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Abstract

Recent research has changed the perception of glia from being no more than silent supportive cells
of neurons to being dynamic partners participating in brain metabolism and communication
between neurons. This discovery of new glial functions coincides with growing evidence of the
involvement of glia in the neuropathology of mood disorders. Unanticipated reductions in the
density and number of glial cells are reported in fronto-limbic brain regions in major depression
and bipolar illness. Moreover, age-dependent decreases in the density of glial fibrillary acidic
protein (GFAP) - immunoreactive astrocytes and levels of GFAP protein are observed in the
prefrontal cortex of younger depressed subjects. Since astrocytes participate in the uptake,
metabolism and recycling of glutamate, we hypothesize that an astrocytic deficit may account for
the alterations in glutamate/GABA neurotransmission in depression. Reductions in the density and
ultrastructure of oligodendrocytes are also detected in the prefrontal cortex and amygdala in
depression. Pathological changes in oligodendrocytes may be relevant to the disruption of white
matter tracts in mood disorders reported by diffusion tensor imaging. Factors such as stress, excess
of glucocorticoids, altered gene expression of neurotrophic factors and glial transporters, and
changes in extracellular levels of neurotransmitters released by neurons may modify glial cell
number and affect the neurophysiology of depression. Therefore, we will explore the role of these
events in the possible alteration of glial number and activity, and the capacity of glia as a
promising new target for therapeutic medications. Finally, we will consider the temporal
relationship between glial and neuronal cell pathology in depression.

Glial cells were first identified as non-neuronal elements in the nineteenth century by the
anatomist R. Virchow (after [1]). At that time glia were thought to be no more than silent
supportive “glue” for neurons and that glia were unable to participate in information
processing. In the past two decades, research has changed this perception and provided
evidence for glia being important dynamic partners of neuronal cells actively participating in
brain metabolism, synaptic neurotransmission and communication between neurons [2]. The
discovery of new glial functions coincides with growing evidence for the involvement of
glia in the neuropathology of neurological [3] and more recently, psychiatric disorders, such
as major depression and manic-depressive (bipolar) illness (reviewed in [4])

TYPES OF GLIAL CELLS

Glia are the most numerous cells in the human brain, outnumbering neurons by a ratio of ten
to one [5] (Fig. 1). This ratio drops to one-to-one in rodents [5,6] implying that increases in
glia over neurons are associated with the progressive development of higher brain functions
[7]. Although anecdotal, it is interesting that in the brain of Albert Einstein, the neuron/glia
ratio in the associational parieto-temporal cortical area 39 was found to be smaller
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(suggesting increases in glial numbers) [3]. An enlargement of astroglial intralaminar
processes was also observed in few areas of parietal cortex the brain of the genius as
compared to several age-matched control brains [9].

Glia of the Central Nervous System (CNS), collectively called neuroglia, can be divided into
three main types: astrocytes and oligodendrocytes (both of ectodermal origin and together
called macroglia) and microglia (originating from monocyte-macrophage lineage) [10].
Each type of glia is characterized by specific morphology and functions and they can be
distinguished from each other by immunohistochemistry, metallic impregnation methods or
electron microscopy.

The three types of CNS glial cells play a crucial role in the proper functioning of neurons.
Some glial functions are more specialized and restricted to one morphological type of glia
(e.g., oligodendrocytes produce myelin to insulate axons), while other functions are shared
by two or three types of glia (e.g. both astrocytes and microglia participate in the response to
neuronal injury and secrete neurotrophic factors). The functions of astroglia are the most
complex among glial cells, and therefore most of this review will be devoted to astrocytic
functions, and particularly those that may be relevant to the pathophysiology of depression.

ASTROCYTES

Astrocytes or astroglia are the most numerous and versatile type of glial cell. In the cerebral
cortex of the rat, about 90% of cortical tissue volume is made up by astrocytes, whereas the
remaining 10% consists of neuronal cell bodies and blood vessels [11]. Two different forms
of astrocytes which differ morphologically and biochemically are found in both gray and
white matter of the cerebral cortex [12]. Protoplasmic astrocytes predominate in gray matter,
whereas fibrous astrocytes are abundant in white matter. Protoplasmic astrocytes have large
spherical nuclei (exceeding the size of oligodendrocyte and microglia nuclei) and multiple
thick processes radiating from the cell body [13] (Fig. 2A). In contrast to protoplasmic
astrocytes, fibrous astrocytes have ovoid nuclei and fewer, longer and relatively thin
processes with very few branches, as compared to the protoplasmic ones (Fig. 2B). The
processes of both astrocytic types are often attached to the blood vessels and form
expansions called end-feet, which envelop blood vessels and form a limiting membrane
[10]. Astrocytes thereby play a central role in building and maintaining the blood-brain
barrier (which is formed by tight junctions between the endothelial cells of capillaries) to
restrict the passage of soluble molecules and toxic substances from the blood to the brain
[14].

Glucose metabolism

Astrocytic end-feet are enriched with glucose transporters and envelope virtually all
capillary walls in the brain to permit astrocytes to take up glucose, the main energy substrate
for neurons and glia. 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 [15-17].
Astroglia are also able to control blood flow requirements by inducing local vasoconstriction
or vasodilation responses [18,19]. Thus, defective or missing astrocytes may compromise
brain function and structure as reported by in vivo neuroimaging studies in depressed
patients.

Neurotransmitter modulation

Cell culture and in vivo studies reveal that astrocytes express virtually all of the receptor
systems, and ion channels found in neurons [20-30]. Although alterations in the density of
monoaminergic receptors (reviewed in [31]) and subunits of the NMDA receptor [32,33] are
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reported in depression, no studies to date have investigated whether neuronal versus glial
receptors are involved in these changes in receptor binding. Astrocytes modulate
extraneuronal levels of neurotransmitters via specialized transporters located on astrocytic
processes. These transporter systems regulate both the availability and reuptake of
neurotransmitters at the synapse [34]. Studies in primary astrocyte cultures and in vivo
studies demonstrate that these glia are able to take up glutamate [35-38], GABA [39-42],
serotonin [43,44], dopamine [45], norepinephrine [45,46] and histamine [47] and they
contain the enzymes (i.e., monoamine oxidase (MAO), or catechol-O- methyl transferase
(COMT) [48-50], required for further regulation of the extracellular concentrations of these
neurotransmitters. Moreover, the ability of cultured astrocytes to take up serotonin can be
blocked by fluoxetine or paroxetine [43,51], suggesting that glia along with neurons may
participate in the therapeutic effects of these compounds in depression. Astrocytes thereby
constitute a crucial part of the tripartite synapse - presynaptic neuron (axonal terminal),
astrocytic processes, postsynaptic neuron (dendritic spine) - and promote efficient signaling
between neurons [52].

Glutamate neurotransmission

Astroglia are actively involved in the uptake, metabolism and recycling of glutamate.
Through glutamate uptake, astrocytes are able to regulate the level of extracellular glutamate
through a specialized transporter, the glial glutamate transporter (GLT-1) in rodents. The
rodent GLT-1 is homologous to the excitatory amino acid transporter-2 (EAAT-2) in the
human brain [36,37]. The glial glutamate transporter is located only on astrocytes and is
highly expressed in the gray matter of the cerebral cortex [35,36,38]. Strikingly, 90% of
total glutamate uptake involves GLT-1 [53-56]. Since an abnormally elevated concentration
of extracellular glutamate leads to neuronal death, astrocytes appear to play a key role in
neuroprotection by decreasing extracellular levels of glutamate [3,57]. Indeed, decreased
levels of extracellular glutamate protect neurons from cell death in mixed cell cultures of
astrocytes and neurons [58]. Further evidence of a protective role for astrocytes in the uptake
of glutamate is revealed in studies where a deletion of the glial glutamate transporter GLT-I
gene in mice results in excitotoxic damage [21], and an antisense knockdown of the glial
(but not neuronal) glutamate transporter in rat brain exacerbates neuronal damage [58,59]. In
addition, loss of astrocytic GFAP was shown to decrease both, glial and neuronal glutamate
transporters indicating the role of GFAP in regulating the level of glutamate [60].

The metabolism and recycling of glutamate is a further contribution of astrocytes to
excitatory amino acid neurotransmission. After its uptake by astrocytes, glutamate is
converted to glutamine by the astrocytic specific enzyme, glutamine synthetase [61].
Glutamine is then released by the astrocytes, and taken up by the neuronal terminals where it
is reconverted to glutamate, and to GABA for the replenishment of pools of these
neurotransmitters [62]. The glutamate-glutamine cycle between neurons and glia is a major
metabolic flux reflecting the synaptic release of glutamate [63]. Evidence for potential
dysfunction of this cycle in depression comes form recent neurocimaging and postmortem
human studies. The use of magnetic resonance spectroscopy reveals altered levels of cortical
glutamate and GABA in patients with major depression [64,65]. This in vivo evidence of
altered amino acid neurotransmitters in cerebral cortex in depression may be related to
observations of reduced density of astrocytes, pyramidal glutamatergic neurons and
GABAergic interneurons detected in sections from postmortem prefrontal cortex of subjects
with major depression [66-69]. Finally, decreases in the expression of mRNA for the
astrocytic glutamate markers, glial glutamate transporter and glutamine synthetase were
observed in postmortem brain tissue from subjects with major depression [70]. Hence, in
depression astrocytic glutamate pathology appears to be linked to reductions in the density
of astroglial cells and GFAP (see glia/glutamate model of depression below).
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Another aspect of astrocytic involvement in glutamate neurotransmission is participation in
NMDA receptor activity. Astrocytic foot processes are the exclusive source of Dserine,
which is an important endogenous ligand for the co-activation of the NMDA receptor
[71,72]. D-serine is an agonist of the glycine site of NMDA receptors and it is considered to
be greater than three times more potent as glycine at that site [73]. Thus, astrocytes may
regulate NMDA receptor activity through regulating the amount of D-serine that is available
[74]. NMDA receptor subunits are also located on distal astrocytic processes and
occasionally on astrocytic cell bodies in cerebral cortex in rodents and humans [75-77].
Interestingly, recent studies in postmortem brain tissue from subjects with major depression
report alterations in specific subunits of NMDA receptors [32], however, it is not known
whether these changes involve the neuronal or glial NMDA receptor. The potential clinical
relevance of these basic research findings comes from a new study reporting that ketamine,
an NMDA-receptor antagonist, may be a promising medication for treatment-resistant
depression [78].

Brain signaling and Synaptic Plasticity

Although there is no direct evidence that glia are involved in electrical signaling, compelling
studies over the past 15 years suggest that astrocytes are 'excitable’, in the sense that, when
activated by internal or external signals, they deliver specific messages to neighbouring
neurons, glia and blood vessels [79,80]. For example, under high frequency stimulation,
glutamate can activate astrocytic glutamatergic receptors leading to a rise in the intracellular
concentration of astrocytic Ca**. Increased astrocytic Ca** levels can promote Ca** waves
in adjacent astrocytes connected through gap junctions. Such connections permit the spread
of modulatory signals to neighboring synapses and may provide the basis for synaptic
plasticity [81].

Astrocytes also play an apparently crucial role in promoting the in vitro development and
modeling of synapses [62] (for further references see [82]). The addition of astroglia-
conditioned medium to cultures of CNS neurons from rats increases the number of
functionally mature synapses by sevenfold [83], whereas the removal of astrocytic media
from neurons yields a decrease of synaptic contacts [84].

Immune Response, Neurodegeneration and Neurotrophic Factors

Astrocytes appear to play a role in inflammatory and neurodegenerative processes. Reactive
astrocytes along with microglia and oligodendrocytes are sources and targets of various
inflammatory cytokines (e.g., interleukins, tumor necrosis factor), which are expressed
under pathological conditions and involved in the regulation of neuroinflammation and
immune and tissue repair processes [85].

Astrocytes and microglia actively respond to neuronal injury, and thereby participate in the
neurodegeneration process. In response to injury astrocytes become activated and increase
their number and size and the expression of their cytoskeletal protein, glial fibrilary acidic
protein (GFAP) [86,87]. Activated astrocytes also synthesize and release neurotrophic
factors, such as nerve growth factor (NGF), brain derived neurotrophic factor (BDNF), glial
derived neurotrophic factor (GDNF), fibroblast growth factor 2 (FGF2) and neurotrophins 3
and 4/5 [88-92] (for further review see [93]). These growth factors are important for
neuronal survival, growth and differentiation, and the enhancement of synaptic plasticity and
synaptic efficiency. Moreover, reactive astrocytes are a source of factors involved in glia-
mediated angiogenesis, heurogenesis and migration of neuronal precursors (e.g.,
endothelins, vascular endothelial growth factor (VEGF) and angiopeietin 1and 2 [94]. The
withdrawal of neurotrophic factors, potentially from glial sources, is associated with
vulnerability to cell death or damage [88,93]. Preclinical and human postmortem studies
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strongly suggest that deficienciens in neurotrophic factors (e.g. BDNF, FGF2) and
impairments of neuroplasticity may be crucial in the pathophysiology of depression
[92,95-98]. Glial cells are suggested as potential new targets for the action of antidepressant
treatments since repeated administration of antidepressant medications and
electroconvulsive seizure increases the expression of BDNF and other neurotrophic and
angiogenic factors synthesized by glia (in addition to neurons) [92,96,97,99-102].

Estrogen has been proposed as another neuroprotective factor in the CNS [103-105].
Neuroprotection by estrogen can be mediated directly by neurons or indirectly by glial cells
[105-107]. Estrogen receptors have been detected in vivo in astrocytes [108,109] and
oligodendrocytes [110] and in primary cultures of microglia [111]. A recent cell culture
study reveals that estrogen can increase the expression of astrocytic glutamate transporters
(via nuclear estrogen receptors), thereby decreasing extracellular levels of glutamate and
potentially preventing neuronal death related to high levels of glutamate [112]. Moreover,
up-regulation of MRNA and protein level of glutamine synthetase (an astrocyte-specific
enzyme which converts glutamate to glutamine) by estradiol (one of the estrogens) was
observed in the hypothalamus and hippocampus of ovariectomised mice suggesting the
important role of astroglia in hormonal modulation of glutamatergic neurotransmission.
Thus, the deficit in astrocytes reported by postmortem cell counting studies in depression
could contribute to impaired estrogen-mediated neuroprotection. Other sex hormones may
also be involved in this impairement as astrocytes express receptors for androgens (e.g.,
testosterone) [113-115].

OLIGODENDROCYTES

Oligodendrocytes or oligodendroglia are smaller than astrocytes and have fewer, less
branched processes [13]. Oligodendrocytes are found in both gray and white matter of the
CNS. There are two main types of cortical oligodendrocytes: 1) perineuronal
oligodendrocytes which are found in gray matter in close proximity to neuronal cell bodies
and sometimes appear as if embedded in the neuronal cytoplasm when observed in Nissl-
stained material, (see white arrows in Fig. 1 and 2) interfascicular oligodendrocytes found in
the white matter (Fig. 2C). Interfascicular oligodendrocytes ensheath unmyelinated fibers
with myelin forming rows between bundles of axons and isolating different neuronal
pathways. It is noteworthy to mention that a new type of non-myelinating oligodendrocytes
(so-called NG-2 glia or synantocytes) has been found in the gray and white matter of adult
CNS. During brain development precursor cells for mature oligodendrocytes are NG-2
positive thus, suggesting that NG-2 glia may encompass a population of oligodendrocyte
precursor cells. The NG-2 glia participate in degenerative and demyelination processes of
the CNS (reviewed in [116]). Moreover, oligodendrocyte precursor cells in the hippocampus
receive glutamatergic synapses from neighbouring pyramidal neurons thus, likely
participating in fast excitatory neuro-transmission [116,117]. Other functions of NG-2 glia
are yet to be established.

Mature oligodendrocytes promote myelination of axons in the CNS and express myelin
related genes. A new mechanism has been suggested for myelination: neuronal activity
promotes myelination of axons by mature oligodendrocytes at a late stage of development
and possibly into adult life [118]. This activity-dependent mechanism of myelination in
adults might constitute an unforeseen form of CNS plasticity. Both perineuronal and
interfascicular oligodendrocytes, as with astrocytes, produce neurotrophic factors and
cytokines involved in anti-inflammatory and axonal repair processes [85,93].

Oligodendrocytes express various subtypes of glutamate receptors [20], among them the
NMDA receptors [28], which are expressed in oligodendrocytic myelinating processes and
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are activated in certain pathological conditions [119]. In ischemia, interestingly, antagonists
at NMDA receptors slow the loss of action potentials in white matter and reduce damage to
white matter [120,121]. Susceptible populations of oligodendrocyte progenitors have been
associated with predisposition to, and with the extent of, white matter damage [122].
Moreover, developmental alteration of immature oligodendrocytes may play a key role in
the proper maturation of cerebral white matter tracts [123]. In elderly subjects with
depression, the detection of increased density and size of so-called hyperintensities in frontal
lobe white matter (reviewed in [124,125]) suggests that the pathology of oligodendrocytes
observed in postmortem tissue in depression may be related to disruptions of white matter
tracts reported by recent diffusion tensor imaging studies in depressed subjects [126].

MICROGLIA

Microglial cells are distinguished from other types of glial cells by the presence of small
nuclei surrounded by scant cytoplasm and short, tortuous processes [13] (Fig. 2D). Unlike
other cell types in the CNS, microglia are ontogenetically related to the mononuclear
phagocyte lineage and are uniquely capable of rapid activation in response to any
pathological changes in the CNS [10]. Microglia are the macrophages of the brain and they
respond quickly to any changes in the structural integrity of the brain (e.g. head injury,
infection) (after [127]). Activated microglia proliferate and migrate to the site of brain injury
where they became highly phagocytic toward damaged neurons or myelin. In addition to
their phagocytic function, microglia respond to any imbalances in ion homeostasis and also
participate in the immune response. It is noteworthy that stress and glucocorticoids induce a
pro-inflammatory response in microglia [128] — in light of evidence that the hypothalamic-
pituitary-adrenal axis is activated in many with depression, cortisol may modulate microglia
in stress-related brain disorders. Microglia express cytokines and neurotrophic factors, as do
astrocytes, and microglia apprear to participate in neuroprotection [85]. On the other hand,
microglia produce a variety of toxic molecules (e.g. superoxide anions, hydroxyl radicals,
hydrogen peroxidase, nitric oxide) that may damage neurons or other glial cells [129,130].
In sum, the proper number and activity of microglial cells is also crucial for integrity of the
CNS.

GLIAL CELL PATHOLOGY IN DEPRESSION

As outlined above, an impairment of several glial functions (glutamate metabolism,
deficiency in neurotrophic and angiogenic factors, disturbed myelination) are likely to
contribute to the pathophysiology of depression. Altered number and morphology of glial
cells described below, may be the cause or consequence of glial dysfuction in mood
disorders.

Glial cell number

Several cell counting studies in postmortem brain tissue of subjects diagnosed with major
depressive disorders (MDD) and/or manic-depressive (bipolar) disease (BPD) consistently
report prominent decreases in the packing density and number of the general population of
Nissl-stained glial cells. Moreover, alterations in the size and ultrastructure of glial nuclei
are also detected in depressed subjects as compared to age-matched non-psychiatric
controls. This glial pathology is suggestive of a loss of glial cells and it is observed in
specific fronto-limbic brain regions such as, the subgenual region of the anterior cingulate
cortex (ventral part of Brodmann's area 24) [131], dorsolateral prefrontal cortex
(Brodmann's area 9) [132,133] supragenual anterior cingulate cortex, dorsal part of area 24
[134] and orbitofrontal cortex (area 47) [133]. The opposite pattern, i.e., an increase in glial
cell density has been reported in hippocampal CA subfields and in the granule cell layer of
the dentate gyrus in subjects with MDD [135]. Increases in glial cell packing density
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detected postmortem in MDD implicate a reduction in glial processes rather than loss of
glial cells and they may be related to decreases in hippocampal volume noted by
neuroimaging studies in MDD. Glial cell pathology in mood disorders may not be
universally noted throughout the cerebral cortex. Changes in glial cell density or number
were not found in the sensorimotor cortex in either MDD or BPD populations [131]. Recent
reports suggest a lack of marked glial pathology in the supragenual part of the anterior
cingulate cortex [136] and the entorhinal cortex in BPD and MDD [137], as well as in the
most rostral part of the orbitofrontal cortex corresponding to the transitional cortex between
Broadmann's areas 10 and 47 in MDD subjects [133]. Glial pathology in mood disorders has
not been systematically studied in subcortical structures to date. Only one study reports a
significant reduction in glial number in the amygdala in MDD and unmedicated BPD
subjects [137].

Glial cell size

Glial cell size and shape, in addition to density, appear to be affected in mood disorders.
Size of glial cell bodies (corresponding to glial cell nuclei in Nissl stained material) was to
date, estimated in six different studies. In three of these investigations glial size was found to
be increased [133,136,138], whereas three other studies found glial size to be unchanged in
MDD or BPD [132,135,139]. Significant increases in glial size were observed in the
dorsolateral prefrontal cortex in BPD [138] and to a smaller degree in MDD subjects [133]
and in the anterior cingulate cortex in MDD subjects [136] as compared to non-psychiatric
controls. Furthermore, in the dorsolateral prefrontal cortex in BPD there were also changes
in the shape of glial nuclei to a less rounded conformation [138]. Reductions in glial density
paralleled by an increase in the size of glial nuclei suggest that some compensatory
mechanisms might be taking place. It could be speculated that decreased density of glial
cells is indicative of a decrease in the number of normally functioning glial cells. At the
same time glial cells that survive and are not damaged might be forced to work harder to
support the metabolic needs of the surrounding neurons. As a consequence, the nuclei of
these glial cells are enlarged in size and changed in shape. Glutamate-induced swelling of
astroglia reported in animal cell cultures [48] could also account for enlarged glial cells in
depression. Interestingly, enlargement in sizes of glial nuclei seem to be specific to
depressive disorders as no change in glial sizes are reported in schizophrenia [140,141] and
smaller glial sizes are observed in postmortem brain tissue from alcoholics with and without
depression [142].

ALTERATIONS IN ASTROCYTES AND OLIGODENDROCYTES

All of the above mentioned studies on glial deficit in depression were conducted on a
general population of Nissl-stained glial cells which does not permit a confident distinction
between different morphological glial types. Examination of different distinctive CNS glial
cell types with specific immunohistochemistry demonstrates the presence of pathology in
astrocytes and oligodendrocytes in major depression and bipolar disorder. Microglia have
not yet been studied systematically in mood disorders. Our recent preliminary study of
immunoreactive microglia stained with LFA-1 antibody (lymphocyte function associated
antigen 1) in the white matter of the orbitofrontal cortex suggests no difference in the area
fraction covered by immunopositive microglia in elderly depressed subjects as compared to
age-matched non-depressed controls [143]. Whether the same is true for prefrontal gray
matter of orbitofrontal cortex and younger depressed subjects remains to be determined.

Oligodendrocytes

The involvement of oligodendrocytes in general glial pathology is suggested by a number of
human postmortem studies. Reductions in the level of immunoreactive myelin basic protein
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Astrocytes

(MBP), a marker for mature oligodendrocytes, were found in homogenates from the anterior
frontal cortex of depressesd subjects [144]. In addition, ultrastructural changes in
oligodendrocytes were observed in the dorsolateral prefrontal and anterior frontal cortex in
MDD and BPD subjects [145,146]. Moreover, a reduction in the expression of key
oligodendrocyte-related and myelin-related genes was recently reported in the temporal
cortex in MDD [147] and in the dorsolateral prefrontal cortex in BPD [148]. Reduced
density of oligodendrocytes has been suggested in the amygdala of MDD, and unmedicated
BPD patients, however in this study, the distinction between oligodendroglia and other glial
cell types was made solely based on general Nissl-staining rather than specific
immunohistochemistry [137]. Thus, it is reasonable to propose that reductions in the volume
of frontal white matter, enlargement of vascular lesions in frontal and periventricular white
matter and changes in diffusion anisotropy of frontal white matter tracts reported in elderly
subjects with MDD and BPD may be related to oligodendrocyte deficit.

Several postmortem studies report alterations in the packing density and protein expression
of astroglia in mood disorders. Immunchistochemical examination of glial fibrillary acidic
protein (GFAP), a cytoskeletal marker for reactive astrocytes, in the dorsolateral prefrontal
cortex indicates the involvement of astrocytes in the overall glial pathology reported in
MDD [68,69] (Fig. 3A). Comparison of the area fraction covered by immunoreactive
astrocytes revealed a dramatic 75% reduction in young subjects (30-45 years old) with MDD
as compared to age-matched non-depressed controls and older subjects (46-86 years old)
with MDD [68]. A strong positive correlation between the packing density of GFAP-
immunoreactive astrocytes and age was detected in this study only in the MDD and not in
the control group further supporting the specificity of the astrocytic deficit in younger
depressed (Fig. 3C). The subgroup of younger adults with MDD also had a shorter duration
of depression and most of these subjects were suicide victims. A subsequent estimation of
GFAP protein level by Western immunoblot analysis in the same young and older subjects
with MDD confirmed that the relative level of GFAP protein was significantly decreased by
7 fold in the younger subjects (<60) with MDD as compared to the older subjects (>60) with
MDD and older controls [69] (Fig. 3B). Preliminary results from our ongoing study in
another prefrontal region, orbitofrontal cortex, indicate that GFAP level is again reduced in
younger but not older depressed subjects. This is in agreement with the results of another
cell counting study in which density of the general (Nissl-stained) population of glial cells
was estimated in the orbitofrontal cortex in elderly depressed (>60) and age-matched control
subjects [66]. No significant differences in either the overall (all six layers combined) or
laminar density of glial cells were found between the two groups of elderly subjects.

In agreement with the above, several other studies, carried out on a mixture of mostly young
and few older subjects, demonstrate alterations in GFAP and other astrocytic markers in
mood disorders. Changes in different forms of GFAP protein were reported by a proteomic
study in frontal cortex homogenates from mood disorder subjects [149]. Reduced GFAP
staining was also detected in the hippocampus of steroid-treated and depressed patients
[150] and in stressed animals [151]. As mentioned above, decreases in the expression of
genes for astrocytic specific proteins, glia glutamate transporter and enzyme glutamine
synthetase were observed in frontal cortex tissue from depressed patients [70]. Elevated
levels of another astrocytic marker, calcium binding protein s100R, were detected in subjects
with MDD or unmedicated BPD and antidepressants were able to reduce these levels
[152-154]. In contrast to other astrocytic proteins an excess of s1008 has a toxic effect on
neurons [155].

In summary, all of the above mentioned findings indicate that lower density of astrocytes
and decreased GFAP expression are associated with younger depressed subjects who had
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early onset of depression and that an increase in GFAP expression is not simply related to
biological aging, it may also be associated with the progression of cellular changes of
depressive illness [66,156]. This last observation implies that the involvement of GFAP
expression is different in early versus late life depression. Increasing clinical evidence
confirms that late onset depression (first depressive episode when older than 50 years)
differs from early-onset depression by its etiology, phenomenology and cerebrovascular
pathology [157-159].

NEURONAL PATHOLOGY IN DEPRESSION

The pathology of neurons in depression is less obvious than the pathology of glial cells as it
is not found in all of the brain regions where glial pathology has been observed
[131,132,134,137]. Moreover, if changes in cell packing density and/or size of neurons are
detected, the magnitude of these changes are smaller than that of glial cells. Brain regions in
which some neuronal pathology has been detected include dorsolateral prefrontal cortex
[132,133,138], orbitofrontal cortex [66,133,139], anterior cingulate cortex
[134,136,160-162] and hippocampus [135]. Subjects in these studies were a mixture of
mostly young and few older individuals with major depression or bipolar disorder. For
example, in the same postmortem study on younger subjects with MDD (average age 53), in
which we found prominent reductions in glial cell density, we observed only subtle changes
in the mean size and density of specific size classes of neurons. These alterations were
observed in specific layers of the prefrontal cortex and not in the overall population of
prefrontal neurons [133]. Moreover, there was a trend for a negative correlation between the
duration of depression and sizes of neuronal cell bodies. The longer the duration of illness,
the smaller the neurons were, suggesting the progression of neuronal damage with the
progression of the disease. The observation on smaller neuronal sizes in depressed subjects
has been confirmed by three independent studies [132,134,135]. The above results indicate
that neuronal pathology at a younger age in MDD is less severe than the pathology of glial
cells. In contrast, a comparison of neuronal density between elderly (>60 years old) and
younger (<50 years old) depressed subjects revealed that neuronal pathology in the
orbitofrontal cortex is much more severe in elderly than in younger subjects with MDD [66].

Morphometric analysis of neurons and glia in elderly subjects with MDD (>60 years old)
and age-matched non-depressed controls revealed that the density of pyramidal neurons was
significantly (20-60%) reduced below the control values in all cortical layers in the MDD
group [66]. These reductions were most severe in cortical layers 111 and V which contain
pyramidal glutamatergic neurons giving rise to prefronto-striatal, prefronto-amygdalar and
prefronto-cortical (cingulate, hippocampal, temporal and parietal) projections and that
receive thalamo-cortical fibers. This observation in postmortem tissue is in agreement with
the in vivo neuroimaging studies revealing functional and volumetric abnormalities in the
above mentioned regions and increased density of white matter hyperintensities
(corresponding to vascular lesions) in the ORB cortex and striatum (reviewed in [124]).
Moreover, our preliminary observations of an inverse correlation between neuronal density
and the density of blood vessel profiles from the same subjects [163] further suggests a link
between neuronal and vascular pathology in elderly depressed (see Fig. 4).

In summary, older subjects with MDD show a prominent reduction in pyramidal
(presumably glutamatergic) neurons whereas, younger subjects with MDD are characterized
by mild neuronal and prominent astroglial pathology (manifested by the reduced expression
of GFAP protein) [66,156].
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MODEL OF GLIAL/NEURONAL CELL PATHOLOGY IN DEPRESSION

Based on all the findings on glial and neuronal pathology outlined above, we have proposed
a hypothetical scheme of the sequence of events in the progression of cell pathology in
depression (Fig. 4). This scheme seeks to clarify the relationship between cellular changes,
glutamate, glucocorticoids, and neurotrophic factors in depression. It is proposed that a
combination of genetic and environmental (e.g. stress) factors at the early stages of
depressive illness could lead initially to the pathology of glial cells, and consequently to the
pathology of neurons later in life as depressive illness progresses. Among the factors
contributing to early glial pathology might be stress-related elevations in glucocorticoids
and/or a deficiency in neurotrophic and angiogenic factors. Psychosocial stress and an
excess of glucocorticoids inhibits the proliferation of astrocytes and oligodendrocytes in
animal studies (see section on Gliogenesis below), and glucocorticoids alter the expression
of GFAP in depressed patients [150]. Moreover, reductions in neurotrophic and angiogenic
factors are observed in animal stress models related to depression (reviewed in [96]) in
human postmortem brain tissue from depressed suicide victims [98] and in plasma of
depressed patients attempting suicide [164]. The chronic administration of antidepressant
drugs or electroconvulsive seizures can reverse this stress-induced deficit by increasing the
expression of neurotrophic and glia-derived factors, as well as other glial markers
[96,99,100,102,165-167] and suggests that glia may serve as new targets for the therapeutic
action of antidepressant treatment. It is further proposed that the loss of glial cells at early
stages of depression may lead to decreased expression of glial glutamate transporters and a
concomitant reduction in the uptake of glutamate from the synaptic cleft [65]. As a
consequence, an excess of extracellular glutamate may contribute to neuronal damage or
neuronal death as depressed subjects get older. In light of the ability of glia to proliferate in
response to neuronal injury, it could be hypothesized that neuronal injury in depression
could result in glial proliferation in elderly subjects with depression. In fact, glial
proliferation and decrements in neuronal density have been observed in the orbitofrontal
cortex of elderly depressed, as compared to younger depressed subjects [66]. Such a model
is supported by the observation in postmortem cell counting studies of more prominent glial
pathology in younger depressed subjects and more prominent neuronal pathology in older
depressed subjects. However, other factors in addition to glial deficits could contribute to
neuronal pathology in older depressed subjects particularly, but not exclusively, in those
with the first onset of depression in late-life (e.g., after age of 50 or 60). Among these
factors are vascular lesions, age-related atrophy of neurons and fiber tracts, and medical
comorbidity [168-171]. Thus, it could be hypothesized that a cohort of patients with the first
episode of depression in late-life might not have had glial pathology earlier in life (see Fig.
4).

The concept of lower glial number in younger depressed subjects leading to a diminished
level of glial glutamate transporters and increased level of extracellular glutamate is
supported by neuroimaging and postmortem studies. Elevated levels of glutamate are
reported in depressed patients, as assessed by magnetic resonance spectroscopy [65,172] and
decreases in gene expression for glial markers of glutamate neurotransmission are observed
in homogenates from the postmortem frontal cortex of depressed subjects [70]. Recent
studies indicate that enhanced uptake of glutamate might have an antidepressant-like effect
in murine behavioral model related to depression [173] and that ketamine, an antagonist at
the NMDA-receptor, may be a promising medication for treatment-resistant depression [78].
The involvement of glial cells in these potentially novel therapeutic mechanisms is yet to be
determined.
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GLIOGENESIS

Reduced neurogenesis in the hippocampus has been proposed as a mechanism contributing
to the pathophysiology of depression while increased neurogenesis may mediate the effects
of antidepressants [164,174,175] (see also article on Neurogenesis in this issue). As outlined
above alterations in glial and neuronal numbers are very prominent in brain areas (e.g. the
prefrontal cortex) other than the hippocampus, and in these areas very little or no
neurogenesis occurs in the adult [176-179]. Glial cells, unlike neurons, retain their ability to
proliferate in most brain areas of postnatal and adult subjects [177,180-182]. For example, in
the neocortex and underlying white matter of adult mice production of oligodendrocytes and
astrocytes is quite active with the proportions of these two cell types varying according to
the brain area [181,182]. The generation of astrocytes is also detectable in the neocortex and
the hippocampus of adult human brain [176,183]. Although the majority of newly generated
cells in the adult rat hippocampal dentate gyrus are neurons (about 75%), there is still 15%
of new cells that are positive for the astrocytic marker GFAP and might be astrocytes
[164,174,184]. This neuron to glia ratio does not change with antidepressant treatments
[164,174], indicating that these treatments increase the number of newly generated glial
cells in the adult brain. As mentioned above, in the hippocampus of MDD subjects although
increases in neuronal and glial cell packing densities are observed, there is still a tendency
for a reduction in the number of glial cells per neuron [185]. Thus, the question remains
whether or not the generation of new glial cells in the hippocampus, neocortex and the
amygdala is involved in the pathophysiology of depression and the effects of antidepressant
treatments.

DEVELOPMENTAL GLIOGENETIC FACTORS

The regulation of gliogenesis in the mature brain is a legitimate target for study. However,
as described above glial deficit is detected in relatively young subjects with depression.
Thus, the possibility exists that there are developmental factors influencing gliogenesis that
contribute to the etiopathology of or the vulnerability to depression. During development
several molecular factors acting in different combinations determine the fate of multipotent
precursors cells that eventually will produce either neurons or glial cells. For example, basic
fibroblast growth factor (bFGF) and epidermal growth factor (EGF) have proven to be
crucial to the proliferation and survival of multipotent neural precursors [186]. Moreover,
later in development, EGF is a required factor for proliferation of neuronal precursors, but
not for glial cells. 1t is now well established that radial glial cells in the developing CNS are
multipotent cells that generate separate precursors for neurons and mature glial cells
[187,188]. Several progenitors for glial cells have been described and are distinguished
according to specific combinations of marker proteins [189]. In vitro, precursors for glial
cells contain the A2B5 marker and generate oligodendrocytes and astrocytes of different
developmental types (type I and type I1). Since A2B5 precursors do not produce neurons
they have been named glial restricted precursors (GRP). Other progenitors denoted as O-2A
are capable of producing oligodendrocytes and type Il astrocytes, although when
transplanted to the CNS they only produce oligodendrocytes. Additional precursors for
oligodendrocytes and astrocytes have been described, although the possibility that they are
intermediate forms of the ones mentioned above cannot be ruled out [189]. Interestingly
both O-2A and A2B5 cells are also found in various regions of the adult CNS and have
potential to generate oligodendrocytes, astrocytes or both [190].

Glial precursors differentiate into astrocytes or oligodendrocytes driven by specific factors
in the cell's microenvironment. For example, glial precursors exposed to platelet derived
growth factor (PDGF) differentiate into oligodendrocytes whereas, when exposed to ciliary
neurotrophic factor (CNTF), bone morphogenetic protein (BMP), interleukin 6, or leukemia
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inhibitory factor (LIF), they preferentially produce astrocytes [191,192]. Basic FGF (bFGF)
is not only important in early neural development for the maintenance of multipotent
precursors, but also postnatally when it is synthesized by astrocytes and some neurons and
induces the oligodendrocyte lineage in glial precursors [193]. Also there is recent, strong
evidence that transforming growth factor alpha promotes survival and proliferation of
human astrocytes [194].

In the proliferative zones of the adult brain, some of the factors mentioned above exert
effects on the production of glial cells similar to those during development [195].
Accordingly, alterations in gliogenetic factors during development or in the adult brain have
the potential to participate in the pathophysiology of depression or be manipulated to
achieve antidepressant effects. In this regard, bFGF may be paradigmatic. Basic FGF is a
well-known stimulator of astrocyte and oligodendrocyte proliferation [196,197]. The mRNA
level of bFGF has been shown to be reduced in the dorsolateral prefrontal cortex of patients
with major depression [92,198]. This factor may be also involved in the action of
antidepressants because treatment of rats with antidepressants increases bFGF expression in
the hippocampus and neocortex [199,200]. It is then possible that the actions of bFGF on
astrocytes and oligodendrocytes are part of the mechanisms contributing to depression or to
the actions of antidepressant treatments [93].

OTHER GLIOGENETIC FACTORS

Besides the ontogenetic factors present in the nervous tissue that guide the proliferation and
differentiation of glial cells, the interaction of astrocytes with blood vessels is of special
interest. Astrocytes are functionally and structurally associated to blood vessels and are able
to control brain blood flow to provide for the energetic and nutritional demands of neuronal
activity. Thus, it is not surprising that during development and adulthood factors released by
endothelial cells of blood vessels regulate the proliferation or differentiation of astrocytes.
Mi et al. [201] demonstrated that endothelial cells directly induce differentiation in optic
nerve astrocytes and that this is mediated by LIF. Other molecules that are released by
endothelial cells or astrocytes which participate in the genesis of blood vessels, such as
endothelin-1 and VEGF, enhance astrocyte proliferation [202,203]. Conversely, signals
produced by astrocytes act directly on endothelial cells to enhance vascularization [204].
Recent studies have shown that ECT, a treatment with antidepressant properties, results in
enhanced expression of angiogenic and gliogenic factors [101]. Since recent research in
depression has detected alterations in blood flow and vascular morphology
[163,170,171,205], the possibility exists that deficits in astrogliogenesis follow and/or cause
vascular disturbances in depression.

Although this review does not focus on the regulation of glial proliferation after brain injury,
it is worth a mention that excess glutamate released to the extracellular space, as a
consequence of brain trauma or epileptic seizures, is capable of altering the proliferation of
astrocytes and oligodendrocytes [206]. Glutamate acting on AMPA receptors reduces the
proliferation of oligodendroglial precursors [207]. In contrast, activation of glutamate
metabotropic receptors in astrocytes results in increased astrocyte proliferation [208].
Proliferation of astrocytes and oligodendrocytes is also regulated by beta-adrenergic
receptors, where activation of these receptors inhibits proliferation of cortical astrocytes
[209,210] but increases astrogliogenesis in the optic nerve [210,211]. This suggests that
effects of neurotransmitters on astrocyte proliferation depend on the localization or the final
stage of differentiation of astrocytes. As there is evidence for the involvement of both the
glutamatergic and noradrenergic systems in depression [31,64], an effect on the proliferative
properties of glial cells might occur in the brain of depressed subjects. It is unknown,
however, how the balance of glutamatergic and noradrenergic activities affects the survival
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and/or proliferative responses of astrocytes, oligodendrocytes and their precursors, and
clearly more research is needed on this important issue.

Due to the high co-morbidity of depression or depressive symptoms with alcoholism it is
noteworthy that ethanol have been shown to significantly affect the proliferation of glial
cells. Ethanol has been reported to inhibit proliferation of astrocytes and astrocyte precursors
in vivo and in vitro [212-215]. However, neuronal damage following alcohol abuse can
result in activation of astrocyte proliferation and astrogliosis [216,217]. Recent postmortem
cell counting studies in the prefrontal cortex of neurologically “uncomplicated” alcoholics
with and without depression have revealed marked reductions in the density of glial cells in
the dorsolateral prefrontal and orbitofrontal cortices [142,218]. These reductions were most
prominent in alcoholics with comorbid depression [142].

GLIOGENESIS IN ANIMAL MODELS OF DEPRESSION

Critical to establishing the mechanisms by which gliogenetic alterations may contribute to
the pathology or the therapy of depression is the examination of gliogenesis in animal
models of physiological or behavioral aspects of depression. In recent years, models of
psychosocial stress, stress-related endocrine alterations and olfactory bulb removal have
been approached from the perspective of glial cell proliferation. These models have shown
that gliogenesis may contribute to the cause or consequence of depression-like symptoms.

In a tree shrew model for aspects of depression related to psychosocial stress Lucassen and
colleagues [219] have found that stress results in decreased cytogenesis and increased cell
death in the hippocampus. Interestingly, increased labeling for apoptosis after stress appears
to occur mainly in glial cells, suggesting that these cells might be the target of early
neuropathological changes. More recently Czeh et al. 2006 [151] reported that psychosocial
stress actually resulted in a remarkable 25% decrease in the number of GFAP
immunoreactive astroglia in the hippocampus, and this number was highly correlated with a
reduction in hippocampal volume. In the same model there is rather a decrease in apoptotic
markers after chronic stress suggesting adaptive mechanisms in the hippocampus [220].
Thus it could be proposed that prolonged exposure to stress may contribute to the absence of
detectable cell loss in the hippocampus of depressed subjects [185]. This is in contrast with
findings of decreased numbers of glial and neuronal cells in prefrontal cortical areas in
depression (see above). Regarding the differences in cell proliferation between the
hippocampus and other cortical areas, it is interesting to note that ischemia and stroke in
animal models result in increased cell genesis in the hippocampus and neocortex [221,222].
However, in the neocortex only gliogenesis but not neurogenesis is significantly increased,
while in the hippocampus both neurogenesis and gliogenesis are affected. This opposite
pattern of cytogenesis between neocortex and hippocampus might be related to differences
in the cell density observed by postmortem studies in depression. Increases in neuronal and
glia cell density were detected in the hippocampus, whereas reduced cell density was found
in the prefrontal cortex (see section above on pathology of glia and neurons in depression).

Nevertheless, further investigation is necessary into the possibility that precursors for the
genesis of astrocytes and oligodendrocytes are affected by stress, and hormonal or
neurotransmitter disturbances associated with depression. It is noteworthy, that while stress
and an excess of corticosteroids appear to result in impaired proliferation of
oligodendrocytes and astrocytes, proliferation of microglial cells is, in contrast stimulated by
stress-related elevation of glucocorticoids [129].

Given the close association of stress-related behavioral and endocrine changes to depressive
symptoms, the work of Alonso [223] on glial cell proliferation in the adult rat hippocampus
is of special interest. The author has found that prolonged treatment with corticosterone
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significantly reduced the generation of glial cells in the hippocampus. In addition, using a
similar model Wennstromm et al. [224] recently demonstrated that ECT prevents reductions
in hippocampal gliogenesis caused by corticosterone. These data on the hippocampus are
consistent with a recent suggestion that gliogenesis might be involved in the antidepressant
effects of ECT [102]. The type of glial cell sensitive to corticosterone and ECT treatments in
the above studies is the NG2 cell [223,224], an abundant glial cell type of uncertain
function, that includes precursors of the oligodendrocyte lineage [225-227]. Since the
numbers of glial cells are reduced in some brain regions (prefrontal cortex, hippocampus,
amygdala) in depression, the question remains whether the NG2 glia in these regions are
reduced, or if the genesis of other glial cell types is also diminished. In culture, other
research has shown that glucocorticoids inhibit the proliferation of astrocytes and appear to
mediate the antiproliferative effect of the neural cell adhesion molecule (NCAM) on these
cells [228-230]. Surprisingly, ECT increases the genesis of glial cells in the amygdala [224],
which suggests that alterations in gliogenesis have to be observed with consideration to
specific anatomical location of the circuits that regulate the emotional aspects of behavior.

Another well-established model of behavioral, biochemical and hormonal alterations
associated with depression is olfactory bulb removal (bulbectomy) in the rat [231,232].
Keilhoff et al. [233] have recently demonstrated that bulbectomy results in decreased cell
proliferation in the hippocampus and the subventricular zone (SVZ, which generates
precursors for neurons and glial cells in the olfactory bulb). By contrast, in the basolateral
amygdala those researchers detected an increase in cell genesis. Treatment with the
antidepressant imipramine prevented a reduction in cell genesis in the hippocampus, but not
the increase in the amygdala. In addition, bulbectomy increased cell death by apoptosis in
the SVZ but not in the hippocampus or amygdala. These experiments add evidence to the
notion that altered cell genesis may play a role in the pathophysiology of depression. The
results show that the direction of changes is dependent on the brain area and that both cell
genesis and cell death (that is cell turnover) have to be taken into account when explaining
alterations of cell numbers associated with the pathophysiology of depression.

Although stress and related hormonal changes are generally associated with the suppression
of gliogenesis, other behavioral interventions in animal models like environmental
enrichment or increased physical exercise have been shown to increase gliogenesis and
neurogenesis in the hippocampus and neocortex of normal animals [234-238]. Increases in
gliogenesis in animal models of environmental enrichment does not evenly affect the three
main classes of glial cells. Ehninger et al. [236] have shown, in the mouse, that enrichment
and exercise stimulated the proliferation of astrocytes particularly in layer 1 of the cingulate
and motor cortices, but very few oligodendrocytes were newly generated. A significant
increase in proliferation was also traced to microglial cells [238].

It is also possible that stimulation of glial cell proliferation and differentiation by behavioral
or cognitive treatments may be more significant in diseased than in normal brain. For
example, in stroke-lesioned rats environmental enrichment leads to an increase in the
generation of neurons and glial cells originated from the subventricular zone (SVZ).
Neuronal precursors produced in the SVZ migrate towards the stroke site in the neocortex,
but they do not differentiate into neurons, even if the enriched environment reduces the
functional impairments caused by focal cortical ischemia [221,222]. In contrast, the enriched
environment enhances the generation of astroglia and NG2 cells, not only near the ischemic
area, but all over the neocortex [222]. In a rat model of Parkinson's disease this compound
produces a specific reduction in the production of newborn astrocytes in the substantia nigra.
Interestingly, exposure to an enriched environment during the postsurgical period produced
elevated numbers of NG2 s and GFAP-immunoreactive cells in the substantia nigra and
improved motor behavior [239]. Since enriched environments and exercise have been shown
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to have antidepressant effects, the results in animal models of neurological disorders point to
the possibility that targeted and controlled enhancement of glial proliferation or survival
may add to the arsenal of therapeutic tools for the treatment of depression. Understanding
the molecular and cellular mechanisms mediated by glial cells which ultimately result in
improved emotional outcomes, may represent a new avenue for therapeutic approaches to

depression.

CONCLUSIONS

Glial cells perform complex functions in the developing as well as mature brain. These
functions include the generation of neural cell precursors, support of neuronal metabolism,
control of neurotransmitter turnover and release, and regulation of angiogenesis and cerebral
blood flow. Disturbance of these functions or alterations in the number and/or morphology
of glial cells in brain regions involved in emotional aspects of behavior may be an
etiological factor in the onset or progression of depressive disorders. Although no obvious
neuropathology or neurodegeneration is found in the brain of depressed subjects (with the
possible exception of elderly depressed), mounting evidence indicates that frontal cortical
areas of subjects with major depression or bipolar disorder have lower numbers of glial cells
than non-psychiatric controls. These glial deficits may be the result of altered gliogenesis as
various factors that impair glial cell proliferation are likely to be altered in the cortex in
depression. Among the known factors that regulate proliferation of glia with the potential to
affect the neurophysiology of depression are growth and differentiation proteins in the
developing and adult brain, stress-related hormones and related molecules, neurotransmitters
like glutamate or noradrenaline, ethanol, and blood-vessel derived factors. Further studies
are needed to address the actions of these and other gliogenic factors during brain
development, at the onset and during the progression of depression. Such studies may
determine whether therapies based on gliogenic factors will alleviate depression.
Furthermore, it remains to be established whether changes in glial physiology and number
are so-called state markers present only during episodes of depression or are trait markers
present also during periods of remission.
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AMPA
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BMP
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BPD
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Marker for a glial progenitor cell that differentiates into oligodendrocytes or
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Brain derived neurotrophic factor
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GLT-1
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MBP
MDD
MRNA
NCAM
NGF
NG2
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Catechol-O-methyl transferase
Excitatory amino acid transporter 2
Electroconvulsive therapy
Epidermal growth factor

Fibroblast growth factor-2
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Glial derived neurotrophic factor
Glial fibrillary acidic protein
Glutamate transporter-1

Glial restricted precursors
Lymphocyte function associated antigen-1
Leukemia inhibitory factor
Monoamine oxidase

Myelin basic protein

Major depressive disorder
Messenger ribonucleic acid

Neural cell adhesion molecule
Nerve growth factor

Specific type of glia identified by their expression of chondroitin sulphate
proteoglycan

N-methyl-d-aspartic acid

Progenitor cells which are capable of differentiating into oligodendrocytes or
type 2 astrocytes

Platelet derived growth factor

Subventricular zone

Calcium binding protein, a marker for astrocytes
Vascular endothelial growth factor
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Fig. (1).
Photomicrograph showing a Nissl stained 40 um thick section from the dorsolateral
prefrontal cortex of human postmortem brain. Large black arrows indicate neuronal cell
bodies. Small black arrows show the location of glial cells and the white arrows display
examples of perineuronal oligodendrocytes. The image was taken using the 40x immersion
oil objective of a Nikon Eclipse E600 microscope.
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Fig. (2).
Photomicrographs displaying the different types of immunopositive neuroglia in the
prefrontal cortex of a psychiatrically normal human subject. Images A and B show two types
of astroglia both immunostained with an anti-GFAP (glial fibrillary acid protein) antibody
which is a marker for reactive astroglia. Protoplasmic astrocytes (A) are found mainly in
cortical gray matter, and fibrous astrocytes (B) are found mainly in cortical white matter.
Image C displays oligodendrocytes in cortical white matter which are immunostained with
anti CNPase antibody, a marker for mature oligodendrocytes. Image D illustrates microglia
in white matter immunostained for anti LFA-1 antibody, a marker of active microglia. All
photomicrographs were taken with the 20x objective of a Nikon Eclipse E600 microscope.
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Fig. (3).
Photomicrographs (A) of the distribution of glial fibrillary acidic protein (GFAP)
immunoreactivity in the prefrontal cortex of a pair of young subjects. The top image
displays a control subject (27 years old,) with the bottom image illustrating a subject
diagnosed with major depressive disorder (MDD) (32 years old,). Note a much reduced
GFAP immunolabeling in the MDD subject. Blot immunolabeling of GFAP in depicted in
part B of the figure. Two pairs of subjects, control and MDD, display two bands identified
as GFAP (50kDa) and actin (42kDa). For each pair the ages of the subjects are indicated in
parentheses. Note that GFAP levels from the younger depressed subject are markedly lower
than those of the young control subject, whereas, the older depressed subject has more
GFAP than its matched control. Scatter plot (C) illustrates the significant positive correlation
between areal fraction of GFAP-immunoreactive astrocytes and age in the prefrontal cortex
of subjects with MDD. Note that lower values for GFAP areal fraction were found in
younger depressed subjects as opposed to older subjects with depression.
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Fig. (4).

Hypothetical scheme of the progression of cell pathology in depression from young
adulthood to old age This scheme incorporates the relationships between cellular, glutamate,
glucocorticoid, and neurotrophic factor alterations in depression. It is proposed that a
combination of genetic and environmental (e.g. stress) factors at the early stages of
depressive illness could lead initially to the pathology of glial cells, and consequently to the
pathology of neurons later in life as depressive illness progresses. Among the factors
contributing to early glial pathology might be stress-related elevations in glucocorticoids
and/or a deficiency in neurotrophic and angiogenic factors. It is further proposed that the
loss of glial cells at early stages of depression may lead to decreased expression of glial
glutamate transporters and a concomitant reduction in the uptake of glutamate from the
synaptic cleft. As a consequence, an excess of extracellular glutamate may contribute to
neuronal damage or neuronal death as depressed subjects get older. In light of the ability of
glia to proliferate in response to neuronal injury, it could be hypothesized that neuronal
injury in depression could result in glial proliferation in elderly subjects with depression.
However, other factors (vascular lesions, age-related atrophy of neurons and fiber tracts, and
medical comorbidity) in addition to glial deficits could contribute to neuronal pathology in
older depressed subjects, particularly in those with the first onset of depression in late-life.
Thus, the box “Vascular Lesions” mostly represents a new cohort of patients with late onset
depression who might not have had glial pathology earlier in life (for further details please
refer to the section: “Model of Glial/Neuronal Cell Pathology in Depression”).
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