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Abstract
Background—Prepulse inhibition (PPI) of startle is a measure of sensorimotor gating that is
deficient in certain psychiatric disorders, including schizophrenia. Sprague Dawley (SD) rats are
more sensitive to PPI-disruptive effects of apomorphine (APO) at long inter-stimulus intervals (ISIs)
(60-120 ms) and less sensitive to PPI-enhancing effects of APO at short ISIs (10-30 ms) compared
to Long Evans (LE) rats.

Methods—PPI was tested in SD and LE rats after APO (0.5 mg/kg) or vehicle in a within subject
design, and sacrificed 14 days later. Total RNA was extracted from the nucleus accumbens (NAC).
Approximately 700 dopamine-relevant transcripts on the Affymetrix 230 2.0 microarray were
analyzed.

Results—As previously reported, SD rats exhibited greater APO-induced PPI deficits at long
intervals and less APO-induced PPI enhancement at short intervals compared to LE rats. One hundred
and four genes exhibited significantly different NAC expression levels in these two strains. Pathway
analysis revealed that many of these genes contribute to dopamine receptor signaling, synaptic long-
term potentiation or inositol phosphate metabolism. The expression of some genes significantly
correlated with measures of APO-induced PPI sensitivity in either SD or LE rats. The expression of
select genes was validated by real time RT- PCR.

Conclusions—Differences in PPI APO sensitivity in SD vs. LE rats are robust and reproducible,
and may be related to strain differences in the expression of genes that regulate signal transduction
in the NAC. These genes could facilitate the identification of targets for ameliorating heritable gating
deficits in brain disorders such as schizophrenia.
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Introduction
Identifying neural and genetic mechanisms underlying many psychiatric disorders has proven
difficult. In part, this difficulty reflects a reliance on complex, descriptive and often variable
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clinical phenotypes as the fulcrum for parsing biological substrates. An alternative strategy is
to study the neural and genetic bases of physiological abnormalities that accompany the clinical
disorders, which may be closer to the disease genes, compared to the clinical symptoms
[1-3].

Prepulse inhibition (PPI) of the acoustic startle reflex is the reduction in startle magnitude when
the startle-eliciting stimulus (pulse) is preceded 30 - 500 ms by a weak stimulus (prepulse)
[4]. PPI is an operational measure of sensorimotor gating that is heritable [5,6] and regulated
by forebrain circuitry, including portions of limbic-associated cortex and subcortical structures
(cf. [7,8]). PPI is deficient in several neuropsychiatric disorders, including schizophrenia
[9-11], and PPI deficits occur in rats after administration of dopamine agonists, including the
indirect dopamine agonist amphetamine and the direct dopamine agonist apomorphine (APO)
[12,13].

Baseline and drug-induced changes in PPI exhibit robust differences across rat strains. For
example, Sprague Dawley (SD) rats exhibit significantly greater sensitivity to the PPI-
disruptive effects of both amphetamine and APO [14-23] compared to Long Evans (LE) rats.
This strain difference is specific to DA agonists, as these two strains do not exhibit differential
sensitivity to the PPI-disruptive effects of serotonin agonists and NMDA receptor antagonists
[14,19]. This strain difference in PPI sensitivity to DA agonists is heritable [17,18],
independent of fostering conditions or differences in maternal-pup interactions [17] and stable
across testing and breeding facilities [15], and is first observed before postnatal day 18 [18].

Several lines of evidence link SD vs. LE differences in PPI APO sensitivity to differences in
DA-stimulated signal transduction in the nucleus accumbens (NAC). Thus, SD vs. LE
differences in PPI APO sensitivity are accompanied by, and often correlate significantly with,
differences in NAC [35S]GTPγS binding [21] and in APO-induced inhibition of NAC
phosphorylation of cyclic AMP response element binding protein (CREB) [24] and FOS
expression [22]. F1 (SD × LE) rats exhibit intermediate phenotypes in PPI APO sensitivity
[17,18,21] and in some measures of NAC DA-stimulated signal transduction [21,22].

Strain differences in NAC GTPγS binding, FOS expression, CREB phosphorylation and PPI
APO sensitivity might reflect differences in the expression of genes in SD vs. LE rats that
normally contribute to the regulation of DA-linked signal transduction in the NAC.
Identification of these genes could provide potential molecular targets that contribute to the
dopaminergic regulation of PPI in rodents and in several heritable psychiatric disorders,
including schizophrenia and Tourette Syndrome [25]. DNA microarrays provide a powerful
means to investigate brain regional gene expression in rodents that exhibit differences in DA
agonist sensitivity [26,27]. To identify genes that might contribute to strain differences in
sensitivity to the gating-disruptive effects of DA agonists, we compared NAC mRNA
expression in SD and LE rats of approximately 700 transcripts associated with DA-regulated
signal transduction and mRNA expression, and genes reproducibly shown to be relevant to
schizophrenia. We focused exclusively on the NAC, based on evidence that this region is
critically involved in the dopaminergic regulation of PPI [8,12], and specifically, in strain
differences in this regulation [23] and in activity within DA-linked signal transduction
pathways [21,22,24].

Methods
Twelve SD and twelve LE male rats (229 –250 grams; Harlan Laboratories, San Diego, CA)
were housed and handled as per previous reports [14-24]. All studies were conducted in
accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by
the UCSD Animal Subjects Committee (protocol #S01221).
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PPI Testing
Startle chambers (SR-LAB; San Diego Instruments) were located in a sound-attenuated room
with a 60 dB(A) ambient noise. A brief startle session was used to form balanced drug groups
according to average %PPI. Testing began a week later. Animals received either APO (0.5 mg/
kg, sc) or vehicle (0.01% ascorbic acid) immediately before testing. Tests lasted approximately
19 min and included 5 min of 70 dB(A) background followed by six trial types: PULSE (120
dB(A) 40 ms noise burst), prepulse trials (5 ms noise burst, 15 dB above background followed
10, 20, 30, 60, or 120 ms later by PULSE), and a NOSTIM trial (no stimulus delivery). Seven
days later, testing was repeated with APO and vehicle treatment reversed, and treatment order
balanced within and between rat strains.

Behavioral Data Analysis
One LE rat displayed negligible startle and was excluded from analyses. PPI was calculated
as 100 - ((startle amplitude on prepulse trials/startle amplitude on PULSE trials) × 100), and
analyzed by ANOVA with strain as a between-factor and drug and prepulse interval as within-
factors. Post-hoc comparisons utilized the Fishe's PLSD test. A measure of the magnitude of
the APO effect (mean PPI after vehicle minus mean PPI after APO) was also used for strain
comparisons; this value was previously shown effective in detecting differences in PPI drug
sensitivity [16,21].

GeneChip Experiments
A 14 d interval was used to insure both drug washout and a diminution of acute stress effects
resulting from startle testing. As a result, this study compared basal gene expression in SD vs.
LE strains, and not drug-induced gene activation patterns. Fourteen days after completion of
PPI testing, animals were anesthetized (15-30 sec) with isoflurane, decapitated, and their brains
were removed and placed in ice-cold saline for 30 sec. A 2 mm thick coronal tissue slab was
cut with a wire tissue slicer and the NAC was removed bilaterally with a 2.5 mm diam. tissue
punch and snap frozen in liquid nitrogen. Total RNA was isolated from tissue using RNeasy
columns (Qiagen, Chatsworth, CA). RNA quality was checked by Agilent Lab-on-a-chip and
spectrophotometry (260/280). Aliquots of total RNA (5 μg) were used to prepare cDNA. cDNA
synthesis, cRNA amplification, hybridization to Affymetrix 230 2.0 Genechips and subsequent
washes and scanning (NIH Microarray Consortium) were performed according to the
Affymetrix standard protocols (http://www.affymetrix.com/support/technical/manuals.affx).

DNA Microarray Data Analysis
SD vs. LE expression patterns were compared across a focused set of approximately 700 of
the > 31,000 transcripts represented on the Affymetrix 230 2.0 rat chip. This focused set was
selected prior to the onset of testing, to include genes that are: 1) implicated in the control of
either DA-related signal transduction pathways or DA metabolism; 2) regulated by DA
agonists, antagonists, or DA depletion, or 3) most strongly associated with schizophrenia, based
on published findings.

Raw array images were analyzed, with features extracted using GCOS 1.4 (Affymetrix, Foster
City, CA). The resulting CEL files containing probe level information were normalized and
converted to gene intensity values by the Robust Analysis of Microarrays (RMA) algorithm
[28] with Gene Expression Console (Affymetrix). T-tests (unequal variation) were performed
on these normalized values (GeneSpring GX, Agilent Technologies, Santa Clara, CA). Because
corrections for multiple comparisons such as Bonferroni are very conservative, p values were
chosen using both a very stringent (p<0.001) and a more commonly used [26,29], less
restrictive level (p<0.01) to limit the number of false positives and negatives. Corresponding
q-values were calculated, with significance analysis of microarrays (SAM) [30]. The q-value
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measures significance by approximating false discovery rates (FDRs) rather than false positive
rates [31].

Hierarchical Cluster Analysis (GeneSpring GX) was performed, using genes that exhibited
significant expression differences between SD and LE rats. Pearson correlations were used to
1) cluster genes that share common expression patterns into nearby places or branches in the
gene tree and, 2) cluster samples with similar expression patterns in the condition tree.
Canonical pathways were generated using Ingenuity Pathways Analysis (Ingenuity ® Systems,
www.ingenuity.com). Right-tailed Fischer's exact test was used to calculate p-values
determining the probability that the association between the genes in the dataset and the
canonical pathway is explained by chance alone. Netaffx (Affymetrix, Santa Clara, CA),
Ingenuity, and Genespring GX were used to annotate genes.

Because PPI values were not normally distributed across both strains (based on high sensitivity
in one and low sensitivity in another strain), Spearman correlations were performed for both
baseline PPI and APO effects vs. gene expression values for differentially expressed genes for
individual animals in each strain. Prepulse intervals of 10, 20 and 120 ms were used in these
correlational analyses, because these intervals are characterized by the most robust strain
differences in APO sensitivity (LE most sensitive at 10-20 ms, and SD most sensitive at 120
ms). Pearson correlations were performed on the DNA microarray and real time RT-PCR
expression values for several genes.

Taqman RT-PCR
First strand cDNA was synthesized using Quantiscript Reverse transcriptase (Qiagen,
Chatsworth, CA). For each sample, one μg of total RNA was reverse transcribed in a 20 μl
reaction with a 50 ng mixture of poly A and random hexamer primers, Quantiscript RT buffer,
ribonucleotides and Rnase H according to the manufacturer's protocol. cDNAs representing
the level of RNA expression were amplified by real time RT-PCR using Applied Biosystems'
TaqMan Gene Expression Assays and performed on an Applied Biosystems 7300 in a 20 μl
reaction with Universal PCR Master Mix (without AmpErase® UNG) according to the
manufacturer's protocol. Genes and assay ID numbers were: – catechol-O-methyl transferase
(Comt), Rn00561037_m1; for phosphoinositol 3-kinase (Pi3k) Rn01406588_m1; for
phosphodiesterase 10A (Pde10A), Rn00573741_m1; and mitogen associated protein kinase
(Mapk1) Rn00587719_m1. Gyceraldehyde 3-phosphate dehydrogenase (Gapdh) primer/probe
sequence was custom designed by the CFAR core and included: 1) TGA CTC TAC CCA CGG
CAA GTT, 2) TTC CCG TTG ATG ACC AGC TT, and 3) ACG GCA CAG TCA AGG CTG
AGA ATG G. Each assay was performed in triplicate, Ct values were converted to a linear
scale, and the mean for each triplicate determined. Gapdh was selected for normalization based
on having minimal variance in expression across all animals in both strains as detected by the
Affymetrix chip. The result for each experimental triplicate was normalized to this
corresponding averaged control value to produce RT-PCR values. These values in SD and LE
rats were analyzed by independent one-tailed t-tests.

Results
Behavior

PPI data are displayed in Figure 1. ANOVA revealed a significant main effect of strain (F(1,21)
=5.302, p<0.05) and prepulse interval (F(4,21)=28.723, p<0.0001). In addition, there were
significant interactions of APO × strain (F(1,21)=18.261, p<0.001) and APO × prepulse
interval (F(4,84)=28.55, p<0.0001). There were no significant strain differences in PPI among
vehicle-treated rats at any prepulse interval. Post-hoc comparisons revealed significant PPI-
disruptive effects of APO in SD rats at 30, 60 and 120 ms prepulse intervals (p's<0.01, 0.001
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and 0.005, respectively) and in LE rats at 60 ms prepulse intervals (p<0.05). Significant PPI-
enhancing effects of APO were detected in LE rats at 10 and 20 ms prepulse intervals (p's<0.005
and 0.01, respectively), and in SD rats at 10 ms prepulse intervals (p<0.01).

Analysis of startle magnitude on PULSE trials (Figure 1, Inset) revealed a significant main
effect of APO (F(1,21)=20.696, p<0.001). However, there was no significant APO × strain
interaction. Post hoc analyses revealed that APO significantly elevated startle magnitude in
both SD and LE rats (p<0.01, both comparisons). As reported previously [17,19,21], APO
effects on startle magnitude did not contribute to the observed strain differences in PPI APO
sensitivity: identical strain differences in PPI APO sensitivity were present in a subgroup of
SD and LE rats that exhibited no APO-induced increases in startle magnitude.

Gene expression analyses
Several methods were used to confirm that all RNA probes and DNA chips were of the highest
quality. The 3′/5′ ratio for the house keeping gene Gapdh was >0.99 and <1.00 and for Beta
Actin >1.09 and <1.10 for all samples, indicating a high level of transcription across both
transcripts with minimal variation across samples. Background values were <67 for all 23
chips, considered to be acceptable background hybridization (Affymetrix). In addition, all
spiked controls fell within the optimal range of expression according to parameters set by
Affymetrix.

Sixty-one transcripts exhibited significantly different expression at the p<0.001 level, and 125
transcripts exhibited significantly different expression at the p<0.01 level, in SD vs. LE rats.
After significant expression differences in multiple transcripts representing the same gene, and
those that exhibited both significantly increased and decreased expression in the same strain
were removed, there were 50 genes at the p<0.001 (Table 1) and 104 genes at the p<0.01 level
(Table 2) that exhibited significant expression differences between these rat strains. Many of
the differences in Table 1 were very robust, with p values <10 −7. For all genes included in
Table 1, SAM analysis revealed q = 0 % except for Scn7a where q=0.43%. Table 2 lists SAM-
derived q-values.

Hierarchical Cluster Analysis of genes that exhibited significant between strain expression
differences of p<0.001 is displayed in Figure 2. Genes that exhibited more highly correlated
levels of expression are clustered together, suggesting co-regulation. This “heat map” clearly
demonstrates robust differences in gene expression between SD and LE rats.

Gene expression differences were over-represented in specific canonical pathways. For
example, genes differing between SD and LE rats were significantly over-represented among
pathways for DA receptor signaling (p=1.63 × 10-6; including Comt, dopamine D1 receptor
(Drd1a), adenylate cyclase 4 (Adcy4) and Adcy5, protein phosphatase I (Ppp1), Pde10a and
protein kinase A gamma subunit (Prkag2) (Figure 3 - Ingenuity® Systems), synaptic long-term
potentiation (p=4.3 × 10 -12; including AMPA1 receptor (Gria1), NMDA receptor subunit 2A
(Grin2b), glutamate receptor, metabotropic 5 (Grm5), phospholipase C (Plc) and protein kinase
C (Pkc); (Figure 4, Ingenuity® Systems) and inositol phosphate metabolism (p=5.29 × 10-15;
Table 3, Ingenuity® Systems).

Gene Expression/PPI Correlations
Correlational analyses to test associations between gene expression and PPI included only
genes that exhibited significant strain differences, and PPI at prepulse intervals where strain
differences were most robust (10, 20 and 120 ms). As seen in Table 4, many of the genes in
DA receptor signaling, synaptic long-term potentiation and inositol triphosphate metabolism
exhibited significant correlations with PPI APO sensitivity in either or both SD and LE rats.
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For example, 6/13 (46%) of the significant genes included from the synaptic long-term
potentiation pathway and 5/16 (31%) of the significant genes from the inositol phosphate
metabolism pathway exhibited significant correlations with measures of PPI APO sensitivity.
Adcy 4 was the only gene for which expression correlated significantly with PPI sensitivity at
both 120 ms intervals in SD rats (R=0.699, p<0.05) and 20 ms interval in LE rats (R=0.80,
p<0.01) -- the prepulse intervals characterized by the greatest strain differences in PPI APO
sensitivity (Figure 1) [18,32].

Validation by Taqman Real-time RT- PCR
Comt, Pik3r1, Pde10a and Mapk1 were selected from the between strain gene expression
differences for validation by Taqman real time RT-PCR. Highly significant differences
between SD and LE rats for Comt and Pik3r1 were validated by RT-PCR (p=1.36 × 10-8 and
p=3.6 × 10−4, respectively) (Figure 5). In addition, microarray and RT-PCR expression values
for these genes were significantly correlated (Comt: r=0.88, and Pik3r1: r=0.81; p's<0.001).
However, the significant differences (30% for both genes) detected by the DNA chips for
Pde10a and Mapk1 between SD and LE rats were detected as non-significant trends, consistent
with the direction of change detected by DNA microarray (data not shown). These data suggest
that a 30% difference in expression was too small to be reliably detected as a significant
difference by real time RT-PCR, most likely reflecting the greater sensitivity of the DNA chip
compared to real time RT-PCR.

Discussion
The present findings confirm reports that SD rats are more sensitive to the PPI-disruptive
effects of APO at long prepulse intervals and less sensitive to the PPI-facilitating effects of
APO at short prepulse intervals, compared to LE rats [17-19]. To delineate the G-protein
coupled, as well as other, signal transduction mechanisms that accompany these strain
differences, this study assessed the expression within the NAC of a focused set of
approximately 700 transcripts in SD and LE rats associated with DA-regulated signal
transduction and mRNA expression, and genes reproducibly associated with schizophrenia.
Analyses revealed 104 significant (p<0.01) NAC gene expression differences between these
strains. Many of these genes are included in canonical signal transduction and metabolic
pathways associated with PPI, e.g., DA receptor signaling, synaptic long-term potentiation and
inositol phosphate metabolism, as discussed below.

DA receptor signaling
Converging evidence suggests that PPI is regulated by DA-mediated signal transduction
pathways in the NAC [21,22,32,33]. Thus, it is not surprising that strain differences in
sensitivity to the gating-disruptive effects of APO are accompanied by differential gene
expression in DA receptor signaling pathways. For example, differences in Drd1a, Adcy4/5
and Pde10a expression would likely impact cAMP levels in NAC medium spiny neurons.
Phosphodiesterse inhibitors such as rolipram significantly elevate PPI levels, suggesting that
PPI is modulated by variations in cellular cAMP levels [34]. In this regard, it is of considerable
interest that: 1) both Adcy 4 and Adcy5 expression levels exhibited significant strain
differences; and 2) Adcy 4 was the only gene in which mRNA expression significantly
correlated with measures of PPI APO sensitivity in both SD and LE rats, at prepulse intervals
where strain differences in PPI APO sensitivity were most robust. Specifically, significant
positive correlations were detected between Adcy 4 expression and PPI APO sensitivity at 120
ms intervals in SD rats (where their PPI-reducing effects of APO are most distinct from LE
rats) and between Adcy 4 expression and PPI APO sensitivity at 20 ms intervals in LE rats
(where their PPI-enhancing effects of APO are most distinct from SD rats). These data suggest
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that strain differences in Adcy 4 expression are associated with the observed strain differences
in sensitivity to the effects of APO on PPI, at both short and long prepulse intervals.

Comt exhibited the most significant strain differences in expression, among all genes analyzed
(greater than 3 fold higher expression in the LE rats). Comt plays a major role in DA metabolism
and has been associated with schizophrenia [35]. In humans, the COMT gene contains a
functional polymorphism, that results in two common variants of the enzyme - val and met -
the former being associated with higher enzyme activity. This polymorphism appears to impact
both DA-regulated prefrontal cortical activity and neurocognitive performance, with the val
polymorphism (and presumably higher enzyme activity) most often associated with
schizophrenia, as well as poorer neurocognitive performance (cf.[36]). Perhaps more directly
relevant to the present findings, increased COMT activity may also be associated with
increased dopaminergic activity in midbrain DA neurons that innervate the striatum and NAC
[37]. Such a mechanism is consistent with direct measurements of NAC DA and metabolites
[20], which demonstrated greater NAC and striatal DA turnover in LE vs. SD rats, and
intermediate levels of NAC DA turnover among F1 (SD × LE) rats. Based on these differences
in basal (but not drug-stimulated) DA turnover, we had previously speculated that brain
mechanisms involved in the DAergic regulation of PPI may have “compensated” for elevated
DA turnover in LE rats, resulting in a decreased sensitivity to the gating-disruptive impact of
DA agonists. Conversely, the “set point” for the DAergic regulation of PPI in SD rats, with
relatively lower levels of basal DA turnover, might render them more sensitive to the gating-
disruptive effects of DA agonists. While the present findings with Comt may help clarify the
basis for strain (and apparently heritable) differences in NAC DA turnover in SD and LE rats,
the relationship between these differences and differential PPI APO sensitivity remains a matter
for speculation.

Synaptic Long-Term Potentiation
Many significant strain differences were detected in the expression of genes that contribute to
the synaptic long-term potentiation pathway. Synaptic long-term potentiation is a prominent
characteristic of AMPA, NMDA and glutamate metabotropic receptor signaling pathways.
Converging evidence suggests that DA/glutamate interactions in the NAC contribute to the
regulation of PPI [38,39]. Past findings suggest that AMPA receptors in the NAC core regulate
PPI via a pro-dopaminergic effect at presynaptic DA terminals, while AMPA receptor
activation in the NAC shell disrupts PPI independent of dopaminergic transmission [38].
Others have reported that PPI is disrupted after intra-NAC core infusion of either NMDA or
non-competitive NMDA receptor antagonists [39,40]. In the present study, both Grin2a and
Gria1 expression in SD rats, but not LE rats, significantly correlated with measures of PPI
APO sensitivity, and Grm5 expression significantly correlated with measures of PPI APO
sensitivity in LE, but not SD rats. Furthermore, 46% of the differentially expressed genes
examined in this pathway exhibited significant correlations with the prepulse intervals of
interest, suggesting a role for this pathway in the differential sensitivity to APO-mediated PPI
deficits in SD vs. LE rats.

Previous reports are consistent with a role for Grm5 in the development of PPI deficits. Brody
et al. reported that Grm5 knockout mice exhibit robust PPI deficits [41]. Mice lacking
Homer1, a gene that regulates Grm5 post synaptic activity [42], also exhibit PPI deficits [43].
Grm5 interacts with Gq to transduce glutamatergic signals through phospholipase C, resulting
in increased inositol triphosphate and calcium release from the endoplasmic reticulum [44].
Therefore, Grm5 contributes to both synaptic long-term potentiation and inositol phosphate
metabolism, and might impact strain differences in PPI APO sensitivity via either or both
pathways.
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Inositol Phosphate Metabolism
Genes encoding proteins that regulate inositol phosphate metabolism were highly represented
among the NAC genes differentially expressed in SD vs. LE rats. Inositol phosphate
metabolism is regulated via Grm5 and D1 receptors, among other mechanisms [45,46].
Grottick et al. [47] reported significant expression differences in Grm5, inositol
monophosphatase (Impa) and Plc in the prefrontal cortex of mouse substrains that differ in
baseline PPI. Conceivably, strain differences in NAC gene expression within this metabolic
pathway may contribute to the differential sensitivity to the PPI-disruptive effects of APO.

Inositol monophosphatase 2 (Impa2), one of the genes in this pathway that is differentially
regulated in SD and LE rats, is associated with bipolar disorder and with the therapeutic effects
of lithium [48-50]. The precise PPI phenotype in bipolar disorder remains an issue of some
dispute. While PPI has been reported to be deficient in acutely psychotic patients with bipolar
disorder [51] and in unaffected siblings of bipolar patients [52], it has also been reported to be
normal in manic, mixed episode and euthymic adults and children with bipolar disorder
[53-55].

Interpretation of strain differences in mRNA expression must be done with caution. Although
changes in mRNA levels have been shown to translate into changes in protein levels [56,57],
there are reports of a dissociation of transcription and translation [58]. In addition, it may be
premature to exclude from analysis the genes that do not exhibit between strain differences in
mRNA expression, as they may still contribute to the differential APO sensitivity phenotype
via strain differences in cellular processes such as post translation modifications, changes in
binding affinity, enzymatic activity or intracellular trafficking. For example, NAC D2 receptor
mRNA was not differentially expressed in SD vs. LE rats, despite the fact that these strains
differ in NAC DA-stimulated (but not basal) [35S]GTPγS binding [21], thought to reflect the
efficacy of D2-like receptor-G-protein coupling.

The present findings suggest that a phenotype of elevated sensitivity to the gating-disruptive
effects of DA neurotransmission might reflect the action of many different genes - perhaps
dozens or more - working alone or in concert. It is thus conceivable that reduced PPI in disease
states might also reflect the presence of many genes of differing effects. Perhaps most striking
in the present data is the common residence of a disproportionate number of these genes within
a small number of important pathways; these pathways may exert substantial influence on
phenotypes of impaired gating, and may thus represent important targets for therapeutic
interventions. This general strategy of exploring these and related pathways for potential
receptor-independent antipsychotics and pro-cognitive agents is already being applied to
phosphodiesterase inhibitors [34], COMT [59] and other enzymes, and signal-regulating
molecules.

In summary, rat strains that exhibit heritable differences in PPI APO sensitivity also differ
significantly in NAC gene expression within DA receptor signaling, synaptic long-term
potentiation and inositol phosphate metabolic pathways. With of some genes, such as Comt,
there was no overlap in NAC expression levels among rats from these two strains. In other
cases, expression levels correlate significantly with PPI APO sensitivity in one or both strains.
An understanding of the molecular mechanisms underlying strain differences in DA-mediated
gating deficits should facilitate the identification of pathological mechanisms and novel
therapeutic avenues in specific neuropsychiatric disorders -- such as schizophrenia and
Tourette Syndrome -- that are also characterized by heritable PPI deficits.
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Figure 1.
The effects of APO on PPI at prepulse intervals of 10 - 120 ms in LE and SD rats. Inset shows
APO effects on startle magnitude. Significantly different from VEH (same strain) = * p < 0.05,
** p < 0.01; ⁂ p < 0.005;  p < 0.001.
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Figure 2.
Hierarchical Clustering Analysis of significant gene expression differences (p < 0.001) in the
NAC of SD and LE rats, that differed in their sensitivity to the PPI-disruptive effects of the
dopamine agonist, apomorphine (0.5 mg/kg). Samples with similar expression patterns are
grouped together in a dendrogram. All values normalized by RMA (see Methods) were
renormalized to a median value of 1 across all rats. Rows correspond to specific genes and
columns correspond to individual rats (SD: left side, LE: right side). Red indicates higher than
and blue less than the median gene expression value for each gene (See key).
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Figure 3.
Dopamine Receptor Signaling: Genes differentially expressed in the NAC of LE vs. SD rats
are significantly over represented in the dopamine-receptor signaling pathway. In LE rats,
COMT, DRD1a and ADCY5 mRNA levels in the NAC (red-filled shapes) are higher than in
SD rats. In contrast, MAO(b), ADCY4, PDE10A, PKA (Prkag2) and PP1 (Ppp1r3c) (green-
filled shapes) exhibit reduced expression in LE rats compared to SD rats. Adapted from
Ingenuity ® System's database of canonical pathways for Dopamine Receptor Signaling. Where
the biochemical annotation in the Ingenuity canonical pathway differs from the gene symbol
used by Affymetrix (see Table 1), the Affymetrix gene symbol is included in parentheses.
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Figure 4.
Synaptic Long-Term Potentiation: Genes differentially expressed in the NAC of LE vs. SD
rats are significantly over represented in the synaptic long-term potentiation pathway. In LE
rats, genes that represent the ionotropic AMPA (Gria1) and NMDA (Grin2b) classes of
glutamate receptors exhibit significantly higher mRNA expression levels (red-filled shapes)
compared to SD rats, as do CAMK2 and CaN (Ppp3ca). Conversely, genes coding for the
metabotropic glutamate receptor mGluR (Grm5) are expressed at higher levels in SD compared
to LE rats (green-filled shapes), as are several genes for enzymes in this pathway, e.g., PKA
(Prkag2), PP1 (Ppp1r3c), CAMK2(b), P(r)KC (delta, epsilon, iota and theta subunits), and
MAPK1. Adapted from Ingenuity® System's database of canonical pathways for Synaptic
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Long-Term Potentiation. Where the biochemical annotation in the Ingenuity canonical
pathway differs from the gene symbol used by Affymetrix (see Tables 1 & 2), the Affymetrix
gene symbol is included in parentheses.
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Figure 5.
Real time RT-PCR for COMT and PIK3R1. Expression values were normalized to GAPDH.
Values represent the mean percentage difference from SD rats ± SEM. **** (p < 0.001), and
(p < 10 -7).
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Table 3
Differentially expressed genes (LE vs. SD) that are included in Inositol Phosphate
Metabolism were significantly over represented (p = 5.29 × 10-15)

Adapted from Ingenuity ® System's database of canonical pathways
Table 3A SD gene expression > LE gene expression
Accession # Gene Symbol
NM_053960 Chemokine receptor 5 Ccr5 **
BI274742 G protein-coupled receptor kinase 6 Gprk6 ***
NM_021660 Inositol hexaphosphate kinase 2 Ihpk2 *
BI275516 Inositol polyphosphate-1-phophatase Inpp1 *
NM_022944 Inositol polyphosphate phophatase-like 1 Inppl1 *
BI283843 Mitogen-activated protein kinase kinase 3 Map2k3 *
NM_053842 Mitogen-activated protein kinase 1 Mapk1 **
NM_022958 Phosphoinositide-3 class 3 Pik3c3 ****
NM_080688 Phospholipase C, delta 4 Plcd4 **
NM_133307 Protein Kinase C, delta Prkcd *
AA799421 Protein Kinase C, epsilon Prkce ***
BF284699 Protein Kinase C, iota Prkci *
Table 3B LE gene expression > SD gene expression
Accession # Gene Symbol
AW525609 Inositol(myo)-1(or 4)-monophosphatase 2 Impa2 *
BG380493 Multiple inositol polyphosphate histidine phosphatase, 1 Minpp1 *
D64048 Phosphoinositide–3-kinase, regulatory Pik3r1 *****
AI102103 Phosphotidyl inositol, 4-kinase, catalytic beta Pik4cb *
AI171093 Protein Kinase C, theta Prkcq *
*
p < 0.01

**
p < 0.001

***
p < 0.0001

****
p < 10-10

*****
p < 10-13
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Table 4
Significant correlations between gene expression and APO PPI sensitivity in SD (A) and LE
(B) rats

Expression values for genes in the following pathways: DA receptor signaling1, synaptic long-term
potentiation2, and inositol phosphate metabolism3 that exhibited significant between strain expression differences
were correlated with % PPI at ISIs of 10 ms, 20 ms, and 120 ms. The most robust differences in APO-induced
% PPI between SD and LE rats were detected at these ISIs. Significant Spearman correlations (R Value): all p
<0.05, or ** p < 0.01.

Table 4A
Symbol Gene R Value

ISI 10
Grin2b Glutamate receptor, ionotropic, N-methyl D-aspartate 2B 2 0.713**
Prkci Protein kinase C, iota 2,3 -0.622

ISI 20
Gria1 Glutamate receptor, ionotropic, AMPA1 2 -0.643
Prkcd Protein kinase C, delta 2,3 -0.587

ISI 120
Adcy4 Adenylate cyclase 4 1 0.699
Inpp1 Inositol polyphosphate-1-phosphatase 3 0.608
Table 4B
Symbol Gene R Value

ISI 10
Grm5 Glutamate receptor, metabotropic 5 2 0.682

ISI 20
Adcy4 Adenylate cyclase 4 1 0.800**
Dgki Diacylglycerol kinase, iota 2 -0.682

ISI 120
Ccr5 Ccr5 chemokine R5 3 0.800**
Inppl1 Inositol polyphosphate-1-phosphatase like 3 -0.679
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