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Abstract
Background—According to clinical studies, depression and cerebrovascular disease influence
each other. Despite this evidence, no studies have investigated the relationship between major
depressive disorder (MDD) and cerebrovascular disease at the cellular level. Astrocytic processes
are a crucial interface between blood vessels and neurons, and astrocyte density is reduced in
MDD. This study investigated the coverage of vessels by astrocyte endfeet in the prefrontal cortex
in MDD.

Methods—Thirteen pairs of MDD and non-psychiatric control subjects were used for double
immunofluorescent staining and confocal image analysis. Frozen sections of gray matter from
orbitofrontal area 47 and white matter from the ventro-medial prefrontal cortex were examined.
Astrocytic processes (labeled with antibodies for aquaporin-4, AQP4 or glial fibrillary acidic
protein, GFAP) were co-localized with blood vessels (labeled with an antibody to collagen IV) to
measure the coverage of vessel walls by astrocyte processes.

Results—The coverage of blood vessels by endfeet of AQP4-immunoreactive (IR) astrocytes
was significantly reduced by 50 percent in subjects with MDD as compared to controls
(ANCOVA: F(1,23)=5.161, p=0.033). This difference was detected in orbitofrontal gray matter
but not in white matter. Conversely, the coverage of vessels by GFAP-IR processes did not
significantly differ between the groups.

Conclusions—A significant reduction in the coverage of gray matter vessels by AQP4-IR
astrocyte processes in MDD suggests alterations in AQP4 functions such as regulation of water
homeostasis, blood flow, glucose transport and metabolism, the blood brain barrier, glutamate
turnover and synaptic plasticity.
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Introduction
According to clinical studies, depression and cerebrovascular disease influence each other
(1–7). In major depressive disorder (MDD), neuroimaging studies demonstrate enlarged size
and higher density of ischemic lesions in the frontal lobe (8–11). Other clinical studies
postulate that the impairment of arterial endothelial function may mediate the effects of
cardio- and cerebrovascular conditions in the development and progression of depressive
symptoms (12–15). Despite this clinical evidence, no studies have investigated the cellular
basis of the relationship between MDD and cerebrovascular disease.

One of the hallmarks of cellular pathology of MDD is a reduction in glial cells, and
particularly in astrocytes. Several studies reported reduction in the density of glial fibrillary
acidic protein (GFAP)-immunoreactive (IR) astrocytes, the area fraction occupied by GFAP-
immunoreactivity and the level of GFAP protein in postmortem prefrontal cortex (PFC) of
younger (<60) subjects with MDD as compared to non-psychiatric controls (16–19). Since
astrocytes largely mediate the morphological and functional connection between the brain
parenchyma and its vasculature, the astrocytic pathology reported in MDD could be related
to abnormal vascular function.

Astrocytes in the central nervous system perform many important and diverse functions
(20). One of these functions is the formation of the neuro-vascular unit which is composed
of a neuron, an astrocyte and a blood vessel. This unit mediates the exchange of nutrients
and other functional signals between these components (21, 22). Some processes within the
neurovascular unit extend from the cell bodies of astrocytes and come in close association
with pre-and post-synaptic structures, forming the so-called “tripartite synapses” (23). Other
processes of astrocyte extend to and interact with blood vessels (25). Astrocytic endfeet are
in intimate contact with the basal lamina that is a component of the vessel wall (25, 26).
Astrocytic endfeet, tight junctions between endothelial cells and basal lamina together form
the blood-brain barrier (BBB) (27).

Considering the central role of astrocytes in the neuro-vascular unit and the reduction of
astrocyte and their markers in younger subjects with MDD (<60 years of age) (16, 17, 19), it
is reasonable to hypothesize that coverage of cerebral blood vessels by astrocyte endfeet
may be reduced in the PFC in MDD. To test this hypothesis, double fluorescent
immunohistochemical staining was performed to visualize the co-localization of collagen
IV, a well-known marker for blood vessels which labels the basal lamina around endothelial
cells (28), together with glial fibrillary acidic protein (GFAP) and aquaporin-4 (AQP4), two
different markers for astrocytes that label the processes of astrocytes, including the endfeet
abutting the basal lamina. In contrast to GFAP, a cytoskeletal protein that is expressed in
astrocyte processes and their cell bodies (25), AQP4 forms water channels that are localized
predominantly in astrocytic endfeet contacting blood vessels (29, 30). Our analysis of co-
localized astrocyte markers and a marker of basal lamina of blood vessels revealed reduced
coverage of vessels by astrocyte processes labeled with AQP4 but not by those labeled with
GFAP in subjects with MDD less than 60 years of age. Orbitofrontal cortex was examined
in this study because previous work in postmortem tissue revealed astrocyte and neuronal
pathology in this brain region in MDD (31, 32, 17). Moreover, neuroimaging studies report
alterations in the volume (33, 34), blood flow (35) and functional activity (36, 37) in the
orbitofrontal cortex in depressed patients.
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Methods and Materials
Human Subjects

Post-mortem brain samples were collected at autopsy at the Cuyahoga County Coroner’s
Office in Cleveland, OH, from 26 subjects (<60 years of age). Informed written consent was
obtained from the legally defined next-of-kin of all subjects. Next-of-kin were interviewed
and retrospective psychiatric assessments were conducted in accordance with Institutional
Review Board policies (31). Thirteen subjects met clinical criteria for MDD in the last two
weeks of life, and the other 13 subjects (termed normal controls) never met criteria for an
Axis I diagnosis based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV, 38)(Table 1). A trained interviewer administered either the Schedule for
Affective Disorders and Schizophrenia: lifetime version (SADS-L) or the Structured
Clinical Interview for DSM-IV Psychiatric Disorders (SCID) to knowledgeable next-of-kin
of all subjects, as previously described (39, 40). Diagnoses for Axis I disorders were
assessed independently by a clinical psychologist and a psychiatrist, and consensus
diagnosis was reached in conference, using all available information from the
knowledgeable informants, the coroner’s office, and any available hospitalizations and
doctor’s records. Research on the psychological autopsy method has revealed that diagnoses
from structured clinical interviews with family members are in good agreement with
diagnoses based on reviewing the subject's medical records or the subject when living (41–
43). In addition, strong inter-rater concurrence has been obtained when a structured clinical
interview was used to collect information from depressed patients vs. information collected
from next-of-kin (44). Responses from the subjects evaluated with the SADS-L were also
recorded in the SCID, and these subjects met DSM-IV criteria for MDD using information
collected with either structured diagnostic interview. Subjects were excluded from the study
if symptoms based on clinical records or routine neuropathological staining revealed
evidence of head trauma or neurologic disease. Toxicology assays were performed by the
coroner’s office on blood and urine using gas chromatography with mass spectrometry or
high performance liquid chromatography to detect the following classes of compounds:
antidepressant or antipsychotic drugs, barbiturates, benzodiazepines, sympathomimetic
amines, cocaine and its metabolites, opiates, phencyclidine, cannabinoids, antiepileptic
drugs and ethanol (Table 1). Among 13 depressed subjects, 8 died by suicide and
antidepressant drugs were detected in six subjects in toxicology screening (Table 1). The
control subjects were matched with the depressed subjects for age, gender, post-mortem
interval (PMI), time in freezer, and brain tissue pH (Table 1).

Tissue Preparation
The frozen tissue blocks containing the ventral half of the left PFC (Fig. 1) were sectioned
on a cryostat at 40 µm and stained for Nissl substance to identify cytoarchitectonic features
of Brodmann area 47 of the orbitofrontal cortex (45) and underlying ventro-medial
prefrontal white matter (see Supplementary Methods). Immediately adjacent sections were
cut at 20 µm and used for double immunofluorescent staining.

Double Immunofluorescence
Frozen sections were fixed for 30 minutes in 4% paraformaldehyde in phosphate buffer
saline (PBS, pH 7.4) and then washed in PBS followed by Tris-HCl buffered saline (TBS,
pH 7.6). Subsequently, the sections were pre-incubated in normal 2% bovine serum in PBS
for 30 min and incubated overnight in the same solution containing either a mixture of rabbit
polyclonal anti-GFAP (1:1000, Sigma) and mouse monoclonal anti-Collagen IV (1:500,
Sigma) antibody or with rabbit polyclonal anti-AQP4 (1:100, Sigma) and mouse monoclonal
anti-Collagen IV (1:500, Sigma) antibody. After washing in TBS, sections were incubated
for 90 min with a mixture of secondary anti-rabbit Cy5-conjugated and anti-mouse FITC-
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conjugated antibody (1:500). Sections were washed in TBS and incubated with an
autofluorescence eliminator reagent (Millipore) for 5 min followed by washes in 75%
ethanol. To minimize variability in the intensity of staining, sections from depressed and
control subjects were processed in a yoked manner. Three coronal sections per subject were
used to analyze coverage of vessels by astrocytic processes.

Coverage Analysis
Images of gray matter of area 47 and ventro-medial prefrontal white matter (Fig. 1) as
characterized in Nissl stained sections were imposed on adjacent, immunostained sections to
determine the borders for fluorescent image acquisition. Images (10–14 images/slide,
through all layers of the gray matter of area 47 and an additional 10–14 images across
underlying ventro-medial prefrontal white matter (see Supplementary Methods) were
captured using a Nikon C1 confocal microscope with a 40× oil-immersion objective (1.0
NA) and with individual image frames measuring 175µm × 175µm. Images were converted
from the existing proprietary file format (.ids) into tagged image file format (.tiff) files, for
processing by Adobe Photoshop CS5 Extended (version 12.0.4, 64-bit, Adobe Systems,
Inc.). Two (.tiff) files were produced for each image taken: one containing the appropriate
color channel for identification of blood vessels (Collagen IV, green) and another containing
the merge of the appropriate two channels for the identification of co-localization of
astrocytic processes (AQP4 or GFAP, red) and blood vessels (green) (Fig. 2). In this merged
file, green-only pixels corresponded to vessel portions immunolabeled only for collagen IV
(Fig. 2A, D) and red-only pixels were considered to correspond to structures only labeled for
AQP4 immunoreactivity (or with GFAP immunoreactivity) (Fig. 2B,E). Structures within a
range of yellow and orange hue were deemed representing co-localization or very close
apposition of AQP4 (or GFAP) and collagen IV immunolabeling Figs. 2C, F). Measurement
of the area occupied by collagen IV-green immunolabeling (in the green-only file) and the
area of co-localized immunolabeling (in the merged file) was performed as follows. For the
identification of blood vessels, pixels green in hue (only detectable in the green channel)
were isolated from the one-channel-only image whereas for the identification of areas of co-
localization of the merged image, only pixels yellow to orange in hue were isolated. To
ensure consistency between images, a reference color range was defined from a standardized
color palette generated with the Photoshop software at the beginning of the project and used
unchanged by the program during the processing of each image file. Once isolated, these
processed images were converted to gray scale format and the area occupied by all the
selected pixels was measured using ImageJ (version 1.45I, 64-bit, National Institutes of
Health, USA). The final data are presented as a ratio of the area of yellow-orange pixels
(representing co-localization and apposition of astrocytic GFAP or AQP4 and vessel
collagen, Fig. 2, Supplemental Figures S1 and S2) divided by the total area of vessels, that
is, area of co-localization/total area of vessels. “Coverage” is defined as this ratio.

Statistical Analyses
Mean values for coverage were obtained from 10–14 images per area of interest, per section
and from three sections per subject. Coverage values were then compared between the
diagnostic groups using an unpaired t-test. Pearson correlation analysis was used to assess
the influence on coverage of potentially confounding factors such as age, PMI, tissue pH,
time in freezer, age at onset of depression and duration of depression. Analysis of
covariance (ANCOVA) was performed (IBM SPSS, version 19.0) when significant
correlations were noted between dependent variables and any potentially confounding
variables.

Rajkowska et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Gray Matter

The coverage of collagen IV-IR vessels by AQP4-IR astrocyte processes was significantly
reduced by 50 percent in MDD (1.35 ± 0.3 × 10−2) as compared to the controls (2.73 ± 0.49
× 10−2; t-test, t=2.378, df=24, p=0.026; Fig. 3A). Pearson correlation analyses revealed a
significant, positive correlation between coverage and the age at the time of death but only
in MDD group (r=0.561, p=0.046; Fig. 4). The analysis of covariance revealed that the
results were not significantly influenced by age (ANCOVA with age as covariate,
F(1,23)=5.161, p=0.033). However, no association between the coverage values and PMI,
brain pH or storage time in freezer was detected. Similarly, there was no correlation between
coverage and the age at onset and duration of depression. Moreover, there were no
differences in coverage between MDD subjects with or without antidepressants in
postmortem toxicology or between MDD subjects dying by suicide or not. Likewise, there
was no difference between MDD females and MDD males (see Supplemental Table S1).

The coverage of collagen IV-IR vessels by GFAP-IR astrocyte processes in MDD (2.18 ±
0.85 × 10−2) was not significantly different from that in control subjects (2.13 ± 0.66 × 10−2;
t-test, t=0.046, df=24, p=0.96; Fig. 3B). Correlation analysis revealed a significant negative
association between GFAP-defined coverage and freezer storage time only in the control
group (r = −0.623, p=0.023). Other variables such as age, pH, PMI, age at onset or duration
of depression were not significantly correlated with GFAP coverage in either main cohort.

White Matter
Unlike the orbitofrontal cortex, there was no significant difference in white matter in the
coverage of collagen IV-IR vessels by AQP4-IR astrocyte processes when comparing MDD
(4.28±0.7 × 10−2) and control groups (4.76±0.9 × 10−2 ; t-test, t=0.54, df=12, p=0.595; Fig.
5A). There was also no significant correlation between the coverage values in control or
MDD groups and PMI, brain pH or storage time in freezer.

The coverage of collagen IV-IR vessels by GFAP-IR astrocyte processes in MDD (5.71 ±
1.58 × 10−2) was not significantly different from that in controls (4.63 ± 1.73 × 10−2 ; t-test,
t=1.13, df=12, p=0.279; Fig. 5B). A significant negative correlation in the control group was
detected between the coverage values and storage time in freezer (r=−0.63, p=0.021).

Discussion
The coverage of blood vessels by astrocytic perivascular processes was significantly reduced
by 50 percent in subjects with MDD as compared to non-psychiatric control subjects. This
reduction was significant only in the case of astrocyte processes immunoreactive for AQP4
but not for GFAP. The difference between MDD and control subjects in AQP4 coverage
was detected only in orbitofrontal gray matter and not in the underlying ventro-medial
prefrontal white matter. The part of the orbitofrontal cortex where reduced coverage of
vessels by AQP4 was observed corresponds to the region in which neuronal and glial
pathology was reported in MDD (17, 31, 32). The coverage of vessels by AQP4
immunoreactive processes was not influenced by PMI, brain pH or storage time in freezer as
there was no significant correlation between the coverage values and these potentially
confounding variables. The present study although quantitative is not a stereological study
as access to the entire orbitofrontal cortex was not available.

Aquaporin-4 is a key molecule for maintaining water and ion homeostasis associated with
neuronal activity, and it is the predominant water channel in the CNS. This channel is
expressed primarily in the endfeet of astrocytes (29, 30). GFAP, unlike AQP4, is very
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abundant along both thick and thin astrocytic processes and is also found in their endfeet and
cell bodies (Figs. 2, 3). Thus, our observation of reduced coverage of vessels by AQP4-IR
processes but not by GFAP-IR processes around vessels suggests a specific reduction of
AQP4-containing astrocytic endfeet that are in direct contact with blood vessels. To our
knowledge, this is the first study in depression showing a link between dysfunctional
astrocytes and cortical blood vessels.

The absence of a significant difference between control and depressed groups in the GFAP
coverage of vessels may be related to the relative ubiquity of GFAP-IR structures. Many
astrocytic processes, and not just those forming functional endfeet, have a high likelihood of
being in contact with or intruding into the basal lamina of vessels. With the analysis used in
the present study, the coverage of vessels by these non-endfeet contacts was not
distinguishable from actual endfeet coverage, and thus may have resulted in undetectable
differences between the cohorts for GFAP processes surrounding vessels. In addition, while
endfeet ending on relatively large blood vessels are both AQP4-IR and GFAP-IR, endfeet
contacting capillaries are only AQP4-IR (46). The reduction of AQP4-IR coverage of
vessels then would indicate a specific deficit on the ability of astrocytes to exchange
metabolites or water in depressed subjects.

The present findings may have relevance to the role of stress and antidepressant treatment in
the pathophysiology of depression. Animal studies reveal that stress decreases glial cell
proliferation in the hippocampus and prefrontal cortex and the effects of stress are reversed
by antidepressant treatment (47–49). In addition, AQP4 plays a role in regulating adult
neurogenesis (50). A recent mice study reported that AQP4 knockout suppresses fluoxetine-
induced enhancement of adult hippocampal neurogenesis (51) thus suggesting AQP4 and
astrocytes as new cellular targets for the mechanism of action of antidepressant medications.
Another line of evidence links glucocorticoids to decreased numbers of astrocytes in mouse
hippocampus and prefrontal cortex (52). Glucocorticoids decreased the number of astrocytes
by reducing expression of glucocorticoid receptors that are located on astrocytic nuclei.
Human postmortem studies have shown reduction in the expression of glucocorticoid
receptors (53) and markers of astrocytes (16, 17, 19) in the prefrontal cortex in subjects with
MDD. Thus, one may speculate that an enhanced stress response (which is a risk factor for
depression) may lead to a reduction of astrocytes and their AQP4-bearing processes around
vessels.

Another study reports a decrease in the expression of mineralocorticoid receptors and their
splice variants in the prefrontal cortex in MDD (53). This could be of relevance to the
present study as mineralocorticoid receptors are expressed by astrocytes and contribute to
stress-related HPA axis disturbances observed in depressed subjects 54, 55).
Mineralocorticoids also maintain salt metabolism (56) thereby suggesting a link between a
deficiency in AQP4 immunoreactivity and possible alterations in water and ion homeostasis
in depression. As AQP4 is a key molecule for maintaining water homeostasis, one may
speculate that alterations in water metabolism could underlie some of the volume changes
and cortical thinning noted in the orbitofrontal cortex in depression (34, 31).

In the present study, there was a significant positive correlation between coverage of vessels
by AQP4-IR processes and age in only MDD subjects. Thus, the older the subjects the more
coverage is found on vasculature. Interestingly, our previous studies showed that even if the
area fraction of GFAP-IR astrocyte processes and GFAP levels are low in relatively younger
MDD subjects (<60 years old) as compared to controls, those parameters increase with age
in depressed subjects to reach levels comparable to non-psychiatric control subjects (16, 19).
Thus, it is possible that with increasing age there is an activation of astrocytes that results in
a secondary increase in the expression of AQP4 within astrocytic endfeet. This activation
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could be a compensatory mechanism or a response in AQP4 coverage of capillaries to the
decrease in neuronal density with advancing age in MDD (32). However, the exact
functional significance of an age-dependent increase in astrocytic AQP4 remains to be
elucidated.

In the ventro-medial prefrontal white matter, in contrast to orbitofrontal cortex, no
significant differences were noted between MDD and control groups in the coverage of
vessels by AQP4-IR endfeet or GFAP-IR endfeet. It is unclear why changes in AQP4-IR
coverage of vessels in MDD are specific to the gray matter. However, gray matter, as
opposed to white matter, may be more sensitive to synaptic and connectional plasticity. In
contrast to gray matter, white matter has very few synapses (57, 58) and some functions of
white matter astrocytes are also different from those of gray matter.

In the control group only, a negative correlation was noted between storage time of tissue in
the freezer and coverage of vessels by GFAP immunoreactivity. Thus, it is possible that with
longer time in freezer there is a reduction in GFAP immunoreactivity. On the other hand, the
main result, that there are no differences in GFAP coverage between control and MDD
groups remains the same whether or not co-varying for time in the freezer.

In light of the functions of astrocytic endfeet and the role of AQP4, a reduction in the
coverage of blood vessels by endfeet and processes bearing AQP4 might have one or several
functional consequences. A decrease in the number or extent of the endfeet per se might
reduce the effective surface for exchange with the blood circulation and directly affect the
regulation of cerebral blood flow during neuronal activity (21, 24, 60, 61). Astrocytes
express receptors for many neurotransmitters and activation of these receptors can provoke
oscillations in intracellular Ca+2. Altered Ca+2 flux in astrocytic endfeet contributes to
vasodilation or vasoconstriction (21, 24). In mice, experimentally induced increases in the
concentration of intracellular Ca+2 in astrocytic endfeet abutting the vessel wall were
associated with an 18 percent increase in arterial cross-section area that also corresponded to
a 37 percent increase in cerebral blood flow (26). Thus, a decrease in the cerebral blood flow
observed in the PFC in depressed patients (62–65, 35) may be related to reductions in
astrocyte density and markers reported in postmortem tissues in MDD (16, 17, 19) and to
reduced coverage of vessels by astrocyte endfeet demonstrated here in MDD.

Astrocytic processes also make blood-born glucose and its high energy metabolites available
to neurons (reviewed in 66). In astrocytes, glucose undergoes the process of glycolysis and
oxidative phosphorylation, processes that are believed to provide the observed signal in
functional magnetic resonance imaging and positron emission tomography (67–69). Thus,
reduced coverage of vessels by astrocytic processes and their endfeet observed here in MDD
maybe related to reductions in glucose metabolism reported by neuroimaging studies in the
PFC of depressed patients (70–72). It remains to be determined if AQP4 is crucially
involved in these live images as water transport through astrocytic AQP4 channels and
glucose transport into the brain parenchyma are functionally connected (73).

Another consequence of reduced coverage of vessels by astrocytic endfeet in MDD may be
impairment of the BBB in this disorder. The structures responsible for the interaction
between astrocytes and endothelial cells are the astrocytic endfeet located in intimate contact
with the basal lamina that is the part of the vessel wall (74, 26). The combination of
astrocytic endfeet, tight junctions between endothelial cells and basal lamina together form
the BBB (27). Since astrocyte endfeet are a major structural component of the BBB,
decreased coverage of vessel walls by astrocytic endfeet labeled with AQP4 in MDD might
be a result of or a contributor to morpho-functional impairment of the BBB. AQP4 helps
maintain the BBB by distributing water, serving as an ion transporter, and assists in the
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maturation and integrity of the BBB (75, 76). Interestingly, in the AQP4 knockout mouse,
there is increased permeability of the BBB and altered ultrastructure of tight junctions of
brain microvessels and swollen perivascular astrocytic endfeet (77).

Finally, AQP4, a predominant water channel in the adult CNS (29), has other vital functions
in addition to the well-known regulation of extravascular brain water and brain volume
homeostasis (78). An AQP4 deficiency in AQP4 knockout mice alters basal amino acid and
monoamine metabolism (79), glutamate turnover (80) and impairs synaptic plasticity (81).

There are several limitations to the present study. A relatively small number of depressed
subjects were examined and only one prefrontal cortical region was examined. Only a subset
of astrocytes with AQP4 localized to the endfeet wrapping blood vessels showed changes in
MDD and therefore conclusions about a general diminished function of astrocyte must be
interpreted with caution. The results presented in this paper only correlate depression with
changes in coverage of blood vessels by astrocytic processes expressing AQP4. Further
studies are needed to determine whether the observations regarding AQP4 are a cause or a
consequences of depression. A potential influence of antidepressant medications on AQP4-
IR coverage of blood vessels cannot be unequivocally ruled out as an antidepressant
medication(s) was present in six of the 13 subjects with MDD. However, it is unlikely that
these different medications would all have the same effect on the coverage of vessels by
AQP4-IR in depression. In addition, two depressed subjects also met criteria for a
psychoactive substance use disorder; although it is not likely that comorbidity had a
significant effect on the main finding.

In summary, reduced coverage of blood vessels by AQP4-IR astrocyte processes in the
orbitofrontal cortex in MDD suggests dysfunction of the neuro-vascular unit that may lead
to dysregulation of cerebral blood flow, glucose transport and metabolism, impairment of
the BBB, alterations in levels of monoamines, glutamate turnover and impairment in
synaptic plasticity. Future studies in animal models related to depression and in cell culture
should provide better insights into the functional consequences of reduced coverage of
vessels by astrocytes. Nonetheless, the present study further supports the link between
cerebrovascular pathology and MDD by providing the first evidence for such a link at the
cellular level. It also reveals that AQP4 is involved in the pathology of MDD in addition to
its well-known role in other pathological conditions such as brain edema, ischemia, hypoxia,
multiple sclerosis and epilepsy.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Microphotograph of coronal section from the prefrontal cortex. The small rectangle
indicates a part of gray matter of area 47 which was analyzed in this study. The second
region examined in the study (larger rectangle) is located within the ventro-medial prefrontal
white matter. Numbers indicate Brodmann areas. Cc, corpus callosum; d, dorsal, v, ventral.
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Fig. 2.
High power confocal images of immmunofluorescent staining of blood vessels with an
antibody to collagen IV (green in A, D), astrocytes with an antibody to aquaporin-4 (red in
B), and astrocytes with an antibody to GFAP (red in E) in a non-psychiatric control subject.
Pictures (C) and (F) represent merged images of collagen IV (A) and AQP4 (B)
immunoreactivity, whereas image (F) is a merged image of pictures of collagen IV (D) and
GFAP (E) immunoreactivity. Yellow–to–orange colors on images (C) and (F) represent
coverage of vessels by astrocytic AQP4 (C) or GFAP (F) immunoreactivity. White arrows
on (C) and (F) indicate examples of contact between immunoreactive astrocytic processes
and vessel collagen IV. Note that AQP4 immunoreactivity (red on pictures B, C) is more
diffuse within astrocytic processes, whereas GFAP is more concentrated in astrocytic
processes and these processes can be traced to GFAP-immunoreactive cell bodies (red on E,
F). Scale bars on pictures (A), (B), (C), (D), (E) and (F) = 10µm. AQP4, aquaporin-4;
GFAP, glial fibrillary acidic protein.
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Fig. 3.
Scattered plots comparing coverage of vessels by AQP4 immunoreactivity (A) and GFAP
immunoreactivity (B) measured in the gray matter of Brodmann area 47 (small rectangle on
Fig. 1). There was a significant 50% reduction (t=2.378, df=24, p=0.026) in the coverage of
vessels by AQP4 in subjects with MDD as compared to control subjects (A). The coverage
of vessels measured with GFAP immunoreactivity did not significantly differ between the
groups (B). “Coverage” represents the co-localization of immunoreactivity for astrocytic
GFAP or AQP4 and vessel collagen IV (see Figs. 2C, F). AQP4, aquaporin-4; GFAP, glial
fibrillary acidic protein; MDD, major depressive disorder.
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Fig. 4.
The relationship between AQP4 coverage and age at the time of death in control (A) and
MDD (B) subjects. There was a significant positive correlation (r=0.561, p=0.046) between
coverage and age in the MDD group (B).
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Fig. 5.
Scatter plots comparing coverage of vessels by AQP4 (A) and GFAP (B) immunoreactivity
measured in the ventromedial prefrontal white matter (larger rectangle on Fig. 1). In contrast
to gray matter, in the white matter there were no significant differences in the coverage of
vessels by (A) AQP4 (t=0.54, df=12, p=0.595) or (B) GFAP (t=1.13, df=12, p=0.279)
immunoreactivity between subjects with MDD and control subjects. “Coverage” represents
the co-localization of immunoreactivity for astrocytic GFAP or AQP4 and vessel collagen
IV (see Fig. 2C, F). MDD, major depressive disorder.
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Table 1

Demographic characteristics of control and MDD subjects

Parameter Controls (n=13) MDD (n=13)

Age (years) (range) 38.1 ± 3.1 (17–51) 41.2 ± 2.6 (20–55)

PMI (hrs) (range) 19.4 ± 1.7 (9.8–29) 23.9 ± 2.4 (10–44)

pH (range) 6.58 ± 0.06 (6.03–6.82) 6.44 ± 0.08 (5.93–6.81)

TF (months)
(range)

118.8 ± 11.5 (67.5–171.5) 122.0 ± 10.1 (70.5–172.5)

Gender (F:M) 6:7 6:7

Medication history* none n=7

Toxicology:
Clean
Antidepressant
drugs and other

n=11
n=2
(CO, n=1 ; ethanol, n=1)

n=4
n=9
(bupropion, venlafaxine, diphenhydramine, hydrocodone n=1;
venlafaxine, n=2; sertraline, lidocaine, n=1; sertraline, morphine, n=1;
paroxetine, cannabinoids, n=1; morphine, codeine, hydrocodone,
diphenhydramine, n=1; ethanol, alprazolam, n=1; ethanol, n=1)

Cause of death Cardiovascular disease, n=10; acute
hemorrhagic pancreatitis, n=1; accident-
house fire, n=1; acute pulmonary
thromboembolism, n=1

Suicide, n=8
(shot gun, n=3; CO poisoning, n=3; hanging, n=2);
Other causes, n=5 (cardiovascular disease, n=3; accidental opiate
intoxication, n=1; hyperkalemia, n=1)

Diagnosis None, n=13 MDD, n=11;
MDD, alcohol abuse and Marijuana abuse, n=1;
MDD and opiate dependence, n=1

Duration of MDD
(years)
(range)

not applicable 9.0 ± 2.4 (0.16–25)

Onset of MDD
(years)
(range)

not applicable 32.1 ± 2.7 (14–48)

Smoking Smokers, n=7 Smokers, n=6

MDD - major depressive disorder; PMI - Post-mortem interval; TF - Time in freezer; CO - carbon monoxide.

*
Treatment with antidepressants within 4 weeks prior to death.

Data represent the mean ± SEM. The average age, PMI, TF and pH of MDD subjects were not statistically different from the control subjects (t-
test).
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