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Abstract
Schizophrenia has been proposed to have a neurodevelopmental aetiology. Neural Cell Adhesion
Molecule 1 (NCAM1) is involved in several neurodevelopmental processes and abnormal expression
of this gene has been associated in the pathology of schizophrenia and, thus, altered NCAM1
expression may be characteristic of the early stages of the illness. Alternative splicing of the NCAM1
transcript produces 3 major isoforms. Using qPCR we analysed mRNA expression of one of these
isoforms; the 180 kDa isoform of NCAM1 (NCAM-180), in Brodmann Area (BA) 46, BA10 and
BA17, postmortem, from 15 subjects with a short duration of illness of schizophrenia (<7 years) and
15 control subjects. NCAM-180 mRNA expression was increased in BA46 from subjects with
schizophrenia compared to controls (P=0.013). By contrast, there were no significant differences in
the expression of NCAM-180 mRNA in BA10 (P=0.575) or BA17 (P=0.772). We then analysed
NCAM-180 mRNA expression in BA46 from 15 subjects with a longer duration of illness of
schizophrenia (>22 years) and 15 controls. There was no significant difference in NCAM-180 mRNA
expression in this second cohort. This data suggests NCAM-180 mRNA expression is altered in a
regionally-specific manner in schizophrenia and these changes are associated with the early period
following diagnosis.
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1 Introduction
The cell recognition molecule Neural Cell Adhesion Molecule (NCAM1) regulates a broad
range of neural processes throughout development and into adulthood, including axon and
dendrite development (Cremer et al., 1997), synaptogenesis (Uryu et al., 1999) and synaptic
plasticity (Theodosis et al., 1999). Transcription of the NCAM1 gene produces 3 major
isoforms; NCAM-120, NCAM-140 and NCAM-180, although mouse studies suggest these
isoforms represent classes of several alternatively spliced transcripts of similar size (Santoni
et al., 1989). NCAM-180, which is primarily restricted to the postsynaptic densities of neurons,
and NCAM-140, which is expressed in both neurons and glia, are transmembrane glycoproteins
with large carboxy-terminal intracellular domains. Contrasting NCAM-140, NCAM-180
contains an intracellular domain encoded by exon 18 (Barbas et al., 1988) which facilitates
high affinity binding of NCAM1 to the cytoskeletal protein spectrin (Pollerberg et al., 1987;
Pollerberg et al., 1986). The glial expressed NCAM-120 isoform lacks transmembrane and
intracellular domains (Barbas et al., 1988) and is anchored to the cell membrane via
glycophosphatidyl inositol (He et al., 1986). Post-translational modification of these NCAM1
isoforms leads to the generation of several smaller fragments and polysialylated proteins (Frost
et al., 1991; Nybroe et al., 1989).

Altered of NCAM1 expression (Poltorak et al., 1995, Tanaka et al., 2007) and disturbances in
post-translational modification of the protein (Barbeau et al., 1995, Arai et al., 2006) have been
reported in schizophrenia. Within the cerebrospinal fluid (CSF), increased NCAM-120 protein
expression has been observed in individuals with schizophrenia (Poltorak et al., 1995, van
Kammen et al., 1998, Tanaka et al., 2007). However, while modest increases in NCAM-140
and NCAM-180 protein expression associated with schizophrenia have been reported (Tanaka
et al., 2007), contrasting data shows no evidence of altered expression of NCAM1 protein
isoforms between 180kDa to 200kDa (Poltorak et al., 1995). Changes in the post-translational
cleavage products of the NCAM1 protein have also been reported, such that increased levels
of a 68kDa isoform of NCAM1 and decreased levels of a 73–75 kDa isoform and a 52 kDa
isoform have been reported in the CSF of subjects with schizophrenia (Tanaka et al., 2007).
Within the post-mortem brain, increased NCAM1 protein expression has been found in the
cingulate cortex from subjects with schizophrenia (Honer et al., 1997). However, other studies
have shown no change in the expression of NCAM-120, NCAM-140 or NCAM-180 protein
in the dorsolateral prefrontal and anterior frontal cortices or the hippocampus, instead reporting
increased levels of polysialylated NCAM1 within the hippocampus and a 105–115kDa
NCAM1 isoform, a cleavage product of NCAM-180, in the hippocampus and dorsolateral
prefrontal cortex (Barbeau et al., 1995, Vawter et al., 2001, Vawter et al., 1998).

Recent genetic analyses suggest an association between NCAM1 and cognitive deficits
associated with schizophrenia (Sullivan et al., 2007). Such associations are supported by the
NCAM1−/− mouse model, which displays impaired spatial learning (Cremer et al., 1994) and
reduced prepulse inhibition, a behavioural model of schizophrenia (Wood et al., 1998).
Furthermore, increased serum levels of NCAM1 positively correlate with the severity of
negative symptoms in schizophrenia (Lyons et al., 1988). Together these data suggest that
changes in NCAM1 could be associated with both the negative and cognitive symptoms of
schizophrenia, both of which are resistant to current therapeutics (Keefe et al., 2007).
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Schizophrenia is hypothesised to have a neurodevelopmental aetiology. A recent microarray
study highlighted that different genes are associated with the early and late stages of
schizophrenia (Narayan et al., 2008). NCAM1 is involved with several developmental
processes within the nervous system and has been suggested to play a role in the negative and
cognitive symptoms of schizophrenia (Lyons et al., 1988; Sullivan et al., 2007), which are
known to present early in the pathology of the illness (Parnas, 1999). Thus, changes in NCAM1
expression associated with schizophrenia may be associated with the early stages of the illness.
We used qPCR to examine NCAM mRNA expression in the cortex of post-mortem subjects
with schizophrenia who had a relatively short duration of illness (short DOI). Expression was
examined in Brodmann’s Area (BA)10, BA46 and BA17 representing regions that have been
shown to be involved with various aspects of the pathology of schizophrenia (MacDonald et
al., 2005; Dorph-Petersen et al., 2007; Yoon et al., 2008). In regions where altered NCAM-180
mRNA expression was observed, we subsequently analysed expression in a separate cohort of
subjects with a comparatively longer duration of illness (long DOI) to determine whether these
changes in mRNA expression are maintained throughout the progression of the illness. As,
previous studies have reported differentially altered expression of the NCAM1 isoforms
associated with schizophrenia, we examined the isoform specific NCAM1 expression.
Efficient oligonucleotide primers that were specific to the NCAM-120 and NCAM-140 mRNA
sequences could not be designed. Thus, we focused our study on the NCAM-180 isoform.

2 Methods
2.1 Tissue Collection

All tissue was obtained from the Victorian Brain Bank Network at the Mental Health Research
Institute of Victoria. Approval was obtained from the Ethics Committee of the Victorian
Institute of Forensic Medicine and the Mental Health Research and Ethics Committee of
Melbourne Health. Left hemisphere tissue from BA10, BA46 and BA17 was obtained post-
mortem from 15 subjects diagnosed with schizophrenia <7 years prior to death (short DOI)
and 15 subjects with no history of psychiatric illness (controls). Subsequent analysis of the
effect of duration of illness on schizophrenia associated changes in mRNA levels were carried
out in a second cohort consisting of 15 subjects diagnosed with schizophrenia >22 years prior
to death (long DOI) and 15 controls. The two cohorts were expanded from the short and long
duration of illness cohorts published in Narayan et al. (2008). The duration of illness limits
imposed upon the two cohorts were based upon the availability of subjects with short and long
DOI schizophrenia. BA10 was taken as the most rostral portions of the superior frontal gyrus
and middle frontal gyrus, bounded ventrally by the superior rostral sulcus. BA46 was taken as
the lateral surface of the frontal lobe and includes approximately the middle third of the middle
frontal gyrus and the most rostral portion of the inferior frontal gyrus. BA17 was taken as the
part of the occipital cortex that is defined by the presence of the band of Gennari.

For each subject, consensus diagnosis was reached between a psychologist and a psychiatrist
using the Diagnostic Instrument for Brain Studies (Keks et al., 1999); a semi-structured
protocol for post-mortem assessment allowing psychiatric diagnosis according to DSM-IV
criteria (American Psychiatric Association, 1994). Demographic factors and tissue quality
markers, including gender, age, incidence of suicide, duration of illness, post-mortem interval
(PMI), CNS pH and RIN were used to assess the impact of subject variability on the experiment
(table 1). The effect of antipsychotic medication was assessed using the chlorpromazine
equivalence of the neuroleptic dosage recorded in the subject’s clinical case history. The cause
of death and medication history for the subjects used in this study are outlined in table 2.

Cadavers were refrigerated within 5 hr and frozen to −70°C within 30 min of autopsy. Where
death was witnessed, the time between death and autopsy was taken as the PMI. Where death
was not witnessed, tissue was only collected from subjects who had been seen alive up to 5 hr
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prior to being found dead and the PMI was measured from the midpoint between the subject
being found and being last seen alive. The CNS pH was measured as described previously
(Kingsbury et al., 1995).

2.2 RNA Extraction and Reverse Transcription
Total RNA from was extracted from human post-mortem prefrontal cortex using a modification
of the guanidine isothiocyanate–phenol method (Chomczynski and Sacchi, 1987) using Trizol
reagent (Invitrogen, Carlsbad, CA, USA). Extracts were treated with RNase-free DNase 1
(Ambion, Austin, Tx, USA) at 37°C for 30 minutes to remove residual genomic DNA. The
concentration, purity and integrity of the samples were determined using both
spectrophotometry (Biospec Mini, Shimadzu Corporation, Kyoto, Japan) and a bioanalyser
(Agilent Technologies, Santa Clara, CA, USA). 2µg of each RNA extract was reverse
transcribed with 100U MMLV (Ambion, Austin, Tx, USA) in 500mM Tris-HCl, ph 8.3,
750mM KCl, 30mM MgCl2 50mM DTT, 0.5mM dNTP’s, 2.5µM oligo dT primer, 2.5µM
random decamers and 1U/µl SUPERase In RNase inhibitor (Ambion, Austin, Tx, USA) at 37°
C for 1 hr followed by heat inactivation of the enzyme.

2.3 Quantitative Real-Time PCR
The iQ5 real-time PCR detection system (Bio-Rad Laboratories, Hercules CA, USA) was used
to perform qPCR on sample cDNA. Oligonucleotide sequences are outlined in table 3.
Oligonucleotides were designed using Beacon Designer 7.00 software (Premier Biosoft, Palo
Alto, CA, USA). The oligonucleotide amplification efficiencies ranged between 96.3% and
103.3%. The reverse complement oligonucleotide used for amplification of NCAM1
hybridised within exon 18 of the gene NCAM1 sequence, such that mRNA for the NCAM-120
and NCAM140 isoforms would not be detected. The NCAM-180 oligonucleotides did not
discriminate against the presence of the VASE exon within the transcript. qPCR reaction
mixtures (50µL) contained 40ng of reverse transcription product, 0.4nM of complementary
oligonucleotide pairs and 1× IQ SYBR green supermix (Bio-Rad Laboratories, Hercules CA,
USA). The PCR cycle parameters were 95°C for 3 minutes and 40 cycles of 95°C for 10
seconds, 60°C for 15 seconds and 68°C for 15 seconds. qPCR data was acquired using IQ5
optical system 2.0 software (Bio-Rad Laboratories,Hercules CA, USA). All samples were run
in triplicate and the expression of NCAM-180 calculated from the log 2 of the average triplicate
value corrected for primer efficiency. Expression was normalised against the geometric mean
of the levels of three reference genes; GAPDH, PPIA and SNCA, selected from a pool of
potential reference genes using geNorm software (Ghent University Hospital Center for
Medical Genetics, Ghent, Belgium) (Vandesompele et al., 2002). To assess inter-assay
variation, cDNA samples derived from a cell line (SY5Y) were amplified in duplicate on each
qPCR assay plate using GAPDH oligonucleotide primers and the variation calculated from the
average CT values from each duplicate. Intra-assay variation was assessed by amplifying 6
replicates of the cell line cDNA on a single assay plate with the variation calculated from the
CT values of each reaction. Inter- and intra-assay variation was 0.99% and 0.38% respectively.

2.4 Statistics
Grubbs test was used to identify outliers within the data. The data was then analysed by the
D'Agostino & Pearson omnibus normality test to assess the normality of distribution. Student’s
T-test was used to analyse NCAM-180 expression in the cortical regions examined. Within
BA46, variation between long and short DOI cohorts was compared using two way ANOVA.
Further analysis using Student’s T tests were performed to determine the source of variation.
Statistical significance was accepted at p<0.05. The relationship between demographic and
tissue condition data were assessed using Pearson product moment correlation; a value of r2 >
0.25 was indicating the potential for a strong relationship between variables (Gliner et al.,
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2002). The statistical power of the data was assessed by power analysis with a power >80%
indicating adequate power. Analyses were conducted using Prism 5.01 software (Graphpad
Software, La Jolla, CA, USA).

3 Results
Analysis of the expression data using D'Agostino & Pearson omnibus normality test showed
the data was normally distributed (K2=0.406 to 4.684; p=0.096–0.816) for all cohort groups
used in this study. Consequently, parametric statistics were used to analyse the data.

NCAM-180 mRNA levels were measured in three cortical regions (BA46, BA10 and BA17)
from subjects with short-term DOI schizophrenia and age-and sex-matched controls. Grubbs
test identified one control subject as an outlier for the BA46 data set (z=2.548, p<0.05). This
data point was subsequently removed from analysis. The level of NCAM-180 mRNA was
significantly increased in subjects with schizophrenia compared to controls in BA46 (mean
±SEM: 0.593±0.052 vs 0.434±0.021 normalised expression levels; t=2.668, df=27, p=0.013).
This increase remained significant following inclusion of the outlier (t=2.118, df=28, p=0.043).
A power analysis showed our data had a statistical power of 82.6%. NCAM-180 mRNA levels
were not significantly different between subjects with schizophrenia and controls in BA10 (t=
−0.449, df=28, p=0.657) or BA17 (t=0.167, df=28, p=0.869) (figure 1A). Repeated exposure
to the antipsychotic risperidone has been shown to increase the expression of NCAM-180 in
rats (Mackowiak et al., 2009). Within our cohort, one subject with schizophrenia had been
prescribed risperidone. Following removal of this subject from analysis, NCAM-180
expression in the schizophrenia group remained significantly increased compared to controls
(t=2.801, df=26, p=0.009) suggesting prior medication with risperidone had no impact on our
data.

To determine whether the increase in NCAM-180 expression in BA46 detected during the early
stages of schizophrenia are maintained throughout the progression of the illness, NCAM1
mRNA levels were measured in BA46 from subjects with long DOI schizophrenia. No
significant difference in NCAM-180 expression in BA46 was observed between subjects with
long DOI schizophrenia and matched control subjects (t=0.527, df=28, p=0.602) suggesting
NCAM-180 dysfunction is associated with the earlier stages of schizophrenia (figure 1B).
Analysis of NCAM-180 mRNA expression between the short and long DOI groups revealed
significant variation with duration of illness (F=4.329, d.f.=1,55, p=0.042). This variation was
due to lower NCAM-180 mRNA levels in the short DOI controls compared to long DOI
controls (t=2.338, df=27, p<0.027) while there was no significant difference between the short
and long DOI schizophrenia groups (t=0.442, df=27, p<0.662). Neither age nor duration of
illness strongly correlated with NCAM-180 levels within the short and long DOI sample groups
(0.224>r2>1.063 ×10−4).

There was no significant association between NCAM-180 mRNA levels and potential
confounding factors such as tissue pH, PMI, gender, the incidence of suicide and antipsychotic
medication for any sample group (0.232>r2>7.040×10−5).

4 Discussion
Our data shows a 27% increase in normalised expression levels of NCAM-180 mRNA in BA46
from subjects with schizophrenia during the early years following diagnosis of the illness. This
finding is consistent reported increases in serum NCAM-180 protein levels associated with
schizophrenia (Tanaka et al., 2007). Our data contrasts findings of increased NCAM-120 but
not NCAM-180 protein expression in the CSF of subjects with schizophrenia (Poltorak et al.,
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1995). However, it is unlikely that a localised increase in NCAM-180 expression would be
detected in the CSF.

Within the BA46, NCAM-180 protein expression has been reported to be unaltered in
schizophrenia. However, an increase in the levels of the 105–115 kDa cNCAM isoform, a
proteolytic cleavage product of the NCAM-180 protein, was observed. (Vawter et al., 2001;
Vawter et al., 1998). This reported increase in cNCAM may reflect increased post-translational
modification of NCAM-180 in schizophrenia in response to increased transcript levels.
Significantly, previous reports of unaltered NCAM-180 protein in BA46 in schizophrenia used
subjects with a mean age of over twenty years older than our short DOI cohort (Vawter et al.,
2001) and may reflect the lack of change in NCAM-180 expression that we have shown is
associated with late DOI schizophrenia.

The limited availability of post-mortem tissue is a constraint in this study, however, our sample
size was sufficiently powerful to be confident in the differences in NCAM-180 expression seen
between short DOI schizophrenia and controls. We were unable to ascertain data on the
ethnicity of the subjects and thus we could not consider the impact this variable had on our
data. Similarly, the limited sample size prevented a valid assessment of genotypic variation
within the cohort. Therefore, there is the potential for the differences between our data and
published studies to reflect genotypic differences between the cohorts. Substance abuse
histories were also not available for the subjects included in our cohort. While toxicological
analysis detected cannabinoids, opiates and ethanol within the blood of several subjects, the
short half-lives of these drugs within the bloodstream makes accurate assessment of substance
abuse history based on toxicology data difficult (Drummer, 2004). Thus, we cannot exclude
any impact these factors may have had upon our data. The incidence of suicide did differ
between the short DOI and long DOI groups used in this study. However, the lack of correlation
between the incidence of suicide and levels of NCMA-180 levels suggest these differences are
unlikely to affect data.

A recent microarray analysis has showed that only 2.2% of genes with altered expression in
short DOI schizophrenia remain altered in subjects with long DOI schizophrenia (Narayan et
al., 2008). From our data, abnormal NCAM-180 mRNA expression appears to be associated
only with short DOI schizophrenia and may reflect changes in symptomatic aspects that
develop early in the progression of the disorder, such as cognitive and negative symptoms,
which have both been associated with NCAM1 dysfunction (Lyons et al., 1998, Sullivan et al.,
2007). Despite apparent differences in NCAM-180 mRNA expression between duration of
illness cohorts, no correlation between NCAM-180 mRNA levels and duration of illness was
seen within the short or long DOI schizophrenia groups. Comparing the short and long DOI
cohorts, NCAM-180 mRNA expression in the short DOI schizophrenia group appeared more
comparable to that of the long DOI schizophrenia and control groups than to the short DOI
control group. Thus, while NCAM-180 mRNA expression appears to increase between the
mean aged 30 and 59 year old control groups, the progression of the illness appears to be
associated with a constant level of NCAM-180 expression reflective of a more aged population.
Interestingly, there was no correlation between age and NCAM-180 mRNA expression in
either diagnostic group. Thus, while differences in NCAM-180 expression were evident
between short and long DOI control groups, it may be naïve to assume that regulation of
NCAM-180 expression in normal individuals is regulated solely as a function of age.

Our findings of increased NCAM-180 expression in BA46 but not in BA10 or BA17 are
important in light of a recent report of an association analysis suggesting a role for NCAM1 in
cognitive deficit in schizophrenia (Sullivan et al., 2007) and previous reports implicating the
dorsolateral prefrontal cortex in the cognitive dysfunction associated with schizophrenia (Levy
and Goldman-Rakic, 1999; Perlstein et al., 2001; Yoon et al., 2008). NCAM-180 has been
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proposed to mediate synaptic plasticity via signalling through spectrin, potentially affecting
long term potentiation and cognitive function (Doyle et al., 1992, Fux et al., 2003, Leshchyns'ka
et al., 2003, Schuster et al., 1998). Notably, in light of our data, over expression of NCAM-180
has been shown to inhibit neurite outgrowth (Buttner et al., 2004). BA46 is known to be
involved in cognitive functions, such as working memory (D'Esposito et al., 1998), while BA10
serves a major function of an attentional gateway for facilitating complex cognitive processing
(Burgess et al., 2007; Gilbert et al., 2006). By contrast, while changes in cortical volume within
BA17 have been associated with the incidence of schizophrenia, this region does not appear
to be involved with cognitive processes (Dorph-Petersen et al., 2007). Thus, the aberrant
NCAM-180 expression in BA46 of schizophrenia subjects observed in our study may play a
role in deficits in select cognitive functions such as spatial working memory, which appears
to be controlled by BA46 (McCarthy et al., 1994). Unfortunately, cognitive data was not
available for the subjects used in our study and thus a direct comparison between NCAM-180
expression and cognitive deficits cannot be made.

NCAM1 related findings in schizophrenia, which include altered gene sequence (Aze et al.,
2007; Sullivan et al., 2007), abnormal protein expression and post-translational cleaving
(Tanaka et al., 2007; Vawter et al., 1998) and altered regulation of the genes controlling
polysialylation of the NCAM1 protein (Tao et al., 2007; Arai et al., 2006), are complex.
However, it is known that NCAM1 is also associated with a diverse range of functions in both
the embryonic and adult brain (Ditlevsen et al., 2008). Furthermore, a recent restriction
fragment differential display study showed increased mRNA levels of NCAM2 in BA46,
suggestive of a broader involvement of neural cell adhesion molecules in the pathology of
schizophrenia (Dean et al., 2007). Therefore, further studies are now required to better
understand which of the diverse roles of NCAM molecules may be particularly affected in
schizophrenia.
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Figure 1.
NCAM1 expression in the cortex of schizophrenia subjects. (A) Analysis of cortical NCAM1
mRNA expression in subjects who had been diagnosed with short duration of illness (DOI)
schizophrenia showed a significant increase of NCAM1 mRNA levels in BA46 (P=0.013)
associated with schizophrenia. No change in NCAM1 mRNA expression was observed in
BA10 (P=0.575) or BA17 (P=0.772) of subjects with short duration of illness schizophrenia
compared to controls. (B) Subsequent analysis of NCAM1 mRNA expression in BA46 from
a separate cohort of long DOI schizophrenia subjects showed no change in NCAM1 expression
compared to control subjects (P=0.602). NCAM1 expression data is expressed relative to the
expression of PPIA, SNCA and GAPDH. *= P<0.05.
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Table 1
A summary of the demographic data for the subjects used in the study. Gender data is provided as the ratio of males
(M) to females (F). Incidence of suicide data is provided as the number of subjects who committed suicide per sample
size. All other data is provided as means ± the standard deviation. Antipsychotic mediation is listed as final prescribed
dose of neuroleptic medication expressed as chlorpromazine equivalence per day.

Short Duration of Illness Long Duration of Illness

Control Schizophrenia Control Schizophrenia

Gender 12 M : 3 F 12 M : 3 F 12 M : 3 F 12 M : 3 F

Age 29.9±12.1 yr 29.4±12.5 yr 58.9±10.7 yr 58.2±11.0 yr

Post-mortem interval 47.3±11.8 hr 47.5±13.2 hr 37.1±16.9 hr 38.4 hr

CNS pH 6.30±0.21 6.29±0.15 6.35±0.18 6.33±0.17

RIN 8.0±1.0 7.8±1.4 7.26±1.7 7.7±1.0

Duration of illness 4.1±1.8 yr 33.7±9.3 yr

Incidence of suicide 0/15 11/15 0/15 1/15

Antipsychotic medication 732.85±780.74 mg 494.03±355.86mg
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Table 3
A summary of the oligonucleotide primers used for real-time PCR analysis of NCAM1 expression.

Gene GenBank Accession # Oligonucleotide sequence Position 5’-3’

SNCA NM_07308
F 5’-CTGCTGCTGAGAAAACCAAA-3’ 63-82

R 5’-CTGCTCCCTCCACTGTCTT-3’ 269-251

GAPDH NM_002046
F 5’-TGCACCACCAACTGCTTAGC-3’ 556-575

R 5’-GGCATGGACTGTGGTCATGAG -3’ 642-622

PPIA NM_021130
F 5’-ATGGTCAACCCCACCGTGTTCTTCG-3’ 84-108

R 5’-CGTGTGAAGTCACCACCCTGACACA-3 289-263

NCAM-180 NM_000615
F 5’-GTCCTGCTCCTGGTGGTTGTG-3’ 2507-2527

R 5’-GGTCCTCTCCTCCTCCGTTCG-3 2704-2684
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