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Abstract
The excitatory amino acid transporters (EAATs) are a family of molecules that are essential for
regulation of synaptic glutamate levels. The EAATs may also be regulated by N-glycosylation, a
posttranslational modification that is critical for many cellular functions including localization in the
plasma membrane. We hypothesized that glycosylation of the EAATs is abnormal in schizophrenia.
To test this hypothesis, we treated postmortem tissue from the dorsolateral prefrontal and anterior
cingulate cortices of patients with schizophrenia and comparison subjects with deglycosylating
enzymes. We then measured the resulting shifts in molecular weight of the EAATs using Western
blot analysis to determine the mass of glycans cleaved from the transporter. We found evidence for
less glycosylation of both EAAT1 and EAAT2 in schizophrenia. We did not detect N-linked
glycosylation of EAAT3 in either schizophrenia or the comparison subjects in these regions. Our
data suggest an abnormality of posttranslational modification of glutamate transporters in
schizophrenia that suggests a decreased capacity for glutamate reuptake.
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Introduction
Glycosylation of proteins is a posttranslational modification that plays a role in molecular
trafficking, protein folding, endocytosis, receptor activation, signal transduction, and cell
adhesion (Ohtsubo and Marth, 2006). Abnormalities of glycosylation can lead to a number of
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cellular storage disorders including Gaucher's, Niemann-Pick type C, Sandhoff's, and Tay-
Sach's diseases, as well as other congenital disorders of glycosylation (Ohtsubo and Marth,
2006). Disruptions in glycosylation have also been implicated in Alzheimer's disease (Takeuchi
and Yamagishi, 2009), Huntington's disease (Hung et al., 1980), and schizophrenia (Narayan
et al., 2008).

Two common forms of protein glycosylation include N-linked glycosylation and O-linked
glycosylation. N-linked glycosylation is the covalent linkage of oligosaccharides to asparagine
residues of proteins. N-glycosyl residues are processed as proteins are trafficked through the
endoplasmic reticulum and golgi. The excitatory amino acid transporters (EAATs) are N-
glycosylated proteins that transport extracellular glutamate out of the synapse and thus are
critical for glutamatergic signaling. However, glycosylation of the EAATs in human brain has
not been evaluated.

EAAT1 is variably expressed throughout the cortex in astroglia (Rothstein et al., 1994;
Chaudhry et al., 1995; Kondo et al., 1995; Lehre et al., 1995; Gegelashvili et al., 1996; Schmitt
et al., 1997; Williams et al., 2005). GLAST, the rodent form of EAAT1, exists as two isoforms,
70-kDa and 64-kDa, which differ only by the degree of N-glycosylation at Asn206 and Asn195
(Conradt et al., 1995; Schulte and Stoffel, 1995). Glycosylation of this transporter may serve
an important functional role because nonglycosylated GLAST does not form homomultimers,
which are the native conformation of GLAST in vivo (Conradt et al., 1995). In addition,
glycosylation of GLAST has been correlated with trafficking of GLAST to plasma membrane
and increased glutamate uptake (Escartin et al., 2006).

EAAT2 is an astrocytic transporter responsible for the majority of glutamate uptake in the
cortex. Deglycosylation of the rodent isoforms of EAAT2 (GLT-1) resulted in a ∼10-15 kDa
shift in molecular weight of the monomer band (Kalandadze et al., 2004). There is a conflicting
literature describing the functional effects of EAAT2 glycosylation. One group found that
glycosylation-deficient GLT-1 (the rodent form of EAAT2) had a decreased rate of glutamate
transport due to decreased expression in the plasma membrane (Trotti et al., 2001). This may
be attributed to retention of GLT-1 in the endoplasmic reticulum, because mutant GLT-1
expressing an altered extracellular leucine-based motif is immaturely glycosylated and retained
in the ER (Kalandadze et al., 2004). However, another group found no effect of N-glycosylation
on the trafficking or transport activity of GLT-1 in transfected BHK cells, but increased stability
at the plasma membrane, which may be critical for transporter localization in vivo (Raunser et
al., 2005).

EAAT3 is a neuronal glutamate transporter expressed in the cortex. In rat C-6 glioma cells,
EAAC1 (the rodent form of EAAT3) is N-glycosylated with high mannose-containing
sidechains and processed into complex chains, coinciding with insertion into the plasma
membrane (Yang and Kilberg, 2002). A shift of approximately 5 kDa was detected when
EAAT3 immunoprecipitated from human brain synaptosomes were treated with
Endoglycosidase F (Shashidharan et al., 1997).

We previously reported alterations in EAAT1 and EAAT3 protein in prefrontal cortex in
schizophrenia, suggesting diminished EAAT-mediated glutamate reuptake as a part of the
pathophysiology of this illness (Bauer et al., 2008). However, localization of the transporters
may be as important as overall protein levels. Altered EAAT localization may lead to glutamate
spillover into the extrasynaptic space and adjacent synapses, causing loss of input specificity
(Overstreet et al., 1999; Tsvetkov et al., 2004; Marcaggi and Attwell, 2007). Since
glycosylation is important for targeting of the EAATs to the plasma membrane, abnormal
glycosylation of these proteins may play a role in schizophrenia.
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Glycobiology is a growing field with an increasing number of tools. The enzyme peptide-N4-
(N-acetyl-beta-glucosaminyl) asparagine amidase F (PNGase F) cleaves N-linked sugars off
of proteins attached at asparagine residues. Endoglycosidase H (Endo H) cleaves hybrid and
high mannose containing residues from glycoproteins, and is therefore specific to immaturely
glycosylated proteins that have not been processed beyond the endoplasmic reticulum. The
removal of glycans is often substantial enough to detect a change in molecular weight of
proteins when measured by Western blot analysis. In this study, we assessed glycosylation of
EAAT1, EAAT2, and EAAT3 through enzymatic deglycosylation in schizophrenia and a
comparison group.

Materials and Methods
Subjects

Subjects from the Mount Sinai Medical Center Schizophrenia Brain Bank were studied (Table
1), including 35 individuals diagnosed with schizophrenia and 33 comparison subjects.
Subjects were diagnosed with schizophrenia if the presence of schizophrenic symptoms was
documented before age 40, the medical records contained evidence of psychotic symptoms
and at least 10 years of psychiatric hospitalization with diagnosis of schizophrenia, and a DSM-
III-R diagnosis of schizophrenia was agreed upon by two experienced clinicians. Diagnostic
groups did not significantly differ for age, sex, postmortem interval, and tissue pH. Upon
neuropathological examination, no evidence of Alzheimer or other neurodegenerative disease
was found. The brain banking procedures were approved by the Mount Sinai School of
Medicine Institutional Review Board.

Tissue preparation
Brains were obtained after autopsy and one hemisphere was cut coronally into ∼0.8 - 1 cm3

slabs and flash frozen. Gray matter was dissected from anterior cingulate cortex (ACC) (n =
68) and dorsolateral prefrontal cortex (DLPFC) (n = 66). ACC was dissected at the level of the
genu of the corpus callosum. Tissue blocks were dissected from the dorsal surface of the corpus
callosum extending 12–15 mm dorsally and extending 12–15 mm laterally from the midline.
DLPFC was dissected corresponding to Brodmann area 46 and measuring ≈1.5 cm along the
cortical surface as described by Rajkowska and Goldman-Rakic (Rajkowska and Goldman-
Rakic, 1995). Approximately 1 cm3 of frozen tissue was pulverized in liquid nitrogen, then
homogenized (10% wt/vol) in 5 mM Tris-HCl (pH 7.4) with 320 mM sucrose and 1 protease
inhibitor tablet (Complete mini, Roche Diagnostics, Manheim, Germany) per 10 mL for 30
sec with a polytron homogenizer (Fisher Scientific, Pittsburgh, Pennsylvania) and stored at
−80°C in 0.5 mL aliquots. To determine protein concentrations, assay by the Bradford method
(Bradford, 1976) was performed on these homogenates.

Deglycosylation
16 μg of protein for each sample was added to 6.7 μl 5X reaction buffer (QA Bio), 1.7 μl
denaturation solution (2% SDS/ 1M β mercaptoethanol) (QA Bio), and adjusted to volume
with deionized water. Samples were then incubated at 70°C for 10 min. Samples were cooled
to room temperature and incubated with 1.3 μl Endoglycosidase H or 1.3 μl PNGase F and 1.7
μl 15% triton X-100 (QA Bio) at 37°C for 12 hours. Non-enzyme-treated samples were
prepared identically to the enzyme-treated samples with the same buffers except that they were
incubated with water instead of the deglycosylating enzymes.

Electrophoresis
NuPAGE sample reducing agent (Invitrogen), and NuPAGE LDS sample buffer (Invitrogen)
were added to the samples, which were then incubated at 70°C for 10 minutes. The Novex
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Mini Cell NuPAGE system (Invitrogen) with 4-12% Bis-Tris gradient polyacrylamide gels
(Invitrogen) was used and 8μg of protein was added per lane. A molecular mass standard was
run on each gel (Kaleidescope prestained standards, BioRad). Gels were suspended in a bath
of NuPAGE MES SDS running buffer (Invitrogen) with 500μl NuPAGE antioxidant
(Invitrogen) during electrophoresis.

Western blot analysis
Following electrophoresis, proteins were transferred onto Immobilon-FL PVDF membranes
(Millipore) using a semi-dry transfer apparatus (BioRad). After electroblot transfer,
membranes were washed twice and incubated with Odyssey Blocking Buffer (Li-Cor
Biosciences) for 1 hour at room temperature with rocking to block nonspecific antibody
binding. Membranes were incubated with either a rabbit polyclonal antibody to EAAT1 (Santa
Cruz sc-15316) diluted 1:1,000, rabbit polyclonal antibody to EAAT2 (Santa Cruz sc-15317)
diluted 1:1000, mouse moloclonal antibody to EAAT3 (Chemicon MAB1578) diluted 1:1000,
rabbit polyclonal antibody to EAAT3 (Santa Cruz sc-25658) diluted 1:500, or rabbit polyclonal
antibody to EAAT3 (Alpha Diagnostics #EAAC11-A) diluted 1:500 in blocking buffer with
0.1% tween overnight at 4°C with rocking. Next, the membranes were washed three times for
ten minutes in tris-buffered saline with 0.1% tween (TBST), then rocked for 15 minutes at
room temperature with anti-rabbit or anti-mouse IR-Dye 800CW secondary antibody (Li-Cor
Biosciences) diluted 1:10,000 in blocking buffer with 0.1% tween. Membranes were washed
three times for 10 minutes in TBST then washed 5 times in deionized water and allowed to dry
for 3-5 minutes before scanning (infrared imaging system; Li-Cor Biosciences).

Data Analysis
Membranes probed with infrared-labeled secondary antibodies were scanned using a Li-Cor
Odyssey scanner, and the migration distance for each protein band was measured in pixels
using the Odyssey 2.1 software package. Migration distance was converted to molecular mass
by plotting the relative migration of the molecular mass standards against the log of their
molecular masses, and fitting the relative migration of the bands of interest to that standard
curve (Jarvie et al., 1988). Band shift was measured as molecular mass of the control band
minus the molecular mass of the enzyme treated band in the adjacent lane, as described
previously (Jimenez-Huete et al., 1998; Nielsen et al., 2004; Toledo et al., 2005). EAAT1 and
EAAT2 migrate as both monomers and multimers (Bauer et al., 2008), and the molecular mass
shifts of monomers and multimers were analyzed separately.

Statistical Analysis
All statistical analyses were performed using Statistica (StatSoft, Tulsa, Oklahoma). Outliers
more than 6 standard deviations from the mean were excluded. Correlation analysis was
performed to determine associations between the dependent variable, molecular mass shift and
age, PMI, and pH. We analyzed deglycosylation induced changes in molecular mass using
analysis of variance (ANOVA), or analysis of covariance (ANCOVA) when significant
correlations were detected. To test for possible medication effects, patients with schizophrenia
off antipsychotic medication for at least 6 weeks prior to death were compared to patients on
antipsychotic medication within 6 weeks of death.

Results
When samples were treated with EndoH, none of the transporters exhibited shifts in molecular
mass of either monomeric or multimeric forms (Figure 1). When samples were treated with
PNGase F, EAAT1 and EAAT2 exhibited detectable shifts in molecular mass for both
monomeric and multimeric forms (Figure 1). However, EAAT3 did not shift when treated with
PNGase F (Figure 1). Because we were concerned that the lack of shift could be due to a loss

Bauer et al. Page 4

Schizophr Res. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of an epitope following enzymatic digestion, we performed Western blots with two additional
EAAT3 antibodies raised against different epitopes, and did not detect shifts in EAAT3 (data
not shown).

We examined the effects of PNGase treatment on monomer and multimer forms of EAAT1
and EAAT2 in schizophrenia and comparison subjects. There were generally no correlations
detected between age, PMI (which differs between diagnosis groups (F(1, 66)=7.3766, p=.
00843)), or pH and our dependent measures with the exception of shift of EAAT1 monomer
in the DLPFC: (R= 0.28, p < 0.05). We found less of a molecular mass shift for the EAAT1
monomer in schizophrenia in the ACC (F(1, 61) = 6.40; p < 0.05) (Figure 2). We found less
of a mass shift for the EAAT2 multimer in schizophrenia in the DLPFC (F(1,52) = 9.41; p <
0.05) (Figure 2). There was no effect of medication status in the subjects with schizophrenia
on either of these dependent measures (EAAT1 monomer in ACC (F(1, 29) = 0.06, p = 0.80),
EAAT2 multimer in DLPFC (F(1, 27) = 1.04, p = 0.32)).

Discussion
Previous work has demonstrated altered glycosylation of several proteins in schizophrenia.
Increases in the plasma activity of the glycosylating enzyme alpha 2,6 sialyltransferase and in
serum levels of alpha 2 and beta globulins have been found in schizophrenia (Varma and
Hoshino, 1980; Maguire et al., 1997). In addition, a decrease in the number of cells expressing
polysialated neural cell adhesion molecule (NCAM) was detected in the hilus of the
hippocampus without an overall change in NCAM expression (Barbeau et al., 1995). We
detected two additional proteins that have altered glycosylation in schizophrenia, suggesting
that deficits in glycosylation may have a role in the pathophysiology of this illness.

We found that EAAT1 and EAAT2, but not EAAT3, are N-glycosylated in the human brain.
Given that we found changes in the glial (EAAT1 and EAAT2) but not neuronal (EAAT3)
transporters, it is possible that the mechanisms for glycosylation deficits in schizophrenia are
glia-specific. Our EAAT3 finding is surprising, given that in the rodent EAAT3 (EAAC1) is
glycosylated (Yang and Kilberg, 2002), and that another study demonstrated deglycosylation
of EAAT3 in an immunoprecipitated fraction from human brain synaptosomes (Shashidharan
et al., 1997). These divergent findings might be due to the type of deglycosylating enzyme
used, or that immunoprecipitating EAAT3 from synaptosomes significantly enriched EAAT3,
allowing detection of subtle changes that might not be apparent in tissue homogenate. It may
be that a small subset of EAAT3 is glycosylated in human brain, while the majority of EAAT3
is unglycosylated, and thus not detectable with our approach. Alternatively, the absence of a
molecular mass shift in EAAT3 could be due to a loss of epitopes associated with glycosylation
for the EAAT3 antibodies following enzymatic digestion (Levenson et al., 2002; Holmseth et
al., 2005). For example, an antibody might bind to bind to a glycosylated residue of EAAT3
and lose antiginicity if that glycan is cleaved. However, we feel this is unlikely because we did
not detect a shift using any of the three EAAT3 antibodies raised to different epitopes and one
of these epitopes does not contain any putative N-glycosylation sites.

We found that EAAT1 has fewer sugar residues added by N-glycosylation in schizophrenia.
The change in molecular mass shift of EAAT1 was relatively small (∼5%) between
schizophrenia and the comparison group. It is difficult to determine if such a small change in
glycosylation is of physiological significance. However, preclinical data suggests that a small
change in glycosylation can have a strong effect on glutamate uptake. For example, activation
of astrocytes with ciliary neurotrophic factor (CNTF) results in a small increase in
glycosylation of GLAST (∼8% shift), with increased localization of GLAST to lipid rafts at
the cell surface and increased glutamate reuptake, resulting in a 67% decrease in extracellular
glutamate levels upon quinolinate evoked glutamate release (Escartin et al., 2006). This
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suggests that the decrease in glycosylation of EAAT1 that we detected may significantly impact
glutamate reuptake.

We also found evidence for less glycosylation of the other astrocytic transporter, EAAT2, in
schizophrenia. The difference in molecular mass shift between groups was larger for EAAT2
(∼13%) than for EAAT1, although the functional effect of this larger shift is not known. Less
glycosylation of EAAT2 might reflect decreased glutamate reuptake, since altered
glycosylation of EAAT2 is associated with ER retention and decreased plasma membrane
expression, and trafficking of EAAT2 to the plasma membrane is necessary for EAAT2
mediated glutamate reuptake (Trotti et al., 2001; Kalandadze et al., 2004).

One potential mechanism for the decreases in glycosylation could be altered splice variant
expression. EAAT1 and EAAT2 can both be alternatively spliced to skip exon 9, which
contains an ER exit motif. These splice variants are retained in the ER, and cause ER retention
of any full length variants with which they dimerize (Kalandadze et al., 2004). The transporters
that are retained in the ER are less glycosylated than transporters that are not retained
(Kalandadze et al., 2004). Thus, it is possible that the decreases in glycosylation that we found
are due to increased expression of these exon skipping variants. In fact, we found increases in
the exon 9 skipping variant of EAAT2, which could explain the decrease we found in EAAT2
glycosylation (unpublished observation).

It is also possible that the changes in glycosylation we found are due to changes in the levels
or activity of the glycosyl transferases that attach glycans to the proteins. Few studies have
investigated glycosyl transferases in schizophrenia. An increase has been detected in the
plasma activity of the glycosylating enzyme alpha 2,6 sialyltransferase (Maguire et al.,
1997). An increase in activity of a glycosyl transferase is unlikely to explain a decrease in
glycosylation, but it is possible that other glycosyl transferases are decreased in schizophrenia.

Since most of the patients with schizophrenia were treated with antipsychotic medications, the
reductions we found in glycosylation could be due to a medication effect. However, we did
not find any effects of medication on molecular mass shift when comparing patients on
medication 6 weeks prior to death to patients off medication at least 6 weeks prior to death.

The reductions in EAAT1 and EAAT2 glycosylation suggest decreased plasma membrane
expression of these transporters. Altered localization of EAAT1 and EAAT2, combined with
the decreased EAAT1 protein expression we previously described (Bauer et al., 2008), suggest
that there is decreased perisynaptic glutamate reuptake into astrocytes in schizophrenia. The
glutamate transporters are important for maintaining low synaptic glutamate levels by buffering
and transporting synaptic glutamate (Tong and Jahr, 1994; Tzingounis and Wadiche, 2007).
Diminished perisynaptic reuptake and buffering may lead to glutamate spillover and loss of
input specificity (Overstreet et al., 1999; Tsvetkov et al., 2004). Our data suggesting decreased
glutamate reuptake support a hypothesis of increased synaptic glutamate levels and/or
glutamate spillover in schizophrenia. Consistent with this hypothesis, EAAT1 deficient mice
exhibit endophenotypes including self-neglect, social withdrawal, and impaired learning,
suggesting that schizophrenia-associated rodent endophenotypes can be modeled by disruption
of EAAT1-mediated glutamate reuptake (Karlsson et al., 2009). This hypothesis is further
supported by a report of a subject with schizophrenia who has a partial deletion of the EAAT1
gene (Walsh et al., 2008). Finally, our data suggest that reducing synaptic glutamate could be
a useful strategy in the treatment of schizophrenia. One study using an mGluR2/3 agonist,
which decreases glutamate release, had antipsychotic effects in schizophrenia (Patil et al.,
2007). Taken together, these data support a role for diminished glutamate reuptake in the
pathophysiology of schizophrenia.
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Figure 1.
Western blots of deglycosylated EAATs. A. Western blot analysis of EAAT1, EAAT2, and
EAAT3 deglycosylated with the enzymes Endoglycosidase H and PNGase F. EndoH and
PNGase F lanes indicate enzyme treated samples. EndoH control and PNGase F control lanes
were treated identically to the corresponding enzyme treated samples except the enzymes were
omitted. Molecular masses of EAAT1 and EAAT2 monomers and multimers were shifted in
the PNGase F treated lanes. No shift was detected for EAAT3. B. Western blot analysis of
EAAT1 deglycosylated with EndoH and PNGase F in anterior cingulate cortex and dorsolateral
prefrontal cortex from a patient with schizophrenia and a comparison subject. Abbreviations:
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kDa (kilodaltons), excitatory amino acid transporter (EAAT), endoglycosidase H (EndoH),
peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine amidase F (PNGase F).
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Figure 2.
Molecular mass shifts of EAAT1 and EAAT2 in schizophrenia and a comparison group
following enzymatic deglycosylation with PNGase F. Data expressed as means +/− standard
error of the mean. Asterisks indicate a significant difference between schizophrenia and
comparison subjects (p < 0.05). Abbreviations: kDa (kilodaltons), anterior cingulate cortex
(ACC), dorsolateral prefrontal cortex (DLPFC), excitatory amino acid transporter (EAAT),
endoglycosidase H (EndoH), peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine amidase F
(PNGase F).
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Figure 3.
Molecular mass shifts of EAAT1 and EAAT2 following enzymatic deglycosylation with
PNGase F in patients with schizophrenia off or on medication 6 weeks prior to death. Data
expressed as means +/− standard error of the mean.
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Table 1

Subject Characteristics

Comparison Group Schizophrenia

Region ACC DLPFC ACC DLPFC

N 34 32 34 33

Sex 14 m / 20 f 12 m / 20 f 24 m / 10 f 23 m / 10 f

Tissue pH 6.4 ± 0.2 6.5 ± 0.2 6.4 ± 0.3 6.4 ± 0.3

PMI (hours) 8.3 ± 6.7 8.2 ± 6.8 13.4 ± 8.1 12.5 ± 6.7

Age (years) 78 ± 14 78 ± 14 74 ± 12 74 ± 12

On / Off Rx 0 / 34 0 / 32 23 / 11 22 / 11

Values presented as mean ± standard deviation

Abbreviations: anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC), male (m), female (f), antipsychotic medication (Rx),
postmortem interval (PMI).
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