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Abstract

Several chromosomal regions have been linked to bipolar disorder (BD). However, the search for
specific genes has been hampered by inconsistent findings, partly due to genetic and phenotypic
heterogeneity. We focused on lithium-responsive bipolar patients, a subgroup thought to be more
homogeneous and conducted a multistage study including an initial linkage study followed up by
fine mapping and gene expression. Our sample consisted of 36 families (275 genotyped
individuals, 132 affected) recruited through probands who were responders to long-term lithium
treatment. We conducted a genome-wide scan with 811 microsatellite markers followed by fine
mapping. Gene expression studies of candidate regions were conducted on six post-mortem
prefrontal brain regions of 20 individuals (8 BD and 12 controls). We identified regions 3p25,
3p14 and 14q11 as showing the highest genome-wide linkage signal (LOD 2.53, 2.04 and 3.19,
respectively). Fine mapping provided further support for 3p25, while only modest support was
found in the other two regions. We identified a group of synaptic, mitochondrial and apoptotic
genes with altered expression patterns in BD. Analysis of an independent microarray dataset
supported the implication of synapse-related and mitochondrial genes in BD. In conclusion, using
two complementary strategies, we found evidence of linkage to lithium-responsive BD on 3p25,
3pl14 and 14q11 as well as significantly dysregulated genes on these regions suggesting altered
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synaptic and mitochondrial function in BD. Further studies are warranted to demonstrate the
functional role of these genes in BD.
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Bipolar disorder; gene expression; linkage; lithium responsive; synapse-related genes

Introduction

Bipolar disorder (BD) is a highly familial psychiatric illness, with heritability estimates
ranging from 60% to 85% (Smoller & Finn, 2003). However, as in other genetically complex
psychiatric disorders, the search for susceptibility genes has been a rather gradual and
challenging task. Over the years, a number of genomic regions have been linked to BD, yet
failure to consistently replicate those findings has characterized most individual studies.
Furthermore, recent meta-analyses of genome scans have yielded conflicting and
inconclusive results (Badner & Gershon, 2002; McQueen et al. 2005; Segurado et a/. 2003).
The inconsistency in study findings may be driven, in part, by genetic and phenotypic
heterogeneity. Hence, investigating specific BD clinical subtypes with distinct clinical
characteristics and increased familial transmission may facilitate gene-mapping efforts, by
focusing on, possibly, more homogeneous subgroups with stronger genetic loading. Some of
these familial BD features include suicidal behaviour, psychosis, comorbid anxiety,
substance abuse/dependence, earlier age of onset, rapid cycling and response to lithium
prophylaxis (Grof et al. 2002; Potash et al. 2007; Saunders et al. 2008; Schulze et al. 2006).

Lithium is a mood stabilizer that has been extensively studied and used for several decades
as first-choice in the prophylactic treatment of BD; and to date, it continues to be widely
used in mood disorders (Baldessarini et al. 2002; Baldessarini & Tondo, 2000). However, its
efficacy tends to vary between BD patients. A series of phenotypic studies of responders to
lithium have shown that : (1) the response to lithium appears to be longitudinally stable
(Berghofer et al. 2008); (2) lithium responders suffer from a more typical recurrent illness
with full remission between episodes and low rates of comorbid conditions (Alda 2004); and
(3) first-degree relatives with BD respond to lithium as well (Grof et a/. 2002). Taken
together, these studies suggest that response to lithium prophylaxis may be considered a BD
clinical subtype with less genetic heterogeneity and stronger genetic effects.

In this study, we continued our efforts investigating molecular factors associated with BD by
combining linkage and gene expression analyses. In the first stage of this study, we
conducted a second genome-wide scan analysis using over 800 microsatellite markers in 36
lithium-responsive BD families. This analysis was followed by fine mapping of identified
candidate regions and investigation of altered patterns of brain expression of all genes
mapping to linked regions using an independent sample of BD subjects and controls.
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Methods

Subjects

Families included in this study were ascertained through probands with BD who were
followed prospectively and responded unequivocally to prophylactic lithium treatment. A
total of 36 probands, 19 males and 17 females, were recruited from specialized clinics at
McMaster University, Hamilton; University of Ottawa; and Dalhousie University, Halifax.
They all met criteria for bipolar | (7=25) or bipolar Il (7=11) disorder according to both
Research Diagnostic Criteria (RDC; Spitzer et al. 1978) and DSM-1V (APA, 1994). None of
the probands had any other Axis | or Axis Il disorders. Their mean age (£S.D.) was
46.0£13.6 yr, and their mean age at onset was 24.5+7.9 yr. Their clinical course had been
characterized by a high number of manic and depressive episodes before lithium (8.2+10.1)
and by a full stability on lithium monotherapy for 14.4+6.8 yr on average. The criteria used
to define excellent response to lithium were: (4) diagnosis of primary episodic BD; (6) high
recurrence risk prior to lithium treatment; and (¢) no recurrences during the 3-yr minimum
observation time on lithium monotherapy with an average plasma concentration over 0.6
mequiv./l (Turecki et al. 2001).

Families were included in this study if they met the following criteria : (1) at least four
members (including the proband) were willing to participate in an interview and provide a
blood sample; (2) at least two of the four members were affected; and (3) participants were
aged =16 yr at the time of recruitment. Overall, 36 multiplex families were included,
accounting for a total of 275 individuals. Of these, 132 were considered affected.

Best-estimate diagnoses were made by a panel of experienced psychiatrists who blindly
reviewed the data from the Schedule for Affective Disorders and Schizophrenia — Lifetime
version (SADS-L; Endicott & Spitzer, 1978) interviews and available medical records.
Diagnoses were based on RDC (Spitzer et al. 1978). All families were Caucasian of
European descent.

For the purpose of linkage analysis, the affected phenotype included individuals with the
following diagnoses: bipolar I and bipolar Il disorders, schizoaffective disorder bipolar type,
and recurrent major depression with the additional criterion of functional incapacitation
during at least one episode. These criteria are based on our previous family (Grof et al.
1994) and linkage (Turecki et al. 2001) study. Other psychiatric conditions were rare in these
families, with rates comparable to those in the general population.

Approval for the different stages of this study was obtained from local institutional review
boards, and for post-mortem studies, informed consent was obtained from next of kin.

Genotyping
Genome-wide scan—Genomic DNA was extracted from peripheral blood samples
following standard procedures (Sambrook et al. 1989). A genome-wide scan was performed
using a total of 811 fluorescent-labelled polymerase chain reaction (PCR) markers from the
ABI PRISM Linkage Mapping Set v. 2.5-HD5 (Applied Biosystems, USA). PCR products
were analysed by capillary electrophoresis using the ABI PRISM 3100 Genetic Analyzer
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(Applied Biosystems). These set of markers were selected from the Généthon map, had an
average heterozygosity of 0.77 and provided a 5-cM average resolution.

Individual genotypes were assigned using GeneScan analysis software (v. 3.7) and
Genotyper software (v. 3.7) (Applied Biosystems). Mendelian inconsistencies were assessed
using PedCheck software (O’Connell & Weeks, 1998). Inconsistent genotypes were re-
examined and those with ambiguous genotypes were deleted prior to analysis.

Fine mapping—~Fine mapping of candidate regions was performed by genotyping
additional fluorescent-labelled micro-satellite markers from either the Marshfield or
deCODE genetic maps. The average resolution for the markers used was of 1.8 cM. Fifteen
markers were genotyped in both chromosome 3 regions, eight of these between markers
D3S1263 (36.10 cM) and D3S1266 (52.60 cM), and seven between markers D3S1300
(80.32 cM) and D3S1566 (97.75 cM). On chromosome 14, seven markers were genotyped
between markers D14S1023 (8.28 cM) and D14S1040 (31.75 cM). Markers were analysed
as outlined above. The average marker heterozygosity was 0.72; and the average inter-
marker resolution for both regions on chromosome 3 was 1.5 and 1.7, the latter in the more
centromeric region; whereas, on chromosome 14 it was 2.2 cM. Individual genotypes were
assigned using GeneMapper software (v. 3.7) (Applied Biosystems).

Stastistical analysis—Linkage was tested by two-point LOD score analysis, with genetic
models based on our previous analyses of mode of inheritance in this population (Alda et al.
1997). We used the MLINK program from the FASTLINK computer package (Cottingham
et al. 1993). A total of five genetic models with sex-specific penetrance values were used to
maximize the evidence of linkage: (&) Dominant 1, allele frequency (g)=0.006, male
penetrance (fM)=0.4, female penetrance (fF)=0.7 ; () Dominant 2, ¢=0.012, fM=0.2,
fF=0.35; (¢) Recessive 1, g=0.110, fM=0.35, fF=0.65; (a) Recessive 2, g=0.160, fM=0.18,
fF=0.33; (¢) Intermediate, g=0.012, fM=0.4 and fF=0.7 for homozygotes, and fM=0.2 and
fF=0.35 for heterozygotes. The two dominant and two recessive models differed from each
other in the degree of sex-specific penetrance, with one model having a lower penetrance
and the other a higher penetrance. For all models, the rates of phenocopies for males and
females were 0.005 and 0.009, respectively.

Empirical pvalues were calculated for loci with LOD scores >1.0 by computer simulations.
First we generated 10000 replicates of the sample under the hypothesis of no linkage using
the SIMULATE program (Terwilliger e al. 1993). We then analysed the simulated data
using the MSIM program from the SLINK package (Weeks et a/. 1990). In addition, we
analysed the data under the assumption of heterogeneity using the ANALYZE package
(ftp://ftp.ebi.ac.uk/pub/software/linkage_and_mapping/linkage_cpmc_olumbia/analyze/).

Brain tissue donors

Brain tissue samples were obtained from the Quebec Suicide Brain Bank
(www.douglasrecherche.qc.ca/suicide). Dorsolateral [Brodmann area (BA) 8/9 and BA 46]
and ventromedial (BA 10, BA 44, BA 45, BA 47) prefrontal cortices were sampled at 4 °C
and snapfrozen in liquid nitrogen before storage at —80 °C following standard procedures
(Bird & Vonsattel, 1993). These brain regions were selected given their hypothesized
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involvement in mood disorders (Drevets et al. 2008; Savitz & Drevets, 2009). Diagnostic
characterization of all subjects was made by psychological autopsies using structured
diagnostic instruments based on DSM-1V criteria, as described previously (Dumais et al.
2005). The sample investigated in this study consisted of a case group (BD, 7=8) that
included seven subjects with BD and one subject with schizoaffective disorder, bipolar type;
as well as a control group (/7=12) with no history of suicidal behaviour, nor major mood
and/or psychotic disorders. Demographic and clinical characteristics, including post-mortem
intervals (PMI) and pH measures of the sample can be found in Supplementary Table S1
(available online). All deaths in the BD group were due to suicide, except for one death
secondary to a workplace accident. In the control group, all subjects died suddenly from
cardiac-related problems and automobile accidents with no extended agonal period prior to
death.

Microarray analysis

RNA sample integrity was measured using a high-resolution electrophoresis system (Agilent
2100 Bioanalyzer, Agilent Technologies, USA). RNA samples included in the study had an
Aogologp ratio >1.9 and a 28S/18S peak height ratio >1.6. Samples were processed using the
Human Genome U133 Plus 2.0 Array (http://www.affymetrix.com). GeneChip data analysis
was performed using Genesis 2.0 software (Gene Logic Inc., USA), Microarray Analysis
Suite version 5.0 (MAS 5.0) and Data Mining Tool 2.0. All transcripts represented in the
GeneChip data were globally normalized and scaled to a signal intensity of 100. The RNA
and microarray quality control parameters used to filter arrays prior to analysis included raw
@ values (noise), the number of ‘present’ calls for genes across arrays and S-actin and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 5'/3” signal ratios.

Data analysis

A list of genes mapping to candidate regions was obtained using the public database
Ensembl (http://www.ensembl.org) and the probe sets annotated to these genes were
obtained using NetAffx Analysis Center (www.affymetrix.com).

Gene expression analyses of only the genes on this list were performed using Partek
Genomics Suite software (http://www.partek.com/). Candidate regions were defined by
flanking markers with LOD scores=1. The margins were further extended by 5Mb on each
side to reduce the chance of excluding genes potentially relevant to BD, particularly given
the fact that we used maximized LOD scores. For each of the brain regions investigated, a
probe set had to be ‘present’ or detectable in at least 75% of the subjects in at least one of
the two groups to reduce the chances of false-positive results and to exclude non-specific
probe sets. ‘Present’ genes were determined using the MAS 5.0 normalization algorithm,
and expression values used in the analyses were obtained using the robust multi-array
(RMA) normalization algorithm. All gene expression values were floored to 1 and then log,-
transformed prior to statistical analysis.

Significant differences between the two groups were determined by ANCOVA analysis on
Partek with PMI and pH as covariates. Genes were considered significantly differentially
expressed if the following criteria were met: a p value <0.05 and an absolute fold-change
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value =1.3. Of these genes, those with consistent patterns of expression in at least two brain
regions, or in the same brain region, but demonstrated by at least two probe sets of the same
gene, were selected for validation by real-time PCR.

Reverse transcription and real-time PCR

Total RNA was extracted from frozen brain tissue using the RNeasy Lipid Tissue Mini kit
(Qiagen Inc., Canada). RNA quality was determined using an Agilent 2100 Bioanalyzer
(Agilent Technologies) and only those samples with an RNA integrity number (RIN) >5
were included. These samples were independent from those used for the microarray
analysis, and were taken from adjacent tissue dissections. Synthesis of cDNA was performed
using oligo(dT) priming (Invitrogen, The Netherlands). PCR reactions were run in
quadruplicate using an ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems). We used 10-ul volume reactions, with 5 ng cDNA, 5 ul Power SYBR Green
Master Mix (Applied Biosystems), and 4 pmol primers (IDT). Relative expression values
were calculated using the comparative threshold cycle (C;) method in SDS software version
2.2.1 (Applied Biosystems) with GAPDH as an endogenous control. Baseline and threshold
fluorescence levels were automatically computed by the SDS software. Samples were
excluded from the analysis if the standard deviations of the C; value were>0.3, reflecting
excessive variability among the replicates. Aone-tailed Student’s #test was used to compare
relative expression values between groups. Pearson’s correlation coefficient was used to
determine the correlation between the microarray and real-time PCR comparative fold
changes. Statistical analyses were performed using SPSS v. 12.0 (SPSS Inc., USA).

Replication sample analysis

Results

A dataset from the Stanley Medical Research Institute (SMRI) (www.stanleyresearch.org/
dnn/) was used to follow-up our gene expression findings. This dataset had been processed
using the Human Genome U133 Plus 2.0 Array (http://www.affymetrix.com) in the
prefrontal cortical region BA 46. We followed the same procedure as in our sample to
analyse this dataset. After applying quality control parameters, the final dataset used
consisted of 23 BD individuals and 24 unaffected controls. No significant differences were
found in age (p=0.634), PMI (p=0.530) or pH (p=0.110). Demographic and clinical
characteristics of this dataset can be found in Supplementary Table S2 (online). Information
about collection, diagnostic assessment, processing and storage of these samples can be
found in the SMRI Array Collection site (www.stanleyresearch.org/dnn/
BrainResearchLaboratorybrBrainCollection/ArrayCollection/tabid/89/Default.aspx).

Genome-wide scan

Maximized two-point LOD score analysis revealed 35 loci on 13 chromosomes with LOD
scores >1 under one of the five models used (Table 1). Of these, marker D14S990 on
chromosome 14q11.2 provided the highest LOD score (3.19) under the recessive model with
lower penetrance. The empirical p value associated with this result was 0.0001. The next two
largest LOD scores obtained in our study were on chromosome 3. Marker D352338 located
on 3p25.1 provided a maximum LOD score of 2.53 (empirical p=0.0003) under the
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intermediate model; whereas marker D3S3697 on 3p14.1 showed a maximum LOD score of
2.04 (empirical p=0.0012) under the dominant model with lower penetrance. Other markers
with suggestive evidence of linkage (Lander & Kruglyak, 1995) were observed on
chromosomes 17q12 and 21g21.1, with markers D175927 (LOD 1.94, empirical p=0.0013)
and D21S1922 (LOD 1.91, empirical p=0.0021), respectively. The test of linkage under the
assumption of heterogeneity gave similar Zscores with an additional finding on
chromosome 6p (marker D5S1953, Z=2.08 under the recessive model with lower
penetrance) (Fig. 1)

Fine mapping

To better define candidate regions for further study, we genotyped additional microsatellite
markers surrounding the loci on 14q11.2, 3p25.1, and 3p14.1, as these showed the highest
LOD scores in our genome-wide scan. Fine mapping of the more telomeric region in
chromosome 3 (3p25.3-p24.1) provided the strongest evidence of linkage. The highest LOD
score (2.35) was obtained with marker D3S3610 (Fig. 2a) under the intermediate model. By
combining the information provided by both genome-wide and fine-mapping markers, we
identified a region delineated by markers D3S3610 and D3S3659, both with LOD scores >1
(Fig. 24). Modest evidence of linkage in the second, more centromeric region of
chromosome 3 (3p14.2-p14.1) was obtained with marker D3S1287 (1.11) (Fig. 24). A
refined region between markers D3S1287 and D3S3697, both with LOD scores >1, was
established (Fig. 28). While fine mapping of the region on chromosome 14 (14q11.2-q12)
provided the least evidence for linkage (Fig. 44), it is worth noting that no negative LOD
scores were seen in this region and therefore the 14q region was still used for subsequent
analyses.

Gene expression and real-time PCR validation

In order to further characterize the three candidate regions showing evidence of linkage to
lithium-responsive BD, we investigated the differential expression of genes mapping to these
regions using brain samples from six prefrontal brain regions of BD cases and controls. The
more telomeric candidate region (3p25) spanned ~20 Mb and included 114 annotated genes,
whereas the more centromeric region (3p14) covered ~12 Mb and comprised 31 annotated
genes (Fig. 26). The region on chromosome 14 (14q11) spanned ~13Mb and contained 286
genes (Fig. 40).

Our results showed 26 genes significantly and differentially expressed in candidate region
3p25 (Figs 26, 34), 10 genes in region 3p14 (Figs 26, 36), and 21 genes in region 14q11
(Fig. 45, ¢) (p<0.05 and absolute fold change =1.3). Of these genes, 14 showed either
consistent patterns of expression in at least two brain regions or within the same brain region
but demonstrated by at least two of its probe sets, and therefore were selected for validation
(Table 2). Of note, one of the genes selected for validation, synaptoporin (SYNPR) did not
meet the two-probe set criterion. However, as it was represented in our array exclusively by
one single probe set and given its role in synaptic function, we chose to include it in our
followup studies.
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The real-time PCR data demonstrated similar patterns of expression as those seen by
microarray analysis (Table 2). We found statistically significant correlations for nine of the
14 genes investigated (Table 2). The strongest correlations were seen for : SYN.2b (Synapsin
I1b) on 3p25; MAG/1 (membrane-associated guanylate kinase, WW and PDZ domain
containing 1) on 3pl14, STXBPE6 (syntaxin binding protein 6) and CPNEE (neuronal copine
V1) both on 14q11. Other genes with significant correlations included A7P2B2 (ATPase,
Ca?* transporting, plasma membrane 2) on 3p25; BCL2L2 (BCL2-like 2) on 14q11;
MKRNZ (makorin, ring finger protein, 2), DPH3 (DPH3, KT111 homolog), and 7BC1D5
(TBC1 domain family, member 5) on region 3p25. All nine genes were found up-regulated
in BD, particularly in BA 8/9 and BA 44. Of note, six of these nine genes were also
nominally significant by real-time-PCR: ATP2B2, SYNZ2, DPH3, TBC1D5, CPNES,
STXBP6. Whereas MRPS25 (mitochondrial ribosomal protein S25) showed only a
marginally significant correlation, this gene was found significantly up-regulated in BD by
microarray anlaysis and real-time PCR (Table 2).

In the case of SYNZ, two sets of primers were designed to target both of its transcripts
(SYNZaand SYNZ2b). Whereas SYNZbwas validated, SYN2afailed to validate. Similarly,
SYNPR (synaptoporin) also failed to validate.

We followed up our results by analysing a dataset of BD and control subjects publicly
available through the SMRI Brain Collection, which was comparable to ours
(Supplementary Table S2, online). Several of the genes identified in our sample were also
differentially expressed in the SMRI dataset. Whereas one of them reached statistical
significance (MRPS25), four other genes (SYNZ, MAGI1, CPNEG6, IQSECI), three of which
code for proteins involved in synaptic processes, were marginally significant
(Supplementary Table S3, online). Interestingly, their patterns of expression were consistent
in the two samples. /QSECI was significantly up-regulated in both microarray samples but
gave conflicting results by real-time PCR in our sample.

Discussion

In this study, we conducted a linkage analysis of lithium-responsive BD families and
identified candidate regions on chromosomes 3 and 14. We then investigated brain
expression patterns of genes mapping to these regions in post-mortem brain tissue from BD
patients, and identified a group of synaptic, apoptotic, mitochondrial and neurogenesis
genes. Analysis of an independent dataset from the SMRI provided further support for
synaptic and mitochondrial genes in BD.

The first part of our study revealed several chromosomal regions of potential interest in BD
(Table 1). Of these, the most promising signals were on 3p25, 3p14 and 14q11; therefore, we
focused our efforts on these three regions. However, other regions to consider in future
studies are 6p, 17q, and 21g. Fine mapping of regions on chromosomes 3 and 14 provided
further support for 3p25, while only modest additional support was found for 3p14 and
14911. The latter might be explained by lower marker density in these two regions compared
to region 3p25, particularly on 14911 where the lack of markers in publicly available genetic
maps precluded higher marker coverage. Alternatively, the signals on regions 3p14 and
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14911 may represent false-positive findings. However, support for these regions has been
provided by studies performed on similar homogeneous groups such as early-onset BD
(Etain et al. 2006) and an eastern Cuban population (Marcheco-Teruel et a/. 2006). Of the
three candidate regions, 3p25 is probably the one with most support for linkage in BD. This
result partially overlaps with findings from our previous genome scan (Turecki et al. 2001).
Furthermore, loci adjacent to this region including 3p23, 3p22 and 3p21 have been
implicated in BD by other genome-scan and genome-wide association studies (GWAS)
(Fallin et al. 2004; Perlis et al. 2009; Scott et al. 2009; Wellcome Trust Case Control
Consortium, 2007). A recently published GWAS of lithium response in BD pointed to five
chromosomal regions, including 3p22, as showing suggestive evidence of association with
lithium response in two separate cohorts (Perlis et al. 2009).

Few groups have conducted genetic studies of BD in families of lithium responders.
Morissette et al. (1999) studied two large families recruited through BD probands from the
Saguenay-Lac-St-Jean population. One of their criteria included lithium response. Their
most prominent findings pointed to chromosomal region 12923-q24, which was later
confirmed by the same group after recruiting more families and genotyping more markers
(Shink et al. 2005). However, a direct comparison of our findings with theirs is difficult
given that in our study lithium response was assessed prospectively, while it is not clear how
it was defined in their studies.

Investigating the brain expression patterns of genes mapping to candidate regions, we
identified nine genes showing significant correlations between microarray and real-time
PCR analyses with the majority of these genes being also nominally significant in realtime
PCR in BD. Interestingly, these genes may be broadly divided in either having a role in
synaptic function (SYNZ2, STXBP6, ATP2B2, CPNE6 and MAG/1), apoptotic regulation
(BCL2L2) or neurogenesis (MKRNZ2). The other two genes are DPH3and TBCI1D5.
Furthermore, all synapse-related genes, with the exception of A7P2B2, showed the strongest
correlations between microarray and real-time PCR expression levels. Of note, MRPS25 was
found differentially expressed by both microarray and real-time PCR. Analysis of the SMRI
dataset provided further support for dysregulation of synaptic genes, particularly SYN.Z, as
well as for the mitochondrial MRPS25 gene in the prefrontal cortex of BD.

Most of the synapse-related genes found in this study encode proteins located in the
presynaptic terminal. SYNZ2 (3p25) is the one that has been most extensively investigated,
particularly in schizophrenia where decreased expression of this gene has been seen (Dyck
et al. 2009; Vawter et al. 2002). SYNZ2encodes a neuronal phosphoprotein associated with
the cytoplasmic surface of the synaptic vesicle membrane (Greengard et a/. 1993). It has
been involved in synaptogenesis, maintenance of synapses and the modulation of
neurotransmitter release (Ferreira et al. 1995; Jovanovic et al. 2000). Therefore,
dysregulation of this gene may have a profound effect on disorders such as BD. A previous
study by our group also found increased expression of SYAZ2in suicide victims with major
depression in BA 45 (Klempan et al. 2009). However, these results are in contrast with those
by Vawter et a/ (2002) where decreased expression of SYA2 was seen in the hippocampus of
patients with BD and schizophrenia.
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MAGI1 (3p14), located in the cytoplasmic membrane at the cell-cell junction appears to be
an important component of neuronal junctions (Laura et a/. 2002) and have a role in signal
transduction in the brain (Shiratsuchi e a/. 1998). CPNE6 (14g11), which has been localized
to the cell body and dendrites of mouse brains, appears to have a role in post-synaptic events
as a calcium sensor and in synaptic plasticity as well (Nakayama et a/. 1998). Therefore,
dysregulation of these genes may result in impaired synaptic function.

Other relevant synaptic genes found in our study but not in the SMRI dataset are mentioned
herein. STXBPE (14q11) is a gene involved in the formation of the SNARE complex, which
plays an important role in the transport of vesicles to the cell membrane for exocytosis and
therefore altered expression of this gene may impair the synaptic vesicle cycle (Scales et al.
2002). Calcium influx to the synaptic vesicle is important for the release of neurotransmitter
to the synaptic cleft ; therefore dysregulation of A7P2B2(3p25), which plays a critical role
in intracellular calcium homeostasis by maintaining a low intracellular calcium
concentration (DeMarco et al. 2002) may impair neurotransmission. In addition, this gene
has also been involved in synaptic plasticity (Empson et al. 2007).

Further evidence supporting altered synaptic function in BD comes from a study performed
by Ryan et al. (2006). Although, their findings showed decreased expression of synaptic
genes in BA 11 (none of which was studied here), their results point to alterations in the
synapse as possible mechanism in BD.

MRPS25 encodes for one of more than 70 mitochondrial ribosomal proteins (Kenmochi et
al. 2001). Findings from our sample and the SMRI dataset add further support for
mitochondrial dysfunction as a possible pathophysiological mechanism in BD, which has
been previously proposed by Kato & Kato (2000). To our knowledge, this gene has not been
identified in previous studies of BD.

Impaired apoptotic regulation might also be implicated in BD. Altered expression of
BCL 21 2(14q11) was observed in our study. This gene contributes to reduced cell apoptosis
under cytotoxic conditions (Gibson et a/. 1996). Additionally, studies in mice have indicated
an anti-apoptotic role in regulating the survival of NGF- and BDNF-dependent neurons
(Middleton et al. 2001). Dysregulation of MKRNZ2 (14911) may result in impaired
neurogenesis as it has been suggested that it inhibits neurogenesis on its human ortholog in
Xenopus laevis (Yang et al. 2008). However, neither of these genes was found to be
significant in the SMRI dataset.

The strengths of this study include combining two complementary genetic strategies to find
susceptibility genes for BD. The systematic and prospective evaluation of lithium response
in recruited families may have resulted in decreased clinical and possibly genetic
heterogeneity. In addition, the investigation of altered patterns of expression in most
prefrontal cortices of BD subjects allowed for the identification of region-specific
abnormalities. Taken together, this two-stage approach allowed us to first identify regions
harbouring genes of interest to BD in a well characterized sample; and second, to screen and
prioritize genes on those candidate regions based on their patterns of expression using a
post-mortem sample. However, there are several limitations to this study. Although both of
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the cohorts had a diagnosis of BD, they were not recruited following the same criterion of
lithium response. The design used for linkage analysis did not allow us to determine if the
chromosomal regions identified are related to lithium response or to BD. Moreover, the fine-
mapping resolution achieved in this study was limited by the number of available markers in
public databases, which may have resulted in overlooking other regions of interest.

Given that the sample used in gene expression analyses was comprised mostly of males and
was of French-Canadian origin, our results may not be generalized to other populations. In
addition, as most of the BD individuals died by suicide, it is difficult to say whether or not
the altered expression patterns are related to BD, suicide or both. Similarly, as some of our
subjects had used mood stabilizers including lithium, and other substances, the altered levels
of expression observed might have been the effect of psychotropic medication or substance
use. Of note, microarray analyses were not corrected for multiple testing ; however, using
both fold changes and p values to determine gene expression differences, as well as
controlling for pH and PMI effects may have added stringency to our analyses. Furthermore,
we also selected genes for validation based on consistency of expression patterns across
brain regions or within the same brain region as demonstrated by various probe sets of the
same gene.

Last, our study may have suffered from decreased power, given the relatively small sample
used in both the family and the expression studies. Nevertheless, our results are consistent
with results from a few other genetic studies of BD and are supported, partly, by analysis of
an independent microarray dataset.

In summary, using linkage and gene expression analyses we found evidence of linkage to
lithium responsive BD in regions 3p25, 3p14 and 14q11, as well as a group of differentially
expressed genes mapping to these regions, suggesting altered synaptic and mitochondrial
function in BD. Impaired apoptosis and neurogenesis regulation might be also implicated in
BD. Further studies are warranted to verify the validity and significance of our results in
other populations as well as to determine the function of identified genes and the effect of
mood stabilizers (i.e. lithium) on their expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Genome-wide scan heterogeneity LOD scores.
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(a) Maximized two-point LOD scores for genome-wide (in bold) and fine-mapping markers
in chromosome 3. Candidate regions are indicated by black horizontal lines. ()
Microsatellite markers and genes on candidate regions 3p25 and 3p14. (1) Microsatellite

markers with LOD scores >1; (2) differentially expressed genes after controlling for pH and
PMI effects (p<0.05) ; (3) physical location of the 114 (3p25) and 31 (3p14) genes included

in brain expression analyses.
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(&) Maximized two-point LOD scores for genome-wide (in bold) and fine-mapping markers
in chromosome 14. Candidate region is indicated by a black horizontal line. (6)
Microsatellite markers and genes on candidate region 14q11. (1) Microsatellite markers with
LOD scores >1; (2) differentially expressed genes after controlling for pH and PMI effects
(p=<0.05) ; (3) physical location of the 286 genes included in brain expression analyses. (¢)
Gene probe sets differentially expressed in various brain regions. Brodmann areas (BA) are
indicated as follows : BA 8/9, light blue ; BA10, dark blue ; BA 44, violet ; BA 45, green;
BA 46, red; BA 47, grey. Dotted lines indicate absolute fold change of 1.3. Genes selected
for validation are in bold.
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