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Abstract 

 

Excitatory Amino Acid Transporter Expression and Regulation in Prefrontal 

Cortex in Schizophrenia 

 

by 

 

Deborah E. Bauer 

 

 

Co-chairs:  James H. Meador-Woodruff and Stephen K. Fisher 

 

The glutamate hypothesis of schizophrenia, which is based primarily 

on NMDA receptor dysfunction, can be expanded to include additional 

components of the glutamate synapse including the excitatory amino acid 

transporters (EAATs) which buffer and transport synaptic glutamate.  I studied 

multiple levels of expression and regulation of the EAATs in postmortem 

prefrontal cortex from patients with schizophrenia and comparison subjects.    

I used in situ hybridization, Western Blot analysis, enzymatic deglycosylation, 

and QPCR to study EAAT expression and regulation in the prefrontal cortex 



 xii 

in schizophrenia.  I found decreased EAAT1 protein expression, and found 

several factors that indicate decreased localization of EAATs at the synapse 

including decreased glycosylation of EAAT1 and EAAT2, increased 

expression of the ER retention variant EAAT2Δ9, and increased expression of 

molecules that retain EAATs in the ER, GPS1 and JWA.  These data suggest 

decreased overall EAAT expression, and abnormal localization of EAATs that 

are expressed.  Therefore, there are likely fewer EAATs expressed at the cell 

surface, and thus a decrease in the capacity for glutamate buffering and 

transport.   These data demonstrate novel sites of disruption in the glutamate 

synapse in schizophrenia.  This work could therefore provide alternative 

targets for developing new treatments for schizophrenia. 
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Chapter 1 

 

Introduction 

 

 

1.1  Schizophrenia   

Schizophrenia is a complex, debilitating mental illness that affects 

approximately 0.4 - 1% of the population worldwide1-3.  Schizophrenia has a 

high comorbidity rate with other psychiatric disorders as well as metabolic 

disorders, and mortality rate is 1.5 - 3.3 fold higher among those with 

schizophrenia than in the general population4.  Both genetic and 

environmental factors contribute to risk for developing schizophrenia, but no 

one gene has been consistently linked to the illness3. 

The symptoms of schizophrenia are broken into three clusters: positive 

symptoms, negative symptoms, and cognitive deficits1.  Positive symptoms 

include delusions, hallucinations and paranoia.  Negative symptoms include 

flattened affect, poverty of speech, social withdrawal, and anhedonia1.  

Cognitive deficits include disorganized thought processes and deficits in 

executive functioning.  Although there is no cure for schizophrenia, there are 
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treatments for the illness, but the treatments are not fully effective, can be 

expensive, and often have adverse side-effects4, 5. 

  

1.2  The glutamate hypothesis of schizophrenia 

For decades, schizophrenia research has focused on the dopamine 

hypothesis of schizophrenia, which postulates that dysregulated 

dopaminergic neurotransmission is a key feature of the pathophysiology of 

the illness.  The dopamine hypothesis is based on the observation that 

antipsychotic efficacy for reducing positive symptoms is associated with D2 

dopamine receptor blockade.  Although numerous studies point to 

dopaminergic abnormalities in schizophrenia, dopamine dysfunction does not 

completely account for all of the symptoms seen in this illness.  

Antipsychotics typically are effective only for the positive symptoms of the 

illness, while negative symptoms and cognitive deficits are relatively 

refractory to treatment 6, 7.   

Consequently, alternative neurotransmitter systems that may also be 

involved in the pathophysiology of schizophrenia have been sought, and a 

growing body of evidence now implicates glutamatergic dysfunction in this 

illness.  The strongest evidence is that phencyclidine (PCP) and similar 

compounds, which are noncompetitive antagonists of the NMDA receptor, 

can induce positive negative and cognitive symptoms in unaffected healthy 

subjects 8, 9.  Moreover, these compounds can exacerbate both positive and 

negative symptoms in schizophrenia 10.  Chronic administration of PCP-like 
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compounds reduces frontal lobe blood flow and glucose utilization, which is 

similar to the “hypofrontality” described in schizophrenia 11. More specifically, 

the most widely held hypotheses posit diminished NMDA receptor function in 

limbic brain structures, including the prefrontal cortex.  I will discuss evidence 

supporting this hypothesis, and expand the glutamate hypothesis to 

encompass other glutamatergic abnormalities beyond NMDA receptor 

dysfunction.   

 

1.2.1 Glutamate abnormalities in the prefrontal cortex  

A large number of postmortem stereological, electrophysiologic, 

neuroimaging, and gene expression studies implicate cortical dysfunction in 

schizophrenia12-15.  Two regions in particular that are implicated in this illness 

are the dorsolateral prefrontal cortex (DLPFC) and anterior cingulate cortex 

(ACC).  Disturbances in executive functioning and working memory in 

schizophrenia have been linked to dysfunction of the DLPFC, and structural 

abnormalities in the DLPFC such as increased cell packing density, 

decreased somal size, and decreased neuropil are found12.  Patients with 

chronic schizophrenia show decreased NAA, glutamine, and glutamate levels 

in the DLPFC as shown through magnetic resonance spectroscopy16. The 

ACC participates in selective attention, working memory, anticipation, and 

behavioral monitoring.  Structural abnormalities such as neuronal loss in the 

ACC have been shown in schizophrenia, and deficiencies in insight and 

judgment are linked to ACC dysfunction17.  The ACC may be particularly 
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vulnerable to changes in glutamatergic signaling as administration of 

subanesthetic doses of ketamine to patients with schizophrenia results in 

increased regional cerebral blood flow to the ACC as measured by positron 

emission topography10. 

 

1.3  Glutamate neurotransmission  

 Glutamate is the major excitatory neurotransmitter in the central 

nervous system.  Glutamatergic neurons project throughout the brain, and 

deficits in glutamatergic neurotransmission can result in serious disease or 

death18-25.  Below I describe the circuitry of glutamatergic neurons in the 

prefrontal cortex and the components of the glutamate synapse. 

 

1.3.1  Prefrontal cortical glutamate circuits 

Glutamatergic projection neurons, called pyramidal neurons, comprise 

approximately two thirds of cortical neurons and exist in all layers of 

neocortex except layer I26.  Pyramidal neurons in superficial layers of cortex 

send efferents to projection neurons and interneurons in other areas of 

cortex26.  Pyramidal neurons in deep layers of cortex send their projections to 

subcortical structures26.  The prefrontal cortex in particular has dense 

reciprocal innervation with the dorsal thalamus27-30, another brain area in 

which glutamatergic abnormalities have been implicated in schizophrenia26, 31-

38. 
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1.3.2  Components of the glutamate synapse 

The release, activity as a ligand, and reclamation of glutamate involves 

three distinct cell types: the astrocyte, presynaptic neuron and postsynaptic 

neuron 39.  In the presynaptic neuron, glutamine can be converted to 

glutamate by the enzyme glutaminase, and packaged into vesicles by a family 

of vesicular glutamate transporters (VGLUT1-3) for release into the synapse 

40, 41. Glutamate may also be synthesized by the hydrolysis of N-acetyl-alpha-

L-aspartyl-L-glutamate (NAAG) into NAA and glutamate by the enzyme 

carboxypeptidase II (GCP II) 42. Once released into the synapse, glutamate 

may occupy and activate ionotropic (NMDA, AMPA, and kainate) or 

metabotropic (mGluR1-8) glutamate receptors located on both neurons and 

astrocytes 43.  Rapid removal of glutamate from the synapse is facilitated by a 

family of plasma membrane excitatory amino acid transporters (EAATs), 

generally localized to postsynaptic neurons and astrocytes 44.  Recovered 

glutamate may enter the citric acid cycle via conversion to alpha-ketoglutarate 

by glutamate dehydrogenase, be converted to glutamine by glutamine 

synthetase and transported back into the synapse, or be released into the 

extracellular space by a cystine/glutamate antiporter 39, 45, 46.  Finally, several 

families of novel glutamate receptor and transporter associated molecules 

mediate integration of intracellular signaling and glutamate reuptake 47-50. 
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Figure 1.1: The Glutamate Synapse.  Glutamate is packaged into 
presynaptic vesicles by vesicular glutamate transporters (VGLUTs), and is 
released into the synaptic cleft where it can activate glutamate receptors.  
Glutamate is rapidly removed from the synapse by excitatory amino acid 
transporters (EAATs) localized on astrocytes (EAAT1-2) and neurons 
(EAAT3-4). 
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1.3.3  Vesicular glutamate transporters  

The vesicular glutamate transporters (VGLUTs), are responsible for 

the packaging of glutamate into synaptic vesicles.  Vesicular uptake of 

glutamate is an ATP–dependent process independent of sodium and 

potassium.   It has a biphasic dependence on chloride concentration, and is 

driven by an internal positive membrane potential.  The VGLUTs are highly 

selective for L-glutamate, but have a lower affinity for glutamate in 

comparison to the EAATs 51, 52.   Alterations in synaptic activity can be 

induced by the modulation of the amount of glutamate released from synaptic 

vesicles.  Therefore, VGLUT mediated transport of glutamate into vesicles for 

release into the synaptic cleft is a pivotal control point for synaptic activity 53.  

Three vesicular transporters (VGLUT1, VGLUT2, and VGLUT3) have been 

cloned and characterized 54.  

 

1.3.4  Ionotropic and Metabotropic Glutamate Receptors 

 There are four classes of functionally and pharmacologically distinct 

glutamate receptors. The ionotropic glutamate receptors, AMPA, kainate, and 

NMDA are comprised of four or five subunits that form ligand-gated ion 

channels, while the metabotropic glutamate receptors (mGluRs) are seven 

transmembrane domain G-protein coupled receptors 43, 55.  

The AMPA receptor subunits are derived from a family of four genes 

termed GluR1-GluR4 that confer heterogeneity in assembled AMPA receptors 

by alternative splicing and post-translational editing 43, 55.  Assembled AMPA 
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receptors contain discrete binding sites for glutamate, competitive antagonists 

such as CNQX, and desensitization modulators such as aniracetam.   

Kainate receptors are also ligand gated ion channels composed of 

subunits derived from genes for the low affinity GluR5-GluR7 and high affinity 

KA1-KA2 subunits 43, 55.  These subunits also undergo alternative splicing and 

post-translational editing.  Assembled kainate receptors may be composed of 

five identical subunits (homomers) or composed of low and high affinity 

subunits.  

The NMDA receptor subunits are encoded by seven genes termed 

NR1, NR2A-NR2D, and NR3A-NR3B.  NR1 is expressed as one of eight 

isoforms, due to the alternative splicing of exons 5, 21, and 22 43, 55-57.  NMDA 

receptors exhibit subunit and splice variant specific properties, and 

pharmacological regulation of this receptor depends on the unique 

combination of glutamate, glycine/D-serine, polyamine, H+, Zn2+, and Mg2+ 

binding sites 43, 55.  In addition, there is an intrachannel binding site for 

uncompetitive antagonists of the NMDA receptor, such as PCP, ketamine, 

and MK801.   

The eight metabotropic glutamate receptors (mGluRs) are divided into 

three groups (I, II, and III) based on pharmacology, sequence homology, and 

which signal transduction pathways they activate in heterologous systems 56, 

58-63. The mGluRs belong to a unique subset of G-protein coupled receptors 

with seven transmembrane domains and large extracellular amino termina. 

Group I mGluRs have been shown to stimulate phospholipase C, 
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phosphoinositide hydrolysis, and cAMP formation, while group II and III 

mGluRs inhibit forskolin-stimulated cAMP formation and adenylyl cyclase, via 

G proteins 58, 62-68. 

 

1.3.5  Glutamate receptor interacting proteins  

AMPA receptors may be mobilized to the synapse by three distinct 

mechanisms: a constitutive pool, a regulated pool, and a golgi-derived newly 

synthesized pool 69. Cycling and integration of AMPA receptors to the 

postsynaptic density by these mechanisms involve a number of molecules 

that contain AMPA receptor subunit-specific protein binding domains and are 

regulated by posttranslational modification such as phosphorylation or 

palmitoylation 69-72.  GRIP, PICK, NSF, SAP97, stargazin, JNK, Rap2, and 

ABP-L have all been implicated in AMPA receptor trafficking 69, 70, 73, 74.   

Receptor-associated molecules have also been identified for the 

NMDA receptor, including NF-L, SAP102, yotiao, PSD95, and PSD93 69, 70.  

Some of these molecules specifically bind C-terminal consensus sequences 

called PDZ domains, named for three proteins with this motif: PSD95, 

Drosophila disc-large tumor suppressor gene (Dlg-A) product, and ZO-1, a 

tight junction protein 75-77. PDZ and related binding domains link 

neurotransmitter receptors with kinases, phospholipases, and other signal 

transduction and receptor trafficking pathways. Several of the AMPA 

interacting molecules, including GRIP1 and PICK178, 79 as well as calcineurin 

80, also interact with the kainate receptors.  In addition, a family of molecules 
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that interacts with the metabotropic receptors has been identified, including 

RGS4 81-83 and Homer1-3 84-87.  

 The glutamate receptor interacting proteins modulate a variety of 

processes related to synthesis, trafficking, insertion, activation, recycling, and 

degradation of glutamate receptors. Thus, the expression and regulation of 

this family of molecules has a critical role in cortical glutamatergic synapses. 

 

1.3.6  Cortical glutamate receptor abnormalities in schizophrenia 

Glutamate receptor expression has been extensively studied in 

schizophrenia and the results of cortical studies of glutamate receptor 

expression and binding are summarized in Tables 1.1 - 1.4.  Most 

abnormalities of glutamate receptor expression in schizophrenia have been 

reported in limbic regions including the DLPFC and ACC.  With a few 

exceptions, findings of altered glutamate receptor expression in schizophrenia 

are typically region-specific and brain-collection-specific, with many studies 

yielding conflicting results.   

Alterations in NMDA receptor subunit and binding site expression are 

complex and region specific (Table 1.1). There is evidence for shifts in 

subunit stoichiometry and increased binding to at least some of the NMDA 

binding sites, primarily in cortical areas 88-93.   
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Table 1.1: NMDA receptor binding and expression in schizophrenia 
      
Level of Gene Expression Technique Probe(s)* Finding Brain Region Reference             
Receptor binding sites homogenate binding MK-801 unchanged FC 90 
      
 homogenate binding L-689,560   TC 93 
  L-689,560 unchanged MC  
  CGP 39653 unchanged TC, MC  
  ifenprodil  TC  
  ifenprodil unchanged MC  
      
 homogenate binding L-689,560  TC 94 
  L-689,560 unchanged PFC  
      
 homogenate binding glycine  cerebral cortex 95 96 
      
 autoradiography MK-801  ACC 97 
      
 autoradiography MK-801 unchanged PFC 98 
      
 autoradiography MK-801  PCC 99 
      
 autoradiography MK-801 unchanged DLPFC 100 
  CGP 39653 unchanged DLPFC              
Subunit mRNA expression ISH NR2D  PFC 92 
  NR1, NR2A-C unchanged PFC  
  NR1, NR2A-D unchanged PTC  
      
 ISH NR1 w/exon 5  FC, OCC, TC 101 
      
 ISH NR3A  PFC 102 
   unchanged ITC  
      
 Northern blot NR1  TC 91 
      
 qPCR NR1 # FC 89 
  NR1 unchanged@  FC  
      
 qPCR NR1, NR2A  PFC, OCC  88 
  NR2B unchanged PFC, OCC  
      
 Double ISH NR2A/GAD67 unchanged PFC 103             
Subunit protein expression Western blot NR1C2'  ACC 104 
  NR1C2' unchanged DLPFC  
  NR1C2 , NR2A-D unchanged ACC  
  NR1C2 , NR2A-D unchanged DLPFC              
 
*All binding studies utilized 3[H]. 
#Neuroleptic free schizophrenics vs. controls. 
@Neuroleptic treated schizophrenics vs. control. 
 
Abbreviations:  in situ hybridization (ISH), quantitative polymerase chain 
reaction (qPCR) anterior cingulated cortex (ACC), dorsolateral prefrontal 
cortex (DLPFC), prefrontal cortex (PFC), occipital cortex (OCC), visual cortex 
(VC), motor cortex (MC), frontal cortex (FC), parietal cortex (PC), temporal 
cortex (TC), inferior temporal cortex (ITC), parietotemporal cortex (PTC), 
posterior cingulate cortex (PCC), (NR1C2' ) variably spliced  NR1exon 
cassettes C2 and C2’ 
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Studies of AMPA receptor expression in schizophrenia (Table 1.2) 

result in one of the more robust and reproducible sets of findings in this field; 

many past studies have found that AMPA receptor expression is decreased in 

the hippocampus and related structures in schizophrenia, occurring at the 

levels of both transcript and subunit protein expression 105-110. With few 

exceptions, AMPA receptor expression tends to be unchanged in other 

cortical areas 89, 105, 106, 108, 111, 112.   

Unlike the AMPA receptor, findings for the kainate receptor (Table 1.3) 

are contradictory, with decreased binding reported in two studies, increased 

binding reported in three studies, and no changes reported in another study 

113-115. In addition, one study found increased GluR7 mRNA in the prefrontal 

cortex (PFC) while another found decreased GluR7 in the frontal cortex.   

Three studies have examined mGluR expression in the cortex in 

schizophrenia (Table 1.4).  Increased mGluR1a and mGluR2/3 

immunoreactivity was found in Brodmann areas 9, 11, 32, and 46 in 

schizophrenia 116, while another group found decreased expression of 

mGluR3 in DLPFC 117, and a third group found increased mGluR5 mRNA in 

the PFC in this illness 118.    
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Table 1.2: AMPA receptor binding and expression in schizophrenia 
 
      
Level of Gene Expression Technique Probe(s)* Finding Brain Region Reference 

      
      

Receptor binding sites autoradiography CNQX  PFC 98 
      
 homogenate binding AMPA unchanged FC 111 
      
 autoradiography AMPA  ACC 97 
      
 homogenate binding AMPA unchanged FC, PC, OCC, 

TC, LC 
119 

      
 autoradiography AMPA unchanged PCC 99 
      
 autoradiography AMPA unchanged DLPFC 100, 112 
      
      
Subunit mRNA expression qPCR GluR1 # FC 89 
  GluR1 unchanged@  FC  
      
 qPCR GluR1, GluR4  DLPFC 120 
  GluR2, GluR3 unchanged DLPFC  
  GluR4  OCC  
  GluR1-3 unchanged OCC  
      
 Microarray GluR2  PFC 121 
      
 ISH GluR1, GluR3 unchanged DLPFC 112 
  GluR2, GluR4    
      
      
Subunit protein expression Western blot GluR2, GluR3 unchanged cingulate cortex 105 
      
      
 

*All binding studies utilized 3[H]AMPA or 3[H]CNQX. 
#Neuroleptic free schizophrenics vs. controls.  
@Neuroleptic treated schizophrenics vs. control.  
 
Abbreviations: in situ hybridization (ISH), quantitative-polymerase chain 
reaction (qPCR) anterior cingulated cortex (ACC), dorsolateral prefrontal 
cortex (DLPFC), prefrontal cortex (PFC), frontal cortex (FC), parietal cortex 
(PC), occipital cortex (OCC), temporal cortex (TC), limbic cortex (LC), 
posterior cingulate cortex (PCC) 
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Table 1.3: Summary of Kainate receptor binding and expression data in 
schizophrenia 
 
      
Level of Gene Expression Technique Probe(s)* Finding Location Reference 

      
      

Receptor binding sites autoradiography KA  PHG 122 
      
 homogenate binding KA  PFC 113 
      
 homogenate binding KA  FC 114 
  KA unchanged TC  
      
 homogenate binding KA  PFC 115 
      
 autoradiography KA  PFC 123 
      
 autoradiography KA unchanged PCC 99 
      
 autoradiography KA  DLPFC 100 
      
 autoradiography KA unchanged ACC 97 
      
      
      
Subunit mRNA expression ISH GluR7  PFC 123 
  KA2  PFC  
  GluR5,6, KA1 unchanged PFC  
      
 RT-PCR GluR7 # FC 124 
  GluR7 unchanged@  FC  
  KA1 # FC  
  KA1 unchanged@  FC  
      
 
*All binding studies utilized 3[H]kainate. 
#Neuroleptic free schizophrenics vs. controls. 
@Neuroleptic treated schizophrenics vs. control. 
 
Abbreviations: kainate (KA), in situ hybridization (ISH), reversed transcribed-
polymerase chain reaction (RT-PCR), immunoreactive dendrites (IR) anterior 
cingulated cortex (ACC), dorsolateral prefrontal cortex (DLPFC), prefrontal 
cortex (PFC), frontal cortex (FC), occipital cortex (OCC), temporal cortex 
(TC), parahippocampal gyrus (PHG), posterior cingulate cortex (PCC) 
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Table 1.4: Summary of metabotropic glutamate receptor binding and 
expression data in schizophrenia 
 
      
Level of Gene Expression Technique Probe(s) Finding Location Reference 

      
      

Subunit mRNA expression Western mGluR1a, mGluR2/3  PFC 116 
  mGluR4a, mGluR5 unchanged PFC  
      
 ISH mGluR3 unchanged PFC 118 
  mGluR5  PFC  
      
      
 
Abbreviations: in situ hybridization (ISH), prefrontal cortex (PFC) 
 

 

 

1.3.7  Cortical Glutamate Receptor interacting protein abnormalities in 

schizophrenia.   

A number of studies have moved beyond measuring receptors in the 

plasma membrane to examine the molecules which functionally link glutamate 

receptors to cellular processes. Published data on receptor interacting 

proteins revealed that cortical regions are differentially affected in 

schizophrenia (Table 1.5).  Studies of glutamate receptor interacting proteins 

suggest that glutamatergic dysfunction in schizophrenia is not simply a 

problem of too many or too few receptors, but is likely a problem of how these 

receptors are assembled, transported, and functionally linked to receptor 

signaling complexes.   
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Table 1.5: Cortical Glutamate Receptor Interacting Protein Abnormalities 
in Schizophrenia 
 
Receptor-Interacting 
Protein 

Associated 
Receptor(s) 

Level of gene 
expression Technique Finding Cortical Region Reference 

       
PSD95 NMDA, AMPA, 

kainate mRNA ISH  DLPFC 125 

       
  mRNA ISH  ACC 104 
    unchanged DLPFC  
       
  protein Western unchanged DLPFC 79 
       
   Western  ACC 104, 126 
    unchanged DLPFC                
PSD93 NMDA mRNA ISH  ACC 104 
    unchanged DLPFC  
  protein Western  ACC  
    unchanged DLPFC  
       
   Western unchanged DLPFC 79               
NF-L NMDA mRNA ISH unchanged ACC 104 
     DLPFC  
  protein Western unchanged ACC  
     DLPFC                
SAP-102 NMDA, AMPA mRNA ISH unchanged ACC 104 
    unchanged DLPFC  
  protein Western unchanged ACC  
    unchanged DLPFC  
       
  protein Western unchanged DLPFC 79               
NSF AMPA mRNA ISH, 

microarray  DLPFC 127 

       
  mRNA ISH unchanged DLPFC 112 
       
  mRNA QPCR unchanged DLPFC 128 
       
  protein Western unchanged DLPFC, FP, PC 129 
       
  protein 2D-DIGE  DLPFC 130 
       
  protein Western unchanged DLPFC 128               
SAP97 AMPA mRNA QPCR unchanged DLPFC 78 
    unchanged OCC  
       
  protein Western  DLPFC 79               
GRIP1 AMPA, kainate, 

mGluR mRNA QPCR  DLPFC 78 

     OCC  
  protein Western unchanged DLPFC 79               
PICK1 AMPA, kainate mRNA QPCR unchanged DLPFC 78 
    unchanged OCC  
       
  mRNA ISH  DLPFC 112               
ABP AMPA mRNA QPCR unchanged DLPFC 78 
     OCC                
stargazin AMPA mRNA ISH  DLPFC 112               
syntenin AMPA mRNA ISH unchanged DLPFC 112 
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Receptor-Interacting 
Protein 

Associated 
Receptor(s) 

Level of gene 
expression Technique Finding Cortical Region Reference 

              
calcineurin kainate protein Western unchanged DLPFC 80               
RGS4 mGluR mRNA QPCR unchanged DLPFC 82 
       
  mRNA ISH  CG, SFG, IC 81 
    unchanged IFS, IFG  
       

  mRNA Microarray, 
ISH  DLPFC, VC, MC 83 

       
  protein Western  FC 81 
    unchanged IC         
Homer1b mGluR1/5 mRNA ISH unchanged ACC, DLPFC 87        
Homer2 mGluR1/5 mRNA ISH  ACC, DLPFC 87 
        
 
Abbreviations: in situ hybridization (ISH), quantitative real time polymerase 
chain reaction (QPCR), two-dimensional fluorescence difference gel 
electrophoresis (2D-DIGE), anterior cingulated cortex (ACC), dorsolateral 
prefrontal cortex (DLPFC), prefrontal cortex (PFC), occipital cortex (OCC), 
visual cortex (VC), motor cortex (MC), cingulated gyrus (CG), superior frontal 
gyrus (SFG), insular cortex (IC), frontal cortex (FC), inferior frontal sulcus 
(IFS), inferior frontal gyrus (IFG), frontal pole (FP), parietal cortex (PC) 
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1.4  Plasma Membrane Transporters 

 Extracellular glutamate levels are maintained at very low levels by 

functionally distinct low and high affinity systems that facilitate glutamate 

reuptake. High affinity Na+-dependent synaptic reuptake of glutamate and 

aspartate is mediated by a family of excitatory amino acid transporters 

(EAAT1-EAAT5), which are localized in the plasma membrane and transport 

glutamate into neurons and glia 131, 132.  EAATs mediate glutamate transport 

by an electrogenic exchange of 3 Na+, 1 H+, and 1 glutamate molecule into 

the cell and 1 K+ ion out of the cell, with the net inward movement of one 

positive charge 133, 134. EAATs are expressed natively as homomeric trimers 

comprised of non-covalently linked subunits that have 6-10 transmembrane 

domains 51, 135, 136.  

The transporters have specific patterns of cellular localization:  EAAT1 

and EAAT2 have primarily been localized to astroglia, whereas EAAT3 and 

EAAT4 are primarily localized to neurons137-140.  EAAT5 expression is limited 

to the retina. EAAT expression may be regulated at multiple levels, including 

transcription, translation, post-translational modification, trafficking, substrate 

affinity and transport kinetics 51. Expression, intracellular localization, 

regulation and function of EAAT1-4 are discussed below. 

 

1.4.1  EAAT1 

Called GLAST in the rodent, EAAT1 is expressed on astrocytes 

throughout the CNS, with the highest levels of expression in the Bergmann 
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glia in the cerebellum and the retina 137, 141-143. Immunocytochemical studies 

suggest that GLAST/EAAT1 expression is limited to the plasma membranes 

of astrocyte cell bodies and processes, although one study suggests that 

EAAT1 is expressed in a subset of cortical neurons in subjects with 

Alzheimer’s-type pathology 142, 144. GLAST/EAAT1 expression is enriched in 

regions of the plasma membrane proximal to nerve terminals 145. Immunogold 

labeling demonstrated relatively little intracellular GLAST/EAAT1 protein 

expression, suggesting that localization of GLAST/EAAT1 to the plasma 

membrane is not regulated via mobilization of an intracellular pool of 

transporter protein 145. Cell surface expression of GLAST/EAAT1 was 

increased by insulin-like growth factor-1 via a protein kinase dependent 

mechanism, and region-specific GLAST/EAAT1 expression is increased by a 

number of peptide growth factors likely mediated by serine and tyrosine 

kinases 118, 146-149.  Recent studies have identified consensus tyrosine kinase 

phosphorylation sites targeted by specific glucocorticoid-sensitive kinase 

isoforms that facilitate increased EAAT1 activity. 

 

1.4.2  EAAT2   

Called GLT-1 in the rodent, EAAT2 is the most comprehensively 

studied of the glutamate transporters. GLT-1/EAAT2 accounts for 

approximately 90% of rodent forebrain glutamate reuptake 18, 23.  Expression 

of EAAT2 protein and mRNA has been observed throughout the human brain, 

but is highest in the forebrain 141, 150.  Astrocytes express EAAT2 transcripts 
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and protein, while EAAT2 mRNA is detectable in neurons found in the 

neocortex and thalamus 138, 139, 142, 151. EAAT2 protein is expressed in neurons 

of the retina and embryonic neuronal cultures; in one recent report, protein 

expression of an EAAT2 splice variant (GLT-1a) was detected in rodent 

hippocampal neurons, while a PDZ-domain containing variant (called 

EAAT2b) was expressed in human neurons 51, 152-154.  GLT-1/EAAT2 protein 

is enriched in the portion of the astrocytic plasma membrane facing neuropil 

145. Less than 5% of GLT-1/EAAT2 immunoreactivity is found in structures 

other than the plasma membrane, including mitochondria and the 

endoplasmic reticulum 145.  GLT-1/EAAT2 mediated glutamate uptake is 

modulated by a number of paracrine factors including arachidonic acid, 

cytokines, oxygen radicals, and peptide growth factors 147, 155-157.  

 

1.4.3  EAAT3   

Called EAAC1 in the rodent, EAAT3 is expressed on neurons in the 

neocortex, striatum, thalamus, cerebellum and other structures 158, 159. EAAT3 

protein expression has been demonstrated on glutamatergic, GABAergic and 

aminergic neurons, as well as astrocytes of the cortex and in white matter 158, 

159. In contrast to EAAT1 and EAAT2, subcellular distribution of EAAT3 

includes the cytoplasm, where it is available for rapid mobilization to 

perisynaptic regions of the plasma membrane 158-161. Dendritic trafficking of 

EAAT3 is mediated by a novel c-terminal sorting motif, but mutation of this 

motif did not impair clustering of EAAT3 on dendritic spines 162. Surface 



 21 

expression of EAAT3 (and glutamate uptake) is rapidly increased by 

activation of PKC in C6 glioma cells constitutively expressing this transporter, 

and PKC activation increased glutamate uptake in cortical neuron cultures 163-

166. Platelet-derived growth factor (PDGF) increased surface expression of 

EAAT3 and glutamate uptake in C6 glioma cells, an effect mediated by 

activation of PI3K, and blocked by the PI3K inhibitor wortmanin 164, 167.  

Activation of the neurotensin receptor NTS1 also increased EAAC surface 

expression, an effect that did not require PKC or PI3K activity 168. The 

transcription factor RFX1 has also been shown to increase EAAT3 protein 

expression 169.  Similar to EAAT2, EAAT3 appears to be regulated by 

converging signaling pathways that utilize independent signaling substrates 

51.  

 

1.4.4  EAAT4 

In the adult CNS, human and rodent EAAT4 transcripts and protein are 

only robustly expressed in the Purkinje cells of the cerebellar molecular layer 

140, 141, 170, 171.  We have detected EAAT4 transcript expression in the human 

striatum by in situ hybridization, and low levels of EAAT4 mRNA and protein 

have been detected in rodent cortical neurons and astrocyte cultures 172-174. 

Unlike the other transporters, EAAT4 protein has an uneven subcellular 

distribution and is typically localized in extrasynaptic regions 171, 175.  
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1.5  Refining the Glutamate Hypothesis of Schizophrenia 

Although the glutamate hypothesis of schizophrenia is focused 

primarily on NMDA receptor dysfunction, recent data implicate glutamate 

transporters in schizophrenia.  Knockout mice for the glutamate transporter 

EAAT1 exhibit schizophrenia-like endophenotypes including self-neglect, 

social withdrawal, and impaired learning 20.  This hypothesis is further 

supported by a report of a subject with schizophrenia who has a partial 

deletion of the EAAT1 gene 176.  These data suggest that maintenance of 

synaptic glutamate levels may play an important role in this illness.  In fact, 

one study using an mGluR2/3 agonist, which decreases glutamate release, 

had antipsychotic properties in schizophrenia 177.   Below I discuss 

postmortem studies that have investigated EAAT expression in 

schizophrenia. 

 

1.5.1  Abnormalities in Glutamate Transporters in Schizophrenia  

Fewer studies have focused on glutamate transporters (Table 1.6) than 

glutamate receptors, and studies of glutamate transporter expression in the 

cortex have yielded conflicting results.  Of the transporters, EAAT2 has been 

the most extensively studied.  Three groups have investigated changes in 

mRNA expression of EAAT2 in the PFC in schizophrenia, all with different 

results.  Ohnuma et al. found decreased EAAT2 mRNA in the PFC using in 

situ hybridization 178, while Matute et al. found increased179 and Lauriat et al. 

found no changes in EAAT2 mRNA in the PFC using QPCR180. These 
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discrepant findings might be explained by differences in subjects studied, as 

the samples varied widely in age, postmortem interval (PMI), and neuroleptic 

treatment.  The differences could also be explained by the use of different 

methodologies, as QPCR is more sensitive than ISH for detecting mRNA 

expression. 

Another possible source of variation in these studies is the type of 

probe used to detect EAAT2.  EAAT2 is differentially spliced, and the majority 

of EAAT splice variants are either EAAT2a or EAAT2b, which differ in their 

carboxyl termini.  EAAT2a is more abundant and is generally found in 

astrocytes 142, 181, whereas EAAT2b is less abundant and generally found in 

neurons 154, 182.  These variants appear to be abnormally expressed in 

disease states such as amyotrophic lateral sclerosis 183.  Since Ohnuma et al. 

detected EAAT2 by ISH using a probe near the 3’ end of EAAT2, they likely 

detected only the EAAT2a isoforms184, while Matute et al. did not report the 

location of the EAAT2 probe used in their QPCR study179.  It is possible that 

the groups were measuring different mRNA isoforms altogether, accounting 

for their discrepant results. 

In addition to these conflicting EAAT2 data, the only other abnormality 

in glutamate transporter expression detected in the cortex in schizophrenia 

thus far is in the presynaptic vesicular glutamate transporter VGLUT1, which 

is involved in packaging of presynaptic glutamate into vesicles.  Decreased 

VGLUT1 mRNA expression was found in superficial layers of the DLPFC in 

schizophrenia 185.  This finding suggests a decrease in glutamatergic 
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neurotransmission in the DLPFC, given that VGLUT1 expression has been 

shown to directly influence quantal glutamate release 186. Such a change in 

presynaptic innervation might be consistent with deficits in cortical function in 

schizophrenia.  Given the small number of studies of EAAT expression in 

schizophrenia, this represents a rich area for exploration in this dissertation. 

 

Table 1.6: Cortical Glutamate Transporter Abnormalities in 
Schizophrenia 
 
Transporter Level of gene 

expression Technique Finding Cortical Region Reference 
            
EAAT1 mRNA QPCR unchanged DLPFC, PVC 180             
EAAT2 mRNA QPCR unchanged DLPFC, PVC 180 
      
 mRNA ISH  PFC 178 
      
 mRNA QPCR  PFC 179 
 protein ICC  PFC  
 glutamate transport expression in oocytes  PFC              
EAAT3 mRNA QPCR unchanged DLPFC, PVC 180             
VGLUT1 mRNA ISH unchanged STC 185 
    DLPFC  
      
      
             
 
Abbreviations: quantitative real time polymerase chain reaction (QPCR), in situ 
hybridization (ISH), immunocytochemistry (ICC), dorsolateral prefrontal cortex 
(DLPFC), primary visual cortex (PVC), prefrontal cortex (PFC), superior 
temporal cortex (STC) 

 

 

1.6  Modulation of EAAT function 

 Although a few studies have investigated EAAT expression in 

schizophrenia, other mechanisms of EAAT regulation have not been 

investigated in this illness.  EAAT function can be modulated through a 

number of mechanisms.  Several interacting partners for the EAATs have 



 25 

been identified through yeast two hybrid screening and co-

immunoprecipitation.  Several posttranslational modifications have also been 

identified to affect EAAT function including phosphorylation, ubiquitination, 

and glycosylation.  Lastly, there exist several alternative splice forms of the 

EAATs that affect transport function.  Below we describe these mechanisms 

of EAAT regulation. 

 

1.6.1  EAAT interacting molecules 

Like the glutamate receptors, the EAATs are also regulated by a 

variety of interacting molecules that can affect transport function through 

trafficking, anchoring, phosphorylation, glycosylation, and degradation.   

Known EAAT1, EAAT2, EAAT3, and EAAT4 interacting proteins are 

discussed below. 

 

1.6.2  EAAT1 interacting proteins 

Disruption of putative c-terminal EAAT1 protein-protein interaction 

domains with a c-terminal peptide increased the affinity of EAAT1 for 

glutamate in salamander retinal glial cells, suggesting that protein-protein 

interactions modulate EAAT1 function 187. Consistent with this finding, another 

study has demonstrated that sept2, a member of the septin family of 

GTPases, negatively modulates GLAST/EAAT1 by direct binding of the 

carboxy-terminal region 188.  GLAST/EAAT1 also forms a complex with glial 

fibrillary acidic protein (GFAP), Na+/H+ exchanger regulatory factor 1 
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(NHERF1), and ezrin, which anchor it at the plasma membrane and increase 

transport function 189, 190 

 

1.6.3  EAAT2 interacting proteins  

A number of studies have found effects of the modulation of signaling 

mechanisms on GLT-1/EAAT2 expression and function, suggesting that there 

may be intermediary regulatory molecules that facilitate transporter 

localization and activation. PKC alpha, however, has been shown to directly 

interact with GLT-1/EAAT2, mediating transporter internalization 191.  Using 

the yeast-two hybrid technique, at least two additional EAAT2 interacting 

proteins have been identified. Ajuba is a cytosolic Lin11, Isl-1, and Mec-3 

(LIM) protein that translocates to the plasma membrane and colocalizes with 

GLT-1/EAAT2 49.  Ajuba interacts directly with F-actin, and may contribute to 

cell-cell junctions by bridging cadherin adhesive complexes 192.  Transcript 

expression of ajuba, however, was undetectable in the cortex by in situ 

hybridization (our unpublished observations).  Another GLT-1/EAAT2 

interacting protein, G-protein pathway suppressor 1 (GPS-1), is a subunit of 

the COP9 signalsome 50. Transfection with GPS-1 of HEK cells stably 

expressing GLT-1/EAAT2 downregulated glutamate transport activity 50. GPS-

1 also interacts with EAAT3 and EAAT4 50. Caspase 3 also interacts with 

EAAT2.  Caspase 3 can bind to and cleave EAAT2 at aspartate 505, located 

in the cytoplasmic C-terminal domain, strongly and selectively impairing 

transport activity 193.   
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1.6.4  EAAT3 interacting proteins 

Like EAAT2, EAAT3 interacts with PKC alpha 194, but unlike EAAT2, 

EAAT3 membrane expression is increased by PKC alpha activation. 

GTRAP3-18 has been identified as an EAAT3 interacting protein. GTRAP3-

18 has 95% nucleic acid homology with the human gene JWA, and 

specifically interacts with the intracellular c-terminus of EAAT3 48. Increases in 

GTRAP3-18 expression lowered EAAT3 substrate affinity, an effect mediated 

by modulation of transporter N-linked glycosylation 48, 195. GTRAP3-18 

transcripts and protein are ubiquitously expressed in the rodent, in both 

neuronal and non-neuronal cells 196.  Recently, Jena-Muenchen 4 (JM4), a 

JWA homolog sharing 62% homology with JWA and GTRAP3-18, has been 

shown to heterodimerize with JWA, and may interact with EAAT3 197.  

Interaction with the delta opiate receptor has been shown to decrease EAAT3 

function 198.  The SNARE protein Syntaxin 1A has been shown to interact with 

EAAT3 when coexpressed in oocytes, increasing membrane expression 

through trafficking, but decreasing transport activity by disrupting the structure 

of the conductance pathway 199, 200.  However, another group showed that 

syntaxin 1A is not necessary for EAAT3 membrane trafficking in C6 glioma 

cells, and that another SNARE protein SNAP-23 was involved in the 

constitutive recycling of EAAT3 201.  EAAT3 has also been shown to interact 

with the mitochondrial protein holocytochrome c synthetase (HCCS), serving 

as an anti-apoptotic mechanism, but no effect on transport activity has been 
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shown 202. 

 

1.6.5  EAAT4 interacting proteins 

The c-terminal end of rat EAAT4 interacts with GTRAP-41 and 

GTRAP-48, both of which increase EAAT4 mediated glutamate uptake by 

increasing and stabilizing cell surface transporter expression 47. GTRAP-41 

links EAAT4 with the cytoskeleton, while GTRAP-48 is associated with Rho-

GTPase signaling 47. Transcripts for the human isoforms of GTRAP-41 

(KIAA0302) and GTRAP-48 (ARHGEF11) are robustly expressed throughout 

the CNS, including the thalamus and neocortex (our unpublished 

observations). The mismatch in the expression of EAAT4 and these 

interacting proteins suggests they may facilitate intracellular trafficking of 

other elements of the glutamate synapse.  GPS1 is also known to interact 

with EAAT4, although its effect on function has not been demonstrated. 

 

1.6.6 Post translational modification of the EAATs 

The EAATs are also regulated at the level of post-translational 

modification.  The EAATs have been shown to be phosphorylated 146, 203-206, 

ubiquitinated 207, 208, and glycosylated 135, 139, 209-213. 

Glycosylation is a posttranslational modification that plays a role in 

molecular trafficking, protein folding, endocytosis, receptor activation, signal 

transduction, and cell adhesion 214.  Abnormalities of glycosylation can lead to 

a number of cellular storage disorders including Gaucher’s, Niemann-Pick 
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type C, Sandhoff’s, and Tay-Sach’s diseases, and congenital disorders of 

glycosylation 214.  Disruptions in glycosylation have also been implicated in 

Alzheimer’s disease, Huntington’s disease, and schizophrenia 215.  

N-linked glycosylation is the covalent linkage of oligosaccharides to 

asparagine residues of nascent proteins.   N-glycosyl residues are processed 

as proteins are trafficked through the endoplasmic reticulum (ER) and Golgi.  

There exists a small literature showing that the EAATs are n-glycosylated, 

however, glycosylation of the EAATs in human brain has not yet been 

demonstrated.  GLAST is n-glycosylated at Asn206 and Asn195 209.  GLAST 

exists in two isoforms, 70-kDa and 64-kDa, which differ only by the degree of 

N-glycosylation 212.  Non-glycosylated GLAST does not dimerize 209.   There 

is conflicting literature describing the functional effects of GLT-1 glycosylation.  

One group found that glycosylation-deficient GLT-1 resulted in decreased 

transport rate attributable to decreased expression at the plasma membrane 

216.  However, another group found no effect of N-glycosylation on the 

trafficking or transport activity of GLT-1.  In rat C-6 glioma cells, EAAC1 (the 

rodent isoforms of EAAT3) is n-glycosylated with high mannose sidechains 

and processed into complex chains, coinciding with insertion into the plasma 

membrane 213.   

 

1.6.7  Alternative splicing of the EAATs 

The EAATs may also be regulated at the level of alternative splicing 

154, 182, 183, 217-224.  Alterations in function have been demonstrated for several 
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of these variants, and it is speculated that others may also have altered 

function.  Abnormalities in EAAT splicing have been demonstrated in mood 

disorders, anxiety disorders, Alzheimer’s disease, epilepsy, hypoxia/ischemia, 

Huntington’s disease, brain injury, glaucoma, HIV-associated dementia, 

addiction, ALS, and schizophrenia 180, 183, 219, 222, 224-226.  Described below are 

the known variants of EAAT1, EAAT2, and EAAT3. 

EAAT1 contains both an exon 3 skipping 210, 224, 227 and an exon 9 

skipping variant 228.  The exon 3 skipping variant, also known as EAAT1a, is 

thought to have an opposite orientation in the cell membrane to regular 

EAAT1 and to be unglycosylated 210.  The exon 9 skipping variant, also 

known as EAAT1b is retained in the ER, is likely unglycosylated, and appears 

not only to be a non-functioning transporter, but also to exert a dominant 

negative effect on the transport of the full length transporter 229. 

Of the EAATs, the greatest number of splice variants has been 

described for EAAT2. Exon skipping variants of EAAT2 include an exon 7 

skipping variant 219, an exon 9 skipping variant 219, 221, 222 and a variant 

containing a partial deletion of exons 6 and 7 219.  Like the exon 9 skipping 

form of EAAT1, the exon 9 skipping form of EAAT2 is also retained in the ER 

230.  There are also several intron retention variants of EAAT2.  Five prime 

untranslated region retention variants of EAAT2 include HBGTII 218, 220, 

HBGTIIA 220, HBGTIIB 220, HBGTIIC 218, 220, EAAT2/3 218, and EAAT2/31 218.  

Three prime untranslated region retention variants of EAAT2 include GLT1b, 

also known as EAAT2-1 or GLT1v which retains intron 9 182, 183, 220, 221, 231, 
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GLT1c which retains part of intron 10  221, 231, Intron 3’ to exon 7 which skips 

exons 8-11 219, and I7R, an intron 7 retention variant.  EAAT2b retains the 

ability to transport glutamate in vitro, but unlike EAAT2 is expressed in both 

neurons (glutamatergic and GABAergic) and glia, and is expressed 

cytoplasmically rather than at the plasma membrane 182, 183.  I7R exerts a 

dominant negative effect on normal EAAT2 functioning marking the 

transporter for decay 222. 

Like EAAT1 and EAAT2, EAAT3 can also exist as an exon 9 skipping 

variant 224.  It remains unclear, however, whether this variant is also retained 

in the ER 224. 
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1.7  Goals of dissertation research  

Only a limited number of studies have investigated prefrontal cortical 

expression of EAATs in schizophrenia.  One study found no changes in 

mRNA expression of EAAT1 or EAAT3 in prefrontal cortex while studies of 

EAAT2 expression in prefrontal cortex yield conflicting results.  The EAATs 

have yet to be studied in the prefrontal cortex in schizophrenia at the level of 

protein expression, post-translational modification, splicing, and protein-

protein interaction.  The goals of this dissertation research are to test the 

following hypotheses: 

 

1.) Expression of the EAATs and EAAT interacting proteins are altered in 

schizophrenia. 

 

2.) The EAATs are abnormally glycosylated in schizophrenia. 

 

3.) The EAATs are abnormally spliced in schizophrenia. 
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Chapter 2 

 

Abnormal Expression of Glutamate Transporter and Transporter 
Interacting Molecules in Prefrontal Cortex in Elderly Patients with 

Schizophrenia 
 

 

2.1  Abstract 

Glutamate cycling is critically important for neurotransmission, and 

may be altered in schizophrenia.  The excitatory amino acid transporters 

(EAATs) facilitate the reuptake of glutamate from the synaptic cleft and have 

a key role in glutamate cycling.  We hypothesized that expression of the 

EAATs and the EAAT regulating proteins ARHGEF11, JWA, G protein 

suppressor pathway 1 (GPS1), and KIAA0302 are altered in the brain in 

schizophrenia.  To test this, we measured expression of EAAT1, EAAT2, 

EAAT3, and EAAT interacting proteins in postmortem tissue from the DLPFC 

and ACC of patients with schizophrenia and a comparison group using in situ 

hybridization and Western blot analysis.  We found increased EAAT1 

transcripts and decreased protein expression, increased EAAT3 transcripts 
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and protein, and elevated protein expression of both GPS1 and KIAA0302 

protein.  We did not find any changes in expression of EAAT2.  These data 

indicate that proteins involved in glutamate reuptake and cycling are altered in 

the cortex in schizophrenia, and may provide potential targets for future 

treatment strategies. 

 

2.2  Introduction 

Glutamate is rapidly removed from the synapse by plasma membrane 

EAATs, primarily localized to postsynaptic neurons and astrocytes 44.  EAATs 

are critical for glutamate transmission, because it is reuptake and not 

enzymatic breakdown that is responsible for clearance of glutamate from the 

synapse 51.  Of these transporters, EAAT1-3 are expressed abundantly 

throughout the CNS, while EAAT4 is expressed primarily in the cerebellum, 

and EAAT5 is found in the retina 170, 232.  EAAT1 and EAAT2 are generally 

localized to the plasma membranes of glial cells, and are responsible for the 

majority of glutamate reuptake in the forebrain 18, 23, 142, 233.  EAAT3 is 

localized to pre- and postsynaptic neurons in the plasma membrane and 

cytoplasm, and has been implicated in the regulation of synaptic plasticity 234, 

235.    

The EAATs are regulated by a variety of mechanisms, including 

phosphorylation, glycosylation, enzymatic degradation, and protein-protein 

interactions.  A number of EAAT interacting proteins have been identified, 

including G-protein suppressor pathway 1 (GPS1), JWA, ARHGEF11, and 
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KIAA0302 (also called beta III spectrin).  GPS1 interacts with GLT-1 (the 

rodent isoform of EAAT2), EAAC1 (EAAT3), and rodent EAAT4.  GPS1 

decreases GLT-1 mediated glutamate reuptake through a direct protein-

protein interaction 50.  JWA is the human homolog of GTRAP3-18, which 

interacts with and downregulates EAAC1 mediated glutamate reuptake 48.  

GTRAP41 (the rodent isoform of ARHGEF11) and GTRAP48 (the rodent 

isoform of KIAA0302) interact with rodent EAAT4, increasing glutamate 

transport 47. 

Disruptions in cortical functioning and glutamate transmission have 

both been implicated in schizophrenia 8-10, 17, 36, 42, 54, 78, 88, 123, 132, 142, 178, 236-261.  

A genetic variant of EAAT1 has been associated with schizophrenia, and 

expression of a high-risk for schizophrenia allele of the GRM3 metabotropic 

glutamate receptor is associated with decreased EAAT2 mRNA expression in 

human prefrontal cortex 176, 262.  Because the glutamate transporters maintain 

extracellular glutamate, we hypothesized that EAAT1-3 expression is altered 

in the DLPFC and ACC in schizophrenia.   We also predicted that expression 

of molecules regulating EAAT function, including ARHGEF11, JWA, GPS1, 

and KIAA0302, are altered in schizophrenia.  To test these hypotheses, we 

investigated both the transcript and protein expression of these EAATs and 

EAAT interacting proteins in schizophrenia using in situ hybridization and 

Western blot analysis. 
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2.3  Materials and Methods 

2.3.1  Subjects 

Two groups of subjects provided separately from the Mount Sinai 

Medical Center Brain Bank were studied (Tables 2.1 and 2.2) for mRNA and 

protein expression, respectively.  11 subjects (3 control subjects and 8 

subjects with schizophrenia) were common to both groups.  

Neuropathological examination revealed no neurodegenerative disorders 

including Alzheimer’s disease in any subject.  Brain samples were prepared 

as previously described 263.  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 as described by Rajkowska 

and Goldman-Rakic 264.   
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 Table 2.1: Subject Characteristics for In Situ Hybridizations 
 

Age (Years) Sex 
PMI 

(hours) pH Cause of Death    
        

Comparison Group        
79* F 3.0 6.3 CPF    
96* F 3.3 6.7 CPF    
90* F 2.3 6.0 CPF    
69 M 4.3 6.3 Unknown    
64 F 19.1 6.1 Pulmonary edema    
93 M 19.0 6.4 Congestive heart failure    

102 F 7.1 6.5 Acute Myocardial Infarction    
73 F 3.4 6.3 Acute Myocardial Infarction    
79 F 7.7 6.5 Acute Myocardial Infarction    
84 F 18.5 6.2 Unknown    

101 M 4.7 6.8 Coronary artery disease    
mean ± SD: 85 ± 13 3M/8F 8.6 ± 6.8 6.4 ±0.2     

        

Schizophrenia    
 

Subtype Rx 
Weeks 
Rx free 

84 F 15.6 6.2 Unknown par thi/chl 115 
61* M 3.5 6.5 CPF undif per/hal/ser 1 

69* M 4.5 6.4 
Cardiac infarction, renal 

failure par hal/flu/tri/chl 6 
63* M 6.2 5.9 CPF undif hal 0 
69* F 13.9 6.2 CPF undif thi/tri 4 
87* M 11.2 6.5 CPF undif thi/tri 11 
68* M 5.6 6.8 CPF par pro 2 
85 M 5.3 6.3 CPF undiff flu/chl 0 
73 M 7.9 6.5 CPF disorg hal 0 
66 M 12.1 6.5 Acute cardiac failure undif unknown unknown 
76 F 21.2 6.1 Cardiogenic shock par flu/tri/chl 0 
97 M 9.3 6.5 CPF undif hal 0 
66 M 8.4 6.7 CPF sa hal 0 
82 F 18.8 6.6 CPF res ris 124 
79 F 9.9 6.8 Cardiac Arrest undif thx 364 
68 M 17.3 6.6 CPF cat flu 0 

86 F 6.9 5.8 
Respiratory insufficiency, 

renal failure cat thx/chl 36 
65* F 5.8 5.9 CPF undif unknown unknown 
79* F 20.4 7.1 CPF, cancer of pancreas undif thi/thx 9 
84* M 6.2 6.5 CPF undif hal/per/thi/chl 106 

mean ± SD: 75 ± 10 12M/8F 10.5 ± 5.6 6.5 ±0.3     

Abbreviations: post-mortem interval (PMI), standard deviation (SD), female 
(F), male (M), cardiopulmonary failure (CPF), paranoid (par), undifferentiated 
(undif), disorganized (disorg), schizoaffective (sa), residual (res), catatonic 
(cat), antipsychotic medication (Rx), Thioridazine (thi), Chlorpromazine (chl), 
Perphenazine (per), Haloperidol (hal), Trifluoperazine (tri), Prochlorperazine 
(pro), Fluphenazine (flu), Thiothixene (thx), Risperidone (ris).  Asterisks 
indicate subject is present in both in situ hybridization and Western blot 
analysis cohorts. 
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Table 2.2: Subject Characteristics for Western Blot Analyses 
 

Age (Years) Sex 
PMI 

(hours) pH Cause of Death    
        

Comparison Group        
88 M 4.8 5.9 Cardiac    
86 F 4.7 6.5 Unknown    
55 M 10.0 5.7 Cancer    
79* F 3.0 6.3 CPF    
96* F 3.3 6.7 CPF    
90* F 4.2 6.0 CPF    
74 F 2.3 6.0 CPF    
70 M 8.0 6.0     

mean ± SD: 74 ± 13 3M / 5F 5.1 ± 2.6  6.1 ± 0.3      
        

Schizophrenia     Subtype Rx 
Weeks Rx 

free 
54 M 8.2 6.0 Acute myelocytic leukemia disorg unknown unknown 
61* M 3.5 6.5 CPF undif per/hal/ser 1 
84* M 6.2 6.5 CPF undif hal/per/thi/chl 106 

69* M 4.5 6.4 
Cardiac infarction, renal 

failure par hal/flu/tri/chl 6 
76 F 8.5 6.1 CPF, breast cancer par thi 0 
87* M 11.2 6.5 CPF undif thi/tri 11 
68* M 5.6 6.8 CPF par pro 2 
86 F 5.5 6.2 Cardiac, pneumonia undif unknown unknown 
72 M 20.6 6.6 CPF undif neuroleptic 12 
65* F 5.8 5.9 CPF undif unknown unknown 
79* F 20.4 7.1 CPF, pancreatic cancer undif thi/thx 9 
63* M 6.2 5.9 CPF undif hal 0 
69* F 13.7 6.2 CPF undif thi/tri 4 

mean ± SD: 72 ± 13  8M / 5F 9.2 ± 5.7  6.4 ± 0.4      

Abbreviations: post-mortem interval (PMI), standard deviation (SD), female 
(F), male (M), cardiopulmonary failure (CPF), paranoid (par), undifferentiated 
(undif), disorganized (disorg), antipsychotic medication (Rx), Thioridazine 
(thi), Chlorpromazine (chl), Perphenazine (per), Haloperidol (hal), 
Fluphenazine (flu), Trifluoperazine (tri), Prochlorperazine (pro), Thiothixene 
(thx).  Asterisks indicate subject is present in both in situ hybridization and 
Western blot analysis cohorts 

 
. 
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2.3.2  In Situ Hybridization  

mRNA expression was measured using in situ hybridization for the 

following subclones: GPS-1 (Genebank accession no. BC064503; nucleotide 

coding region 1396-1602), ARHGEF11 (NM_014784; 1935-2309), JWA 

(NM_006407; 181-520), KIAA0302 (AB008567; 5958-6345), EAAT1 

(U03504; 526-825), EAAT2 (NM004171; 601-1026), and EAAT3 (NM004170; 

156-979), GLAST (rat EAAT1, X63744 S49018; 569–1001) as previously 

described 34, 173.  We have previously shown specificity of the probes for 

EAAT1, EAAT2, and EAAT3 using sense and antisense probes 173.  

Specificity of the probes for GPS1 and KIAA0302 is shown in Figure 2.1. 
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Figure 2.1: Probe specificity of KIAA0302 and GPS1.  In situ hybridization 
analysis of KIAA0302 and GPS1 mRNA expression using sense and 
antisense probes in anterior cingulate cortex.  Abbreviations: KIAA0302 
(KIAA). 
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2.3.3  Western Blot Analysis 

Western Blot analysis was performed as described previously 263.  For 

each assay, protein was transferred to membranes from multiple gels 

together in the same apparatus, and subsequent treatments were performed 

in parallel under identical conditions to minimize interblot variability.  

Membranes were incubated in blocking solution (5% milk powder in Tris 

buffered saline with 0.1% Tween (milk/TBST) for GPS1 and KIAA0302, 5% 

milk powder in phosphate buffered saline with 0.1% Tween (milk/PBST) for 

EAAT1 and EAAT2, and 3% milk/TBST for EAAT3) for 1 hour at room 

temperature.  Membranes were incubated in primary antibody diluted 1:1000 

for GPS1 (Abcam, ab4535), EAAT1 (Santa Cruz, sc-7758), and EAAT2 

(Chemicon, AB1783), 1:200 for KIAA0302 (Santa Cruz, sc-28273) 1:250 for 

EAAT3 (Alpha Diagnostics, EAAC11-A), and 1:10,000 for beta-tubulin 

(Upstate, 05-661) in blocking solution overnight at 4oC.  The GLT-1 antibody 

was raised to a peptide sharing 100% sequence homology with human 

EAAT2, and cross-reacts with human EAAT2 265.  The EAAC1 and spectrin β 

III antibodies were raised to peptides sharing 100% sequence homology with 

human EAAT3 and KIAA0302.  Membranes were washed in TBST or PBST, 

then incubated for 1 hour with horseradish peroxidase (HRP) coupled 

secondary antibody diluted 1:5000 in blocking solution for EAAT1, GPS1, 

KIAA0302, and beta-tubulin, 1:4000 for EAAT2, and 1:400 for EAAT3.  

Membranes were washed in TBST or PBST followed by high purity water.  

Prior to examining protein expression, we tested our EAAT1, EAAT2, EAAT3, 
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GPS1, KIAA0302, and beta-tubulin Western blot assays using varying 

concentrations of total protein of human cortical tissue homogenate.  These 

control studies demonstrated that our assay was linear for the protein 

concentrations used in our studies. 

 

2.3.4  Statistical Analysis 

Values from two sections (for in situ hybridizations) or bands (for 

Western blots) per subject for each region were averaged and converted to 

optical density.  For in situ hybridizations, background from white matter 

(EAAT1, EAAT2, EAAT3, ARHGEF11, KIAA0302, and JWA) or slide 

background (GPS1) was subtracted from cortical expression grayscale values 

before conversion to optical density.  For Western blots, optical density was 

divided by optical density of beta-tubulin from the same lane as a loading 

control and analyzed as a ratio.  Outliers, defined as values more than 2 

standard deviations from the mean, were excluded.  Because tissue pH is a 

predictor of RNA integrity, correlation analysis was performed to investigate 

possible associations between transcript expression and tissue pH 266.  

Protein integrity is generally not affected by pH 266.  Diagnostic groups were 

matched for age, pH, and PMI, and t-tests revealed no statistically significant 

differences between groups for any of these variables.  When significant 

associations between transcript expression and pH were found, analysis of 

covariance (ANCOVA) was utilized; otherwise analysis of variance (ANOVA) 
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was utilized with diagnosis as the independent variable and optical density or 

optical density ratio as the dependent variable.  For all tests α = 0.05. 

  

2.4  Results 

2.4.1 Transcript Studies 

Using in situ hybridization, transcript expression of EAAT1-3, 

ARHGEF11, GPS1, JWA, and KIAA0302 were measured.  There were no 

associations between EAAT1, EAAT2, ARHGEF11, or KIAA0302 transcript 

expression and pH in either the ACC or the DLPFC.  Correlation analysis 

revealed an association between EAAT3 transcript expression and pH in ACC 

(R= 0.49, p < 0.05) but not DLPFC.  Correlation analysis revealed an 

association between JWA transcript expression and pH in ACC (R = 0.45, p < 

0.05) but not DLPFC.   

EAAT1 transcript expression was increased in schizophrenia in ACC 

(F(1,21) = 4.54, p < 0.05), but not DLPFC (Figure 2.2).  EAAT3 transcript 

expression was increased in schizophrenia in ACC (F(1, 19) = 18.07, p <  

0.05), but not DLPFC (Figure 2.2).  JWA transcript expression was increased 

in schizophrenia in ACC (F(1,24) = 5.73, p < 0.05).  KIAA0302 transcript 

expression was increased in schizophrenia in ACC (F(1,24) = 8.59, p< 0.05), 

but not DLPFC.  There were no significant differences between groups for 

EAAT2, ARHGEF11, or GPS1 (Figures 2.2 and 2.3). Sense controls 

confirmed the specificity of our antisense probes for KIAA0302 and GPS1 

(Figure 2.1).  Emulsion dipping in the vicinity of layer V of the ACC confirmed 
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the specificity of EAAT2 expression to small cells, consistent with astrocytic 

expression (Figure 2.4).   

 

 

 
Figure 2.2: EAAT transcript expression.  In situ hybridization analysis of 
EAAT1-3 mRNA expression in the anterior cingulate cortex and dorsolateral 
prefrontal cortex from control and schizophrenia subjects.  Nissl stained 
sections are shown for comparison.  Roman numerals indicate cortical layers.  
Data expressed as means +/- standard error of the mean.  Asterisks indicate 
a significant difference between control and schizophrenia (p < 0.05).  
Abbreviations:  Optical density (OD), control (C), schizophrenia (S), anterior 
cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC), excitatory 
amino acid transporter (EAAT), layer I (I), white matter (WM). 
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Figure 2.3: EAAT interacting partner transcript expression.  In situ 
hybridization analysis of ARHGEF11, GPS1, JWA, and KIAA0302 mRNA 
expression in the anterior cingulate cortex and dorsolateral prefrontal cortex 
from control and schizophrenia subjects.  Data expressed as means +/- 
standard error of the mean.  Abbreviations:  Optical density (OD), control (C), 
schizophrenia (S), anterior cingulate cortex (ACC), dorsolateral prefrontal 
cortex (DLPFC), ARHGEF11 (ARH), G-protein suppressor pathway 1 
(GPS1), KIAA0302 (KIAA), layer I (I), white matter (WM). 
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Figure 2.4:  Cellular expression pattern of EAAT2.  Emulsion dipped in situ 
hybridization of EAAT2 mRNA in nissl stained tissue from the vicinity of layer 
V of anterior cingulate cortex.  Large circle indicates large cell, small circles 
indicate small cells. 
 

 

2.4.2  Protein Studies 

Using Western blot analysis, protein expression of EAAT1-3, GPS1, 

and KIAA0302 were measured.  For EAAT1-3, protein bands were present for 

both monomeric and multimeric forms (Figure 2.5).  Each of these bands was 

analyzed separately and in sum.  Decreased total EAAT1 expression was 

found in the DLPFC (F(1,14) = 6.25, p < 0.05),  associated with decreased 

expression of the monomer (F(1, 15) = 7.31, p < 0.05), but not the multimer 

(Figure 2.6).  There were no changes in EAAT1 protein expression in the 

ACC. There were no changes in EAAT2 protein expression in the DLPFC or 

ACC (Figure 6).  Increased expression of the EAAT3 multimer was found in 

the ACC (F(1, 16) = 4.92, p < 0.05) but not the DLPFC in schizophrenia 
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(Figure 2.6). There were no changes in expression of the monomer or the 

total amount of EAAT3 protein. 

GPS1 protein expression was increased in the ACC in schizophrenia 

(F(1, 17) = 6.41, p < 0.05) (Figure 3),  but unaltered in the DLPFC.  KIAA0302 

protein expression was increased in the DLPFC (F(1, 16) = 10.56 ; p < 0.05), 

but not the ACC, in schizophrenia (Figure 2.6). 

 

 

 

Figure 2.5:  Protein expression profiles.  Western blot analysis of all 
proteins studied.  Numbers on left indicate molecular weight in kDa.  
Abbreviations: KIAA0302 (KIAA). 
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Figure 2.6: EAAT and EAAT interacting partner protein expression.  
Western blot analysis in the anterior cingulate cortex and dorsolateral 
prefrontal cortex from control and schizophrenia subjects for EAAT1-3, GPS1, 
and KIAA0302.  Values are normalized to tubulin.  Asterisks indicate a 
significant difference between control and schizophrenia (p < 0.05).  Data 
expressed as means +/- standard error of the mean.  Abbreviations:  Optical 
density (OD), control (CTL), schizophrenia (SCZ), anterior cingulate cortex 
(ACC), dorsolateral prefrontal cortex (DLPFC), excitatory amino acid 
transporter (EAAT), G-protein pathway suppressor 1 (GPS1), KIAA0302 
(KIAA). 
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2.4.3  Sex Effects 

There was a sex imbalance between diagnostic groups, so the 

dependent variables that differed by diagnosis were tested for sex effects. 

There were generally no sex effects for these variables with the exception of 

EAAT3 transcripts.  EAAT3 transcript expression was increased in male 

subjects compared to female subjects in the ACC (F(1,20) = 11.07, p < 0.05).  

When split by sex, EAAT3 transcript expression was increased in males 

(F(1,8) = 15.04, p < 0.05) and females (F(1,10) = 5.04, p < 0.05) with 

schizophrenia compared to same sex controls. 

 

2.4.4  Antipsychotic Effects 

A number of patients with schizophrenia were medication-free for at 

least 6 weeks prior to death.  No differences in transcript expression were 

detected between medicated and unmedicated patients for most of the 

transcripts found altered with the exception of JWA.  An increase in JWA 

expression in the ACC was found in medicated versus unmedicated patients 

(F(1,4) = 13.13, p < 0.05).  No changes in transcript expression detected 

between control subjects and unmedicated patients with schizophrenia for 

any of the transcripts found altered in schizophrenia.  No differences in 

protein expression were detected between medicated and unmedicated 

patients with schizophrenia for any of the proteins found altered in 

schizophrenia.  No changes in protein expression were detected between 

control subjects and unmedicated patients with schizophrenia for EAAT1, 
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GPS1, or KIAA0302.  EAAT3 protein expression was increased in the ACC in 

unmedicated patients with schizophrenia compared to controls (F(1, 9) = 

7.07, p < 0.05). 

 

2.5  Discussion 

 We found alterations in expression of molecules involved in glutamate 

transport in schizophrenia, suggesting abnormal glutamate reuptake is 

involved in the pathophysiology of this illness.  Of particular interest are the 

changes in protein expression of the glial transporter EAAT1, the neuronal 

transporter EAAT3, and the negative modulator of EAAT2 mediated 

glutamate reuptake, GPS1.  These results suggest that neuronal glutamate 

reuptake may be increased in schizophrenia, while glial glutamate reuptake 

may be diminished.   

We detected a decrease in total EAAT1 protein expression in the 

DLPFC, most likely attributable to decreased expression of the monomer.  

While the EAATs function natively as homomultimers 136, this result suggests 

that there may be a decrease in monomeric pools of EAAT1.  Decreased 

EAAT1 protein expression may reflect decreased glutamate reuptake into 

glial cells or a decrease in the total number of EAAT1 expressing glia.  In 

addition to decreased protein expression in the DLPFC, we detected 

increased EAAT1 transcript, but not protein, expression in the ACC.  

Unchanged protein expression with increased mRNA expression may be due 
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to a number of factors including abnormal translation and folding, abnormal 

post-translational modifications, or increased protein turnover.   

We did not detect changes in transcript or protein expression of 

EAAT2, the transporter responsible for approximately 90% of glutamate 

reuptake in the forebrain 267.  Previous studies of EAAT2 expression have 

yielded discrepant results.  Two studies found increased EAAT2 transcript 

expression in the PFC, while another found no changes 178-180.  While we did 

not find changes in EAAT2, it is possible that EAAT2 mediated glutamate 

reuptake is regulated by processes other than simply increasing or 

decreasing gene expression.  Phosphorylation of specific serine residues and 

degradation pathways are known to influence EAAT2 function 193, 203. 

 EAAT2 mediated glutamate reuptake may also be regulated by GPS1 

which interacts with the C-terminus of GLT-1 (the rat homolog of EAAT2), 

regulating surface trafficking through a leucine zipper-like motif 50.  

Coexpression of GPS-1 with GLT-1 downregulates glutamate reuptake in 

HEK cells 268.  We found increased GPS1 protein, but not mRNA, in the ACC, 

suggesting decreased EAAT2 mediated glutamate reuptake.  GPS1 protein 

levels have not previously been examined in schizophrenia, but in a different 

study 34, we found no changes in GPS1 mRNA expression in the thalamus, 

suggesting that changes in GPS1 may be region specific.  

 GPS1 may have other functions besides regulating GLT-1/EAAT2.  

GPS1 also associated with EAAC1 and rodent EAAT4 in an in vitro binding 

assay, and it might regulate these transporters in a manner similar to GLT-1 
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50.  It has also been suggested that GPS1 functions in humans as a 

suppressor of G-protein pathway signaling 269.  Thus, it is possible that GPS1 

could also have effects on G-protein linked receptors, including the mGluRs.  

mGluRs play a role in glutamate cycling because activation of group I 

mGluRs or group II-III mGluRs enhances and inhibits glutamate release, 

respectively 270. 

While it appears that EAAT2 is not regulated simply by changes in 

gene expression, EAAT3 expression was increased at both transcript and 

protein levels.  Animal and cell culture experiments have shown that the 

EAATs exist natively as homomultimers 136.  EAAT trimers are formed 

immediately after biosynthesis, and are the only functioning forms of EAAT3 

in native systems 135.  It is unclear whether the multimer bands we measured 

are dimers or trimers, given that undissociated proteins do not migrate with a 

uniform surface area to charge ratio 271.  Our data suggest increased EAAT3 

mediated glutamate reuptake in the ACC in schizophrenia, since we found an 

increase in multimer protein expression. 

We propose that the changes in EAAT3 expression are secondary to 

changes in EAAT1 and GPS1 expression.  Decreased EAAT1 and increased 

GPS1 expression may cause decreased glutamate reuptake in glial cells, 

leading to increased basal synaptic glutamate levels and synaptic spillover.  

EAAT3 is largely localized in perisynaptic regions and contributes to 

clearance of glutamate spillover 272, 273.   Thus, EAAT3 expression may be 

increased in neurons to compensate for these changes.  Consistent with this 
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notion, EAAT3 protein is localized to regulatable cytosolic pools that may be 

rapidly mobilized to the plasma membrane, suggesting a biological process 

that is highly responsive to changes in glutamate levels 164.   It is also 

possible that increased EAAT3 expression is an effect of direct interaction 

with GPS1, or another EAAT regulating molecule.  However, it is not known 

what effect, if any, GPS1 has on EAAT3 mediated glutamate reuptake. 

 In addition to the changes in GPS1, EAAT1, and EAAT3, we detected 

increased KIAA0302 protein expression in the DLPFC.  This increase is 

difficult to interpret as it relates to glutamate transport because KIAA0302 is 

reported to interact only with EAAT4 47.  Although both transcript and protein 

levels of KIAA0302 are highly expressed in the cortex, EAAT4 is expressed at 

very low levels, and is predominantly expressed in the cerebellum 171, 274.  

This anatomical mismatch suggests that KIAA0302 has other functions.  

KIAA0302 is a structural molecule involved in Golgi and vesicular membrane 

skeletons, binds to dynein and dynactin, and it has been implicated in 

vesicular trafficking along microtubules 47, 275, 276.   Given the scarcity of 

EAAT4, it is likely that KIAA0302 serves structural, trafficking, or other roles in 

the prefrontal cortex. 

We did not detect changes in transcript expression for any of the EAAT 

interacting proteins that we studied.  This suggests that these molecules are 

not altered in schizophrenia at the mRNA level.  We were unable to measure 

protein expression of JWA or ARHGEF11 with commercially available 
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antibodies.  It is therefore possible that, similar to GPS1 and KIAA0302, they 

are altered in schizophrenia at the level of protein, but not mRNA, expression. 

Another point of interest from these data is that all significant changes were 

detected in the ACC but not the DLPFC.  Although the DLPFC has been a 

major focus of studies involving altered gene expression in schizophrenia, 

many other regions have also been implicated in this disease, and may have 

more robust changes.  In a microarray study of multiple brain regions in 

schizophrenia, the ACC had ~20 fold more altered genes than the 

dorsolateral prefrontal cortex 277.  Thus, our findings are consistent with the 

hypothesis that the ACC may be a particularly vulnerable site in the 

pathophysiology of schizophrenia. 

There are several potential limitations of this study.  One concern is the 

advanced age of the subjects.  Disorder-specific alterations in gene 

expression could be masked by age effects on those genes.  However, we 

have previously detected robust changes in glutamate receptor transcripts, 

proteins, and binding sites in a similar sample from the same brain bank, 

demonstrating significant changes in gene expression in older subjects 32-34, 

36, 38.  Sex effects may also be a confounding factor.  In our entire sample, we 

found an increase in EAAT3 transcript expression in males compared to 

females in the ACC.  However, EAAT3 expression was increased in 

schizophrenia compared to controls in both males and females when 

analyzed separately, suggesting that our diagnosis-related results are likely 

not attributable to sex differences. 
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Another limitation of this study is the potential effects of treatment with 

antipsychotic medications 278, 279.  We generally did not detect any differences 

in expression between medicated and unmedicated patients for any 

transcripts or proteins we found increased in schizophrenia with one 

exception.   We detected increased JWA transcript expression in the ACC in 

medicated versus unmedicated subjects.  These analyses, however, are 

underpowered.  The increased JWA transcript expression in schizophrenia 

may therefore be due to either disease specific or medication specific effects.  

However, we did find increased EAAT3 protein expression in the ACC in 

unmedicated patients with schizophrenia, compared to control subjects, 

suggesting that our EAAT3 findings are not due to a medication effect. 

Our results shed light on several aspects of glutamate cycling in 

schizophrenia.  Increased GPS1 protein and decreased EAAT1 protein 

suggest decreased glutamate reuptake capacity in glia, leading to increased 

synaptic glutamate levels and synaptic spillover.  The increase in EAAT3 

expression might be compensatory to decreased glutamate reuptake by glia.  

This scenario suggests a state of increased basal synaptic glutamate levels in 

the prefrontal cortex in schizophrenia.  It remains unclear how KIAA0302 fits 

into this model, as the transporter subtype it regulates is expressed at very 

low levels in the cortex.  These findings have important implications for 

neuronal plasticity in schizophrenia, and provide new targets for the 

development of novel treatments for this illness. 
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Chapter 3 

 

 

Abnormal Glycosylation of EAAT1 and EAAT2 in Prefrontal Cortex of 
Elderly Patients with Schizophrenia 

 

 

3.1  Abstract  

EAATs may 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 DLPFC and ACC 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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3.2  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 214.  Abnormalities of glycosylation can 

lead to a number of 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 214.  Disruptions in glycosylation have also been 

implicated in Alzheimer’s disease 280, Huntington’s disease 281, and 

schizophrenia 215.  

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 ER and 

Golgi.  The 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 138, 142, 

143, 181, 233, 282, 283.  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 209, 212.  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 209.  In 
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addition, glycosylation of GLAST has been correlated with trafficking of 

GLAST to plasma membrane and increased glutamate uptake 284. 

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 230. There is a conflicting literature describing the functional 

effects of EAAT2 glycosylation.  One group found that glycosylation-deficient 

GLT-1 had a decreased rate of glutamate transport due to decreased 

expression in the plasma membrane 216.  This may be attributed to retention 

of GLT-1 in the ER, because mutant GLT-1 expressing an altered 

extracellular leucine-based motif is immaturely glycosylated and retained in 

the ER 230.  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 211.  

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 213.  A shift of 

approximately 5 kDa was detected when EAAT3 immunoprecipitated from 

human brain synaptosomes were treated with Endoglycosidase F 285.   

We previously reported alterations in EAAT1 and EAAT3 protein in 

prefrontal cortex in schizophrenia, suggesting diminished EAAT-mediated 
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glutamate reuptake as a part of the pathophysiology of this illness 286.  

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 287-289.  Since glycosylation is important for targeting of the EAATs 

to the plasma membrane, abnormal glycosylation of these proteins may play 

a role in schizophrenia.   

 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 ER.  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. 
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3.3  Materials and Methods 

 

3.3.1  Subjects 

Subjects from the Mount Sinai Medical Center Schizophrenia Brain 

Bank were studied (Table 3.1), 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’s or other 

neurodegenerative disease was found.  The brain banking procedures were 

approved by the Mount Sinai School of Medicine Institutional Review Board. 

 

Table 3.1: Subject Characteristics for Deglycosylation Studies 
 
 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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3.3.2  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 ACC (n = 68) and 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 264. 

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 -80oC in 0.5 mL aliquots.  

To determine protein concentrations, assay by the Bradford method  290 was 

performed on these homogenates.  

 

3.3.3  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 70oC for 10 min.  Samples were cooled to 

room temperature and incubated with 1.3 µl Endoglycosidase H or 1.3 µl 
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PNGase F and 1.7 µl  15% triton X-100 (QA Bio) at 37oC 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. 

 

3.3.4  Electrophoresis 

NuPAGE sample reducing agent (Invitrogen), and NuPAGE LDS 

sample buffer (Invitrogen) were added to the samples, which were then 

incubated at 70oC for 10 minutes.  The Novex 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.  

 

3.3.5  Western blot analysis 

Following electrophoresis, proteins were transferred onto Immobilon-

FL PVDF membranes (Millipore) using a semi-dry transfer apparatus (Bio-

Rad).  After electroblot transfer, membranes were washed twice and 

incubated with Li-Cor 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 
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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 4oC 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).   

 

3.3.6  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 291 (Figure 3.1).  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 292-294 (Figure 3.1).  EAAT1 
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and EAAT2 migrate as both monomers and multimers 286, and the molecular 

mass shifts of monomers and multimers were analyzed separately. 

 

Figure 3.1:  Schematic of a gel with control and deglycosylation treatments.  
Molecular mass was calculated 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.  
Molecular mass shift was calculated by subtracting the molecular mass of the 
adjacent control band from the band of interest.  Abbreviations: relative 
migration (Rf), endoglycosidase H (endo H), peptide-N4-(N-acetyl-beta-
glucosaminyl) asparagine amidase F (PNGase F).  
 

 

3.3.7  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 
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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.   

 

3.4  Results  

When samples were treated with EndoH, none of the transporters 

exhibited shifts in molecular mass of either monomeric or multimeric forms 

(Figure 3.2).  When samples were treated with PNGase F, EAAT1 and 

EAAT2 exhibited detectable shifts in molecular mass for both monomeric and 

multimeric forms (Figure 3.2).  However, EAAT3 did not shift when treated 

with PNGase F (Figure 3.2).  Because we were concerned that the lack of 

shift could be due to a loss 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).   
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Figure 3.2: Western blots of deglycosylated EAATs.   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.  Abbreviations:  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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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 3.3).  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 3.2). 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)) (Figure 3.4).  
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Figure 3.3: 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 3.4: 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.  Abbreviations:  kDa (kilodaltons), anterior cingulate cortex 
(ACC), dorsolateral prefrontal cortex (DLPFC), excitatory amino acid 
transporter (EAAT). 
 
 
 
3.5  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 295, 296.  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 297.    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. 
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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 213, and that another study demonstrated deglycosylation of 

EAAT3 in an immunoprecipitated fraction from human brain synaptosomes 

285.  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 234, 298.  For example, an antibody might bind to bind to a 

glycosylated residue of EAAT3 and lose antigenicity 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.  
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It is difficult to determine if such a small change in glycosylation is of 

physiological significance.  It is possible that because the change is small, it 

may be a type I statistical error due to a high coefficient of variation.  

However, if this change is real, 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 284.  This 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 216, 230.  

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 
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splice variants are retained in the ER, and cause ER retention of any full 

length variants with which they dimerize 230.  The transporters that are 

retained in the ER are less glycosylated than transporters that are not 

retained 230.  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 (Chapter 4). 

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 295.  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 286, suggest that there is decreased perisynaptic 
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glutamate reuptake into astrocytes in schizophrenia.  The glutamate 

transporters are important for maintaining low synaptic glutamate levels by 

buffering and transporting synaptic glutamate 299, 300.  Diminished perisynaptic 

reuptake and buffering may lead to glutamate spillover and loss of input 

specificity 287, 288.  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 20.  This hypothesis is further supported by a report of a subject with 

schizophrenia who has a partial deletion of the EAAT1 gene 176.  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 177.   

Taken together, these data support a role for diminished glutamate reuptake 

in the pathophysiology of schizophrenia. 
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Chapter 4 

 

 

Abnormal Expression of the Exon 9 Skipping EAAT2 Splice Variant in 
Schizophrenia 

 

 

 

 

4.1  Abstract  

Alternative splicing of the EAATs provides one mechanism by which 

EAAT function can be regulated.  Given that abnormal EAAT expression and 

evidence for dysregulation of glutamatergic neurotransmission have been 

found in schizophrenia, we hypothesized that expression of EAAT splice 

variants may be abnormal in schizophrenia.  To test this hypothesis, we 

measured transcript expression of five EAAT isoforms: EAAT1, EAAT1Δ9, 

EAAT2, EAAT2B and EAAT2Δ9 by QPCR in postmortem tissue from the 

prefrontal cortex of patients with schizophrenia and comparison subjects.   

We found increased expression of EAAT2Δ9 in schizophrenia.  Our data 

suggest abnormal glutamate transporter splicing in schizophrenia, consistent 

with decreased capacity for glutamate reuptake.  
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4.2  Introduction 

The EAATs are known to be alternatively spliced, which is associated 

with their functional regulation 183, 218-224.  EAAT1 can be alternatively spliced 

as an exon 3 skipping 210, 224, 227 or an exon 9 skipping variant 228.  The exon 3 

skipping variant, also known as EAAT1a, is thought to have an opposite 

orientation in the cell membrane to regular EAAT1 and to be unglycosylated 

210.  The exon 9 skipping variant, also known as EAAT1Δ9 or EAAT1b is 

retained in the ER, is likely unglycosylated, and appears to be a non-

functioning transporter exerting a dominant negative effect on the native 

transporter 229. 

Several splice variants have also been described for EAAT2. Exon 

skipping variants of EAAT2 include an exon 7 skipping variant 219, an exon 9 

skipping variant 219, 221, 222 and a variant containing a partial deletion of exons 

6 and 7 219.  Like the exon 9 skipping form of EAAT1, the exon 9 skipping 

form of EAAT2 (EAAT2Δ9) is also retained in the ER 230.  There are also 

several intron retention variants of EAAT2.  For example, EAAT2b is an intron 

10-11 retention variant that retains the ability to transport glutamate in vitro, 

but unlike EAAT2, is expressed in neurons and glia, and is expressed in the 

cytoplasm rather than the plasma membrane 182, 183.   

EAAT function must be tightly regulated in order to ensure proper 

glutamatergic neurotransmission.  We previously demonstrated abnormalities 

in EAAT expression in schizophrenia286.  Alterations in splicing could also 
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cause disturbances in EAAT function. Abnormalities in EAAT splicing have 

been demonstrated in mood disorders, anxiety disorders, Alzheimer’s 

disease, epilepsy, hypoxia/ischemia, Huntington’s disease, brain injury, 

glaucoma, HIV-associated dementia, addiction, ALS, and schizophrenia225.  

Additionally, changes in splicing of several other glutamatergic molecules 

including AMPA and NMDA receptor subunits have previously been shown in 

schizophrenia33, 104, 107.  In this study, we measured expression of EAAT1 and 

EAAT2 splice variants in postmortem brain from patients with schizophrenia 

and a comparison group.  We hypothesized that there is abnormal splice 

variant expression of EAAT1 and EAAT2 in schizophrenia. 

 

4.3  Methods 

4.3.1  Subjects 

Subjects from the Mount Sinai Medical Center Schizophrenia Brain 

Bank were studied (Table 4.1), including 25 individuals diagnosed with 

schizophrenia and 25 comparison subjects.  Subjects were diagnosed with 

schizophrenia if the presence of 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’s or other neurodegenerative disease was found.  The 
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brain banking procedures were approved by the Mount Sinai School of 

Medicine Institutional Review Board. 

 

Table 4.1: Subject Characteristics for Splice Variant Studies 
 
 Comparison Group Schizophrenia 
   N 25 25 
Sex 12 m / 13 f 16 m / 9 f 
Tissue pH 6.6 ± 0.3 6.5 ± 0.2 
PMI (hours) 8.6 ± 7.0 17.1 ± 10.0 
Age (years) 76 ± 11 75 ± 13 
On / Off Rx 0 / 25 18 / 7 
Values presented as mean ± standard deviation 
Abbreviations: male (m), female (f), antipsychotic medication (Rx), 
postmortem interval (PMI). 
 

 

4.3.2  RNA 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 ACC (n = 68) and DLPFC (n = 66).  ACC was dissected at the level of 

the genu of the corpus callosum, 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 

measuring approximately 1.5 cm along the cortical surface.  Approximately 1 

cm3 of frozen tissue was pulverized in liquid nitrogen.  The tissue was then 

homogenized in Buffer RLT Plus (AllPrep DNA/RNA Mini Kit (Qiagen)) by 

passing it 10 times through a 20-guage needle and RNA was extracted with 
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the AllPrep DNA/RNA Mini Kit (Qiagen).  RNA concentration was determined 

using UV spectrophotometry at 260nm. 

 

4.3.2  Reverse Transcription 

Equivalent amounts of RNA (1 g) were treated with DNase I at 37°C 

for 30 minutes (1 unit DNase per g RNA; Promega, Madison, WI), DNase 

was inactivated at 65°C for 15 minutes, and RNA was reverse-transcribed 

using the High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, 

CA). 

 

4.3.3  Primers 

The following primers were used for QPCR:  

β-actin forward: AGTACTCCGTGTGGATCGGC,  

β-actin reverse: GCTGATCCACATCTGCTGGA,  

18S forward: CGCCGCTAGAGGTGAAATTC,  

18S reverse: TTGGCAAATGCTTTCGCTC,  

cyclophilin forward: CTCCTTTGAGCTGTTTGCAG,  

cyclophilin reverse: CACCACATGCTTGCCATCC,  

EAAT2 forward:  GGGCACCGCTTCCAGTG, 

EAAT2 reverse:  ATACTGGCCGCGCCG, 

EAAT2Δ9 forward: GGGCACCGCTTCCAGTG,  

EAAT2Δ9 reverse: GACTGAAGTTCTCATCCTGTCCCTT,  

EAAT2b forward: GGACAGGATGAGAACTTCAGTCAA,  
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EAAT2b reverse: ACAAGTCTCGATATCCATGAATGG,  

EAAT1 forward: CGAAGCCATCATGAGACTGGTA,  

EAAT1 reverse: TCCCAGCAATCAGGAAGAGAA,  

EAAT1Δ9 forward: TGCCCTCTATGAGGCTTTGG,  

EAAT1Δ9 reverse: GTCCGGAGGCGATCCCT. 

 

4.3.4  QPCR 

All amplification reactions were performed in duplicate using 96-well 

optical reaction plates (Stratagene) on a Stratagene detection system.  For 

each reaction, 3 ul of cDNA (1:3 diluted) was placed in a 20 ul reaction 

containing 10 ul of SYBR Green PCR Master Mix (Applied Biosystems) and 

10 pmol of each primer (Invitrogen).  Reactions were performed with an initial 

ramp time of 3 minutes at 95°C, and 50-60 subsequent cycles of 15 seconds 

at 95°C and 1minute at the annealing temperature.  The annealing 

temperature was 63oC for EAAT2Δ9 and was 59oC for all other primer sets.  

60 cycles were used for EAAT2B and EAAT2Δ9, and 50 cycles were used for 

all other primer sets.  For negative controls for the QPCR reactions, cDNA 

was omitted. Relative concentrations of the transcripts of interest were 

calculated with comparison to a standard curve made with dilutions of cDNA 

from a pooled sampling of all the subjects. Values for the transcripts of 

interest were normalized to the geometric mean of 18s, actin, and cyclophilin 

values for the same samples.  
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4.3.5  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 transcript expression and age, PMI, and pH.  We analyzed transcript 

expression using analysis of variance (ANOVA) or analysis of covariance 

(ANCOVA) as appropriate.  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 in a post hoc analysis. 

 

4.4  Results  

Using QPCR, transcript expression of EAAT1, EAAT2, EAAT1Δ9, 

EAAT2Δ9 and EAAT2B was measured.  There were no associations between 

EAAT1, EAAT2, EAAT1Δ9, or EAAT2B transcript expression and age, pH, or 

PMI in the ACC or DLPFC.  Correlation analysis revealed an association 

between EAAT2Δ9 transcript expression and age in ACC (R= 0.31, p < 0.05) 

but not DLPFC.   

EAAT2Δ9 transcript expression was increased in schizophrenia in 

ACC (F(1,42) = 6.03, p < 0.05), and DLPFC (F(1, 43) =4.65, p < 0.05) (Figure 

4.1).   There was no effect of medication status in the subjects with 

schizophrenia on EAAT2Δ9 expression.  There were no significant 
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differences between groups for EAAT1, EAAT2, EAAT1Δ9, or EAAT2B 

(Figure 4.1).   

 

 

 

 

 

Figure 4.1: EAAT splice variant transcript expression. QPCR analysis of 
EAAT1, EAAT1Δ9, EAAT2, EAAT2Δ9, and EAAT2B splice variant mRNA 
expression in the anterior cingulate cortex and dorsolateral prefrontal cortex 
from subjects with schizophrenia (n = 25) and a comparison group (n = 25).  
Expression is normalized to the geometric mean of 18s, actin, and cyclophilin.  
Data expressed as fold change of control +/- standard error of the mean.  
Asterisks indicate a significant difference between control and schizophrenia 
(p < 0.05).  Abbreviations:  anterior cingulate cortex (ACC), dorsolateral 
prefrontal cortex (DLPFC), excitatory amino acid transporter (EAAT), EAAT1 
exon 9 skipping (EAAT1Δ9), EAAT2 exon 9 skipping (EAAT2Δ9). 
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4.5  Discussion 

In this study, we found increases in EAAT2Δ9 mRNA expression, but 

no changes in expression of EAAT1, EAAT1Δ9, EAAT2, or EAAT2B in 

schizophrenia brain.  We previously studied expression of transcripts for 

EAATs in the ACC and DLPFC using in situ hybridization in a different set of 

subjects from the same brain bank286.   We found no changes in EAAT2 

transcript expression in this smaller set286.  Another study using subjects from 

the same brain bank also found no changes in EAAT2 transcript expression 

using QPCR180.  Other studies of EAAT2 expression in prefrontal cortex in 

schizophrenia have found a decreased ratio of EAAT2 to mGluR using in situ 

hybridization178, while another group found increased EAAT2 expression 

using QPCR179.  The balance of these data suggests that native EAAT2 

transcripts are unchanged in schizophrenia. 

In our previous study, we also measured transcript expression of 

EAAT1 by in situ hybridization286.  While we found no changes in EAAT1 in 

the present study using QPCR, with situ hybridization we found an increase in 

EAAT1 transcript expression in ACC 286.   The difference in EAAT1 findings 

may be due to differences in the set of subjects used, or because the ACC 

samples used in the current work were dissected from a portion of the 

cingulate that is located more caudally than the samples from our previous 

study286.  EAAT1 transcript expression in the DLPFC of subjects from the 

same brain bank was also measured by QPCR, and no difference between 

diagnostic groups was found180. 
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Previously, only one other study has examined EAAT2 splice variants 

in schizophrenia180.  EAAT2B, an intron retaining form of EAAT2, was found 

to be unchanged180.  We did not find changes in EAAT2B, suggesting that the 

expression of this splice variant is not affected in schizophrenia. 

EAAT2 is responsible for the majority of glutamate reuptake in the forebrain, 

and is tightly regulated to prevent perturbations in glutamate transmission51.  

EAAT2Δ9 exerts a dominant negative effect on EAAT2 function by 

heterodimerizing with full length EAAT2 and preventing it from exiting the ER.  

Thus, increased EAAT2Δ9 expression may lead to decreased glutamate 

buffering and reuptake, resulting in increased synaptic glutamate levels.  

Decreases in perisynaptic EAAT expression could also lead to glutamate 

spillover into adjacent synapses and loss of input specificity287, 288.  The 

increase we detected in EAAT2Δ9 is consistent with decreases in EAAT2 

glycosylation we previously detected because disruption of exon 9 results in 

immaturely glycosylated EAAT2230. 

Abnormal expression of splice variants affecting ER trafficking have 

previously been demonstrated in schizophrenia.  One group found an 

increase in the ratio of the flip : flop isoforms of the GluR2 AMPA subunit in 

hippocampus in schizophrenia107.  Because the flop variant contains an ER 

retention sequence and the flip variant does not, these data suggest AMPA 

receptors may be forward trafficked too quickly in schizophrenia.  Another 

study found increased expression of the alternatively spliced NR1 NMDA 

receptor subunit NR1C2’ in ACC in schizophrenia104.  This variant confers 
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accelerated trafficking of the NMDA receptor through the ER.  Decreased 

expression of exon 22 containing splice variants of the NR1 NMDA receptor 

subunit was found in the thalamus in schizophrenia33.  This finding also points 

to forward trafficking of the NMDA receptor because the long C-terminal tails 

of these variants block release from the ER.  Taken together with the current 

study, these data suggest alterations in splice variants involved in ER 

retention and trafficking may play an important role in the pathophysiology of 

schizophrenia. 

Since most of the patients with schizophrenia were treated with 

antipsychotic medications, the increases we found in EAAT2Δ9 expression 

could be due to a medication effect.  However, we did not find any effects of 

medication on EAAT2Δ9 expression when comparing patients on medication 

6 weeks prior to death to patients off medication at least 6 weeks prior to 

death. 

 Expression of the exon 9 skipping variant of EAAT2, EAAT2Δ9, is 

increased in the ACC and DLPFC of elderly patients with schizophrenia.  We 

suggest that this increase in a dominant negative splice variant could lead to 

decreased glutamate buffering and reuptake and increased synaptic 

glutamate levels in schizophrenia. 
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Chapter 5 

 

Discussion 

 

 

5.1  Summary of findings  

The objective of this dissertation was to determine how the EAATs are 

expressed and potentially dysregulated in schizophrenia.  EAATs may be 

regulated at the level of transcript expression, alternative splicing, protein 

expression, post-translational modification, and protein-protein interactions.  

We attempted to determine whether there were changes in EAAT expression 

or regulation at each of these levels.  First, we measured transcript 

expression of the EAATs and four EAAT interacting proteins using in situ 

hybridization.  We found increased expression of transcripts for EAAT1, 

EAAT3, the EAAT4 interacting molecule KIAA0302, and the EAAT1-EAAT4 

interacting molecule JWA.  Then, we measured protein expression of the 

EAATs and two EAAT interacting proteins through Western blot analysis.  We 

found increased protein expression of EAAT3, the EAAT2-EAAT4 interacting 

protein GPS1, and KIAA0302, and decreased protein expression of EAAT1.  

Next, we studied glycosylation of the EAATs using enzymatic deglycosylation.  
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We found decreased glycosylation of EAAT1 and EAAT2.  Finally, we 

examined splice variant expression of the EAATs using QPCR.  We found 

increased transcript expression of the dominant negative splice variant of 

EAAT2 EAAT2Δ9.  Below is a summary of all changes we found in 

schizophrenia compared to comparison groups (Table 5.1). 

 

 

Technique Molecule Region 

  ACC DLPFC 

ISH EAAT1   

 EAAT3   

 KIAA   

 JWA   

Westerns EAAT1   

 EAAT3   

 GPS1   

 KIAA   

Glycosylation EAAT1   

 EAAT2   

QPCR EAAT2Δ9   

 
Table 5.1: Summary of changes EAAT expression and regulation in 
schizophrenia.  Arrows indicate changes in schizophrenia relative to 
comparison groups.  Abbreviations: in situ hybridization (ISH), quantitative 
polymerase chain reaction (QPCR), anterior cingulate cortex (ACC), 
dorsolateral prefrontal cortex (DLPFC), excitatory amino acid transporter 
(EAAT), KIAA0302 (KIAA), g-protein pathway suppressor 1 (GPS1), 
excitatory amino acid transporter 2 exon 9 skipping (EAAT2Δ9). 
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5.1.1  EAAT protein expression 

 Using Western blot analysis, we measured protein expression of 

EAAT1, EAAT2, and EAAT3 in prefrontal cortex.  We found decreased 

protein levels of EAAT1, no changes in EAAT2, and increased protein levels 

of EAAT3.  These data are consistent with decreased glutamate uptake into 

glia, which comprises the major component of synaptic glutamate buffering 

and reuptake, and increased uptake into neurons which comprise a smaller 

component of glutamate buffering and reuptake. 

 

5.1.2  Alternative splicing of EAATs 

Using QPCR, we found increased transcript expression of EAAT2Δ9 in 

two regions of cortex.  This exon 9 skipping variant is retained in the ER and 

also causes retention of full length EAAT2 by heterodimerization230.  Removal 

of exon 9 also results in decreased glycosylation of EAAT2230.  These data 

suggest that EAAT2 exit from the ER may be decreased in schizophrenia.  

Based on these data, we would also predict less glycosylation of EAAT2 in 

schizophrenia. 

 

5.1.3  EAAT Glycosylation 

Using enzymatic deglycosylation, we found less N-linked glycosylation 

of EAAT1 and EAAT2 in schizophrenia.  Because proper glycosylation is 

necessary for exit from the ER, these data point to ER trafficking deficits of 

these transporters. 
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5.1.4  EAAT Interacting Proteins 

Using in situ hybridization, we found increased transcript expression of 

JWA.  JWA downregulates EAAT1, EAAT2, EAAT3, and EAAT4 function by 

interacting with the exon 9 ER exit motif shared by these transporters301.  

Using Western blot analysis, we found increased expression of GPS1.  GPS1 

downregulates EAAT2 function by interacting with the exon 9 ER exit motif of 

EAAT250, and likely downregulates the function of EAAT3 and EAAT4 through 

the same mechanism50.   These data also suggest that EAAT exit from the 

ER may be decreased in schizophrenia. 

 

5.2  Schizophrenia as a disorder of ER retention 

We have shown in schizophrenia decreased EAAT protein levels, 

increased expression of splice variants associated with ER retention, 

decreased levels of glycosylation, and increased levels of molecules that 

promote ER retention.  Put together, these data demonstrate several levels of 

support for a hypothesis that the astrocytic EAATs are expressed in lower 

levels in the plasma membrane due to relative retention in the ER.  This is 

illustrated in Figure 5.1.  

Previous studies in this and other labs point to abnormalities in ER 

trafficking of glutamatergic molecules.  For example, abnormal expression of 

splice variants affecting ER trafficking have previously been demonstrated in 

schizophrenia.  One group found an increase in the ratio of the flip: flop 
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isoforms of the GluR2 AMPA subunit in hippocampus in schizophrenia107.  

Because the flop variant contains an ER retention sequence and the flip 

variant does not, these data suggest AMPA receptors may be processed too 

quickly in schizophrenia.  Another study found increased expression of the 

alternatively spliced NR1 NMDA receptor subunit NR1C2’ in ACC in 

schizophrenia104.  This variant confers accelerated trafficking of the NMDA 

receptor through the ER.  Decreased expression of exon 22 containing splice 

variants of the NR1 NMDA receptor subunit was found in the thalamus in 

schizophrenia33.  This finding also points to accelerated forward trafficking of 

the NMDA receptor because the long C-terminal tails of these variants block 

release from the ER.  In addition to these splice variant studies, our group has 

detected a decrease in the ratio of Endo H sensitive to Endo H insensitive 

GluR2 in DLPFC302.  This finding suggests that GluR2 is processed more 

quickly in schizophrenia because glycoproteins become Endo H insensitive 

once they have been trafficked through the ER.  Taken together, these ER 

trafficking implications point to faster forward trafficking of receptors and 

slower trafficking of transporters.  This would lead to increased synaptic 

glutamate accompanied by increased number of receptors to which glutamate 

may bind.   

This idea that regulation of protein trafficking through the ER may be 

disrupted in schizophrenia is consistent with the notion that oxidative stress 

may play a role in the pathophysiology of schizophrenia.  Oxidative stress has 

long been implicated in schizophrenia303.  Dysregulation of protein processing 
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in the ER could be primary or secondary to increased oxidative stress.  On 

the one hand, the oxidative environment in the ER must be tightly regulated in 

order to allow for disulfide bond formation and ensure proper protein folding.  

Increased presence of free radicals in the ER could offset this balance and 

put additional stress on the machinery required to ensure proper protein 

folding and modification.  On the other hand, disulfide bond formation in the 

ER leads to the formation of reactive oxygen species304.  Thus, problems with 

ER functioning could lead to creation of more reactive oxygen species and 

additional oxidative stress in the cell.   
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5.3  Potential effects of glutamate transporter abnormalities on 

neurotransmission 

 I found decreased EAAT1 expression, and I found several factors that 

indicate decreased localization of EAATs at the synapse including decreased 

glycosylation, increased expression of an ER retention variant, and increased 

expression of molecules that retain EAATs in the ER.  These data suggest 

that there are fewer EAATs expressed at the cell surface, and thus a 

decrease in the capacity for glutamate buffering and transport.  This 

decreased capacity would likely lead to increased synaptic glutamate levels. 

Increased synaptic glutamate can have a number of effects.  First, it 

could lead to increased activation of receptors at postsynaptic sites.  Second, 

glutamate that is not removed from the synapse could also spillover into 

perisynaptic regions and activate perisynaptic receptors.  Finally, 

extrasynaptic glutamate may also spillover into adjacent synapses and 

activate receptors in those synapses, leading to a loss of input specificity299.  

LTP is associated with a translocation of the EAAT3 from the cytosol to the 

plasma membrane234, and inhibition of glutamate transporters is sufficient to 

reduce input specificity of LTP287. 

 

5.3.1  Literature support for this hypothesis   

Based on my data suggesting decreased glutamate reuptake, I 

propose a hypothesis of increased synaptic glutamate levels and/or glutamate 

spillover in schizophrenia.  This hypothesis is supported by the fact that a 
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subject with schizophrenia has a partial deletion of the EAAT1 gene 176.  Also 

consistent with this hypothesis, EAAT1 deficient mice exhibit schizophrenia-

like endophenotypes including self-neglect, social withdrawal, and impaired 

learning20.  In addition, increased prefrontal cortical glutamate levels in with 

schizophrenia has been shown through spectroscopy305, 306.  Further, 

glutaminase deficient mice, which cannot efficiently convert glutamine into 

glutamate, are resistant to pharmacological models of schizophrenia22.   A 

recent study has indicated that a member of the family of phosphatidylinositol-

phosphate kinases phosphatidylinositol-4-phosphate 5-kinase II alpha 

(PIP5K2A), results in increased EAAT3 mediated glutamate reuptake when 

coexpressed in oocytes, whereas a mutant version that has been associated 

with schizophrenia, N251SPIP5K2A, downregulates EAAT3 mediated glutamate 

uptake307.  Additionally, GFAP, a protein that helps increase EAAT1 function 

by anchoring it at the plasma membrane308 is decreased in ACC in 

schizophrenia189.   

Finally, our data suggest that reducing synaptic glutamate could be a 

useful strategy in the treatment of schizophrenia.  Cognitive and behavioral 

abnormalities caused by NMDA antagonist administration in rodents can be 

rescued by glutamate release inhibitors such as lamotrigine309 and mGluR 2 

agonists310.  One study using an mGluR2/3 agonist, which decreases 

glutamate release, had antipsychotic effects in schizophrenia 177.   Taken 

together, these data support a role for diminished glutamate reuptake in the 

pathophysiology of schizophrenia. 
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5.4  Primary vs. compensatory changes  

I propose that any number of changes that lead to increased synaptic 

glutamate contribute to the pathophysiology of schizophrenia.  This is 

supported by the fact that a patient with schizophrenia was identified with a 

genetic disruption of the EAAT1 gene SLC1A3176.  It is unlikely that there is 

any one primary deficit that causes schizophrenia, as evidenced by the fact 

that many genes have been identified as risk factors, each contributing a very 

small percentage of risk.  However, many factors can lead to increased 

synaptic glutamate levels.   

Perhaps the reason why NMDA receptor blockade models many 

aspects of schizophrenia is because it can result in increased synaptic 

glutamate release311.  Administration of PCP also results in increased EAAT 

expression312 which may be compensatory to the increase in glutamate 

release.  Therefore, if changes in EAAT expression were secondary to 

changes in synaptic glutamate levels, one might expect to find increased 

EAAT expression.  However, I found decreased EAAT1 expression, 

increased EAAT3 expression, and other changes that may lead to decreased 

surface expression of the astrocytic EAATs.  

This hypothesis is further supported by the fact that the drug 

memantine, which is an uncompetitive NMDA receptor antagonist used to 

treat Alzheimer’s disease, does not appear to affect schizophrenia 

symptoms313.  If schizophrenia symptoms were induced purely through NMDA 

receptor signaling and not through increased glutamate release, one would 
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expect memantine to induce these symptoms as well.  This suggests that the 

noncompetitive NMDA receptor antagonists might exert their psychomimetic 

effects through increased glutamate release. 

Alternatively, the changes I found could be secondary to alterations in 

dopamanergic signaling.  The original hypothesis behind the pathogenesis of 

schizophrenia is that it is a disorder of too much dopamine.  Monoaminergic 

signaling cascades can converge to affect NMDA and AMPA receptor 

functioning314.  Dopaminergic neurons act to modulate glutamatergic function 

by terminating on presynaptic glutamate terminals and inhibiting presynaptic 

release315, 316.  Thus, increased dopaminergic tone could act to cause 

decreased glutamatergic signalling.  Therefore, glutamate reuptake may be 

downregulated in schizophrenia to compensate for decreased gluatamate 

release. 

We hypothesize that the changes in EAAT3 expression are secondary 

to decreases in plasma membrane activity of EAAT1 and EAAT2.  Decreased 

plasma membrane expression of EAAT1 and EAAT2 may cause decreased 

glutamate reuptake in glial cells, leading to increased basal synaptic 

glutamate levels and synaptic spillover.  EAAT3 is largely localized in 

perisynaptic regions and contributes to clearance of glutamate spillover 272, 

273.  Thus, EAAT3 expression may be increased in neurons to compensate for 

these changes.  Consistent with this notion, EAAT3 protein is localized to 

regulatable cytosolic pools that may be rapidly mobilized to the plasma 

membrane, suggesting a biological process that is highly responsive to 
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changes in glutamate levels 164.   It is also possible that EAAT3 expression is 

compensatory to increased glutamatergic signaling through a different 

mechanism.  Perhaps the increased EAAT3 expression is localized to 

presynaptic GABA terminals.  This would supply more glutamate to 

GABAergic neurons for GABA synthesis, allowing those cells to inhibit 

overactive pyramidal neurons. 

Alternatively, the changes in EAAT3 expression may have more to do 

with its ability to transport cysteine than its ability to transport glutamate.  In 

animal models, knockdown of EAAC1 does not result in changes in 

extracellular glutamate, but it does lead to 20-40% decreases in cysteine and 

glutathione, as well as increased oxidant levels and increased vulnerability to 

oxidative stress317.  Transport of cysteine by EAAT3 is the rate-limiting step of 

glutathione synthesis in neurons317.  Glutathione is the major free-radical 

scavenger present in neurons and plays an important role in maintaining 

oxidative balance.  Many posit schizophrenia to be a disorder of increased 

oxidative stress303.  Increases in EAAT3 expression may be compensatory in 

order to increase the amount of cysteine available in neurons to synthesize 

glutathione and combat increases in oxidative stress. 

 

5.5  Region specific changes  

It is important to note that the changes we have described are region 

specific.  With the exception of increased transcript of EAAT2Δ9, all changes 

were detected in either DLPFC or ACC, but not both.  Even within one of 
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these areas, there can be considerable heterogeneity.  For example, we 

found differences in EAAT1 transcript expression in the ACC between the in 

situ hybridization and QPCR studies.  This may be attributable to the fact that 

the ACC samples used in the QPCR study were dissected from a portion of 

the cingulate that is located more caudally than the samples from the in situ 

hybridization study.  Therefore, it is important to consider the areas being 

examined when comparing different studies, and to understand the capacity 

for heterogeneity even within a defined area such as prefrontal cortex 

In this dissertation, we described abnormalities in EAAT expression 

and regulation in ACC and DLPFC, but there are many brain areas that are 

also affected in schizophrenia.  Abnormal mRNA expression of the EAATs 

and EAAT interacting proteins has also been described in other regions of the 

brain in schizophrenia.  EAAT3 transcript was decreased in striatum in 

schizophrenia, using brain samples from another brain collection173.  Using 

samples from the same brain collection used in this dissertation, several 

changes in EAAT and EAAT interacting molecules have also been found.  

EAAT1 and EAAT2 transcript expression was increased in thalamus36, and 

JWA and KIAA transcripts were increased in thalamus34.  A decrease in 

EAAT2 mRNA was described in the parahippocampal gyrus184.  Thus, it 

appears that abnormalities in EAAT expression are not unique to the 

prefrontal cortex. 
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5.6  Cell specific changes  

 The cellular expression profiles of the EAATs have been well 

described in the literature.  For example, EAAT1 and EAAT2 are generally 

localized to astrocytes and EAAT3 is generally localized to neurons137-140.  

However, several exceptions to these expression profiles have been 

demonstrated.  For example, EAAT1 expression has been demonstrated in 

other types of glia including oligodendrocytes and microglia283.  EAAT2 

mRNA has been detected in Bergmann glia and some neurons318.  Some 

expression of EAAT3 has been identified in astrocytes158.   

Splice variants of the EAATs are often expressed in different cell types 

than their full-length counterparts154, 182, 183. Therefore, changes in splice 

variant expression can result in altered localization of the EAATs to different 

cell types.  Increased expression of EAAT2b, and decreased expression of 

full length EAAT2, resulting in reduced astrocytic expression and increased 

neuronal expression has been demonstrated in ALS183.  One group 

hypothesizes that mRNA for the “glial” EAATs is constitutively expressed in 

neurons, but that they are not translated into protein unless the cells are 

stressed224.  EAAT1 was strongly expressed in cortical pyramidal neurons, 

co-localizing with tau in patients with Alzheimer’s dementia144.  It is unknown 

whether the EAATs are abnormally expressed in different cell types in 

schizophrenia. 
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5.7  Transcript vs. protein  

One phenomenon that we observed is that changes in transcript 

expression do not necessarily correspond to similar changes in protein 

expression.  For example, we found increased EAAT1 mRNA expression in 

ACC cortex with no changes in protein expression, and decreased EAAT1 

protein expression in DLPFC with no changes in mRNA expression.  No 

change in protein expression with increased mRNA expression may be due to 

a number of inter-related causes including improper translation and folding, 

abnormal post-translational modifications, or increased protein turnover.   

In some cases, differences in transcript and protein expression can be 

attributable to cell type.  For example, a protein that is expressed 

postsynaptically may exist in a projection that is in another region of the brain 

from the cell body where the transcripts are expressed.  Therefore, a change 

in protein expression in the DLPFC could be the result of a change in mRNA 

expression in the thalamus.  This however is an unlikely explanation for 

proteins that are generally expressed in astrocytes such as EAAT1 and 

EAAT2. 

Another phenomenon is that the differences in direction of change can 

be observed across regions.  The most striking example of this is EAAT1, 

which is increased at the transcript level in the ACC and decreased at the 

protein level in the DLPFC.  This could be attributed to two possible factors: 

methodology or pathophysiology.   
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Methodologically, the reason why we do not detect consistency 

between the two regions could simply be due to the fact that these studies are 

underpowered.  In general, we find that changes seem to occur in the same 

direction across regions, but that only one region reaches statistical 

significance.  Given a larger number of subjects, it is possible we would 

detect more changes that are consistent across both regions.  Another 

methodological explanation is that there is limited overlap in the subjects used 

for transcript and protein studies.  If a subset of subjects is responsible for a 

given finding, they may not be present for both types of studies.  However, 

because we don’t have the same set of subjects for all studies, it would be 

difficult to mine for differences in subgroups. 

Another explanation is that there are complex pathophysiological 

differences between these regions that could account for the seeming 

anatomical mismatches.  Many studies show opposite changes between ACC 

and DLPFC, whereas studies examining closely related areas of DLPFC 

(Brodmann areas 9 and 46) are relatively consistent319.  For example, 

decreases in neuropil and number of synapses as well as decreases in 

astrocytic processes have been demonstrated in DLPFC, whereas the ACC 

appears to be relatively spared319, 320.  Thus, EAAT1, which is expressed on 

astrocytic processes may be decreased at the protein level in DLPFC due to 

changes in astrocyte morphology, even though transcripts that may be 

present closer to the nucleus may be spared.  Changes in cell density, 

neuropil, astrocytic processes, or synapse number have not been 
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demonstrated in the ACC, although metabolic changes have been 

demonstrated319.  Perhaps the ACC is challenged in schizophrenia similarly to 

the DLPFC, but is able to quickly repair sick parts of cells through active 

mechanisms that require energy.  Thus, it is possible that in the ACC, EAAT1 

is degraded more quickly in schizophrenia compared to healthy individuals, 

but that by increased synthesis (requiring increased EAAT1 transcription), 

cells are able to maintain a steady level of EAAT1 protein. 

Given that this phenomenon is observed in many postmortem studies 

of schizophrenia brain319, it appears more likely that these patterns do exist 

as part of the pathology and not just as artifacts.  Careful examination of 

these patterns across multiple studies could yield important information about 

what kinds of cells and circuits are most vulnerable in this illness. 

Given that protein and transcript studies can yield opposite results, one 

might question the usefulness of transcript studies, since protein studies 

provide a more direct measure of what is occurring in the cell.  One 

advantage of in situ hybridization is that it yields quantitative anatomical 

information.  For example, we were able to examine layer specific expression 

of the EAAT interacting proteins using in situ hybridization, whereas we could 

only measure regional changes using Western blot analysis.  On a practical 

level, sometimes there are proteins for which specific antibodies have not 

been designed.  For example, there are currently no commercially available 

antibodies for the alternative splice forms of the EAATs.  Also, much less 

material is required to perform transcript studies, so protein studies may not 



 102 

be feasible when studying small quantities of material such as laser capture 

microdissected cells.   

 

5.8  Antipsychotic effects 

A limitation of these studies is the potential effects of treatment with 

antipsychotic medications 278, 279.  We generally did not detect any differences 

between medicated and unmedicated patients with a few exceptions.  These 

analyses, however, are relatively underpowered given that the vast majority of 

patients with schizophrenia received treatment up until the time of death.   It 

should also be noted that the unmedicated group was defined as individuals 

not on medication within the 6 weeks prior to death.  Therefore, medications 

taken prior to this period could still have potentially affected our dependent 

variables.   

We also measured transcripts of the EAATs and EAAT interacting 

molecules in rats treated with haloperidol, clozapine, or vehicle.  In general, 

there were few changes in these molecules in the haloperidol group.  There 

tended to be more changes with clozapine.  However, most of the patients in 

these studies were treated with typical antipsychotics, so the haloperidol 

treatment group is better for comparison to the patients with schizophrenia 

that were studied in this dissertation work.  It should be noted that the 

treatment study in rats was acute, whereas patient antipsychotic treatment 

was chronic.  It would therefore be useful to treat rats with antipsychotic 

medications chronically in order to better determine the effects of long-term 
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antipsychotic treatment on our dependent variables.  It would also be useful 

to study the effects of antipsychotic treatment on protein expression, 

glycosylation, and splice variant expression, as these studies have not yet 

been done.  It is also important to interpret these findings with the 

understanding that the effects of antipsychotic treatment in rats may be 

different than in patients with schizophrenia, due to differences both in 

species and the fact that they may act differently in healthy brain versus 

schizophrenia brain. 

Another consideration is that the patients used in these studies were 

elderly.  This means that not only could their brains have adjusted to a lifetime 

of protein alterations due to illness, but that they could also have adjusted to 

long-term antipsychotic drug treatment.  In fact, schizophrenia studies 

involving younger patients have often found different results than studies 

involving older patients104.  Despite these confounds, there are also 

advantages to studying an elderly cohort.  For example, the patients are 

generally well cared for, don’t have access to drugs of abuse or alcohol, and 

tend to die of natural causes, whereas younger cohorts have high 

comorbidities with drug abuse and suicide.  Given these confounds, it is 

important to interpret our findings with the understanding that the changes 

found may be due to long term antipsychotic exposure and/or adjustment to 

lifelong changes in brain function/composition.  However, even if the changes 

we found are purely attributable to these confounds, that does not render 

them unimportant.  This would merely reflect that the data must be interpreted 
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as changes secondary to age and medication related factors rather than 

primary to the onset of illness itself. 

 

5.9  Future directions 

 The current work has yielded many testable hypotheses.  The following 

future directions attempt to address questions that arise from this dissertation 

work.  First, we describe how we might attempt to address subcellular 

localization of the EAATs.  Second, we describe other transcript and protein 

studies that might more completely describe the abnormalities in EAAT and 

EAAT interacting protein expression in schizophrenia.  Third, we propose 

additional studies of EAAT posttranslational modifications that could shed 

additional light on how the EAATs may be abnormally regulated in 

schizophrenia.  Finally, we describe animal studies that investigate the 

mechanisms of EAAT dysregulation in this illness. 

 

5.9.1  Subcellular localization 

 We hypothesize that there is a decrease in EAAT mediated buffering 

and transport attributable to increased ER retention and decreased plasma 

membrane expression of the EAATs.  It would therefore be important to 

directly test this hypothesis by examining the subcellular localization of the 

EAATs.  This could be accomplished through subcellular fractionation or by 

using electron microscopy.  Additionally, surface activity could be measured 

using reuptake assays in synaptosomal preparations.  These studies would 
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yield a more complete picture of how EAAT mediated buffering and reuptake 

are altered in schizophrenia. 

 

5.9.1.a  Subcellular fractions 

Given that we suspect changes in ER retention and plasma membrane 

expression of the EAATs, it would be useful to examine EAAT expression in 

individual subcellular compartments.  Traditional methods of subcellular 

fractionation involve high speed centrifugation through a sucrose gradient.  

However, while these methods are excellent for separating organelles in 

freshly prepared tissue, they do not generally produce good results in 

postmortem tissue, likely due to rupture of cell membranes upon freezing of 

the tissue.  However, immunoisolation has been used in our lab to 

successfully isolate subcellular compartments.  Using sepharose beads 

attached to antibodies against the ER specific protein calnexin, we could 

isolate ER fractions from patients with schizophrenia and comparison 

subjects and probe for differences in EAAT expression using Western blot 

analysis.  Specificity of this immunoisolation technique could be confirmed 

through electron microscopy of the beads and any attached organelles, as 

well as probing our Western blots for markers of other subcellular 

compartments from postmortem human brain.  In addition to isolation of the 

ER, we could study other subcellular compartments such as plasma 

membranes, Golgi bodies, and endosomes.  Antibodies directed against 

Na+/K+ ATPase or cadherin could be used to immunoisolate the plasma 
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membrane, antibodies directed against golgin-97 could be used to 

immunoisolate the Golgi, antibodies directed against EEA1, or rab5 could be 

used to immunoisolate early endosomes, antibodies directed against rab7 

could be used to immunoisolate late endosomes, and antibodies directed 

against rab11 could be used to immunoisolate recycling endosomes. 

 

5.9.1b  Electron microscopy 

Another way to measure subcellular localization of the EAATs is 

through electron microscopy.  We could immunogold label EAAT1, EAAT2, 

and EAAT3 in the prefrontal cortex of patients with schizophrenia and 

comparison subjects.  We could then examine expression of the EAATs at 

perisynaptic locations on the plasma membrane as well as expression in the 

ER.  Immunogold labeling coupled to electron microscopy is a technically 

challenging technique, but it has been done in human postmortem brain321-325. 

 

5.9.1c  Uptake assays 

The functional endpoint of EAAT trafficking is glutamate reuptake.  

Measuring glutamate uptake in tissue from patients and comparison subjects 

provides a more direct measure of EAAT function than measuring expression 

alone.  Although technically challenging, a few groups have measured 

reuptake of glutamate and other neurotransmitters in synaptosomes prepared 

from postmortem tissue326-329.  Although synaptosomes are thought to be 

comprised of the terminals of neurons, knockdown of GLT-1 results in 
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dramatic reductions in synaptosomal glutamate uptake18, 23.  Therefore, it 

appears as though synaptosomes are a good model system for uptake 

mediated by both neuronal and astrocytic EAATs.  We could prepare 

synaptosomes from prefrontal cortical tissue of patients with schizophrenia 

and comparison subjects, and measure uptake of radioactive glutamate to 

test the hypothesis that glutamate reuptake is diminished in schizophrenia.  

 

5.9.2  Expanded protein and transcript studies 

There are several EAAT interacting molecules that we did not examine 

in this dissertation due to the fact they had not yet been identified or 

antibodies were not yet available at the time that those studies were 

performed.  Sept2 is a molecule that interacts with EAAT1 and downregulates 

its function188.  JM4 is a homologue to JWA that downregulates function of 

EAAT1, EAAT2, EAAT3, and EAAT4 by interacting with exon9 and preventing 

ER exit197, 301.  CNTF is a molecule that increases expression of EAAT1 at the 

plasma membrane284.  Analysis of these molecules would give a more 

complete picture of the abnormalities in EAAT regulation in schizophrenia.  

We could perform in situ hybridization to measure transcript expression of 

sept2, JM4, and CNTF.  We could perform Western blot analysis to measure 

protein expression of CNTF, sept2, JWA, JM4, and ARHGEF11. 

 There are also several EAAT splice variants that we did not measure in 

this dissertation because either they were too low in abundance to detect with 

our methods, the functional effect on transport was unknown, or there were 
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technical problems with the assays.  There exists an exon 3 skipping variant 

of EAAT1 that is unglycosylated and likely has an opposite orientation in the 

cell membrane210, 224, 227.  Several additional splice variants exist for EAAT2.  

About 5-15% of EAAT2 can exist as an exon 7 skipping 219. There also exists 

an exon skipping variant of EAAT2 that contains a partial deletion of exons 6 

and 7219.  5’UTR intron retention variants of EAAT2 include HBGTII 218, 220, 

HBGTIIA 220, HBGTIIB 220, HBGTIIC 218, 220, EAAT2/3218, and EAAT2/31218.  

3’UTR variants of EAAT2 include GLT1 c which retains part of intron 10 and 

exists at very low levels in brain221, 231, I7R which retains intron 7 and is 

marked for decay222, and a variant that retains an intron from the 3’ end to 

exon 7 and skips exons 8-11219.  EAAT3 also can exist as an exon 9 skipping 

variant which is likely retained in the ER224.  These splice variants could be 

measured through QPCR. 

Given that we found increases in EAAT2Δ9 in schizophrenia, it would 

be interesting to see if this change in transcript results in a change in protein.  

This could be done by western blot with splice variant specific antibodies.  An 

antibody against this variant exists and has been used for 

immunocytochemical localization of EAAT2Δ9, although it is not yet 

commercially available223.  If we could obtain this antibody from the lab that 

has produced the antibody, we could glean important information on the 

functional effects of increased EAAT2Δ9 transcript expression.  Additionally, 

we could perform western blot analysis for any additional variants for which 

we find changes in transcript expression. 
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Given the regional increases in transcript expression of these 

molecules, we are also interested in determining which cells express these 

changes.  Cell level studies will allow us to determine if EAATs are being 

abnormally expressed in a different cell type and if there is a particular cell 

type that is more affected by the disease.  Using laser capture microscopy 

and quantitative real-time PCR, we could measure cell-level transcript 

expression of the EAATs, EAAT splice variants, and EAAT interacting 

proteins. Specifically, we could analyze pyramidal neurons in layers II, III, and 

V, parvalbumin-containing GABAergic interneurons in layers II, III, and V, and 

astrocytes in all 6 layers of the DLPFC and ACC. Multiple subtypes of 

GABAergic interneurons exist in each cortical layer, and thus we have chosen 

a subset of these neurons that have been previously implicated in the 

pathology of schizophrenia330-332. These include chandelier cells, small 

GABAergic interneurons present in cortical layers II-VI with axo-axonic 

projections to nearby pyramidal cells within the same layer, and basket cells, 

large GABAergic interneurons present in cortical layers III-VI with projections 

to the soma and proximal dendrites of pyramidal cells within the same 

layer333.   While this type of study is difficult to perform, the techniques have 

already been established in the lab. 

 

5.9.3  Expanded post-translational regulation studies 

Because EAAT activity is regulated through protein-protein interactions 

with specific proteins, it is important not only to probe for abnormalities in 
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expression, but also to detect any changes in the interactions between these 

proteins.  We could use co-immunoprecipitation to probe for abnormalities in 

interactions between transporters and EAAT interacting proteins.  Specifically, 

we could immunoprecipitate EAAT1, EAAT2, and EAAT3, and then probe 

immunologically for the proteins associated with each. For EAAT1, we would 

like to probe for interactions with mGluR2/3, CNTF, GFAP, Sept2, JWA, and  

JM4. For EAAT2, we would like to probe for interactions with GPS1, JWA, 

JM4, NR1, and PSD-95.  We have developed a successful protocol for 

immunoprecipitation of EAAT1, which could be further developed and 

expanded to the other EAATs.  However, this technique is very tissue 

intensive, so it is important to probe each immunoprecipitation for as many 

interacting partners as possible in a thoughtful manner to minimize tissue use.   

Following gene expression of transporters and transporter interacting 

proteins, glutamate reuptake can also be modulated through transporter post-

translational modification.  The EAATs are known to be regulated by 

phosphorylation, ubiquitination, and glycosylation.  We could develop 

phosphospecific antibodies to measure changes in EAAT phosphorylation.  

With an immunoisolation protocol, one can study additional posttranslational 

modifications of the EAATs.  Ubiquitination can be studied by pulling down an 

EAAT and probing with an anti-ubiquitin antibody.  Preliminary data from our 

lab suggests that ubiquitination of PSD95 is detectable in this tissue.  One 

potential problem, however, is that we may not be able to detect changes in 

ubiquitination in our samples, because ubiquitinated transporters may be 
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degraded too quickly to be detected.  

Lectins are proteins that recognize and bind to specific glycosyl 

residues.  Biotinylated lectins, coupled with IR labeled streptavidin, can be 

used to detect specific sugar groups from an immunoprecipitated protein.  

Wheat germ agglutinin (WGA) recognizes n-acetylglucosamine, and is a 

marker for maturely glycosylated protiens.  Lens culinaris agglutinin (LCA) 

binds to mannose and glucose and is a marker for immaturely glycosylated 

proteins.  There also exist many other lectins that can be used to detect 

subtle differences in the branching patterns of glycosyl residues.  We could 

determine what glycosyl residues are responsible for the changes in EAAT1 

and EAAT2 glycosylation through lectin blot analysis of immunoprecipitated 

EAATs.  We have performed preliminary experiments using this technique 

and it appears to be a viable approach to study glycosylation in human brain. 

 

5.9.4  Animal models 

Animal models provide a mechanistic way to study the changes we 

have described in postmortem tissue.  We could mimic the expression of the 

transporters and their interacting partners in rodents using a viral expression 

vector or RNAi to overexpress or underexpress proteins of interest.  For 

example, we could decrease EAAT1 expression or increase GPS1 or 

EAAT2Δ9 expression in rats.  We could then perform behavioral tests to 

determine the effects of this manipulation on tasks implicated in 

schizophrenia such as working memory and prepulse inhibition.  We could 
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also dissect the brains of these animals and determine the 

electrophysiological and neurochemical effects of altering these molecules. 

 

5.10  Conclusions 

In this dissertation work, I used in situ hybridization, Western Blot 

analysis, enzymatic deglycosylation, and QPCR to study EAAT expression 

and regulation in the prefrontal cortex in schizophrenia.  I found decreased 

EAAT1 protein expression, and we found several factors that indicate 

decreased localization of EAATs at the synapse including decreased 

glycosylation, increased expression of an ER retention variant, and increased 

expression of molecules that retain EAATs in the ER.  These data suggest 

decreased overall EAAT expression, and abnormal localization of EAATs that 

are expressed.  Therefore, there are likely fewer EAATs expressed at the cell 

surface, and thus a decrease in the capacity for glutamate buffering and 

transport.   I have found several levels of abnormal EAAT expression, thus 

demonstrating novel sites of disruption in the glutamate synapse in 

schizophrenia.  This work could therefore provide alternative targets for 

developing new treatments for schizophrenia. 
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Expression of Four Housekeeping Proteins in Elderly Patients with 
Schizophrenia 

 
 
 

 
 
 
 
 
 
 
 
A.1  Abstract 
 

We compared protein expression by Western blot analysis in four 

areas of postmortem brain from patients with schizophrenia and control 

subjects for several proteins that are often used as controls for Western blot 

studies: β-tubulin, actin, glyceraldehyde-3-phosphate dehydrogenase, and 

valosin containing protein.  We did not detect any differences in expression 

between subjects with schizophrenia and a comparison group.  These results 

suggest that all four proteins are suitable loading controls for postmortem 

studies of schizophrenia. 
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A.2  Introduction 

Western blotting is a common technique used to measure protein 

levels.  To ensure even loading, blotting, and processing between samples, 

an internal control is utilized.  These loading controls are usually so-called 

housekeeping proteins measured in the same lane of the gel for each sample, 

and are assumed to have constant between-sample expression relative to the 

amount of sample loaded.  Commonly used loading controls include the 

cytoskeletal structural molecules β-tubulin and actin, and the glycolytic 

enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH).   

Valosin containing protein (VCP) is a 97kDa protein used as a loading 

control in one postmortem schizophrenia study 266.  VCP is an ATPase 

involved in the ubiquitin-proteasome degradation pathway, membrane fusion, 

transcription activation, cell cycle control, apoptosis, and molecular 

chaperoning 334.  Although it is not predicted to be affected in this disease, it 

has not been determined whether VCP is abnormally regulated in 

schizophrenia.  In this study, we examined expression of VCP, β-tubulin, 

actin, and GAPDH in patients with schizophrenia and control subjects. 

 

A.3  Materials and Methods 

A.3.1  Subjects 

Subjects from the Mount Sinai Medical Center Department of 

Psychiatry Schizophrenia Brain Bank were studied (Table 1), including 39 

individuals diagnosed with schizophrenia and 41 comparison subjects.  
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Subjects were diagnosed with schizophrenia if the presence of schizophrenic 

symptoms were 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 were matched for age, 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. 

 

Table A.1:  Subject Characteristics for Housekeeping Protein Study 
 
 Comparison Group Schizophrenia    
N 41 39 
Sex 18 m / 23 f 27 m / 12 f 
Tissue pH 6.4 ± 0.3 6.4 ± 0.3 
PMI (hours) 8.1 ± 6.3 13.7 ± 7.8 
Age (years) 78 ± 14 74 ± 12 
On / Off Rx 0 / 41 28 / 11 
Values presented as mean ± standard deviation 
Abbreviations:  male (m), female (f), antipsychotic medication (Rx), 
postmortem interval (PMI). 
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A.3.2  Tissue preparation   

Brains were obtained after autopsy and one hemisphere was cut 

coronally into ~0.8 - 1 cm3 slabs and flash frozen.  Tissue was dissected from 

anterior cingulate cortex (ACC) (n = 68), dorsolateral prefrontal cortex 

(DLPFC) (n = 66), hippocampus (n = 49), and primary visual cortex (PVC) (n 

= 46).  Approximately 1 cm3 of frozen tissue was first pulverized, then 

homogenized (10% wt/vol) in 5 mM Tris-HCl (pH 7.4) with 320 mM sucrose 

and 1 protease inhibitor tablet per 10 mL (Complete mini, Roche Diagnostics, 

Manheim, Germany) for 30 sec with a polytron homogenizer (Fisher 

Scientific, Pittsburgh, Pennsylvania) and stored at -80oC in 0.5 mL aliquots. 

For our loading control, tissue from the frontal cortex was dissected from a 

9.8 year old female pig-tail macaque (Macaca nemestrina) provided by the 

University of Washington Regional Primate Research Center.  The animal 

was sacrificed as part of a protocol (which did not require brain tissue) 

unrelated to the present study.   Protocols involving this animal were reviewed 

by the Washington Primate Research Center Research Review Committee 

and the University of Washington IACUC.  Frozen macaque cortex was 

thawed on ice, cut into pieces of approximately 1 cm3, and homogenized as 

described above and stored at -80oC in 1.2 mL aliquots.  To determine protein 

concentrations, assay by the Bradford method  290 was performed on these 

homogenates.  
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A.3.3  Western blot analysis 

 For gel electrophoresis, tissue samples were adjusted to a 

concentration of 0.8 µg/ul with sterile water, reducing buffer (Invitrogen), and 

denaturing buffer (Invitrogen).  Samples were then incubated at 70oC for 10 

minutes.   

The Novex Mini Cell NuPAGE system (Invitrogen) with 4-12% Bis-Tris 

gradient polyacrylamide gels (Invitrogen) was used.  8 µg of denatured 

protein homogenate was run in each lane.  Samples were loaded in duplicate 

in adjacent lanes, and a molecular weight standard was run on each gel.  A 

lane containing 8µg of homogenized macaque cortex was also loaded onto 

each gel to control for interblot variability.  Gels were suspended in a bath of 

NuPAGE MES SDS running buffer (Invitrogen) with 500µl NuPAGE 

antioxidant (Invitrogen) during electrophoresis.  

Following electrophoresis, proteins were transferred onto Immobilon-

FL PVDF membranes (Millipore) using a semi-dry transfer apparatus (Bio-

Rad).  After electroblot transfer of the protein, 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 exposed to the primary polyclonal antibody diluted 1:10,000 

for actin (Chemicon MAB150R), VCP (Abcam ab11433), and β-tubulin 

(Upstate 05-661), and 1:20,000 for GAPDH (Sigma G9545) in blocking buffer 

with 0.1% tween overnight at 4oC with rocking.  Next, the membranes were 

washed three times for ten minutes in tris-buffered saline with 0.1% tween 
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(TBST), then rocked for 1 hour with anti-mouse IR-Dye 680 or 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 high purity water and allowed to dry for 3-5 

minutes before scanning (infrared imaging system; Li-Cor Biosciences).  We 

pre-tested the β-tubulin, actin, GAPDH, and VCP Western blot assays using 

varying concentrations of protein from a human cortical tissue homogenate 

sample.  These experiments demonstrated that each assay was linear with 

protein concentrations found in this study (VCP: R = 0.99, p < 0.01; β-tubulin: 

R = 0.99, p < 0.01; actin: R = 0.95, p = 0.01; GAPDH: R = 0.98, p < 0.01). 

 

A.3.4  Data Analysis 

Membranes were scanned using a Li-Cor Odyssey scanner, and the 

intensity value for each protein band was measured using the Odyssey 2.1 

software package. Specific protein values were corrected for lane background 

and divided by intensity values for the macaque cortex homogenate lane 

used as an internal loading control. Because all of the proteins studied are 

typically used as loading controls, we did not divide these values by another 

within-lane control value.  Finally, adjusted intensity values from duplicate 

lanes were averaged for each subject. 

 

A.3.5  Statistical Analysis 

All statistical analyses were performed using Statistica (StatSoft, Tulsa, 
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Oklahoma).  Outliers more than 6 standard deviations from the mean were 

excluded.  Correlation analysis was performed to analyze associations 

between protein expression and age, postmortem interval, and pH.  We 

analyzed protein expression using analysis of variance (ANOVA) or with 

analysis of covariance (ANCOVA) when significant correlations were 

detected. 

 

A.4  Results 

We detected bands for all four proteins at the predicted molecular 

masses of 97 kDa (VCP), 55 kDa (β-tubulin), 42 kDa (actin), and 36 kDa 

(GAPDH) (Figure A.1).  After exclusion of outliers, the following numbers of 

subjects remained for analysis (VCP in ACC: 33 control / 33 schizophrenia; β-

tubulin in ACC: 34 control / 33 schizophrenia; actin and GAPDH in ACC: 33 

control / 32 schizophrenia; VCP, β-tubulin, and actin in hippocampus: 26 

control / 22 schizophrenia; GAPDH in hippocampus: 27 control / 22 

schizophrenia; VCP, β-tubulin, and GAPDH in PVC: 24 control / 22 

schizophrenia; actin in PVC: 23 control / 22 schizophrenia; VCP in DLPFC: 31 

control / 33 schizophrenia; β-tubulin in DLPFC: 30 control / 30 schizophrenia; 

actin in DLPFC: 31 control / 30 schizophrenia; GAPDH in DLPFC: 30 control / 

32 schizophrenia).  Regression analysis revealed a correlation between 

tissue pH and actin expression in PVC (r = 0.33, p < 0.05).  No other 

correlations were detected between age (VCP in ACC: r = 0.10, p = 0.43; 

VCP in hippocampus: r = 0.03, p = 0.29; VCP in PVC: r = 0.04, p = 0.78; VCP 
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in DLPFC: r = 0.08, p = 0.52; β-tubulin in ACC: r = 0.14, p = 0.24; β-tubulin in 

hippocampus: r = 0.10, p = 0.51; β-tubulin in PVC: r = 0.13, p = 0.40; β-

tubulin in DLPFC: r = 0.09, p = 0.50; actin in ACC: r = 0.07, p = 0.58; actin in 

hippocampus: r = 0.01, p = 0.95; actin in PVC: r = 0.09, p = 0.54; actin in 

DLPFC: r = 0.09, p = 0.48; GAPDH in ACC: r = 0.17, p = 0.18; GAPDH in 

hippocampus: r = 0.03, p = 0.86; GAPDH in PVC: r = 0.07, p = 0.63; GAPDH 

in DLPFC: r = 0.05, p = 0.69) or pH (VCP in ACC: r = 0.08, p = 0.52; VCP in 

hippocampus: r = 0.24, p = 0.10; VCP in PVC: r = 0.15, p = 0.32; VCP in 

DLPFC: r = 0.04, p = 0.77; β-tubulin in ACC: r = 0.06, p = 0.64; β-tubulin in 

hippocampus: r = 0.11, p = 0.44; β-tubulin in PVC: r = 0.02, p = 0.87; β-

tubulin in DLPFC: r = 0.01, p = 0.93; actin in ACC: r = 0.09, p = 0.45; actin in 

hippocampus: r = 0.27, p = 0.06; actin in DLPFC: r = 0.01, p = 0.94; GAPDH 

in ACC: r = 0.14, p = 0.27; GAPDH in hippocampus: r = 0.15, p = 0.31; 

GAPDH in PVC: r = 0.15, p = 0.32; GAPDH in DLPFC: r = 0.20, p = 0.11)  for 

any of the proteins studied.  Because sex is a non-continuous variable, we 

performed ANOVA with sex as the independent variable, and protein 

expression as the dependent variable to test for effects of sex on protein 

expression.  There was an increase in GAPDH expression in PVC in males 

compared to females (F = 7.35, p = 0.01), but this effect was not robust 

enough to withstand a correction for multiple comparisons.  No other 

associations between sex and protein expression were detected (VCP in 

ACC: F = 0.21, p = 0.65; VCP in hippocampus: F = 0.00, p = 0.99; VCP in 

PVC: F = 2.37, p = 0.13; VCP in DLPFC: F = 3.03, p = 0.09; β-tubulin in ACC: 
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F = 0.10, p = 0.75; β-tubulin in hippocampus: F = 0.09, p = 0.77; β-tubulin in 

PVC: F = 2.22, p = 0.14; β-tubulin in DLPFC: F = 0.32, p = 0.57; actin in ACC: 

F = 0.16, p = 0.67; actin in hippocampus: F = 0.18, p = 0.68; actin in PVC: F = 

1038, p = 0.25; actin in DLPFC: F = 0.02, p = 0.90; GAPDH in ACC: F = 0.91, 

p = 0.34; GAPDH in hippocampus: F = 0.02, p = 0.89; GAPDH in DLPFC: F = 

2064, p = 0.11).  We did not detect any differences in expression for any of 

the proteins studied between subjects with schizophrenia and the comparison 

group in any of the four regions studied (Figure A.1). 
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Figure A.1:  Housekeeping protein expression in multiple brain regions. 
Data are expressed as ratio of signal intensity for subjects with schizophrenia 
divided by signal intensity for comparison subjects.  None of these proteins 
differed between diagnostic groups in any region studied.  On the right are 
representative Western blots for the 4 proteins studied.    Abbreviations: 
anterior cingulate cortex (ACC), dorsolateral prefrontal cortex (DLPFC), 
hippocampus (HPC), primary visual cortex (PVC), comparison subject (C), 
schizophrenia (S), valosin-containing protein (VCP), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), kilodaltons (kDa). 
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A.5  Discussion 

Several studies have shown variations in expression of housekeeping 

proteins in experimental or disease conditions.  GAPDH protein levels in 

cultured human keratinocytes increased with 2,3,7,8-Tetrachlorodibenzo-p-

dioxin treatment 335, spinal cord injury increased actin expression in rats 336, 

and actin, β-tubulin and GAPDH were expressed at higher levels in renal 

tumors compared to normal kidney tissue 337.  Sex differences were found in 

GAPDH expression in the developing rat brain 338.  These findings highlight 

the importance of confirming that the loading controls used for Western blot 

analyses are not affected by the condition being studied.  We did not find 

differences in the expression of the proteins studied in this cohort in 

schizophrenia.  It unlikely that the mismatch in sex distribution between 

groups influenced our results given that we did not find any significant 

influence of sex on protein expression.  Because all of the proteins studied 

are putative loading controls, we did not normalize to a within-lane 

comparison protein. However, we normalized to a constant amount of protein 

loaded on each gel as a control for interblot variability.  Our results are 

consistent with one other study that also found no changes in actin 

expression in schizophrenia 339.   

While actin, β-tubulin, and GAPDH have traditionally been used as 

loading controls, VCP has a higher molecular weight (97 kDa) which makes it 

useful on blots probed for smaller proteins.  In summary, we found no 
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changes in four different brain regions of expression of 3 housekeeping 

proteins that are commonly used to normalize protein data, and a fourth 

protein, VCP, that has not previously been characterized in schizophrenia.   

Based on these findings, VCP appears to be an acceptable loading control to 

use for low molecular weight proteins in postmortem protein studies of 

schizophrenia.   
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