphometry of GFAP-ir astrocytes because there is
minimal shrinkage of celloidin-embedded fixed tissue and it is ideally prepared for 3-D cell
counting.

To determine if any changes in the density of GFAP-ir astrocytes in white matter of the
prefrontal cortex in MDD are a consequence of potential risk factors for depression such as
stress, a rat model of depression-like behavior, namely CUS, was used. Body weight,
sucrose preference, and novelty-suppressed feeding were examined in CUS-exposed and
control rats. All procedures were approved by the Institutional Animal Care and Use
Committee and conformed to the guidelines of the National Institutes of Health.

Twenty male Sprague-Dawley rats (Charles River, Wilmington, MA, USA) weighing 200-
250 g were housed two per cage in a temperature and humidity-controlled colony room. Rats
were assigned to one of two groups (n=10 per group) and were either exposed for 35 days to
CUS or handled to serve as controls, and then behavioral tests were administered as
described by investigators naive to treatment group (Riaz et al., 2015). Body weight was
measured on day 0, at 2 days after the beginning of CUS, and every 4 days thereafter.
Sucrose preference was tested after 3 weeks of daily CUS. Novelty suppressed feeding was
performed at the end of five weeks of CUS. Rats were sacrificed by decapitation and
prefrontal cortical tissues were dissected, frozen on dry ice and stored at —80°C. Six rats
were randomly selected from the CUS and from the control group for GFAP
immunohistochemistry.

Tissue Preparation

Human and rodent tissues were coded and laboratory personnel were blinded to diagnoses or
treatments. The fixed ventral portion of the left prefrontal cortex from 16 subjects (8 MDD
and 8 controls, Table 1) was embedded in 12% celloidin (Rajkowska and Goldman-Rakic,
1995). Blocks were sectioned coronally (40 um), and sections were stored in 70% ethanol.
Three sections per subject located about 400 um apart were selected for removal of celloidin
and subsequent GFAP immunohistochemistry (Miguel-Hidalgo and Rajkowska, 1999). In
addition, frozen sections (50 um) were collected from the ventral half of the prefrontal
cortex (17 MDD and 13 controls, Table 2). A total of about thirty punches (5 mm; Sklar
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Instruments, VWR, Radnor, PA) were collected from 5-6 frozen sections of deep white
matter adjacent to orbitofrontal cortex (Rajkowska et al., 2015; Uylings et al., 2010) for
measuring levels of GFAP mRNA. From rat brain, frozen sections (20 um) containing the
ventral part of the infralimbic prefrontal cortex (bregma level 2.7mm; Paxinos and Watson,
1986) were collected for GFAP immunohistochemistry.

Immunohistochemistry

Triplicate free-floating sections of human tissue were incubated overnight with the primary
antibody (GFAP rabbit polyclonal, dilution 1:500, Millipore/Sigma AB5804, Billerica, MA).
Triplicate frozen sections from rat brains were thaw-mounted on slides, dried for 20 min,
washed 5 min in PBS, fixed 30 min in 4% paraformaldehyde, washed in Tris-HCI buffered
saline solution (TBS, pH 7.6), and incubated overnight with the same GFAP antibody
(dilution 1:500). Labelling with the primary antibody was detected with a secondary anti-
rabbit antibody (dilution 1:200) using the ABC method (Vectastain Universal Elite ABC kit-
PK6200; Vector Laboratories, Burlingame, CA) with 3”3’ -diaminobenzidine as chromogen
with color-enhancement by nickel ammonium sulfate. Sections were cover-slipped. To
minimize inter-assay variability in the intensity of staining, each experiment included yoked
sections from both cohorts of human and rat tissue. Omission of either primary or seconary
antibodies yielded no discernable immunoreactivity. For human and rat tissues, three
sections adjacent to those selected for immunohistochemistry were stained with cresyl violet
acetate and used to delineate white matter of the vPFC.

Morphometric analyses

Density and soma size of GFAP-ir astrocytes—In human tissue, the cell packing
density and soma size (cell volume) of GFAP-ir astrocytes (Fig. 1) was estimated with a
Nikon Eclipse E600 microscope (Nikon Instruments, Melville, NY) using 3-dimensional cell
counting (Stereolnvestigator software, ver.10; MBF Bioscience, Williston, VT). For cell
counting and soma size measurements of astrocytes, a contour was drawn enclosing the
ventral part of the prefrontal white matter, but excluding white matter from adjacent gyri.
The contour was adjacent to Brodmann areas 11, 12, 47, and the ventral part of area 24
(Rajkowska et al., 2015; Uylings et al., 2010). Counting boxes (75 x 75 x 5 pm) were
randomly and systematically placed within contours. Astrocytes were counted and measured
within each counting box with an oil objective (40X). The optical disector probe was used to
estimate cell packing density and the nucleator probe was used to estimate the average soma
size. In rat tissue, cell packing density was estimated as noted above using Stereolnvestigator
software (ver. 11). A contour enclosing white matter adjacent to the ventral part of the
infralimbic prefrontal area was drawn in each section. Counting boxes (50 x 50 x 5 pm)
were randomly and systematically placed within contours, and astrocytes were counted
within each counting box using an oil objective (40X). The optical fractionator probe was
used to estimate cell packing density.

Area fraction of GFAP-ir structures—The area occupied by GFAP-ir structures (cell

bodies and processes) was examined within the contours of three sections delineating white
matter of the vPFC in human tissues, as described by Miguel-Hidalgo et al. (2000; 2010). A
500 x 500 um frame was placed within each white matter contour in three GFAP-ir sections
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per brain. The area fraction occupied by GFAP immunoreactivity was calculated by dividing
the immunoreactive area by the total area occupied by the white matter in the square frame.
The extent of GFAP-ir was expressed as a percentage of immunoreactive area divided by the
total area of sampled white matter.

Determination of GFAP mRNA levels by gRT-PCR—Total RNA was extracted with
TRI-Reagent (Molecular Research Center) following manufacturer’s suggested protocols,
re-suspended in nuclease free water and DNase treated with Turbo DNA-free kit (Invitrogen,
Waltham, MA). Purified total RNA was quantified by UV absorbance using the Nanodrop
spectrophotometer (Thermo Fisher, Waltham, MA). Total RNA (0.25 ug) was reverse
transcribed with 330 ng TooVN oligo, 250 ng random hexamer primers and Superscript 111
(Invitrogen) following the manufacturer’s suggested protocol. Quantitative PCR (QPCR) was
performed with TagMan Fast Advanced Master Mix (Applied Biosystems, Carlsbad, CA)
using 1 ul RT product and 1 pl of Tagman assay primer/probe mix. Tagman assays for
human GFAP (Hs00909233_m1), GAPDH (Hs99999905 m1) and ACTB
(Hs99999903_m1) were obtained from Applied Biosystems. Cycling conditions were 2 min
at 50°C and 20 sec at 95°C, followed by 45 cycles of 3 sec at 95°C and 30 sec at 60°C.
Fluorescent data were obtained during the extension phase and threshold cycle values were
obtained at the log phase of each gene amplification. PCR product quantification was
performed by the relative quantification method (Livak and Schmittgen, 2001) and
expressed as arbitrary units standardized against the geometric mean of GAPDH and p-actin
(Schmittgen and Livak, 2008).

Statistical analyses

RESULTS

The potential influence of age, postmortem interval (PMI), brain tissue pH, storage time in
formalin (TF), duration of depression, and age of onset of depression on the packing density
of GFAP-ir astrocytes, GFAP area fraction, and GFAP mRNA expression in human tissues
was examined by Pearson correlational analysis (GraphPad Prism, ver. 5.0b; La Jolla, CA).
There was no significant difference between cohorts in mean age, PMI, tissue pH, and TF
(Tables 1 and 2). The density and soma size of GFAP-ir astrocytes, area fraction of GFAP
immunoreactivity, and GFAP mRNA expression were compared between the MDD and
control groups using analysis of covariance (ANCOVA) with age, PMI, tissue pH, and TF as
covariates (IBM SPSS, ver. 22.0; Chicago, IL). An unpaired, two-tailed Student’s t-test was
used to compare astrocyte density between CUS and control rats. Statistical significance for
all tests was set at p < 0.05. All values presented are mean = S.E.M.

Morphology of GFAP-ir astrocytes in human tissue

Two morphological types of GFAP-ir astrocytes were distinguished in the white matter of
VPFC in human brain (Fig. 1). Fibrous astrocytes with multiple, long, ramified processes
stemming from irregularly shaped, large cell bodies were identified (Fig. 1A-thick arrows,
Fig. 1B). In contrast, astrocytes with rounded and much smaller cell bodies with only a few,
truncated and thin immunoreactive processes, here termed smooth astrocytes, were also
identified (Fig. LA—thin arrows, Fig. 1C). Most cell bodies of fibrous astrocytes were large
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(soma volume = 255.4 + 34.4 um3) whereas smooth astrocytes had consistently smaller cell
bodies (44.4 + 1.8 um3) (Fig. 2).

Density of GFAP-ir astrocytes in white matter of human vPFC

Fibrous astrocytes—There was a marked, significant 95% decrease in the average
density of fibrous astrocytes in subjects with MDD as compared to control subjects
(ANCOVA, F(1, 10)=1701.375, p<0.0001; Fig. 3A). There was no significant correlation
between cell packing density of fibrous astrocytes and age, PMI, tissue pH, or TF in subjects
with MDD (age: r=-0.160, p=0.71; PMI: r=0.036, p=0.93; TF: r=—0.669, p=0.07) or control
subjects (age: r=0.514, p=0.19; PMI: r=0.103, p=0.81; pH: r=—0.036, p=0.93). However,
there was a significant negative correlation between the density of fibrous astrocytes and
tissue pH in MDD subjects (r=—0.740, p=0.04) and a significant negative correlation
between astrocyte density and TF in control subjects (r=—0.999, p<0.0001). Neither duration
(r=—0.004, p=0.99) nor age at onset of depression (r=—0.144, p=0.73) was correlated with
the density of fibrous astrocytes in MDD subjects.

Smooth astrocytes—There was a less-pronounced, but also significant 52% decrease in
the average density of smooth astrocytes in subjects with MDD as compared to control
subjects (ANCOVA, F(1, 10)=5.159, p=0.046; Fig. 3B). There was no significant correlation
between cell packing density of smooth astrocytes and age, PMI, tissue pH, or TF in
subjects with MDD (age: r=0.534, p=0.17; PMI: r=-0.500, p=0.21; pH: r=-0.249, p=0.55;
TF: r=-0.426, p=0.29) or control subjects (Age: r=0.261, p=0.53; pH: r=0.492, p=0.22; TF:
r=—0.333, p=0.42). However, there was a significant negative correlation between the
density of these astrocytes and PMI in control subjects (r=0.805, p=0.02). Neither duration
(r=-0.130, p=0.76) nor age at onset of depression (r=—0.370, p=0.37) was correlated with
the density of smooth astrocytes in MDD subjects.

Soma size of GFAP-ir astrocytes in white matter of human vPFC

There was no significant difference in the mean soma size of fibrous (ANCOVA, F(1, 10),
p=0.346) or smooth (ANCOVA, F(1, 10)=0.086, p=0.776) astrocytes between control and
MDD cohorts (fibrous: control: 281.1+41.33 vs. MDD: 233.0+54.87; smooth: control:
45.47+2.62 vs. MDD: 43.38+2.53).

Area fraction of GFAP-ir structures in white matter of human vPFC

The mean area fraction of all GFAP-ir structures (cell bodies and processes) was
significantly decreased by 28% in subjects with MDD as compared to control subjects
(ANCOVA, F(1,10)=43.322, p<0.0001; Fig. 4). There was no significant correlation
between area fraction and PMI, tissue pH, or TF in subjects with MDD (PMI: r=0.167,
p=0.69; pH: r=-0.565, p=0.14; TF: r=-0.424, p=0.29) or control subjects (PMI: r=0.552,
p=0.16; pH: r=—0.301, p=0.47; TF: r=-0.523, p=0.18). However, age was significantly
correlated with area fraction in subjects with MDD (r=-786, p=0.02) and control subjects
(r=0.731, p=0.04). Neither duration (r=—0.599, p=0.12) nor age at onset of depression
(r=0.119, p=0.78) was significantly correlated with area fraction in subjects with MDD.
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Expression of GFAP mRNA in white matter of human vPFC

There was a significant 90% down-regulation in the expression of GFAP mRNA in subjects
with MDD as compared to control subjects (ANCOVA, F(1, 25)=4.568, p=0.04; Fig. 5).
There was no significant correlation between GFAP mRNA expression and age, PMI, or
tissue pH in subjects with MDD (age: r=0.207, p=0.43; PMI: r=-0.343, p=0.18; pH: r=
-0.069, p=0.79). However, in control subjects, GFAP mRNA expression was positively
correlated with age (r=0.634, p=0.02) and negatively correlated with tissue pH (r=—810,
p=0.001). There was no significant correlation between PMI and expression of GFAP
mRNA in control subjects (r=0.494, p=0.09). Neither duration (r=0.114, p=0.66) nor age at
onset of depression (r=0.108, p=0.68) was significantly correlated with expression of GFAP
MRNA.

Behavioral tests in CUS-treated rats

CUS attenuated the normal gain of body weight (t=1.909, df=18, p=0.05) and increased the
mean latency to feed in a novelty environment, as compared to control rats (t=5.938, df=18,
p<0.0001). However, CUS did not significantly alter sucrose preference in comparison to
control rats (t=1.808, df=14, p=0.09).

Density of GFAP-ir astrocytes in white matter of CUS-treated rats

In the white matter of rat prefrontal cortex, nearly all GFAP-ir astrocytes were of the fibrous
type with branches stemming from cell bodies. Although these branches were less numerous
and shorter in rat brain than in the corresponding region of the human brain, rodent fibrous
astrocytes still resembled human fibrous astrocytes. There were very few astrocytes in the rat
that resembled the smooth astrocytes seen in humans. Due to their low number, smooth
astrocytes in the rat were counted together with the larger fibrous astrocytes. There was a
significant 73% decrease (t=7.688, df=10, p<0.0001) in the density of GFAP-ir astrocytes in
white matter in CUS rats, as compared to control rats (Fig. 6).

DISCUSSION

Using 3-D quantification to measure cell density of GFAP-ir astrocytes and quantifying the
tissue coverage by GFAP-ir structures (astrocytic cell bodies and processes), a significant
decrease in the density of GFAP-ir astrocytes and GFAP-ir structures was detected in white
matter of the vPFC in subjects with MDD as compared to control subjects. In addition, there
was a significant decrease in the expression of mMRNA for GFAP in white matter in MDD, as
noted previously (Miguel-Hidalgo et al., 2017). Thus, the reductions in GFAP-ir astrocyte
density, area fraction, and mRNA expression noted in prefrontal white matter in MDD in the
present study parallel similar observations in prefrontal gray matter in MDD (Miguel-
Hidalgo et al., 2000; 2010; Nagy et al., 2015; Si et al., 2004; Torres-Platas et al., 2016).

Three studies have quantified GFAP-ir astrocytes in white matter in depression (Gittins and
Harrison, 2011; Williams et al., 2013; 2014). In subjects with MDD or bipolar disorder,
Gittins and Harrison (2011) reported a reduction in GFAP detected immuno-
autoradiographically in the white matter of the anterior cingulate cortex. In the current study
in MDD, the reduction in the area fraction of immunohistochemically detected GFAP, a
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procedure potentially comparable to immuno-autoradiography, is in agreement with the
observation in mood disorders by Gittins and Harrison (2011). While the density of GFAP-ir
fibrous or smooth astrocytes in the present study was significantly decreased in MDD, in
two other studies of white matter in the subgenual cingulate cortex, no significant difference
was detected in the density of GFAP-ir astrocytes between subjects with MDD or bipolar
disorder and control subjects (Williams et al., 2013; 2014). The apparent discrepancy
between the studies by Williams et al. and the present study may be due to one or a
combination of several factors: 1) differences in morphometric methodology (2-D cell
counting in Williams et al. vs. 3-D in the present study), 2) targeting white matter in
different cortical regions (cingulate cortex in Williams et al. vs. vPFC in the present study),
3) white matter region (gyral white matter in Williams et al. vs. deep white matter in the
present study), and 4) the presence of antidepressant medication (undetermined in Williams
et al. vs. no antidepressant medication detected in subjects at autopsy in the present study).
The presence or absence of an antidepressant medication may be a critical determinant as
shown for GFAP-ir astrocyte density in the hippocampal hilus, which is only decreased in
subjects with MDD that were medication free at the time of death (Cobb et al, 2016).

Astrocyte pathology in cortical white matter was also described by Torres-Platas et al.
(2011) using the Golgi method to stain the cell body and processes. In white matter adjacent
to the anterior cingulate cortex, they found that the cell body area of fibrous astrocytes was
larger, and the astrocyte processes were longer, more branched, and had more spines in
suicide victims with MDD or bipolar disorder, as compared to controls. In contrast, in the
present study, there was no significant difference between cohorts in soma volume of either
fibrous or smooth GFAP-ir astrocytes. Furthermore, in the present study, the mean area
fraction of GFAP-immunoreactivity, aggregating cell bodies and processes, was significantly
decreased in MDD as compared to controls. In contrast to Torres-Platas et al. (2011), the
reduction in GFAP-ir area fraction in MDD in the present study, combined with no change in
volume of the cell body suggests a reduction in astrocytic processes. There are several
potential reasons that may account, at least in part, for the difference in findings in the
present study vs. Torres-Platas et al. (2011): 1) GFAP-ir labeling in the present study vs.
Golgi silver-impregnation of astrocytes in Torres Platas et al., 2) the white matter brain
region (left vPFC in the present study vs. right anterior cingulate cortex in Torres-Platas et
al.), 3) all MDD subjects in the present study vs. a mix of subjects with MDD or bipolar
disorder in Torres-Platas et al., 4) postmortem interval (22-24 hours in present study vs. 41—
57 hours in Torres-Platas et al.), 5) age (mean of 57-58 in the present study vs. 48 in Torres-
Platas et al.), 6) measurement of cell body volume in the present study vs. area in Torres-
Platas et al., and 7) duration of depression (mean of 15 years in the present study vs.
unreported by Torres-Platas et al.).

Studies in human postmortem tissue and animal models related to depression show
significant changes in GFAP-ir astrocyte density and tissue coverage and GFAP expression
in selective brain regions linked to depression. The expression of GFAP protein and mRNA
was down-regulated in subcortical and prefrontal cortical areas implicated in mood disorders
but not in other neocortical regions such as the primary motor and visual cortices (Nagy et
al., 2015; Torres-Platas et al., 2016). In Wistar-Kyoto rats, a genetic model expressing
depression-like behaviors, decreases in the density of GFAP-ir astrocytes and GFAP protein
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expression were specific to the fronto-limbic region but not to the corpus callosum (Gosselin
et al., 2009). Finally, our study of GFAP-ir astrocyte density in CUS-treated rats revealed a
significant reduction in the white matter adjacent to the vPFC (present study) but not in the
more dorsally located regions of the prefrontal white matter (Rajkowska et al., data not
shown), again suggesting that astrocyte pathology related to depression is brain region-
specific.

The low density of GFAP-ir astrocytes in white matter in MDD noted in the present study
suggests that MDD is accompanied by alterations in the physiology or metabolism of white
matter astrocytes. Astrocytes promote myelination, myelin maintenance, and assist in the
conduction of action potentials at nodes of Ranvier (Black and Waxman, 1988; Ishibashi et
al., 2006; Liedtke et al., 1996). A role for astrocytes in myelin maintenance depends in part
on gap junction-based astrocytic coupling to myelin-forming oligodendrocytes (Nualart-
Marti et al., 2013). Interestingly, a significant decrease in immuno-labeling of connexin 43,
the main protein of astrocytic gap junctions, was observed in MDD in our previous study in
the orbitofrontal gray matter immediately adjacent to the white matter region examined in
the present study (Miguel-Hidalgo et al., 2014). In addition, expression of mMRNA for
connexin 43 and connexin 30 (another gap junction protein expressed in astrocytes) was
decreased in the dorsolateral prefrontal cortex of suicide victims, some of whom had MDD
(Ernst et al., 2011). Interestingly, in vPFC white matter in the same controls and subjects
with MDD as in the present study, we detected significant alterations in myelin-related gene
expression (Rajkowska et al., 2015). Thus, alterations in the structure and function of
astrocytes may be linked to myelin pathology in cortical white matter in MDD.

One consequence of reduced density of white matter astrocytes or their processes in
depression could be altered propagation of action potentials. Astrocytes in white matter are
important for the proper functioning of nodes of Ranvier located along myelinated axons,
where the nodes are critical for regeneration of action potentials for saltatory impulse
conduction (Black and Waxman, 1988; Waxman, 1986). Defects in myelination could impair
the rapid propagation of action potentials and disturb neural connectivity. In fact, alterations
in connectivity of white matter fiber tracts in the ventral PFC, among other regions, as
measured with diffusion tensor imaging or functional neuroimaging, have been reported in
patients with MDD (Jalbrzikowski et al., 2017; Murphy and Frodl, 2011; Nobuhara et al.,
2006; Rolls et al., 2017; Sexton et al., 2009; Shimony et al., 2009; Tham et al., 2011).

Decreases in the density of GFAP-ir astrocytes, area fraction, and expression of GFAP
MRNA observed in vVPFC white matter in MDD, as noted in the present study, may represent
a primary or early pathological event that alters maintenance of myelin. Mice with a null
mutation of GFAP display abnormal myelination, poorly vascularized white matter, and an
impaired blood-brain barrier (Liedtke et al., 1996). Thus, altered expression of GFAP in
astrocytes may mediate abnormal white matter structure and connectivity in MDD.

There was a significant reduction in the expression of mMRNA for GFAP in deep white matter
of the vPFC in this study, as noted previously (Miguel-Hidalgo et al., 2017). However,
Webster et al. (2005), using /n situ hybridization in superficial white matter in the anterior
cingulate cortex, reported no significant change in expression of mMRNA for GFAP of
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subjects with MDD. Differences between Webster et al. and the present study that may
account for varying results include: brain region examined (left or right anterior cingulate
cortex in Webster et al. vs left vPFC in the present study), white matter region examined
(superficial in Webster et al. vs. deep in present study), and method of assessing GFAP
mRNA (film densitometry in Webster et al. vs. gRT-PCR in tissue in present study). In
depressed suicide victims, reductions in the expression of mRNA for astrocyte-related genes,
including GFAP, in prefrontal cortex may be related to differentially methylated genes
regulating GFAP expression (Nagy et al., 2015; Pantazatos et al., 2017). While this
regulatory mechanism is implicated in gray matter in depressed suicide victims, it remains to
be determined if there is differential methylation of these genes in white matter. In addition,
there is other evidence of astrocytic pathology in white matter in MDD that includes
enhanced DNA oxidation and elevated expression of mRNA related to a DNA-repair
enzyme (Szebeni et al., 2017), the exact connection of which to the present report remains to
be determined.

In the present study there were several significant correlations between measured parameters
of GFAP and potentially confounding variables such as tissue pH, TF, PMI, or age. Due to
these significant correlations, these variables were included as covariates in the statistical
analyses where significant differences were observed in GFAP-related parameters between
our two cohorts. It is also important to mention that there were no significant differences
between the two cohorts for tissue pH, TF, PMI, or age. In spite of this, the density of
fibrous astrocytes and of expression of GFAP mRNA were negatively correlated with tissue
pH only in subjects with MDD. Based on neuroimaging studies by Brody et al. (1999,
2001), Su et al. (2014), and cell culture work by Oh et al. (1995), metabolic disturbances
reflecting changes in blood flow or tissue acidosis may be responsible for altered detection
of GFAP mRNA and immunoreactivity of astrocytes in depression. Another significant
negative correlation was found between astrocyte density and both TF and PMI in control
subjects. Longer time in formalin and longer postmortem intervals may decrease the amount
of detectable GFAP in control subjects in some unknown way, although statistical power for
this observation was low. Such a hypothesis could be examined in future studies by
comparing the processing of sections from tissues fixed in formalin over increasing periods
of time and postmortem intervals. Finally, there was a significant positive correlation
between GFAP mRNA and age of control subjects at death. This is not surprising as
previous studies have shown that GFAP mRNA significantly increased with age in normal
rat and human brain (e.g. Nichols et al., 1993).

It is of interest to establish whether astrocytes in white and gray matter are affected in
animal models related to depression. To determine whether stress, a well-known risk factor
for depression, produced changes in astrocytes in white matter comparable to those found in
MDD, rats were exposed to CUS. We observed a significant decrease in the density of
GFAP-ir astrocytes in white matter of the ventral prefrontal cortex of rats exposed to 35 days
of unpredictable mild stress. In gray matter, CUS in rats was associated with decreased
astrocyte cell density in prefrontal cortex, and chronic psychosocial stress in tree shrews was
accompanied by decreased total numbers of astrocytes in the hippocampus (Banasr et al.,
2008; Czeh et al., 2006). These effects of chronic stress in gray matter are consistent with
our finding of decreased density of GFAP-ir astrocytes in the prefrontal white matter of rats
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treated with CUS. As noted here for CUS, Wistar-Kyoto rats, a strain considered to be a
genetic model for depression and stress susceptibility, have reductions in GFAP-ir cell
density and GFAP-ir protein content in the gray matter of various prefronto-limbic brain
regions, as compared to Sprague-Dawley rats (Gosselin et al., 2009).

In the present study two distinct morphological types of GFAP-ir astrocytes were detected in
white matter in the human vPFC. Fibrous astrocytes had numerous branched processes
originating from cell bodies, while smooth astrocytes had no or only a few slender processes
coming from cell bodies. Previous descriptions of astrocyte heterogeneity did not distinguish
between types of astrocytes in white matter (Lundgaard et al., 2014; Oberheim et al., 2006;
Torres-Platas; et al., 2011). However, morphology of GFAP-ir smooth astrocytes resembles
that of dwarf cells described by Cajal (Garcia-Marin et al., 2007). Two types of GFAP-ir
astrocytes were reported in the white matter of subgenual cingulate cortex and identified as
fibrillary and gemistocytic astrocytes (Williams et al., 2014). Fibrillary astrocytes had
multiple, visibly stained processes whereas larger gemistocytic astrocytes had either one or
no stained processes. These fibrillary astrocytes are similar to our fibrous astrocytes and the
gemistocytic astrocytes appear to resemble our smooth astrocytes. However, in the present
study, cell bodies of smooth astrocytes were much smaller than fibrous astrocytes, while
Williams et al. (2014) described gemistocytic astrocytes as larger than fibrillary astrocytes.
However, in contrast to the present study, Williams et al. (2014) did not observe any
significant decreases in either fibrillary or gemistocytic astrocyte density in white matter in
MDD. Based on the morphology and abundance of fibrous astrocytes in the present study,
we propose that these cells correspond to fibrous astrocytes described elsewhere in human
white matter (Khakh and Sofroniew, 2015; Kimelberg, 2010; Miller and Raff, 1984).
Smooth astrocytes may represent progenitors of mature fibrous astrocytes as GFAP is
expressed in glial progenitor cells derived from radial glia (Khahn and Sofroniew, 2015).
Alternatively, smooth astrocytes may represent fibrous astrocytes or their processes in the
course of losing GFAP.

There are a number of potential limitations to the present study. While psychopathology was
assessed using informant-based interviews, DeJong and Overholser (2009) determined for
MDD that an informant-based interview is a reliable proxy for directly interviewing the
patient. Despite the relatively small number of subjects examined for morphometry, the
reduction in the density of GFAP-ir fibrous astrocytes and in GFAP mRNA in MDD was
striking. While estimations of astrocyte density and mRNA were carried out in two differing
cohorts of control and depressed subjects, the decrease in expression of mMRNA for GFAP
confirms the observation of Miguel-Hidalgo et al. (2017). Another limitation is that GFAP-ir
astrocytes may only represent a subset of all astrocytes in white matter. Not all astrocytic
processes contain GFAP, although the proportion of astrocytes that express GFAP is
significantly greater in white matter than in gray matter (Bushong et al., 2002; Ludwin et al.,
1976). Thus, our estimates of the area fraction of GFAP-ir processes may not have included
all astrocytic processes and cell bodies. Nevertheless, significant reductions were noted in
the area fraction of GFAP-ir structures in MDD as compared to non-psychiatric control
subjects, which is consistent with the reduction in GFAP mRNA. Although the density of
astrocytes was decreased both in white matter of rats exposed to 35 days of chronic
unpredictable stress and in subjects with MDD, the psychopathology of MDD in humans
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may not be simply equated with chronic stress in the rat. There were no significant
differences between the cohorts for time in formalin, PMI, tissue pH, or age. However, while
there were several significant correlations between measured paramaters of GFAP and some
of these potentially confounding variables in either control or MDD cohorts, these variables
were included as covariates in the statistical comparisons of the two cohorts. More subjects
in each cohort in future studies would reveal whether these potential relationships with
confounding variables are real or spurious. No significant correlations were found between
myelin genes and oligodendrocyte markers studied in Rajkowska et al. (2015) and the
density of astrocytes or GFAP gene expression (present study), despite examining the same
subjects and brain region in both studies. GFAP-related astrocyte parameters investigated in
the present study may not be directly related to myelin maintenance. However, it is possible
that other astrocyte-related components such as connexins, glutamate transporters, or
components of the extracellular matrix are correlated with myelin-related markers. Other
functions in which astrocytes participate, including saltatory impulse conduction, may be
directly correlated with myelin and oligodendrocyte markers.

In summary, the present report identifies a reduction in the density and tissue coverage of
GFAP-ir astrocytes and in expression of GFAP mRNA in deep white matter in the vPFC in
MDD. Prolonged stress, a risk factor for human depression, may play an etiological role in
MDD-related changes in astrocytes. Future studies are needed to determine whether the
morphometric changes in white matter astrocytes in MDD are related to white matter
pathology and alterations in connectivity detected in cortical and subcortical regions in
MDD as determined with neuroimaging.
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Figure 1.
Photomicrograph showing human astrocytes immunoreactive for glial fibrillary acidic

protein (GFAP) in the deep ventral prefrontal white matter of human brain. Two types of
GFAP-immunoreactive astrocytes were distinguished: fibrous, large astrocytes with
numerous, long branches stemming from the cell body, A (thick arrows) and B; smooth,
small astrocytes with very few processes, A (thin arrows) and C.
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Figure 2.
Mean soma volume of smooth and fibrous GFAP-immunoreactive astrocytes in the ventral

prefrontal white matter of human brain. The horizontal lines represent the mean value of
volume for each cell type.
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Figure 3.

Density of GFAP-immunoreactive astrocytes in the ventral prefrontal white matter of human
brain. There were significant decreases in the density of both types of astrocytes, fibrous (A)
(ANCOVA, F(1, 10)=1701.375, *p<0.0001) and smooth (B) (ANCOVA, F(1, 10)=5.159,
*p=0.046), in subjects with major depressive disorder (MDD) as compared to control
subjects. The horizontal lines represent the mean value of density for each diagnostic group.

J Psychiatr Res. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rajkowska et al.

80m

60=

40+

% Area Fraction

20=

Page 20

Figure 4.

1
CONTROL MDD

Avrea fraction of all GFAP-immunoreactive structures (cell bodies + processes) in the ventral
prefrontal white matter of human brain. Area fraction was significantly decreased

(ANCOVA, F(1,10)=43.322, *p<0.0001) in subjects with major depressive disorder (MDD)
as compared to control subjects. The horizontal lines represent the mean value of density for

each diagnostic group.
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Figure 5.
Expression of GFAP mRNA in the human ventral prefrontal white matter as measured by

gRT-PCR. Note decrease in the GFAP mRNA expression in subjects with major depressive
disorder (MDD) as compared to control subjects (ANCOVA, F(1, 13)=5.551, *p=0.035).
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Figure 6.
Density of GFAP-immunoreactive astrocytes in the white matter of ventral infralimbic

cortex of rat brain. There was a significant decrease in the density of GFAP-immunoreactive
astrocytes in rats exposed to chronic unpredictable stress (CUS) as compared to control rats
(t=7.688, df=10, *p<0.0001). The horizontal lines represent the mean value of density for
each experimental group.
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Characteristics of Control and MDD Subjects used for GFAP morphometry.

Parameter

Controls (n=8)

MDD (n=8)

Age (years) (range)

57+7 (27 - 80)

58+7 (34 — 82)

Gender (F:M)

35

4:4

PMI (hrs) (range)

2242 (15 - 29)

24+3 (12 - 44)

Tissue pH (range)

6.7+0.1 (6.3 -7.1)

6.5+0.1 (6.1 - 6.9)

TF (months) (range)

104411 (38 - 131)

102+16 (24— 141)

Cause of death

Cardiovascular disease n=7; hemorrhagic
pancreatitis n=1

Suicide n=6 (CO poisoning n=2; hanging n=2; drowning
n=1; fall from height n=1)
Natural causes n=2 (cardiovascular disease)

Duration of MDD (years) (range)

not applicable

1543 (0.2 - 62)

Antidepressant or psychotropic drugs

present postmortem

none

none

Data represent the mean + S.E.M. AD — antidepressant; CO - carbon monoxide; MDD - major depressive disorder; PMI - Postmortem interval; TF
- Time in formalin. The mean age (t=0.117, df=14, p=0.91), PMI (t=0.438, df=14, p=0.67), brain tissue pH (t=1.575, df=14, p=0.14), and TF
(t=0.092, df=14, p=0.93) of subjects with MDD were not statistically different from the control subjects.

J Psychiatr Res. Author manuscript; available in PMC 2019 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rajkowska et al.

Table 2

Page 24

Characteristics of Control and MDD Subjects used for GFAP mRNA expression.

Parameter

Controls (n=13)

MDD (n=17)

Age (years) (range)

5043 (32 - 74)

52+4 (34 - 87)

Gender (F:M)

4:9

6:11

PMI (hrs) (range)

23+2 (16 — 28)

23+2 (11 -27)

Tissue pH (range)

6.620.1 (6.0 — 6.9)

6.5+0.1 (6.1 - 7.0)

Cause of death

Cardiovascular disease n=10; acute

pancreatitis n=1; blunt head trauma n=1;

gastric ulcer hemorrhage n=1

Suicide n=12 (CO poisoning n=4; SIGSW n=4; hanging
n=1; drug overdose n=2; drowning n=1)

Natural causes n=4 (cardiovascular disease)
Undetermined n=1

Duration of MDD (years) (range)

not applicable

14+4 (0.1 - 61)

postmortem

Psychotropic compounds present none ethanol n=4; alprazolam n=1; codeine n=1
postmortem
Antidepressant drug present none bupropion and citalopram n=1; fluoxetine n=1; sertraline

n=2

Data represent the mean + S.E.M. AD - antidepressant; CO - carbon monoxide; MDD - major depressive disorder; PMI - Postmortem interval;
SIGSW - self-inflicted gunshot wound. The mean age (t=-0.492, df=28, p=0.63), PMI (t=0.054, df=28, p=0.96), and brain tissue pH (t=1.107,
df=28, p=0.28) of subjects with MDD were not statistically different from the control subjects.
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