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We propose that postmortem tissue is an underutilized substrate that may be used to translate genetic and/or preclinical
studies, particularly for neuropsychiatric illnesses with complex etiologies. Postmortem brain tissues from subjects with
schizophrenia have been extensively studied, and thus serve as a useful vehicle for illustrating the challenges associated with
this biological substrate. Schizophrenia is likely caused by a combination of genetic risk and environmental factors that
combine to create a disease phenotype that is typically not apparent until late adolescence. The complexity of this illness
creates challenges for hypothesis testing aimed at understanding the pathophysiology of the illness, as postmortem brain
tissues collected from individuals with schizophrenia reflect neuroplastic changes from a lifetime of severe mental illness, as
well as treatment with antipsychotic medications. While there are significant challenges with studying postmortem brain, such
as the postmortem interval, it confers a translational element that is difficult to recapitulate in animal models. On the other
hand, data derived from animal models typically provide specific mechanistic and behavioral measures that cannot be
generated using human subjects. Convergence of these two approaches has led to important insights for understanding
molecular deficits and their causes in this iliness. In this review, we discuss the problem of schizophrenia, review the common
challenges related to postmortem studies, discuss the application of biochemical approaches to this substrate, and present
examples of postmortem schizophrenia studies that illustrate the role of the postmortem approach for generating important
new leads for understanding the pathophysiology of severe mental illness.
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INTRODUCTION: THE PROBLEM OF While there are well-established criteria in place for
SCHIZOPHRENIA making the diagnosis of schizophrenia, the causes are still
unknown. Most recent evidence supports a combination of
genetic and environmental factors contributing to the
development of the disorder (Marenco and Weinberger,
2000). To date, no one gene, single-nucleotide polymorph-
ism, or mutation has been consistently linked to the illness,
and it is likely that multiple susceptibility genes create a
predisposition to developing schizophrenia (Fanous et al,
2012; Gershon et al, 2011; Levinson et al, 2012). Genetics
studies, which have led the way for diseases such as breast
cancer and cystic fibrosis, have been much less impactful in
the schizophrenia field. Perhaps the strongest genetic data
come from the DISC translocation study (Millar et al, 2000).
This Scottish cohort with a high penetrance for schizo-
phrenia has a balanced translocation (t (1;11)); 7/29 carriers
in this family have schizophrenia, suggesting that the
“Correspondence: Dr RE McCullumsmith, Department of Psychiatry, ~ disrupted genes at these loci may be important in the
Upivgrsityl of Cincinnati, 231 Albert Sabin Way, ML 0583, Suite E68§, development of this illness (Blackwood et al, 2001). The
Cincinnati, OH 45267-0583, USA, Tel: +1 205 789 0841, E-mail: . . P

Robert mocullumsmith@uc.edu authors named the primary disrupted gene ‘Disrupted In
Received 15 March 2013; revised 30 July 2013; accepted 2 August ~ Schizophrenia’ or DISC. However, 10/29 of the subjects have
2013; accepted article preview online 4 October 2013 a severe mood disorder, suggesting that the disrupted genes

Schizophrenia affects nearly every person in the world in
some way. Based on the lifetime prevalence of the illness,
~1 in 100 persons has schizophrenia (Bhugra, 2005). Most
people know someone or have a family member, however
distant, with this diagnosis. The direct costs of this illness
are high (Wu et al, 2005). More hospital beds are
occupied by persons with schizophrenia than all other
psychiatric illnesses combined (Buchanan and Carpenter,
2000). Most staggering are the personal costs: lost
opportunities for employment, long-term disability, social
isolation, frequent bouts of severe psychopathology, fre-
quent hospitalizations, and a high rate of suicide comple-
tion (Knapp et al, 2004).
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have a role in severe mental illness, encompassing several
possible phenotypes for the genetic risk conferred by these
mutations (Chubb et al, 2008).

The most likely role for genetics in schizophrenia is a
polygenic one. A recent genome-wide association study
(GWAS) of ~2500 subjects with ~ 700000 single-nucleotide
polymorphisms (SNPs) looked at the relationship between
genetic markers and three dimensions, positive, negative/
disorganized, and mood, and concluded that schizophrenia is
polygenic (Fanous et al, 2012). Another genome-wide analysis
identified four SNPs across five disorders in > 30000 patients
and ~30000 controls, which reached genome-wide signifi-
cance, suggesting that severe mental illnesses such as
schizophrenia, bipolar disorder, and depression share
common polygenic risk factors (Smoller et al, 2013). These
studies suggest that schizophrenia is a polygenic syndrome.

The onset of schizophrenia can be cruel; unremarkable
development until the late teens or early twenties, followed
by profound episodes of psychiatric illness, typically
including severe thought disorder symptoms (Alda et al,
1996). Paranoid delusions, auditory hallucinations, and
cognitive impairment including working memory and
decision-making deficits may characterize the initial onset
of this illness (Badcock, 2010; Kay, 1990). The psychotic
symptoms often respond to high levels of dopamine receptor
type 2 (D2) blockade; preterminal and/or presynaptic
dopamine receptors modulate glutamate and gamma-
aminobutyric acid (GABA) neurotransmission, and it is
through these other neurotransmitters that D2 receptor
antagonists likely have their effects (Lewis et al, 2004).
Unfortunately, only ~70-80% of patients respond to these
drugs, and they may incompletely improve the positive (that
is, psychotic) symptoms of the illness (Joyce and Meador-
Woodruff, 1997; Laruelle et al, 1999). One of the best
pharmacological treatments, clozapine, is associated with
several compliance barriers including frequent blood draws
and significant adverse effects. The Clinical Antipsychotic
Trials of Intervention Effectiveness (CATIE) trial found that
~75% of all patients are non-compliant with treatment, with
either the older typical medications or the newer second
generation medications (Lieberman et al, 2005; Meyer et al,
2005). These studies highlight the need for new treatment
approaches, not just for the positive symptoms but also for
the negative and cognitive symptoms.

One approach to find new drug targets involves identify-
ing pathophysiological substrates of this illness (Figure 1).
Synthesizing and injecting insulin to treat diabetes would
not be possible without understanding what insulin is,
where it comes from, and how it works. Unlocking the
pathophysiology of schizophrenia is a seemingly more
difficult task: (1) the illness is syndromic, heterogeneous,
and has multiple genetic and environmental risk factors; 2)
animal models may not fully recapitulate this arguably
human condition; for example, locomotor hyperactivity in
rodents is often used as a proxy for psychosis, but it does
not capture the full complexity of auditory hallucinations or
delusions in humans; (3) there are likely many different
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pathological mechanisms that can result in the schizo-
phrenia phenotype. There are > 20 different animal models
that exhibit various schizophrenia-related endophenotypes
such as abnormal prepulse inhibition, working memory
deficits, poor grooming, and locomotor hyperactivity
(Table 1); (4) diverse (but connected) parts of the brain
are implicated, and current pharmacological treatments
bind expressed receptors without cellular or regional
specificity. For example, D2 blockade in the striatum may
be effective to treat some symptoms, but blocking dopamine
receptors in the cortex may impair cognition. The field
needs to identify new substrates for drug discovery that
come from a deeper understanding of the pathophysiolo-
gical processes present in the central nervous system (CNS)
in schizophrenia.

Given the challenges of studying this and other severe
mental illnesses, we propose that postmortem tissue is an
underutilized substrate that may be used to translate genetic
and/or preclinical studies. In this review, we first discuss the
challenges of using the postmortem brain substrate. In the
next part we review protein biochemistry approaches and
the special challenges of using these methods with postmortem
brain. In next section, we review examples of postmortem
studies that were driven by findings from clinical genetics
studies, were inspired by data from preclinical studies,
highlight convergent data from complimentary biochemical
techniques, and inform and refine the N-methyl D-aspartate
subtype glutamate (NMDA) receptor hypothesis of schizo-
phrenia. In the final section we summarize the role of post-
mortem brain in the study of severe mental illness and present
novel future directions the field may profitably pursue.

THE POSTMORTEM SUBSTRATE: USING
BRAIN TISSUES FROM SUBJECTS WITH
SCHIZOPHRENIA

The collection of samples and the construction of post-
mortem brain tissue cohorts have traditionally matched
subjects by age, sex, postmortem interval (PMI), and tissue
pH. Earlier studies (with some notable exceptions) were
primarily focused on measuring transcript expression, and
relied on these factors, along with the more recently
developed and now widely used mRNA integrity (RIN)
value, to determine the suitability of the sample for
inclusion in a postmortem study (Fleige and Pfaffl, 2006;
Webster, 2006). Other variables, including manner of death,
diagnostic certainty, co-morbid substance use, and prior
medication treatment status may influence (or confound)
dependent measures in postmortem tissue and are con-
sidered important factors for matching or exclusion.
Despite accounting for these factors, postmortem studies
may find inconsistent results for the same dependent
variable. For example, expression of mRNA for the GluN1
subunit of the NMDA glutamate receptor in the frontal
cortex in schizophrenia was decreased (Sokolov, 1998),
increased (Dracheva et al, 2001; Le Corre et al, 2000), and
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A role for postmortem studies for investigating severe mental illness. Schizophrenia is caused by a combination of genetic risk and

environmental factors that combine to create a disease phenotype that is typically not apparent until late adolescence. The complexity of this illness and
its etiology creates challenges for hypothesis testing aimed at understanding the pathophysiology of the illness as well as developing new and more
effective treatments. Postmortem brain tissues collected from individuals with schizophrenia reflect neuroplastic changes from a lifetime of severe mental
illness (and the life stressors associated with severe medical illness) as well as treatment with antipsychotic medications. While there are significant
concerns with studying postmortem brain, such as the postmortem interval, it confers a translational element that is difficult to recapitulate in animal
models. Data derived from animal models typically provides specific mechanistic and behavioral measures that cannot be generated in the human
condition. Convergence of these two approaches is providing important insights for understanding the molecular deficits and their causes in this often

devastating illness.

unchanged (Akbarian et al, 1996) in separate studies using
tissues from different brain collections. Such disparate
findings may be attributed to differences in methodology,
variation in dissection protocols, and differences in the
biological substrate due to the heterogeneity of the illness
being studied. In the remainder of this section we examine
each of these factors and discuss how they are generally
handled by the field.

Age at Death

Age-related changes have been reported for several gene
expression measures (Funk et al, 2012). While protein
expression does not always correspond to changes in mRNA
levels, the BrainCloud project has demonstrated the
complexity of age-related changes in global transcript
expression across the lifespan (Colantuoni et al, 2011). It
is not surprising that the largest changes in gene expression
occur during development and later near end of life,
highlighting the need for well-matched postmortem co-
horts, as well as having a broad range of ages within a study

when possible. For example, divergent changes in vesicular
glutamate transporter (VGLUT1) mRNA expression were
reported in the hippocampus in schizophrenia. Decreased
VLGUT1 mRNA was reported in a middle-aged cohort,
whereas no changes in the transcript were found in an
elderly cohort (Eastwood and Harrison, 2005; Uezato et al,
2009). The authors of one of the studies attributed this effect
to the difference in the ages of the subjects included in the
two studies (Eastwood and Harrison, 2005; Uezato et al,
2009). These findings, as well as the conclusions of the
BrainCloud project, are consistent with reports of gene
expression-specific associations with age of death
(Eastwood and Harrison, 2005; Huerta et al, 2006;
McCullumsmith et al, 2007; Oni-Orisan et al, 2008). Age-
related changes are likely not limited to transcripts. While
there are fewer studies demonstrating age-related changes
in protein-related measures in postmortem brain, G-
proteins binding and stimulation, guanylyl cyclase protein
levels, and choline acetyltransferase (CAT) activity all
decreased with increasing age (Breese et al, 1995;
Eastwood and Harrison, 2001; Gonzalez-Maeso et al, 2002;
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TABLE 1 Selected Analogous Animal Models of Schizophrenia have Central Elements of the Disorder

Animal Models PPI deficit? Memory deficit? 1 Locomotor activity? Grooming deficit? Ref
Amphetamine treatment Yes Yes Unk Unk (Abekawa et al, 2008)
Acute NMDA antagonist Yes Yes Yes Yes (Jentsch and Roth, 1999)
Chronic NMDA antagonist Yes Yes Yes Yes (Lee et al, 2005)
Prefrontal cortical lesion No Unk Yes Unk (Miner et al, 1997)
Amygdala/HPC lesion Yes Yes Yes Yes (Hanlon and Sutherland, 2000)
Rat prenatal stress Yes Yes Yes Yes (Lee et al, 2007)
Rodent poly I:C challenge Yes Yes Yes Unk (Borrell et al, 2002)
Rat isolation rearing Yes Unk Yes Unk (Weiss et al, 2000)
MAM antimitotic agent Yes Yes Yes Yes (Featherstone et al, 2007)
Transgenic models
GIuR-A knockout Unk Yes Yes Unk (Bannerman et al, 2004)
GABAaalpha3 knockout Yes Unk Yes Unk (Yee et al, 2005)
GluN1 hypomorph Yes Unk Yes Yes (Mohn et al, 1999)
Dishevelled | knockout Yes Unk Unk Yes (Lijlam et al, 1997)
Neuregulin hypomorph Yes Unk Yes Unk (Stefansson et al, 2002)
COMT knockout Unk Unk No Unk (Huotari et al, 2004)
DISC | knockout Yes Unk Yes Unk (Hikida et al, 2007)
ErbB4 knockout Unk Yes No Unk (Golub et al, 2004)
DA transporter knockout Yes Unk Yes Yes (Trinh et al, 2003)
CB receptor knockout Unk Unk No No (Haller et al, 2005)
Homer la knockout Yes Yes Yes Unk (Szumlinski et al, 2005)
Gly transporter knockout Yes No No Unk (Tsai et al, 2004)
SynGAP heterozygote yes yes yes yes (Guo et al, 2009)

Abbreviations: CB, cannabinoid; COMT, catechol-O-methyltransferase; DA, dopamine; DISC, disrupted in schizophrenia; GABA, gamma-amino butyric acid;
Gly, glycine; HPC, hippocampus; MAM, methylazoxymethanol; NMDA, n-methyl-d-aspartate; PPI, prepulse inhibition; ref, reference; unk, unknown.

Ibarra et al, 2001; Perry et al, 1977; Spokes et al, 1979). In
summary, subjects should be carefully matched for age in
postmortem studies, and the effect of age on dependent
measures carefully examined.

Manner of Death

Manner of death may impact the integrity of the tissue
obtained at autopsy and it may also reflect underlying
differences in pathophysiology. For example, specific
changes in mRNA and protein levels of nerve growth factor
(NGF), neurotrophin (NT)-3 and NT-4/5 were associated
with death by suicide but not by natural causes or accident
(Dwivedi et al, 2005). The direct physiological effects of the
specific manner of death can impact tissue pH, and may
affect dependent measures in divergent ways. The phrase
‘agonal status’ derives from the medical term for shallow,
infrequent breaths, called agonal respirations. Agonal
respirations often follow cardiogenic shock (Rea, 2005),
and may lead to a prolonged period of hypoxia due to
agonal breathing at the end of life. Several studies have
reported diminished mRNA quality associated with pro-
longed agonal states (Barton et al, 1993; Durrenberger et al,
2010; Harrison et al, 1991, 1995; Kingsbury et al, 1995;
Lipska et al, 2006a, b; Tomita et al, 2004a, b; Vawter et al,
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2006; Weickert et al, 2010). While subjects known to have a
prolonged agonal status are typically excluded from
postmortem studies, the effects of agonal status on proteins
are not as well established. Low brain pH is associated with
prolonged agonal states, and subjects with low tissue pH
(<6.0) are typically not included in postmortem studies
(Durrenberger et al, 2010; Ervin et al, 2007; Hardy et al,
1985; Harrison et al, 1995; Kingsbury et al, 1995; Tomita
et al, 2004a,b). However, changes in brain tissue pH
secondary to prolonged agonal status were associated with
altered electrophoretic mobility, diminished neurotransmit-
ter-related enzymatic reactions, as well as changes in gene
expression for molecules involved in mitochondria respira-
tion, stress response, and proteolytic activities (Butterworth
et al, 1985; Cain and Kappy, 1971; Czudek and Reynolds,
1990; Kingsbury et al, 1995; Li et al, 2004; Perry et al, 1977;
Spokes et al, 1979). While manner of death impacts
measures of gene expression, most brain collections do
not include subjects with prolonged agonal status, making
this issue more of a theoretical concern.

Diagnosis and Phenotype

Brain collection protocols vary, with some brain collections
utilizing prospective characterization of subjects, while
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others determine diagnosis retrospectively, based on
medical records and family interviews. In the case of
prospective assessment, there may be a long delay (=20
years) between assessment and death. For some illnesses,
diagnostic criteria may change as a field evolves, and the
clinical profiles of the subjects may change over time. There
may also be difficulties in tracking records and participants
of prospective donor programs, making the yield for
collection very low. For some subjects antemortem assess-
ment is not feasible, as in the case of suicide completers.
The heuristic value of diagnostic criteria may be a limiting
factor for the construction of postmortem brain cohorts,
because syndromes such as major depressive disorder or
schizophrenia can be phenotypically heterogeneous. The
identification of behavioral endophenotypes, which bridge
the gap between genetic risk factors and symptom presenta-
tion, might help reduce the variability in postmortem
samples due to the descriptive nature of diagnostic criteria
for mental illnesses. Useful endophenotypes might include
rapid eye movement (REM) sleep abnormalities or prepulse
inhibition deficits, which are present in depression and
schizophrenia, respectively (Hasler et al, 2004; Hazlett et al,
2007). Finally, the effects of a lifetime of severe mental illness,
and the stress associated with it, may not be disease-specific.
Inclusion of a comparison group with a different mental
illness permits assessment of the specificity of the findings
to a particular disorder (Dorph-Petersen et al, 2009;
McCullumsmith and Meador-Woodruff, 2002). In summary,
postmortem studies are reliant on descriptive criteria for
diagnostic assessment for diseases that are typically quite
heterogeneous in their clinical presentation. As the field
improves its understanding of severe mental illness,
improvement in diagnostic specificity will aid in the constru-
ction of well-matched postmortem brain disease cohorts.

Dissection Protocols and Laterality

Divergent results of the same dependent measures in studies
using different postmortem brain cohorts may be due to
variability in tissue processing and/or dissection protocols.
There may be marked variability in gene expression and
function depending on the precise boundaries of the sample
(Fanselow and Dong, 2010). Assessment of the effects of
laterality is often unfeasible in postmortem studies, as most
collections typically save half the brain by freezing and half
by chemical fixation (Bruder, 1983; Lepage et al, 2006;
Webster, 2006; Wible et al, 2009). Laterality may be an
underappreciated source of variance in postmortem studies.

Freezer Storage Time

Another factor that may impact postmortem samples is
freezer storage time. Postmortem samples are typically
collected over months to years due to the relatively slow rate
of tissue availability. The effects of freezer storage time on
dependent measures have been examined. Storage time did
not affect mRNA quality or quantity (Burnet et al, 1997;
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Harrison et al, 1995; Stockmeier, 1997; Weickert et al, 2010).
However, extended freezer storage time affected oligo dT
priming of reverse transcription, suggesting that there may
be degradation of the polyA tail (Johnston et al, 1997;
Leonard et al, 1993). The effects of freezer storage time on
protein measures have also been assessed. Storage time for
tissue at —70°C over a period of 1-85 months did not
significantly affect immunoreactivity of G,-proteins
(Gonzalez-Maeso et al, 2002). Protocols for tissue proces-
sing may also impact protein degradation. Samples held at
1°C for five different time points (5-50 hours postmortem
delay) prior to —80°C storage had minimal changes in
protein expression as measured by western blot (Ferrer
et al, 2007). However, left frontal lobe protein levels of a-
synuclein, B-synuclein, vacuolar proton ATPase, peroxir-
edoxin, ATP synthase, fructose-biphosphate aldolase C,
superoxide dismutase I, amphiphysin, and o-enolase were
reduced when samples were first stored at 4°C or room
temperature for 5-50 hours and then frozen (Ferrer et al,
2007). When possible, freezer storage time should be
probed to determine whether there is an impact on the
dependent measures in postmortem studies.

Sample Size and Study Design

Postmortem cohorts have increased in size due to increased
collection rates of brain samples, making well-matched
samples more readily available (Webster, 2006). This has led
to studies having more subjects and better matching for
tissue pH, postmortem interval, age, and sex (Webster,
2006). Another approach is to utilize dyads or triads of
matched subjects, increasing the power to detect an effect
(Glantz and Lewis, 1997; Pierri et al, 2001). The field is
shifting away from studies with <10 subjects per group,
and the increased sample sizes accord increased statistical
power to detect significant changes with smaller effect sizes
(Carter et al, 2007). However, the use of large subject groups
may not be feasible for all approaches. For example, for
ultrastructural studies using electron microscopy, where
sample size is limited both by the availability of high quality
(low PMI) samples and the nature of the technique being
labor-intensive, studying fewer brains in more depth is a
worthy approach.

Prior Medication Exposure

The treatment of severe mental illness typically includes
long-term administration of antipsychotic medications. As
discussed in the introduction, these medications powerfully
impact brain neurochemistry. A large number of studies
have found changes in gene expression following treatment
with antidepressants, antipsychotics, mood stabilizers, and
other psychotropic medications (Beerpoot et al, 1996; Eggan
et al, 2008; Freyberg et al, 2010; Oni-Orisan et al, 2008).
Medication effects have been assessed in several ways.
Rodent animal models are typically used for these studies
and the medication administered for up to 4 weeks (Bennett
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et al, 2007; Delfs et al, 1995; Toyooka et al, 2002a, b; Uezato
et al, 2009). As such a short duration of treatment does not
model a lifetime of treatment, longer treatment intervals
(such as 6 months) would be more analogous to the
treatment course in human subjects (Tamminga et al, 1990;
Tamminga et al, 1994). The most analogous treatment
models utilize nonhuman primates, but are limited from
widespread use by access to primate colonies as well as cost
(AKkil et al, 2000; Eggan, 2008; Konopaske et al, 2008).

Another approach is based on the availability of subjects
‘off medications for a period of time prior to death. This
permits secondary analyses of the effects of these medica-
tions, an approach limited by the notion that being off
antipsychotic medications for weeks to months may not
reverse a lifetime of neuroplastic changes (Haroutunian
et al, 2006; Oni-Orisan et al, 2008). A third way to probe for
medication effects is to perform correlation analyses
between the dependent measure and a measure of total
lifetime exposure to the drug, typically expressed as
chlorpromazine equivalents (Law et al, 2004). This
approach has shortcomings as well, including the high rate
of treatment noncompliance in patients with severe mental
illness (Basil et al, 2006). While antipsychotic treatment is a
potential confound, particularly for postmortem schizo-
phrenia studies, changes attributable to antipsychotic
treatment are interesting in their own right, and alterations
found in postmortem brain are perhaps best thought of
occurring as a result of a lifetime of mental illness and
antipsychotic treatment.

Postmortem Interval (PMI)

PMI is defined as the time from death to extraction and
freezing of the brain tissues at — 80 °C. While the effects of
PMI on global mRNA integrity are minimal, there may be
transcript-specific degradation (Bahn et al, 2001; Barton
et al, 1993; Castensson et al, 2000; Ervin et al, 2007; Gilmore
et al, 1993; Harrison et al, 1995; Leonard et al, 1993; Oni-
Orisan et al, 2008; Pardue et al, 1994; Stan et al, 2006;
Trotter et al, 2002). Several studies have specifically
examined the effects of PMI on protein measures in the
brain. Fountoulakis et al (2001) assessed the effects of PMI
in rodent brain over 0-48 hour intervals using 2D electro-
phoresis and matrix-assisted laser desorption ionization
mass spectrometry. The authors determined that changes in
levels of some proteins were related to PMI. They propose
that proteins that are sensitive to PMI could be excluded
from postmortem studies and conclude that most changes
occurred ~24hours or later. Notably, dihydropyrimidi-
nase-related protein-2, neurofilament, alpha-internexin,
synaptosomal-associated protein 25, GFAP, heat shock
proteins, and dynamin-1, were decreased at 48 hours PMI.
Truncated forms of several other proteins were increased
(Fountoulakis et al, 2001).

PMI effects on protein expression may be region-specific.
The substantia nigra was found to be exceedingly vulnerable
to increased protein oxidation/nitration events with
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increasing PMI, with increased oxidation/nitration of GFAP
and neurofilament protein, while the frontal cortex,
cerebellum, and caudate nucleus were relatively preserved
(Chandana et al, 2009). The authors posit that the inner
regions of the brain may cool more slowly than the outer,
accounting for some of their results. Another study
extensively examined the effects of PMI on expression of
glutamate transporters in the rodent brain (Beckstrgm et al,
1999). They found epitope-specific degradation of rodent
glutamate transporters 1 and 2 at 24 hours PMI, compared
with 0 and 12hours PMI. Differential degradation of
different epitopes was observed after 24 hours, with selective
preservation of the C termini for rodent glutamate
transporters 2 and 3 at 72 hours. These effects extended to
both immunoreactivity as well as glutamate transport
activity (Beckstrgm et al, 1999). The data in this section
support the current approach in the field to match samples
as closely as possible for PMI and to probe for associations
between PMI and each dependent measure.

Sample Quantity and Quality

A final consideration for this section involves sample
abundance. There is only so much dorsomedial nucleus of
the thalamus; getting more of this region involves more than
ordering or breeding more rodents. In addition, some app-
roaches, such as chromatin-immunoprecipitation (ChIP),
require large quantities of tissues from each subject (Huang
et al, 2006). One approach to get around this issue has been
pooling of samples; pooled samples are assayed and help
generate specific hypotheses that may be tested with smaller
quantities of tissue (English et al, 2009; English et al, 2011;
Pennington et al, 2008). One area of postmortem proteomic
research that lags behind transcript studies is the assessment
of protein quality. PMI, pH, and age are typically the
potential covariates that are probed for effects on dependent
measures, but there is currently no consensus on what
constitutes a high-quality protein sample. Confusing the
matter further, one study found a positive correlation
between protein immunoreactivity and PMI, while another
found increases in ubiquitin-immunoreactivity in relation to
the length and intensity of agonal status (Piette et al, 2011).
These data suggest that translation of some proteins in dying
cells may be selectively upregulated, or that during the
postmortem interval changes in protein folding or con-
formation alter antigenicity of the target epitope, possibly
secondary to a decrease in tissue pH (Yoo et al, 1999). Most
postmortem studies measuring protein levels assess the
impact of age on their dependent measures, and several
studies have found correlations between age and levels of
some proteins (Eastwood and Harrison, 2005; Oni-Orisan
et al, 2008). Additional studies are needed to probe for the
effects of factors such as tissue pH, PMI, and freezer storage
time. As protein studies become more sophisticated, global
oxidation states or other potential measures of protein
integrity may be developed as indices of protein quality.
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BIOCHEMICAL MEASURES OF PROTEINS IN
POSTMORTEM TISSUES

Omics-based approaches have revolutionized the study of
human disease states, and led to important new leads for
understanding the pathophysiology of severe mental ill-
nesses. However, there is an ongoing role for tried and true
techniques, including antibody-based approaches, for the
testing of specific hypothesis suggested by genetics and/or
animal models, as well as to translate findings generated by
novel ‘omics’ approaches. For example, a rare missense
variant in the neuregulin 1 gene was associated with
schizophrenia in subjects living in the central valley of
Costa Rica, leading to a series of predictions for the function
of this variant based on its location in the transmembrane
domain of the protein (Walss-Bass et al, 2006). In vitro, this
variant was found to inhibit dendrite formation, associate
with altered pro-inflammatory cytokine expression, and
prevent gamma secretase-mediated processing of neuregu-
lin 1 (Chen et al, 2010; Dejaegere et al, 2008; Marballi et al,
2010). Subsequent western blot studies demonstrated
abnormalities of protein expression (including gamma
secretase subunit PS1) associated with perturbed neuregulin
1 processing in postmortem brain in schizophrenia that
were brain region-specific (Marballi et al, 2012). These data
highlight the ongoing utility of the western blot approach in
postmortem tissues. In this section we discuss biochemical
approaches and the special challenges of using these
methods with postmortem brain, using examples from the
schizophrenia literature.

Western Blot Analyses

The wide availability of commercial primary antibodies, as
well as the relatively lower costs of making custom
antibodies, has led to a proliferation of antibody-based
studies using postmortem tissue. The lack of specificity of
some antibodies, as well as the narrow range of detection for
western blot assays, is a potentially significant limitation to
this technique. Western blot studies typically utilize standard
gel electrophoresis approaches, requiring multiple gels to run
a sample set. Between-blot variability in increasingly larger
study cohorts may introduce unanticipated variability. For
example, running, transblotting and probing two to three gels
or membranes is straightforward, but scaling up for 5-10
times this number may require various normalization
techniques. Normalization to a housekeeping gene or loading
a calibrator sample onto each gel may control for some of
these issues. Housekeeping genes should be carefully
evaluated themselves for changes in expression in various
psychiatric diagnoses (Bauer et al, 2009; Stan et al, 2006).
The next generation of imaging devices diminished some
of the problems associated with earlier film-based quanti-
fication methodologies, but introduced new challenges. For
example, greater sensitivity may lead to visualization of
bands not seen with older, less sensitive methods. These
‘extra’ bands may represent different protein isoforms or
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low-level nonspecific cross-reactivity that was not previously
detectable. There are several ways to address the specificity
of the western blot assay, other than relative migration. The
gold standard would be to use tissues from a knockout
animal that does not express the protein, and demonstrate a
band at the predicted relative migration in the wild-type
tissues (Holmseth et al, 2012). For proteins lacking regions
of sequence similarity between the rodent and human
proteins, knockout studies may not be useful. Preadsorption
studies may also be performed with a blocking peptide to
show that the extra bands are nonspecific.

Film-based detection of proteins in western blot protocols
are diminishing in use, and are generally no longer
considered state-of-the-art. Film-based detection methods
may easily result in oversaturated images, leading to a
ceiling effect and a loss of the ability to detect small changes
in protein expression. Newer infrared devices are film-free
(and thus cost-less to operate), difficult to saturate, and
typically more sensitive than older film-based methods.

Recent work has found cell-specific changes in transcript
expression in schizophrenia using laser-capture microdis-
section (LCM)(Ruzicka et al, 2007; Sodhi et al, 2011). These
findings suggest that there are cell type-specific abnormal-
ities of protein expression in this illness, and there are
numerous hypotheses that could be tested if the LCM
technique could be coupled with a reliable, high-sensitivity
protein assay. Based on current western blot technology, it
would take a laser-capture of ~10000 cells to generate one
western blot sample (unpublished observation).

There are several promising methods that have recently
been developed that may provide a way to make nanoscale
measurement of proteins. Microcapillary electrophoresis
facilitates antibody-based measurement of small volume,
low concentration samples, as low as 25 cultured cells in
400 nl of buffer (O’Neill et al, 2006). We have piloted this
technique in our laboratory, and we found that we can
measure moderately abundant proteins at a concentration
of 0.2 pg/ul in a sample volume of 10pl (Figure 2). This
would permit ~30 replicates or runs of an LCM-acquired
sample with 1000 captured cells. One limitation of the
microcapillary devices on the market is that there are a
limited number of commercially available assays for specific
proteins, and development of new assays is costly and
requires access to the device, which can run into the low six
figures. One of the strengths of the newer microcapillary
devices is that they can separate based on size or charge,
permitting simultaneous interrogation of protein isoforms
that are differentially phosphorylated.

These microcapillary devices could be made less relevant
if protein PCR assays become widely used. This recently
developed tool combines an antibody-based approach with
QPCR (Fredriksson et al, 2002; Gullberg et al, 2004). Using
an oligonucleotide-labeled polyclonal antibody (or two
different monoclonal antibodies specific for different
epitopes on the same protein), one batch of ‘left primer’
antibody and one batch of ‘right primer’ antibody are
biotinylated and coupled to specific ‘left’ and ‘right’
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Figure 2. Laser-capture microdissection coupled to protein assays.

Nanoscale microcapillary electrophoresis (using the Nanopro1000
device, Protein Simple Corp., Santa Clara, CA, USA) analysis of (a) HelLa
cell lysates, (b) 600 laser-capture microdissected (LCM) pyramidal
neurons from the frontal cortex, or (c) cortical brain homogenate. The
Hel a lysate (positive control) expresses all isoforms of ERK detectible by
the NP1000 pan-ERK assay. The coefficient of variability for ERK2 in the
pyramidal neuron LCM sample (n =6 replicates) was 8.1%.

oligonucleotides; when the left and right antibodies are
colocalized on the target protein, the left and right oligos
may then hybridize with a linking oligo and be amplified
using PCR. While not yet in widespread use, this technique
is potentially a promising low-cost way to perform multiple
nanoscale measurements of specific proteins in small
volume and/or low concentration samples such as those
generated by LCM.

Assessment of Protein—-Protein Interactions in
Postmortem Tissues

Studies employing the immunoprecipitation of proteins are
no longer just ‘precipitating’ their target of interest; rather,
one of several capture systems is employed, although
specificity is still dependent on the quality of the primary
antibody. Thus, we propose ‘immunoisolation (II)’ as a
more accurate term to describe this technique. Popular
capture media include protein A, protein G, or protein A/G-
linked agarose or magnetic beads, with attachment of the
primary antibody to the bead substrate (Kristiansen et al,
2010). The antibody-bead complex is incubated with the
sample, and then the beads are isolated. In the case of the
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agarose beads, isolation is performed by centrifugation. In
the case of the magnetic beads, a magnet is used to
immobilize the bead-antibody complex, while the super-
natant is exchanged or removed.

Coupled with western blots, these approaches have been
used to analyze protein—protein interactions in postmortem
samples from subjects with schizophrenia. For example,
synapse-associated protein 25 (SNAP25) and mammalian
uncoordinated-18 (MUNCI18) protein levels were decreased
following immunoisolation of phosphosyntaxin 1 from the
frontal cortex in schizophrenia (Castillo et al, 2010).
Another group used a modified enzyme-linked immuno-
sorbent assay (ELISA) to assess the interaction of syntaxin
with SNAP25 in the striatum using a SNAP25 capture
antibody. Interestingly, there was an increase in SNAP25-
associated syntaxin protein levels, whereas total syntaxin
and SNAP25 protein levels were decreased in schizophrenia,
suggesting that direct measurements of gene expression
may fail to detect some types of protein abnormalities
(Barakauskas et al, 2010). Another study found higher levels
of a protein homolog that co-islolated with presenilin 2
from frontal cortex tissue homogenates, whereas decreased
dopamine transporter protein levels were found in samples
immunoisolated using anti-D2 dopamine receptor antibo-
dies (Lee et al, 2009; Smith et al, 2004). These data
demonstrate the need for more nuanced biochemical
studies that move beyond straightforward measurements
of gene products in tissue homogenates.

Finally, immunoisolation has been used to capture
subcellular organelles from postmortem brain tissue,
including endoplasmic reticulum (ER) and endosomes.
We used antibodies that facilitated selective capture of early
and late endosomes, and analyzed the endosomal contents
using western blot analyses. We found increased GluAl
levels in early endosomes from frontal cortex, suggesting an
increased rate of turnover for GluAl-containing receptor
complexes (Hammond et al, 2010, 2011). In a different
study, we used an anti-calnexin antibody to capture ER
microsomes from postmortem brain homogenate. We
found decreased expression of PSD95 and GluN2B in the
ER-enriched fraction (but no change in total levels),
suggesting increased forward trafficking of NMDA receptor
complexes from the ER (Kristiansen et al, 2010).

Limitations of Bead-Based Capture Systems

We have tested several different capture systems and found
significant nonspecific binding of the targeted substrate,
including the postsynaptic density, to the capture media
(McCullumsmith and Meador-Woodruff, 2011). To over-
come these limitations, we have devised several strategies
including preclearing samples (Hammond et al, 2010;
McCullumsmith and Meador-Woodruff, 2011). Beads
used with samples that are not precleared nonspecifically
bind proteins from several subcellular compartments
including ER, mitochondria, and postsynaptic densities
(McCullumsmith and Meador-Woodruff, 2011). Thus,
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studies employing these methods require rigorous char-
acterization of the immunoisolation preparation, as well as
positive and negative controls for each component of the
assay, including primary and secondary antibodies, capture
media, and detection systems. Without proper controls,
dependent measures analyzed using antibody-bead capture
systems are difficult to interpret.

Another limitation of using immunoisolation to study the
proteome is the association of the target molecules and their
binding partners during the postmortem interval and/or
tissue processing. For example, if a protein is typically
sequestered in the postsynaptic density (PSD), homogeniza-
tion could increase the interactions between this protein and
interacting partners not yet trafficked to the PSD. This
theoretical concern raises the issue of whether it is desirable
to analyze samples that have been ‘fixed’ at the moment of
death. One way to address this issue is using rodent tissues
that simulate the postmortem interval, by decapitating the
rodents, and harvesting the brain tissues over a range of time
intervals to simulate the delays implicit to human brain
collection.

In summary, immunoisolation is not being widely used,
in part due to the technical challenges associated with this
approach. The few studies that have employed this method
using postmortem tissues have found abnormalities of
protein-protein interactions that most likely reflect altered
protein trafficking in schizophrenia.

Biochemical Fractionation of Postmortem
Tissues

Biochemical fractionation of fresh tissues or cell lysates is a
well-established method to assess various dependent
measures in biological samples. However, as postmortem
tissue is typically frozen ( — 80 °C), there may be breakdown
of membrane integrity and cross contamination between
subcellular compartments. Thus, the need for appropriate
control experiments is critical in these types of studies
(Bubber et al, 2004; Tsai et al, 1995). Fractionation can often
lead to increased protein assay sensitivity due to enrich-
ment of targeted proteins, release from a subcellular
organelle, or dissociation from a protein complex. A
number of studies have used a relatively straightforward
approach by simply purifying membrane and cytosolic
fractions, where the membrane fraction contains all the
organelles, including nuclei, ER, mitochondria, and plasma
membranes (Dean et al, 2008; Hahn et al, 2006). A newer
direction for postmortem studies involves a more compre-
hensive isolation of subcellular fractions. Such studies are
typically hypothesis-driven, with focus on a particular
subcellular fraction. For example, we optimized a biochem-
ical fractionation protocol to yield a fraction enriched for
ER that was free from nuclear, PSD, and golgi markers. We
confirmed the purity of this fraction using electron
microscopy, as well as western blot analysis using specific
markers of each of these fractions (Hammond et al, 2012).
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Biochemical Enrichment of Postsynaptic
Densities

The PSD is a subcellular microdomain with a number of
proteins that contain binding domains that promote protein-
protein interactions. Generating a highly purified, enriched
PSD fraction from postmortem tissue has been challenging.
The traditional approach to isolating the PSD involves using
a density gradient to generate synaptosomes. Synaptosomes
are small lipid vesicles that form from synapses and
astrocytic process following mechanical disruption of brain
tissue using a blender or homogenizer (Whittaker et al,
1963). Synaptosomes may contain pre- and postsynaptic
elements; this is a potentially confounding problem, as many
of the proteins that facilitate receptor localization, anchoring,
and signaling may be present in both compartments (Carlin
et al, 1980; Morciano et al, 2005). One recent study has made
strides to address this problem. Using synaptosomes as a
starting point, highly enriched PSDs were isolated using
density gradient purification, detergent extraction, and pH-
based differential extraction. The authors concluded that a
PSD fraction can be isolated from human postmortem brain
tissues with a reasonable degree of integrity (Hahn et al,
2009). Another group has used high-speed centrifugation,
detergents, and sucrose gradients to isolate a ‘detergent-
resistant membrane fraction’ that they refer to as membrane
microdomains (Behan et al, 2009; Parkin et al, 1999).

These promising fractionation approaches will permit
assessment of protein ‘partitioning’ in postmortem tissue.
The dynamic nature of protein trafficking suggests that
proteins may be rapidly targeted for transit from one
subcellular location to another. For example, AMPA
receptors may cycle from the plasma membrane to recycling
endosomes, and then back to the plasma membrane. In this
example, measuring the total level of AMPA receptors would
not reflect shifts in the partitioning of receptors between
these two compartments, while an approach using fractions
would be informative.

Biochemical Assessment of Post-translational
Modification in Schizophrenia

Phosphorylation. Studies of signaling cascades have pri-
marily used phospho-specific antibodies and western blot
analysis to indirectly probe for changes in kinase activity.
Other studies have measured the levels of kinase or
phosphatase enzyme, and a few have directly measured
kinase or phosphatase activity (Amar et al, 2008; Carty et al,
2012; Castillo et al, 2010; Funk et al, 2012; Ide et al, 2006;
Kozlovsky et al, 2001; Rubio et al, 2012; Swatton et al, 2004;
Takahashi et al, 2011). Phosphorylation of some kinases,
such as c-Jun n-terminal kinase (JNK), is a well-character-
ized proxy for kinase activity, such that an increase in
phosphorylation of the kinase is directly related to
increased activity of that kinase (Minden et al, 1994).
However, these situations are more the exception than
the rule, and most of the data published on signaling
cascades and phosphoprotein targets in schizophrenia
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at best only indirectly reflect changes in kinase activity
(Broadbelt and Jones, 2008; Castillo et al, 2010; Emamian
et al, 2004; Funk et al, 2012; Kunii et al, 2011; Kunii et al,
2011; Scott et al, 2003).

Postmortem variables such as PMI may also impact
phosphorylation (Funk et al, 2012; Li et al, 1996, 2003, 2005;
O’Callaghan and Sriram, 2004; Oka et al, 2011). The
often transient nature of phosphorylation is well charac-
terized, and in part led to the development of strategies
(such as microwave devices) for rapid ‘fixation’ of brain
tissues particularly for proteins with a rapid turnover cycle
for phosphorylation/dephosphorylation (O’Callaghan and
Sriram, 2004). This approach is of course not possible for
collection of human brain tissues, and several studies have
examined the effects of PMI and other factors on
phosphoproteins using rodent tissues. One particularly
well-designed study examined > 126 proteins using whole-
proteome mass spectrometry analysis (Oka et al, 2011).
Adult mice were killed and stored at 25 °C or 4 °C for 0, 3,
12, and 72 hours. The authors found that the most of the
phosphoprotein data fit into categories, or clusters, based
on the length of the PMI and the storage temperature during
this interval. At room temperature, the first group of
phosphoproteins did not show changes until after 12 hours.
In the second group, there was a constant and slow decrease
until 72 hours. In the third, there was a rapid decrease until
12 hours, then a gradual slowing out to 72 hours. Different
patterns were also observed when the tissues were stored at
4 °C prior to processing, which is the norm for human brain
processing. These data indicate that phosphoproteins are
variably sensitive to PMI and depend on how quickly the
tissues are stored at 4 °C before processing (Oka et al, 2011).

Measuring Kinase Activity: Kinome Arrays

One limitation of using phospho-specific antibodies and
western blot analysis is that in most cases these data only
indirectly reflect kinase activity. Another limitation is that it
is difficult to comprehensively evaluate entire signaling
pathways due to the limited availability of phospho-specific
antibodies. Further, the amount of postmortem tissue
needed to perform western blots and/or enzyme assays on
a large number of targets is prohibitive. Recent develop-
ments in cancer biology research have led to a novel
technique to evaluate phosphorylation of proteins and
kinase activity on an ‘omics’ scale. Called ‘kinome’ profiling,
a kinome represents the full complement of protein kinase
activity in a cell or organism, while the term sub-kinome
refers to a specific subset of these enzymes, such as serine/
threonine kinases. This new array platform permits
interrogation of kinase activity in small volume, low
concentration samples, using a chip preprinted with
consensus phosphorylation sequences for specific kinases.
Two chips are available, one for tyrosine kinases (STK), and
another for serine/threonine kinases (STK) (Hilhorst et al,
2009; Sikkema et al, 2009). Each chip has ~140 unique
kinase targets; thus, the pattern and intensity of phosphor-
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ylation on the chip yields activity data for potentially
hundreds of protein kinases. Activities of specific kinases
may be confirmed by running the array in the presence of
specific inhibitors or activators to confirm kinase identity.
The PamGene kinome array was first used in the field of
cancer biology, but its application to testing hypotheses
related to abnormalities of signaling in schizophrenia is a
promising new development.

The PamGene kinome array platform has been success-
fully used in cancer biology to examine kinase activity in
multiple cancer types, leading to discovery of novel drug
targets and therapeutic agents aimed at repairing alterations
in the signaling pathways (Zhang and Daly, 2012). For
example, kinase-targeting techniques were used to discover
that inhibition of heat shock protein 90 may cause
destabilization in the MAPK pathway (Haupt et al, 2012).
Kinome-wide assays were also used in the discovery of
treatment leads for ependymoma, a chemoresistant brain
tumor (Atkinson et al, 2011). Finally, targeting of kinase
activity in the MET/HGF (hepatocyte growth factor) path-
way has led to Phase 3 studies of MET-targeting agents for
the treatment of lung cancer (Feng et al, 2012). While this
platform has not yet been comprehensively applied to
postmortem brain tissues, these studies highlight the
potential for drug discovery related to the elucidation of
signal transduction anomalies in biological substrates.

Glycosylation

Glycosylation of proteins is a post-translational modification
(PTM) that may significantly impact protein function,
trafficking, and localization. Gene products that regulate or
facilitate glycosylation may be measured with standard
approaches, but do not provide a direct measure of
glycosylation in the disease substrate. We recently adapted
glycosylation gel-shift assays, which employ endoglycosi-
dases, to evaluate N-glycosylation of several molecules in
postmortem tissues from subjects with schizophrenia. The
excitatory amino acid transporters, EAAT1 and EAAT2 are
predominately localized to astrocytes, and account for up to
90% of glutamate reuptake in most brain regions. Glycosyla-
tion of these molecules impacts transporter localization and
function (Bauer et al, 2010). We found altered N-glycosyla-
tion of both of the molecules in the frontal cortex, in a
pattern consistent with increased levels of immature glycosyl
groups on the transporters (Bauer et al, 2010). We also
found a change in the N-glycosylation of AMPA receptor
subunit GluA2, in a pattern that suggests a decrease in
immature glycosyl groups (Tucholski et al, 2013).

One limitation of the glycosylation shift assays is that the
enzymes used are relatively non-specific, and thus do not
provide information regarding the composition of the
glycans attached to the protein of interest. One alternative
method to evaluate the glycome of a specific protein would
be to use mass spectrometry, but this approach generally
requires a large amount of starting material and enrichment
of the sample for the targeted protein, steps which are
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technically challenging using the postmortem brain sub-
strate. Another promising alternative involves the use of
lectins. Lectins are plant-derived proteins that have binding
profiles for specific types of N- and O-linked glycans.
Lectins can be used to probe western blots or in place of the
capture antibody in an immunoisolation. Data derived from
so-called ‘lectin blots’ would permit quantification of
specific glycosyl groups (based on lectin binding) and
identification of the protein to which they are attached
(based on size with comparison to western blotting of an
adjacent lane or identical blot). For example, we found an
alteration in GluA2 protein levels captured with the lectin
concanavalin A (ConA), which selectively binds high
mannose glycans (Tucholski et al, 2013). Finally, these
methods would permit interrogation of sub-glycomes,
where complex samples containing large numbers of
glycoproteins could be separated electrophoretically, and
then probed for binding to lectins that detect different
glycosyl groups, yielding a glycosylation fingerprint that
reflect patterns of glycosylation in different disease states.

Ubiquitination

Ubiquitination is a PTM that is central to protein trafficking
and degradation. However, few studies have examined this
process, directly or indirectly, in schizophrenia (Bousman
et al, 2010). Several microarray studies have found changes
in transcript expression for genes involved in ubiquitination
pathways. These hypotheses-generating experiments found
changes in individual genes such as ubiquitin specific
protease 14 and ubiquitin C-terminal transferase, as well as
changes in canonical pathways such as the ubiquitin
proteasome pathway (Altar et al, 2005; Bousman et al,
2010; Middleton et al, 2002; Vawter et al, 2001). There are
no published studies that directly measure ubiquitination in
postmortem tissues from subjects with schizophrenia.
Immunoisolation coupled with western blot analysis or
mass spectrometry could be used to interrogate poly- or
mono- ubiquitinated proteins in postmortem brain.

Palmitoylation and Nitrosylation

These PTMs have not been assessed in postmortem brain
tissues from subjects with schizophrenia. However, given
the central roles of these biological processes, these
represent high-yield targets for postmortem assessment.
In particular, the role of palmitoylation in the trafficking
and anchoring of receptor complexes in lipid rafts permits
partitioning of proteins into subcellular microdomains,
which include specialized compartments that facilitate
critical cellular functions such as long-term potentiation
and long-term depression (Citri and Malenka, 2008; Shan
et al, 2013). One promising biochemical technique has been
developed that may permit interrogation of palmitoylation
in postmortem samples. The biotin switch assay selectively
replaces palmitoyl groups with biotin, which may then be
detected with streptavidin conjugated to a reporter molecule
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(Drisdel and Green, 2004; Kang et al, 2008). A similar
strategy may be feasible for the detection of nitrosyl groups,
using ascorbate to reduce nitrosylated Cys residues and
labeling of reduced residues with biotin (Jaffrey, 2005;
Jaffrey et al, 2001; Jaffrey and Snyder, 2001).

In summary, other than phosphorylation, only a few
studies have examined post-translational modifications in
postmortem schizophrenia brain. While the dozen or so
studies of phosphorylation have yielded interesting data,
they are difficult to interpret as they typically only indirectly
reflect changes in kinase activity. Newer methodologies
such as the kinome array and lectin blots may provide new
avenues for examining protein changes in postmortem
brain.

POSTMORTEM STUDIES IN
SCHIZOPHRENIA. WHAT QUESTIONS CAN
BE ANSWERED USING POSTMORTEM
BRAIN?

Results from postmortem schizophrenia studies are often
divergent and difficult to interpret. In this section we discuss
several examples of postmortem work that illustrate both the
difficulties of working with this substrate as well as the
potential for these types of studies to contribute to the field.

Data from DISC1 Postmortem Studies

The DISCI findings from human genetics studies led to
several lines of inquiry that have yielded important leads for
understanding the etiology of the schizophrenia phenotype
(Blackwood et al, 2001). Several groups have found SNPs or
other lesions in the DISC1 gene, and several linkage studies
have associated the DISCl locus with schizophrenia in
cohorts that are not enriched for the DISCI translocation
(Callicott et al, 2005; Chakirova et al, 2011; Eastwood et al,
2010; Szeszko et al, 2008; Takahashi et al, 2009) (reviewed
by Roberts (2007)). The DISC1 protein has multiple
functions that likely underlie cognitive function. Poly-
morphisms in the gene affect cognition in normal
individuals, but large GWAS studies did not find an effect
for DISCI in schizophrenia (Badner and Gershon, 2002;
Devon et al, 2001; Hodgkinson et al, 2004). The DISC1
protein has specific interacting partners (reviewed by
Kamiya et al (2012)) that are associated with its putative
role as a large scaffolding protein that facilitates formation
of protein complexes (Lipska et al, 2006a, b). In this role,
SNPs or other genetic lesions that affect the expression
levels, localization, and/or protein-binding motifs of the
DISC1 gene could impact formation of protein complexes
facilitated by DISC1 protein. These hypotheses have been
partially tested in postmortem tissues. DISC1 mRNA levels
were unchanged in the hippocampus and dorsolateral
prefrontal cortex region in schizophrenia (Lipska et al,
2006a, b). Another study found evidence that the subcellular
distribution of DISCI is altered in schizophrenia (Sawamura
et al, 2005). The authors found an increase in the cytoplasm
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to nucleus ratio for DISC1, suggesting an alteration in
mechanisms that localize DISC1, which may include specific
protein-protein interactions (Sawamura et al, 2005).
Finally, decreased expression of the DISCI interacting
proteins nuclear distribution element-like (NUDEL), fasci-
culation and elongation protein zeta-1 (FEZ1), and lissen-
cephaly 1 (LIS1) mRNAs was found in the hippocampus and
frontal cortex in schizophrenia; each of these measures was
associated with the high-risk DISC1 polymorphism (Lipska
et al, 2006a, b). Taken together, these postmortem studies
suggest that the localization and function of DISC1 may be
altered in subjects with schizophrenia lacking the DISC1
translocation.

The interpretation of these data presents significant
challenges. These are region-level studies using blended
postmortem tissues, which are an admixture of neurons,
astroglia, microglia, and endothelial cells. Even fractionated
tissues likely contain organelles from multiple cell types,
making cell-specific interpretation of a shift in subcellular
location a challenge. In addition, most of these subjects
have had a lifetime of severe mental illness and antipsycho-
tic treatment, which alters DISC1 mRNA expression in
rodents (Chiba et al, 2006). Atypical antipsychotics
increased DISC1 mRNA in the frontal cortex, whereas
typical antipsychotics did not, raising the issue that typical
antipsychotic treatment might normalize decreased DISC1
expression, masking detection of an effect (Chiba et al,
2006). These brains do not represent the biological lesion
that presents during development or at the first break of the
illness. Rather, they may represent a common pathophy-
siological lesion found in the mid to late stages of the
illness. Such a lesion, consisting of altered DISC1 localiza-
tion, and shifts in the composition of the protein complexes
that DISC1 facilitates, may provide an important transla-
tional data point, which could be utilized to extend the
hypotheses related to genetic risk associated with the DISC1
gene. For example, immunoisolation of DISCI, followed by
quantification of known DISC1 interacting proteins in
nuclear and cytoplasmic fractions generated from post-
mortem brain tissues, could indicate which of these
protein-protein interactions warrant the most attention in
preclinical studies where medication treatment, PMI, and
other factors associated with postmortem tissues are
mitigated. Interestingly, an insoluble protein aggresome
containing DISC1 may be formed under pathological
conditions in neurons, suggesting examination of DISC1-
associated proteins as an important direction for further
study (Atkin and Kittler, 2012).

AMPA Subtype of Glutamate Receptor Trafficking

The biology of AMPA receptor trafficking involves complex
interactions between receptor-interacting molecules that
regulate localization of assembled AMPA receptors to and
from synapses. Lateral translocation of this receptor
complex to the PSD is the mechanism by which synaptic
responses are strengthened during some types of long-term
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potentiation (Contractor and Heinemann, 2002; Lisman and
Zhabotinsky, 2001; McGee and Bredt, 2003)(Figure 3).
Colocalization of AMPA receptors with NMDA receptors
depolarizes the membrane sufficiently for removal of the
Mg2 + block from NMDA receptors, permitting activation
of these channels. This movement of AMPA receptors
following LTP induction is referred to as the regulated
receptor pool (Contractor and Heinemann, 2002)(Figure 4).
Following insertion at the synapse, AMPA receptors may
cycle between the synapse and an intracellular domain,
generating a pool of constitutive receptor complexes
available for rapid reinsertion to the plasma membrane
(Ashby et al, 2004) (Figure 4).

Numerous protein-protein interactions have been de-
scribed for the trafficking events related to AMPA receptor
mobility in dendritic spines. For example, synapse-asso-
ciated protein 97 (SAP97) is a member of the MAGUK
(membrane-associated guanylate kinase) family of proteins
and contains three PDZ (postsynaptic density 95/Discs
large/zona occludens-1)-binding domains (Miiller et al,
1995). These domains are specialized, regulatable motifs
that facilitate colocalization of proteins in specialized
microdomains such as the PSD. One of the PDZ domains
of SAP97 interacts with the PDZ domain on the C terminus
of the AMPA receptor GluAl subunit in GluAl/GluA2
hetero-oligomers (Cai et al, 2002; Leonard et al, 1998).

SAP97, bound to GluA1l/GluA2 hetero-oligomers, inter-
acts with the postsynaptic density (Valtschanoff et al, 2000).
This interaction is important for the localization and
stabilization of GluA1l/GluA2 AMPA receptors to the
synaptic area (Cai et al, 2006; Rumbaugh et al, 2003).
Protein interacting with C kinase 1 (PICK1) links to the
PDZ-binding domain of GluA2 and has a role in the
clustering of the subunit and tethering of the receptor to the
post-synaptic density and plasma membrane (Cao et al,
2007; Jin et al, 2006; Pan et al, 2007). Stargazin also has a
role in the trafficking and localization of AMPA receptors at
the cell surface, participating in the lateralization of AMPA
receptors from extrasynaptic membrane to the synapse
(Bats et al, 2007; Bedoukian et al, 2006; Chen et al, 2000).
Through interactions with the PDZ domain of GluA2,
GRIP1/ABP has a role in maintaining GluA2 containing
receptors at the synapse (Dong et al, 1997; Zhang et al,
2001). NSF, another AMPA-interacting protein is an ATPase
that facilitates fusion of vesicles with the plasma membrane
(Braithwaite et al, 2002).

Converging evidence led to the hypothesis that AMPA
receptor trafficking is abnormal in schizophrenia. The
observation that phencyclidine (PCP) yields a schizophreni-
form psychosis in normal subjects and worsens symptoms
in subjects with schizophrenia led to the concept that
NMDA receptor function is impaired in this illness, because
PCP is an open channel blocker of NMDA receptors. As
discussed above, one common mechanism for removing the
magnesium block from NMDA receptors is colocalization
and activation of AMPA receptors in the PSD. PCP
administration also leads to increased levels of glutamate,
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the nucleus to the dendrite. Neurotransmitter receptors such as the NMDA

and AMPA glutamate receptors are synthesized and assembled in the ER before moving through the Golgi. Assembled receptors such as the AMPA and
NMDA subtype glutamate receptors may then be phosphorylated and interact with motor proteins which bind the receptors to the microtubules for

transport along the dendrite. The receptors then enter the spine where they

interact with other anchoring proteins and are inserted at the synapse. AMPA

receptor insertion into the synapse consists of direct insertion from the Golgi or indirect insertion and lateral translocation from the constitutive pool.
AMPA receptors may also be localized in the regulated pool. NMDA receptors may be directly inserted and are anchored at the postsynaptic density by
myriad proteins or may be internalized following phosphorylation. AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CaMKIl, Ca?*/
calmodulin-dependent protein kinases Il; CK2, Casein Kinase 2; DLC, Dynein Light Chain; GKAP, Guanylate-kinase-associated Protein; GRIP/ABP,

glutamate receptor AMPAR binding protein; KIF, Kinesin Family Member;

mLin, Mammalian Lin; MyoV, Myosin V; NF-L, Neurofilament Light Chain;

NMDA, N-Methyl-D-aspartate; nNOS, Neuronal Nitric Oxide Synthase; NSF, N-ethylmalemide sensitive factor; PKA, Protein Kinase A; PKC, Protein
Kinase C; PP1, Protein Phosphatase 1; PRKCA 1 PICK1, Protein interacting with Protein Kinase C Alpha; PSD95; Post-Synaptic Density 95; SAP97,
Synapse-Associated Protein 97; SAP102, Synapse-Associated Protein 102; Stg, Stargazin; 4.1N, Protein 4.1N.

suggesting that non-NMDA receptors may be chronically
exposed to higher baseline glutamate levels in synapses
where NMDA receptor function is compromised (Shan et al,
2013). Further, the DISC1 and neuregulinl genetic lesions,
animal models, and postmortem data point towards a global
deficit in synaptic transmission, consistent with the central
role of AMPA receptors as facilitators of long-term
potentiation (Malenka and Nicoll, 1999). Finally, there are
several reports (reviewed by Meador-Woodruff et al (2001))
of altered AMPA receptor subunit transcript, protein, and
binding site expression in several brain regions in schizo-
phrenia. The pattern of these changes suggests that there
may be an alteration in AMPA receptor subunit stoichio-
metry, which can impact receptor localization and function.
Thus, AMPA receptor abnormalities may not be a problem
of too much or too little receptor, but an alteration in the

trafficking pathways described above. Thus, the discovery
of specific mechanisms for AMPA receptor localization
taken together with these straightforward measures of gene
expression in postmortem brain led to the testing of specific
hypotheses centered around the AMPA receptor-interacting
proteins.

Preclinical data suggest specific hypotheses, related to
AMPA receptor trafficking, that are testable with post-
mortem brain samples. For example, using epitope tags and
expression constructs for truncated AMPA receptor-inter-
acting proteins, the functional consequences of diminished
N-ethylmaleimide-sensitive factor (NSF) and glutamate
receptor-interacting protein (GRIP)/AMPAR binding pro-
tein (ABP) were delineated (Braithwaite et al, 2002). A
decrease in NSF-GluA2 binding led to increased endocytosis
of GluA2 containing AMPA receptors, whereas a decrease in

Neuropsychopharmacology REVIEWS



Studying severe mental illness using postmortem brain
RE McCullumsmith et al

PKC  Constitutive v
pool L PKC

14 ——
=%

3
Grip-APB
Picki-Picki -

Regulated pool

Figure 4.

-S‘zg
‘;’6 r J }ﬁ. E} g PSD95 If‘% (2
e, SAP102 Homer S
e nNOS GKAP SHANK -y
calmodulln \
: ‘. H
N

REVIEW

£ aa mGIuR
" neuroligin

°
N

CK2

"\-_p. " g
SAP102
CaMKII\J /...__ 1
4 A
? " ( GluAt _ GuN1
o] ' .
AMPA g GIUA2  NMDA GIuN2

Insertion of neurotransmitter receptors at the synapse. AMPA and NMDA receptors as examples of the complexity of receptor trafficking in

the brain. AMPA receptor insertion into the synapse consists of direct insertion from the Golgi or indirect insertion and lateral translocation from the
constitutive pool. AMPA receptors may also be localized in the regulated pool. NMDA receptors may be directly inserted and are anchored at the
postsynaptic density by myriad proteins or may be internalized following phosphorylation. AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid; CaMKIl, Ca®* /calmodulin-dependent protein kinases Il CK2, Casein Kinase 2; GKAP, Guanylate-kinase-associated Protein; GRIP/ABP, glutamate
receptor AMPAR binding protein; NF-L, Neurofilament Light Chain; NMDA, N-Methyl-D-aspartate; nNOS, Neuronal Nitric Oxide Synthase; NSF,
N-ethylmalemide sensitive factor; PKA, Protein Kinase A; PKC, Protein Kinase C; PP1, Protein Phosphatase 1; PRKCA 1 PICK1, Protein interacting with
Protein Kinase C Alpha; PSD95; Post-Synaptic Density 95; SAP97, Synapse-Associated Protein 97; SAP102, Synapse-Associated Protein 102; Stg,

Stargazin; 4.1N, Protein 4.1N.

GRIP/ABP-GluA2 binding destabilized accumulation of
GluA2 containing AMPA receptors in an intracellular pool
(Braithwaite et al, 2002). These data suggest that measuring
levels of GRIP/ABP, NSF and/or other AMPA receptor-
interacting proteins in postmortem brain may be an
indirect measure of alterations in the AMPA receptor
trafficking machinery in schizophrenia.

AMPA receptor-interacting protein expression in schizo-
phrenia. Two separate studies reported decreased NSF
mRNA and increased NSF protein expression in the
dorsolateral prefrontal cortex (DLPFC) (Mirnics et al,
2000; Prabakaran et al, 2004). PICK1 mRNA expression in
the DLPFC and the occipital cortex (OCC) was not
significantly altered in schizophrenia (Bauer et al, 2008;
Dracheva et al, 2005), whereas a different study found
decreased expression of PICKI and increased stargazin in
DLPFC in schizophrenia, where both changes were re-
stricted to large cells of cortical layer III (Morrow et al,
2012). In addition, no changes in SAP97 transcript
expression were detected in the DLPFC or OCC (Dracheva
et al, 2005), but decreased SAP97 protein was detected in a
different cohort in the DLPFC (Toyooka et al, 2002a, b) and
similarly divergent results were found for cortical GRIP1
expression (Dracheva et al, 2005). Taken together, the data
for these AMPA receptor-interacting proteins are incon-
sistent at best. While differences in postmortem cohort,
medication status, region studied, drug use, and other
variables may underlie these differences, the small effect
sizes, small sample sizes, and inconsistent findings do not
support the hypothesis that AMPA receptor trafficking is
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altered in schizophrenia. Other approaches generally
support this conclusion. We did not find alterations in
AMPA receptor subunit protein levels in the ER in
schizophrenia, and generally found no changes in AMPA
subunit proteins in early or recycling endosomes
(Hammond et al, 2011; Hammond et al, 2012).

While the notion that AMPA receptor trafficking is
altered in schizophrenia was a promising lead, the current
balance of the data does not support this conclusion.
Further, modulation of AMPA receptors has been evaluated
in schizophrenia. Ampakines are compounds that interact
with AMPA receptors to modulate synaptic activity by
allosterically binding to the receptors to facilitate synaptic
transmission (Wezenberg et al, 2007). Meta-analyses of
studies using multiple adjunct therapies found that
ampakines were ineffective in reducing the positive
symptoms of schizophrenia (Goff et al, 2008; Tuominen
et al, 2005; Tuominen et al, 2006). A large, placebo-
controlled trial of AMPAkine CX516 as adjunct therapy to
clozapine, risperidone, or olanzapine did not improve
measures of cognition in these patients, and the placebo
group had significantly greater improvement in positive and
negative symptoms than the group treated with CX516 (Goff
et al, 2008). It may be that modulation of AMPA receptors is
ineffective because the effects of these compounds are not
enough to overcome profound abnormalities of NMDA
receptor complexes in the mid to late stages of the illness.
Alternatively, AMPA receptor trafficking could be selec-
tively impaired during brain development, and normalize in
the adult brain. It would be interesting to evaluate AMPA
trafficking and the effects of AMPAkines in high-risk
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prodromal subjects to determine whether they may
contribute to or help prevent development of the illness.

Data from Post-Synaptic Density 95 (PSD95)

PSD95 is an abundant synaptic protein that facilitates
clustering of proteins in the PSD microdomain. PSD95 has
three PDZ domains, which may reversibly bind myriad
interacting proteins including kinases, phosphatases, mole-
cular chaperones, as well as other structural elements and
neurotransmitter receptors (Figures 3 and 4). PSD95 forms
specific interactions with the GluN2 subunit of the NMDA
receptor (Blandini, 2010). NMDA receptors are trafficked to
and anchored at the PSD by numerous proteins including
PSD95, neuregulin, and SAP102. (Barnes, 2000; Lionel et al,
2013; Weickert et al, 2004). Similar to the DISC1 and
neuregulinl knockout mice, PSD95 homozygous KO’s are
not lethal, and the heterozygous animals share prepulse
inhibition, hyperactivity, and enhanced LTP phenotypes
(Desbonnet et al, 2009; Dyck et al, 2009; Kato et al, 2010; Le
Greves et al, 2006; Yao et al, 2004). Interestingly, alterations
in the localization and function of DISC1 and neuregulinl are
linked to abnormalities of the NMDA receptor signaling
complex that includes PSD95 (Balu and Coyle, 2011; Geddes
et al, 2011; Ma et al, 2013; Schmitt et al, 2011). The well-
characterized effects of pharmacologic blockade of NMDA
receptors, which vyield a schizophreniform phenotype,
support the hypothesis that disruption of synaptic plasticity,
regardless of the mechanism, contributes to the signs and
symptoms of schizophrenia. PSD95 is a good candidate for
assessment/evaluation in postmortem brain; it is abundantly
expressed, it is relatively easy to process/target for mass
spectrometry (unpublished observation), it has several high-
quality commercially available antibodies, and it has a central
role in the formation of protein complexes that comprise the
PSD. Thus, several groups have tested the hypothesis that
PSD95 expression is abnormal in schizophrenia.

Altered expression of PSD95 in the thalamus. The
thalamus comprises discrete nuclei that comprise relay
neurons, interneurons and astrocytes that have dense,
paired reciprocal projections with multiple cortical areas.
Abnormalities of the dorsomedial nucleus of the thalamus
have been reported by studies employing imaging, anato-
mical, and biochemical approaches (reviewed by Meador-
Woodruff et al (2003)). Several studies have measured
PSD95 mRNA levels in the thalamus. The first study used
in situ hybridization to measure levels of PSD95 and several
other PSD proteins in several thalamic nuclei including the
dorsomedial nucleus (Clinton et al, 2003), and found
increased transcript levels for PSD95. Using a different
cohort from the same brain bank, a different group did not
find changes in PSD95 in the thalamus using QPCR to
examine expression in dissected nuclei (Dracheva et al,
2008). The reasons for this failed replication are not clear,
but may be due to differences in methodology. In situ
hybridization is less sensitive than QPCR, but has more
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accurate anatomical precision that does not rely on
dissection of discrete nuclei. A third replication study was
performed using in situ hybridization and tissues from a
different brain collection that were much younger (40-50s
vs 70-80s). Decreased transcripts for PSD95, and two other
NMDA interacting proteins found in the PSD, SAP102 and
neurofilament-light (NF-L), were detected using in situ
hybridization (Clinton and Meador-Woodruff,. 2004). There
is no simple way to reconcile these three divergent findings.
PSD95 mRNA expression may have a disease specific-age
effect, with lower expression early in the illness, and higher
expression later in the illness. The two studies that found
changes were performed by the same laboratory using the
same techniques. The younger cohort has well-documented
substance use in several of the subjects including alcohol
and cocaine. Neither study was well controlled for
antipsychotic use. In another follow-up study using a
different elderly cohort, PSD95 and GIuN2A protein levels
were increased in the dorsomedial nucleus of the thalamus
(Clinton et al, 2006).

PSD95 expression in the frontal cortex. PSD95 transcripts
were unchanged in the DLPFC in schizophrenia in tissues
from middle-aged subjects from the Stanley Foundation
Neuropathology Consortium (Beneyto and Meador-
Woodruff, 2008). In a smaller study (n=6 subjects with
schizophrenia, n=10 controls) in situ hybridization
analysis showed that the expression of PSD95 was
significantly decreased in Brodmann area 9 of the prefrontal
cortex but not in the hippocampus (Ohnuma et al, 2000).
Using tissues from elderly subjects from the Bronx VA brain
collection, PSD95 transcripts were increased, and PSD95
protein was decreased in the anterior cingulate cortex
(Kristiansen et al, 2006). This finding was replicated in the
ACC by the same group in a cohort with overlapping
subjects, whereas no change in PSD95 protein was found in
the DLPFC (Funk et al, 2009, 2012).

PSD95 expression in other regions. Using immunoautor-
adiography, a decrease in PSD95 protein was found in the
dentate gyrus molecular layer, but not in the dentate hilus of
the hippocampus (Toro and Deakin, 2005). Finally,
transcripts for PSD95 were not changed in the striatum in
schizophrenia (Kristiansen and Meador-Woodruff, 2005).
Taken together, these studies of PSD95 expression
measured using different techniques, examining different
levels of gene expression, from several different brain
collections, suggest an abnormality of PSD95 levels in
schizophrenia. The most consistent findings were reported
in the frontal cortex, where PSD95 protein levels were
decreased in the ACC. One challenge with the interpretation
of this data is that it is difficult to elucidate the meaning of a
change in a single descriptive measure. PSD95 is localized to
a protein complex that forms a specialized microdomain
characterized by dynamic changes in its composition,
activity, and ultrastructural localization. Accordingly, hy-
potheses may be formulated based on the biology of
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receptor trafficking and the roles of receptor-interacting
proteins like PSD95 (Lau and Zukin, 2007). For example,
one mechanism of diminished NMDA receptor expression
could be retention (and degradation) of NMDA receptor
complexes in the ER. Decreased expression of PSD95 and
GluN2B was found in an ER-enriched fraction in DLPFC
from subjects with schizophrenia (but no change in total
levels), suggesting increased forward trafficking of NMDA
receptor complexes from the ER (Kristiansen et al, 2010).
These data suggest that the rate of turnover of NMDA
receptor complexes may be altered, with a compensatory
increase in trafficking to the synapse. Interestingly, in a
separate study, phosphorylation of PSD95 at S295 was
increased in the DLPFC. Phosphorylation at this site
promotes targeting of PSD95 to the synapse (Kim et al,
2007), a finding consistent with increased forward traffick-
ing of NMDA receptor complexes to the synapse (Funk et al,
2012). In contrast to the DLPFC, phosphorylation of PSD95
at S295 was decreased in the ACC, possibly secondary to
diminished overall levels of PSD95 protein in this region
(Funk et al, 2012). Samples from these studies were well
matched and the results were not attributable to antipsy-
chotic treatment based on secondary analyses of subjects
on/off medications at the time of death. In summary, the
postmortem data for PSD95 are promising, and additional
studies are warranted to fully elucidate the abnormalities of
PSD95 in schizophrenia.

A Mechanism for NMDA Receptor Dysfunction in
Schizophrenia

Neuregulinl modulates erbB signaling and neuregulinl is
believed to suppress NMDA receptor activation via this
mechanism (Geddes et al, 2011; Golub et al, 2004; Hahn
et al, 2006). In postmortem brain from subjects with
schizophrenia, there was increased association between
PSD95 and the tyrosine kinase erbB4, and an increase in
neuregulinl-mediated suppression of NMDA receptor
activity (Hahn et al, 2006). These data directly support the
hypothesis that NMDA receptor function is altered in
schizophrenia, and highlight the putative importance of
multipotent proteins such as PSD95 and neuregulinl in
neuropsychiatric illness. We posit that regardless of the
etiology or genetic lesion, pathophysiological processes are
likely to impact core constituents of synaptic transmission,
yielding a common pathological lesion that may or may not
be illness-specific.

The PSD95 data also highlight the utility of postmortem
studies. The idea to examine PSD95 in schizophrenia
stemmed from its characterization as an NMDA receptor-
interacting protein, leading to postmortem studies that
found changes in regional expression levels of this molecule
in schizophrenia. More sophisticated biochemical studies
followed, where changes were found suggesting that the
NMDA receptor signaling complex, which contains PSD95,
is altered in this illness. Next steps could include (1)
generating (or further characterizing) a preclinical model
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that mirrors these findings; can an animal that goes
through development with an NMDA receptor signaling
complex deficit be rescued? (Delotterie et al, 2010; Nagai
et al, 2011), (2) further elucidating the contribution of
genetic risk factors on PSD95 biology, and/or (3) developing
pharmacological interventions that are targeted not at the
underlying genetic risk factors (such as DISCI in subjects
with the DISC1 translocation) but instead at common
pathophysiological factors such as impaired NMDA recep-
tor signaling.

In the sections above, we discussed examples of
postmortem studies that yielded different conclusions. In
the first example postmortem data for DISC1 is promising
but descriptive, and is following (but not driving) current
thinking in the field. Studies of DISC1 using postmortem
tissues could do better, and several testable hypotheses
appear feasible with biochemical approaches. The second
example related to the AMPA receptor trafficking proteins
is an example of postmortem data rejecting (so far) a
hypothesis. These studies include data from biochemical
approaches that sought to go beyond straightforward
measures of gene expression, including analyses of endo-
somes and ER contents related to AMPA receptor traffick-
ing. The final example is perhaps one of the more developed
stories involving postmortem studies in schizophrenia. The
juxtaposition of PSD95 as an integral PSD protein as well as
an interacting protein for NMDA receptor complexes makes
this a high-yield target for postmortem biochemical studies.
The PSD95 studies represent a translational synergy
between preclinical and postmortem studies. For example,
characterization of the effects of phosphorylating $295 on
the PSD95 molecule provided a tool that was used to extend
the hypothesis that NMDA receptor complex trafficking
may be altered in schizophrenia.

SUMMARY AND CONCLUSIONS

There are a few emerging themes for postmortem schizo-
phrenia studies: (1) postmortem data are often disparate,
and may be difficult to evaluate and interpret. Factors such
as PMI, tissue pH, and antipsychotic drug treatment
highlight the myriad complexities of designing these types
of studies; (2) there may be selective alterations in
trafficking of receptor complexes in schizophrenia. More
work is needed to confirm or extend hypotheses related to
NMDA receptors, and to determine whether these changes
are receptor-specific or instead reflect an abnormality of an
underlying biological process (such as receptor trafficking)
or compensatory/pathophysiological changes from an intact
receptor trafficking system trying to adjust for other
molecular deficits found in the illness, and (3) postmortem
tissues are an underutilized resource that may be exploited
to test and develop cutting edge hypotheses related to the
pathophysiology of complex, polygenic illnesses that are
difficult to fully model in animals.
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The Schizophrenia Phenotype

The schizophrenia phenotype is a heterogeneous agglutina-
tion of signs and symptoms of unclear etiology. Genetic
predisposition and environmental risk factors synergize to
cause a neurodevelopmental lesion that may be quiescent
until young adulthood. Animal models recapitulate ele-
ments of this syndrome, but many of the symptoms, such as
auditory hallucinations and delusions, are probably un-
iquely human. Another dimension is that strongly impli-
cated genetic lesions such as the neuregulinl Val to Leu SNP
and the DISC1 translocation are rare and alone cannot
account for the high prevalence of this illness. However,
these multipotent proteins have roles in multiple biological
pathways that affect normal brain development as well as
cognitive functions in the matured brain, and may
contribute to a common pathophysiological ‘lesion’ that
settles in after establishment of the illness. A common
theme for DISC1, neuregulinl, and PSD95 is that manip-
ulating these gene products impacts neuroplasticity, a core
feature of the schizophrenia syndrome (McCullumsmith
et al, 2004; Talbot et al, 2004).

Future Directions

There are many promising biochemical techniques that
have not been fully adapted to the postmortem substrate.
We have discussed a few of these above, including the
kinome array, protein QPCR, and capillary electrophoresis.
An important direction for the adaptation of biochemical
methods is centered on cell-level studies. The postmortem
field needs to move away from blending tissue regions and
the loss of information that may be associated with this
approach. Cell-level studies employing LCM, fractionation,
or advanced immunohistochemical localizing approaches
will permit more sophisticated assessment of subcellular
and cell-specific hypothesis using postmortem brain tissues.

Fluorescence Activated Cell Sorting (FACS) and
Single-Cell Mass Cytometry

These novel approaches to examining pathological altera-
tions in individual cells may be useful in postmortem brain
where there are lots of unique cell types heterogeneously
distributed across large areas. This approach uses FACS to
simultaneously measure dozens of antibody labeled pro-
teins on the surface of individual cells, permitting
interrogation of the protein milieu expressed on the plasma
membrane (Bendall et al, 2011; Bodenmiller et al, 2012;
Doerr, 2011). Adaptation of this method to cell preparations
from postmortem brain may be challenging, as important
elements found in the CNS (such as dendrites and axons)
are difficult to preserve when processing or dissociating
brain tissue.

Another promising future direction for postmortem
tissues is the characterization of subcellular microdomains.
The PSD is perhaps the most well-characterized micro-
domain in the CNS, and several groups have developed
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cutting edge approaches to interrogate this complex
structure in postmortem brain (Cheng et al, 2010;
Fernandez et al, 2009; Hahn et al, 2009; MacDonald et al,
2012). Identification and characterization of novel micro-
domains is currently feasible using standard biochemical
techniques. The extensive anatomic, physiologic, and
biochemical interactions between neurons and astroglia
involves specialized protein complexes and structural
elements that have not been fully examined in postmortem
tissues from illnesses such as schizophrenia.

Challenges for Postmortem Protein Studies

There are some notable challenges for postmortem studies.
Good measures of protein quality or integrity are needed,
and the effects of factors like PMI need to be evaluated on a
protein-by-protein basis. Most studies rely on tissue samples
from brain regions where all of the cell types and
extracellular matrix are blended together into the same
sample. Data derived from these samples represent the net
effects of changes in the dependent measures from mixtures
of different cell types and/or subcellular partitions. While
many studies include unmedicated subjects or antipsychotic
treated rodents, it is difficult to model a lifetime of severe
psychiatric illness and antipsychotic treatment, as both may
significantly impact brain neurochemistry. Finally, post-
mortem studies do not capture the illness at its so-called first
break. Instead, brains from afflicted subjects are typically
collected years or even decades after onset of the illness, and
represent a “matured” phase of the illness. Despite these
limitations, the postmortem approach has a direct transla-
tional nature that is difficult to replicate in an animal model.
Data generated from these translational approaches has
begun to illuminate putative common pathophysiological
pathways in schizophrenia that may lead to the identifica-
tion of new substrates for drug discovery.
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