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Abstract
Altered expression of structural and functional molecules expressed by astrocytes may play a role
in the pathophysiology of schizophrenia. We investigated the hypothesis that the astrocytic
enzyme glutamine synthetase, involved in maintaining the glutamate-glutamine cycle, and the
cytoskeletal molecule glial fibrillary acidic protein (GFAP) are abnormally expressed in
schizophrenia. We used Western blot analysis to measure levels of glutamine synthetase and
GFAP in several brain regions of subjects with schizophrenia and a comparison group. We found
that glutamine synthetase protein expression was significantly decreased in the superior temporal
gyrus, and both glutamine synthetase and GFAP were significantly reduced in the anterior
cingulate cortex in schizophrenia. Neither molecule demonstrated altered expression in the
dorsolateral prefrontal cortex, primary visual cortex, or hippocampus. Chronic treatment with
haloperidol did not alter the expression of these molecules in the rat brain, suggesting that our
findings are not due to a medication effect. These data support an astrocytic component to the
pathophysiology of schizophrenia and suggest that astrocytic molecules involved in enzymatic
activity and cytoskeletal integrity may have a role in disease-related abnormalities in this illness.
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1. Introduction
The search for potential astrocytic abnormalities in schizophrenia represents a relatively new
line of investigation, as the majority of work to date has focused on neuronal dysfunction in
this illness. One of the preliminary human postmortem findings that suggested a role for
astrocytes in schizophrenia was altered cell density in several brain regions thought to be
involved in the pathophysiology of the illness, including the prefrontal, anterior cingulate,
and motor cortices (Benes et al., 1986, Cotter et al., 2001, Cotter et al., 2002, Stark et al.,
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2004). Thus, it was hypothesized that a loss of astrocytes or compromised astrocytic
functioning in those particular brain regions could contribute to brain dysfunction in
schizophrenia. Although, subsequent research has failed to show prominent changes in
astrocyte density in select brain regions in schizophrenia, an alternate hypothesis suggests
that key structural and functional astrocytic molecules are abnormally expressed and may
contribute to prominent dysfunction in the brains of patients with schizophrenia.

A glutamate hypothesis of schizophrenia arose when phencyclidine (PCP), which had been
used as an anesthetic, was shown to induce symptoms resembling the positive, negative and
cognitive symptoms of schizophrenia in non-psychiatrically ill patients, and magnify those
symptoms in patients with schizophrenia (Javitt, 1987). PCP was shown to act as a
noncompetitive antagonist of the N-methyl-D-aspartate (NMDA) receptor. This finding,
together with the fact that other NMDA receptor antagonists, including ketamine, also elicit
a “schizophrenia-like” syndrome, helped establish a model of NMDA receptor hypofunction
in schizophrenia (Lahti et al., 1995; Coyle, 1996). Many human postmortem studies have
since reported altered expression of the NMDA receptor, including receptor subunits and
binding sites, as well as associated postsynaptic density proteins which facilitate
intracellular signaling (Clinton et al., 2003; Laruelle et al., 2003; Meador-Woodruff et al.,
2003; and for review see Kristiansen et al., 2007). Furthermore, NMDA receptor
hypofunction is supported by data demonstrating that co-agonists of the receptor, which
facilitate receptor function, can attenuate some symptoms of schizophrenia (Heresco-Levy et
al., 2005). Recent research suggests that glutamatergic dysfunction and NMDA receptor-
related abnormalities that are prominent in schizophrenia may have an underlying astrocytic
component as well.

One of the ways in which astrocytes participate in glutamatergic transmission is by
maintaining a glutamate-glutamine cycle. Within the glutamatergic synapse, presynaptic
neurons package glutamate into vesicles for release into the synapse where it may bind to
and activate receptors found on pre- and postsynaptic neurons and astrocytes (Bellocchio et
al., 2000, Hollmann and Heinemann, 1994, Takamori et al., 2000). The subsequent removal
of glutamate from the synapse, an event critical to regulating synaptic activity and
preventing excitotoxicity, is accomplished primarily by astrocytes which express high
affinity excitatory amino acid transporters (EAATs), mainly types 1 and 2 (Kim et al., 2003,
Sonnewald et al., 2002). Recovered glutamate may be converted to glutamine by the
astrocytic enzyme glutamine synthetase and subsequently transported back to the
presynaptic neuron for use as a metabolic substrate or transmitter molecule (Rothman et al.,
1999). The role of glutamine synthetase in regulating the glutamate-glutamine cycle and
makes it a high yield target for investigating astrocyte-related glutamate dysfunction in
schizophrenia.

The ability of astrocytes to monitor and respond to changing conditions in the glutamatergic
synapse is made possible, in part, by extensive process branching. Astrocyte processes
contain the cytoskeletal molecule glial fibrillary acidic protein (GFAP), the assembly of
which into the cytoskeleton facilitates changes to astrocyte morphology (Rodnight et al.,
1997). In vivo and in vitro experiments of altered GFAP expression demonstrate that loss of
this cytoskeletal protein leads to decreased branching, abnormal synaptic functioning, and to
aberrant behavior in rodents (Chen and Liem, 1994, McCall et al., 1996, Shibuki et al.,
1996, Weinstein et al., 1991). Abnormal assembly of the cytoskeleton caused by mutations
in GFAP, as seen in Alexander disease, often leads to neurodegeneration and premature
death (Mignot et al., 2004, Perng et al., 2006). Since GFAP is necessary for cytoskeletal
integrity and process branching, abnormalities in the expression of this molecule could lead
to marked dysfunction.
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Astrocytes provide a multitude of crucial functions in the brain and there is growing
evidence to suggest that astrocytes have a contributing role in the pathophysiology of
schizophrenia. A recent human postmortem gene array profile established that the genes
most frequently altered in schizophrenia were related to glial cell function (Sugai et al.,
2005). Examining the molecular components of astrocytes that facilitate brain function will
help determine whether there is a relationship between the expression and function of
astrocytes and the dysfunction seen in schizophrenia.

Early on, the prefrontal cortex emerged as a major site of dysfunction in schizophrenia
(Weinberger et al., 1986). Normal functioning of this area depends on reciprocal
connections with other structures including, but not limited to, the superior temporal gyrus,
cingulate cortex, hippocampus, and primary visual cortex. In vivo imaging studies in
patients with schizophrenia have implicated all of these corticolimbic structures in the
pathophysiology of schizophrenia by volumetric changes, abnormal activation, and aberrant
functional connectivity (Assaf et al., 2006; Garrity et al., 2007). Within these brain regions,
astrocytes express molecules that are critical to normal brain function, including enzymes
involved in the glutamate-glutamine cycle and cytoskeletal proteins that enable branching of
astrocytic processes. We hypothesize that glutamine synthetase and GFAP protein are
abnormally expressed in this illness, although it is unclear whether these abnormalities are
confined to specific brain regions or whether a global astrocytic lesion exists. Thus, we
measured these molecules in an elderly cohort with schizophrenia and a non-psychiatrically
ill comparison group using Western blot analysis in several brain areas associated with
complex cognitive functions that are often impaired in schizophrenia, including the
dorsolateral prefrontal cortex (DLPFC), anterior cingulate cortex (ACC), superior temporal
gyrus (STG), primary visual cortex (PVC), and hippocampus (HC).

The majority of our subjects with schizophrenia were treated with typical antipsychotics,
which could potentially affect the expression of astrocytic molecules. To address this
possibility in an animal model, the expression of glutamine synthetase and GFAP was also
investigated in rats chronically administered haloperidol, to determine whether results from
our postmortem studies might be attributable to a medication effect.

2. Materials and Methods
2.1 Acquisition and processing of human brain tissue

Fifty subjects from the Mount Sinai Medical Center and Bronx Veterans Administration
Medical Center were utilized for this study, consisting of 27 non-psychiatrically ill
individuals and 23 patients with schizophrenia (Table 1). Consent for autopsy and use of
brain tissue for research was obtained from the legal next of kin of each donor. Subjects
were diagnosed with schizophrenia if the following criteria were fulfilled: 1) the presence of
schizophrenic symptoms could be documented before age 40; 2) the medical records
contained evidence of psychotic symptoms and at least 10 years of psychiatric
hospitalization with a diagnosis of schizophrenia; 3) a DSM-III-R diagnosis of
schizophrenia was agreed upon by two experienced clinicians; and 4) neuropathologic
examination did not reveal Alzheimer’s disease or other discernable neuropathologic
abnormalities.

Brains obtained at autopsy were divided mid-sagittally at the time of extraction. The right
half was fixed in 4% formaldehyde and used for neuropathological characterization. The left
half was sectioned in 6–8 mm coronal slabs, snap-frozen, and stored at −80°C. The areas of
interest were identified by gross anatomical landmarks and dissected from the frozen slabs
from the following areas: dorsolateral prefrontal cortex, primary visual cortex, superior
temporal gyrus, anterior cingulate cortex, and hippocampus (Dracheva et al., 2006,
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Dracheva et al., 2004, Katsel et al., 2005). Dissected, never-thawed tissues were pulverized
at −190°C into a fine powder, aliquoted into individual Eppendorf tubes, and stored at
−80°C.

2.2 Acquisition and processing of rodent brain tissue
Twenty-two adult, male Sprague-Dawley rats (250g) were housed 2–3 to a cage, with food
and water ad libitum. Animals were treated with daily intramuscular injections of
haloperidol dissolved in Dimethyl sulfoxide (DMSO) (Fisher Scientific, Fair Lawn, NJ,
USA) (1mg/kg/day, n=11), or vehicle (DMSO) (n=11) for 28 days (Halim et al., 2004,
Schmitt et al., 2004, Spurney et al., 1999). Twenty-four hours after the last injection, the
animals were sacrificed and brains were immediately removed, dissected, and frozen in
isopentane. The frontal, cingulate, occipital, and temporal cortices, and hippocampus were
dissected using landmarks from The Rat Brain in Stereotaxic Coordinates (Paxinos and
Watson, 1986). The brains were stored at −80°C until assayed. All animal experiments were
approved by the University Committee on the Use and Care of Animals at the University of
Michigan and were performed according to the guidelines for The Care and Use of
Laboratory Animals of the National Institutes of Health.

2.3 Tissue preparation
Tissue specimens (human 50mg, rodent 20mg) were homogenized in 5mM Tris–HCl (pH
7.4), containing Complete, mini, EDTA-free protease inhibitor cocktail tablets (Roche
Applied Science, Indianapolis, IN, USA) (1 tablet/10mls) for 30 seconds with a PowerGen
125 homogenizer (Fisher Scientific International, Inc., Hampton NH, USA). Total protein
concentration was determined with a BCA Protein Assay Kit (Pierce Biotechnology, Inc.,
Rockford IL, USA), and homogenates were stored at −80° C.

2.4 Western blot analysis
Samples were prepared by combining tissue homogenate with sample buffer (62.5mM Tris-
HCl, 20% glycerol, 2% sodium dodecyl sulfate, 5% β-mercaptoethanol, pH 6.8), and then
heated at 95° C for four minutes. Samples (20μg protein/well) and a Kaleidoscope pre-
stained standard (Bio-Rad Laboratories, Richmond, CA, USA) were loaded on pre-cast 10%
polyacrylamide Tris-HCl gels (Bio-Rad Laboratories, Richmond, CA, USA) in duplicate. To
correct for variability in transblotting and loading that can occur within blots, we normalized
each sample to a β-Tubulin value. Samples were run in SDS/Tris/glycine buffer (25mM
Tris-HCl, 192mM glycine, 0.1% SDS, pH 8.3) at 130 mV for about one hour. Separated
proteins were then transferred to nitrocellulose membranes overnight in in Tris-glycine
buffer (25mM Tris, 192mM glycine, pH 8.3), in the same apparatus to avoid between blot
variability. Following transblotting, all gels were stained to verify effective transfer of
proteins. The concentration of protein needed for visualization of immunopositive bands of
glutamine synthetase, GFAP, and β-Tubulin (20μg protein/well) was experimentally pre-
determined to give a signal that was linear over a large range of detected protein. For each
antibody, optimized protocols for washing buffer, dry milk and antibody concentrations
were identified before actual experiments.

Blots were blocked with powdered milk in 5% TBS with 0.01% Tween-20 (TBST) (Fisher
Scientific, Fair Lawn, NJ, USA) (pH 7.4) for one hour at room temperature and then agitated
with mouse anti-glutamine synthetase monoclonal antibody (BD Biosciences, San Diego,
CA) (1:1000), or mouse anti-glial fibrillary acidic protein monoclonal antibody (1:500,000)
(Chemicon International, Temecula, CA, USA), both of which recognize the human epitope,
in 5% powdered milk in TBST for two hours. Blots were washed four times in TBST and
incubated with a horseradish peroxidase-coupled goat anti-mouse secondary antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) (1:5000) for two hours on a shaker at
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room temperature. Following four washes in TBST and two washes in distilled water,
enhanced chemiluminescence (ECL) was used for detection. Blots were saturated with ECL
reagent (Amersham, Piscataway, NJ, USA), covered in plastic wrap and exposed to ECL
film (Amersham, Piscataway, NJ, USA). To ensure there was no between blot variability, all
blots from a particular experiment were treated with ECL at the same time, wrapped
together, and exposed to the same piece of film. Film was developed and digitally captured
with a CCD based imaging system using Scion Imaging software 4.0.3. Gray scale values
were obtained for protein bands at the expected molecular weights, membrane background
was subtracted, and the adjusted gray scale values from duplicate samples in adjacent lanes
were averaged and converted to optical density. Membranes were stripped and re-blotted
with secondary antibody to ensure the complete removal of primary antibody, and then re-
blotted for β-Tubulin (Upstate, lake Placid, NY, USA). Each sample was later normalized to
a β-Tubulin value to correct for within and between blot variability due to possible
differences in loading and transblotting. As there were no differences detected for diagnosis
and β-Tubulin levels, the mean ratio of optical density of glutamine synthetase or GFAP/β-
Tubulin was used for data analysis. No protein loss was detected due to stripping
procedures.

This study was designed as five separate experiments, one for each brain region studied. We
loaded gels and transblotted the samples to membranes as separate groups from each brain
region. Additionally, the proteins of interest varied across brain regions, which necessitated
different experimental conditions, such as ECL exposure time to film. Thus, we also
analyzed the brain regions separately. The planned comparisons for the dependent variables
under study (glutamine synthetase, GFAP) included examining differences in diagnostic
groups (schizophrenia vs. controls), but not comparisons of different brain regions. Thus, we
did not include region as a grouping factor as it would not have been valid given our
experimental design and methodological limitations noted above.

2.5 Statistical analysis
Statistical analysis was carried out using Statistica software (StatSoft, Tulsa, OK). Analysis
of variance (ANOVA) was performed with diagnosis as the independent variable and mean
optical density ratio as the dependent variable for both human and rodent data. Each brain
region was run on a separate membrane and had varying film exposure times depending on
the region and molecule examined, thus each was analyzed separately rather than making
multiple comparisons. Analysis of human data included a secondary analysis for sex
differences and regression analysis for age, postmortem interval (PMI), and pH. In instances
where age, PMI, or pH were found to significantly correlate with a diagnosis analysis of
covariance (ANCOVA) was used. For all tests α = 0.05.

3. Results
3.1 Protein expression of glutamine synthetase and GFAP in schizophrenia

We used Western blot analysis to measure the expression of glutamine synthetase and GFAP
in the DLPFC, ACC, STG, PVC, and HC. Using antibodies specific for these molecules, we
detected prominent bands at the expected molecular weights of 45 kDa for glutamine
synthetase, and 51 kDa for GFAP (Figure 1).

Regression analysis showed no associations between glutamine synthesis expression and
age, postmortem interval or pH in any of the areas examined. We did not detect differences
by sex in any of the areas studied. Using ANOVA, we found a main effect for diagnosis for
glutamine synthetase expression in the STG (F(1, 30) = 6.44; p = 0.02) and ACC (F(1, 30) =
6.99; p = 0.01,) but not in the DLPFC, PVN, or HC (Figure 2). Glutamine synthetase
expression in the STG was reduced by 32% in schizophrenia versus the comparison group.
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In the ACC, there was a 19% decrease in the expression of glutamine synthetase in
schizophrenia.

Regression analysis showed no associations between GFAP expression and age, postmortem
interval or pH in the DLPFC, ACC, or PVC. In the STG and HC, there was an association
between GFAP expression, age, and PMI: STG (age: r = 0.443, p = 0.003; PMI: r = 0.465, p
= .0002), and HC (age: r = 0.329, p = 0.041; PMI: r = 0.409, p = 0.009). Using ANCOVA
with age and PMI as co-variates, we did not detect an effect for diagnosis on GFAF
expression in either the STG or HC. We did not detect differences by sex in any of the areas
studied. Using ANOVA, we found a main effect for diagnosis for GFAP expression in the
ACC (F(1, 43) = 5.68; p = 0.02), but not in the DLPFC, or PVC (Figure 3). The expression
of GFAP in the ACC was reduced in schizophrenia by 13% versus the comparison group.

We performed regression analysis to examine the effect of age on protein expression of
glutamine synthetase and GFAP in these five brain regions. We did not detect a significant
effect for age on glutamine synthetase expression in any of the regions studied, whether data
were analyzed by diagnosis or pooled (data not shown). GFAP expression was not
associated with age in any of the brain areas when subjects from each diagnostic group
where analyzed separately. When data were pooled, there was a significant association
between GFAP expression and age in the STG (p = 0.003), and HC (p = 0.04) (Data not
shown). Using pooled data, there was no association between age and GFAP expression in
the DLPFC, PVC, or ACC.

3.2 Effects of haloperidol treatment on protein expression of glutamine synthetase and
GFAP in the rat brain

The majority of subjects with schizophrenia in this study were treated with typical
antipsychotics. We used Western blot analysis to measure the expression of glutamine
synthetase and GFAP in rats chronically treated (1mg/kg/day) for 28 days with haloperidol.
We did not detect differences in protein expression for either molecule in any of the brain
regions studied (Figure 4).

4. Discussion
We tested the hypothesis that critical components of astrocytes, including molecules
involved with the glutamate-glutamine cycle and cytoskeletal structure, are abnormally
expressed in schizophrenia. Astrocytes are involved in a cycle of synthesis and degradation
of glutamate. The enzyme glutamine synthetase contributes to this cycle by converting
recovered glutamate to glutamine, which is then shuttled back to the presynaptic terminal.
Thus, altered expression and/or function of this enzyme might have profound effects on the
glutamate-glutamine cycle and potentially on glutamatergic transmission. We found
decreased expression of this enzyme in the ACC and STG in schizophrenia, suggesting a
decreased capacity to cycle glutamate in these regions.

The cytoskeletal integrity of astrocytes is vital for normal brain functioning. Changes in
GFAP expression leading to abnormal structure and function of astrocytes, including
decreased process branching, have been linked to impairments in synaptic functioning and
abnormal behavior. We found decreased GFAP protein in the ACC in schizophrenia,
suggesting that astrocyte-mediated brain functions requiring astrocytic process extension
may be impaired in this brain region in schizophrenia.

4.1 Expression of glutamine synthetase in schizophrenia
Glutamine synthetase is beginning to emerge as an astrocytic molecule that is altered in
schizophrenia. Hashimoto et al. has reported an altered glutamine to glutamate ratio in the
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CSF of patients with schizophrenia (Hashimoto et al., 2005). Furthermore, glutamine
synthetase expression changes have also been found in post mortem brain tissue. Our
present results of decreased glutamine synthetase are consistent with those of Burbaeva et
al., who reported deceased protein expression in area 10 of the PFC (Burbaeva et al., 2003).
A proteomic study by Prabakaran et al. also described reduced glutamine synthetase in
schizophrenia in area 9 of the frontal cortex (Prabakaran et al., 2004). Consistent with
reports of multiple isoforms of glutamine synthetase (Chakrabarti et al., 1995; Boksha et al.,
2000), the study by Burbaeva et al. also showed that protein expression of an enzyme similar
in activity and immunoreactivity to glutamine synthetase, termed glutamine synthetase like
protein (GSLP), was increased in this brain region. In addition to protein levels, this study
measured the transferase activity of glutamine synthetase and GSLP; however, no changes
were detected. Taken together, unchanged enzyme activity and expression changes of
glutamine synthetase and GSLP in opposite directions suggest that these enzymes may be
differentially regulated in disease states by astrocytes. Furthermore, these data suggest that
the study of glutamine synthetase may be confounded by the presence of multiple distinct
isoforms and that past reports of unchanged glutamine synthetase activity may have been
due to a summation of activity from multiple isoforms (Gluck et al., 2002).

Abnormal glutamine synthetase expression in the ACC and STG may be the result of
glutamatergic dysfunction in other brain regions, such as the thalamus, a relay station of
sensory inputs that processes information from multiple cortical regions. Some of the
sensory and cognitive disturbances seen in schizophrenia are consistent with glutamatergic
dysfunction of thalamic circuitry. Transcript expression studies of glutamatergic molecules
in the thalamus by our laboratory have revealed many changes in this illness, including
increased vesicular glutamate transporters, decreased NMDA receptor subunits and proteins
involved in receptor trafficking, increased astrocytic EAATs 1 and 2, and increased EAAT
interacting proteins (Clinton et al., 2006, Clinton and Meador-Woodruff, 2004, Huerta et al.,
2006, Ibrahim et al., 2000, Meador-Woodruff et al., 2003, Smith et al., 2001a, Smith et al.,
2001b). We have also demonstrated that glutamine synthetase transcript levels in the
thalamus are increased in several nuclei, including those that project to the ACC and STG
(Bruneau et al., 2005). Increased transcript expression of thalamic glutamine synthetase may
be a compensatory response to decreased glutamine synthetase protein or to abnormal
protein assembly that has lead to decreased enzyme activity. Reduced glutamate recycling in
the thalamus could cause abnormal glutamatergic transmission and potentially affect
astrocyte gene expression in areas that receive thalamic efferent projections, such as the
ACC and STG.

The enzymatic activity of glutamine synthetase may be another factor influencing protein
expression of this molecule. NMDA receptor activation in neighboring neurons, in part,
modulates glutamine synthetase activity (Watts et al., 2005). Following presynaptic
glutamate release and subsequent postsynaptic receptor activation, neurons release nitric
oxide (NO), a key biological messenger and neurotransmitter, which can diffuse to
bordering astrocytes and decrease glutamine synthetase activity (Kosenko et al., 2003).
Conversely, decreased NMDA receptor activation reduces inhibition of glutamine
synthetase. Abnormalities of NMDA receptor expression, assembly, cellular localization,
and binding have been shown in the ACC and STG in schizophrenia (Corre et al., 2000,
Grimwood et al., 1999, Humphries et al., 1996, Kristiansen et al., 2006), so it is possible that
illness-related changes in NMDA receptor activation could keep glutamine synthetase in a
chronically active state. In turn, this could cause astrocytes to decrease production of
glutamine synthetase or to increase protein disassembly and degradation to correct for
abnormally high activity (Kosenko et al., 2003). So far, studies have not shown changes to
glutamine synthetase activity in the brain in schizophrenia (Burbaeva et al., 2003, Gluck et
al., 2002).

Steffek et al. Page 7

Schizophr Res. Author manuscript; available in PMC 2013 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Changes to the expression of this enzyme may reflect a decrease in astrocyte density, as has
been reported in several of the cortical areas compromised in schizophrenia, including the
PFC, ACC, and motor cortex (Benes et al., 1986, Cotter et al., 2001, Cotter et al., 2002,
Stark et al., 2004). Alternatively, more subtle expression and activity changes may actually
be present, but masked by loss of astrocyte density. This account might explain some results
from past studies, which did not find changes in glutamine synthetase mRNA or protein
expression (Beasley et al., 2006, Toro et al., 2006).

The functional significance of regional changes in glutamine synthetase expression is not
obvious. Decreased glutamine synthetase expression suggests a decreased capacity to cycle
glutamate that may be secondary to abnormal expression of other astrocytic molecules, such
as GFAP. Such changes may reflect region-specific abnormalities in both the structure and
function of astrocytes in schizophrenia.

4.2 Expression of GFAP in schizophrenia
Our data show decreased expression of GFAP in the ACC, which is consistent with previous
reports of altered expression of this cytoskeletal protein. GFAP expression in the PFC, as
measured by immunohistochemical labeling, has been shown to be significantly reduced in
schizophrenia (Knable et al., 2001). Additionally, studies demonstrating lamina-specific
reductions in the area occupied by GFAP labeled cells have been interpreted as evidence of
decreased processes branching in this illness (Rajkowska et al., 2002). Consistent with loss
of process branching, phosphorylated isoforms of GFAP protein are also decreased,
suggesting that mechanisms regulating GFAP assembly and disassembly may also be
functionally abnormal (Johnston-Wilson et al., 2000). Taken together, these studies
demonstrate that loss of process branching due to decreased GFAP expression may be
contributing to astrocytic dysfunction, effectively causing widespread dysfunction in
schizophrenia. Alternatively, loss of astrocyte density in the ACC, as has been previously
shown, is another possible explanation for the current results (Cotter et al., 2001, Stark et al.,
2004).

Several studies have demonstrated that GFAP mRNA and protein increase with age without
an accompanying change in astrocyte density (David et al., 1997, Hansen et al., 1987,
Kohama et al., 1995, Nichols et al., 1993). Consistent with these findings, our analysis of
pooled data, which included both diagnostic groups (schizophrenia and comparison),
showed that GFAP expression increased with age in all of the brain regions studied. There
was a positive correlation between GFAP expression and age that reached statistical
significance in the STG and HC and marginal significance in the ACC. However, when
subjects were analyzed separately by diagnosis none of the measures reached statistical
significance.

One study found increased GFAP protein expression in elderly patients with schizophrenia
also exhibiting dementia (Arnold et al., 1996). This, taken with our present data from elderly
subjects, suggests that GFAP expression varies not only by region and diagnosis, but may
also delineate subgroups of persons with schizophrenia, particularly associated with
advanced age and end stage schizophrenia. Supporting this hypothesis, several studies that
have used younger subjects found GFAP expression unchanged in schizophrenia; however
most of these studies did not seek to examine the effects of age on GFAP expression (Dean
et al., 2006, Fatemi et al., 2004, Karson et al., 1999, Perrone-Bizzozero et al., 1996).
Recently, a study found increased GFAP immunoreactivity in the prefrontal cortex (Toro
2006), however, because these results were drawn from the combined analysis of tissue from
multiple Brodmann areas it is difficult to reconcile with our data that shows region-specific
differences in GFAP expression.
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As a whole, these data suggest that decreased GFAP in the ACC in schizophrenia may be
evidence of: 1) a loss of process branching, 2) region-specific compensatory gene regulation
and, 3) illness-related expression changes inconsistent with predicted changes caused by
aging.

4.3 Effects of haloperidol on expression of glutamine synthetase and GFAP in the rat brain
The majority of our subjects with schizophrenia were treated with typical antipsychotics,
which could potentially affect the expression of glutamine synthetase and/or GFAP. We
investigated the protein expression of these molecules in rats chronically administered
haloperidol. We did not find any changes in glutamine synthetase expression in any of the
brain regions of the treated rats, suggesting that our findings of decreased glutamine
synthetase are not likely due to a medication effect.

There are few reports describing the effects of antipsychotic treatment on glutamine
synthetase expression. Studies measuring glutamine synthetase protein levels in the brain do
not find changes that can be related to antipsychotic treatment (Burbaeva et al., 2003, Toro
et al., 2006). However, recently it was reported that peripheral protein levels of GSLP, an
isoform of glutamine synthetase, may be altered by treatment with antipsychotics (Burbaeva
et al., 2006). Burbaeva and colleagues demonstrated that increased platelet expression of
GSLP in schizophrenia is reduced following treatment with the atypical antipsychotic,
olanzapine. In addition to expression, the activity of this enzyme may also be influenced by
antipsychotic medication. A study found that glutamine synthetase activity was increased in
various regions of the rat brain after a single dose of the typical antipsychotic
chlorpromazine, and was increased in the cerebral cortex following long-term administration
(Chandrakala et al., 1987).

We did not find changes in GFAP expression in rats treated with haloperidol. This is
consistent with a recent study that failed to detect changes in GFAP protein expression in rat
frontal cortex following chronically administered haloperidol (Dean et al., 2006). The
literature surrounding acute and chronic treatment with haloperidol does not resolve whether
changes in astrocyte density or the expression of astrocytic molecules such as GFAP can be
attributed to antipsychotics. Reportedly, rats given a single dose of haloperidol did not
demonstrate astrocyte activation as measured by double immunofluorescence labeling of c-
fos and GFAP (Ma et al., 2003). Another study reported that MK801-induced increases in
astrocyte density and GFAP immunoreactivity in the rat cingulate and retrosplenial cortices
could be prevented by the atypical antipsychotic clozapine, but not by haloperidol (Arif et
al., 2007).

5. Conclusions
In this study, we report decreased glutamine synthetase in ACC and STG and decreased
GFAP protein in the ACC in schizophrenia. Further study is needed to clarify whether multi-
regional glutamatergic dysfunction results in a decreased capacity to cycle glutamate or
whether loss of process branching that limits the reuptake of synaptic glutamate, consistent
with our findings of GFAP expression changes, underlie altered glutamine synthetase
expression. Our data support the hypothesis that astrocytes contribute to the
pathophysiology of schizophrenia and that astrocytic molecules involved in glutamatergic
function and cytoskeletal integrity are compromised in this illness.

5.1 Limitations and Future Studies
Western blot analysis, while a useful means of analyzing protein expression changes within
a brain region is not designed to determine whether discrete populations of astrocytes are
exhibiting expression changes. Astrocytes are a heterogeneous cell type displaying different
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phenotypes and physiologies, thus, it would be advantageous to identify the specific
population(s) of astrocytes involved in these molecular changes and in the pathophysiology
of schizophrenia.
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Figure 1.
Western blots of representative subjects from a nonpsychiatrically ill comparison group and
those with schizophrenia, demonstrating expression of the astrocytic molecules (a)
glutamine synthetase, and (b) GFAP in the dorsolateral prefrontal cortex, primary visual
cortex, superior temporal gyrus, anterior cingulate cortex, and hippocampus. β-Tubulin was
measured as a loading control and subsequent analyses report a ratio of this molecule with
the astrocytic proteins measured.
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Figure 2.
Glutamine synthetase protein expression (mean OD ratio ± SEM) in the dorsolateral
prefrontal cortex, primary visual cortex, superior temporal gyrus, anterior cingulate cortex,
and hippocampus was analyzed by diagnosis (comparison group and schizophrenia).
Glutamine synthetase was significantly decreased in the superior temporal gyrus in
schizophrenia (F(1,30) = 6.44; *p < 0.05 and ACC (F(1,30) = 6.99; p < 0.05).
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Figure 3.
GFAP protein expression (mean OD ratio) in the dorsolateral prefrontal cortex, primary
visual cortex, superior temporal gyrus, anterior cingulate cortex, and hippocampus was
analyzed by diagnosis (comparison group and schizophrenia). GFAP was significantly
decreased in the anterior cingulate cortex in schizophrenia [F(1,43) = 5.68; p < 0.05).
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Figure 4.
Protein expression of (a) glutamine synthetase and (b) GFAP in the frontal cortex (FC),
primary visual cortex, superior temporal gyrus, anterior cingulate cortex, and hippocampus
of rats treated chronically treated with haloperidol or vehicle. There were no treatment
effects detected.
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