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Abstract

Sensorimotor gating, the ability to automatically filter sensory information, is deficient in a
number of psychiatric disorders, yet little is known of the biochemical mechanisms underlying this
critical neural process. Previously, we reported that mice expressing a constitutively active
isoform of the G-protein subunit Gas (Gas*) within forebrain neurons exhibit decreased gating, as
measured by prepulse inhibition of acoustic startle (PPI). Here, to elucidate the biochemistry
regulating sensorimotor gating and to identify novel therapeutic targets, we test the hypothesis that
Gos* causes PPI deficits via brain region-specific changes in cyclic AMP (CAMP) signaling. As
predicted from its ability to stimulate adenylyl cyclase, we find here that Gas* increases cCAMP
levels in the striatum. Suprisingly, however, Gas* mice exhibit reduced cAMP levels in the cortex
and hippocampus because of increased cCAMP phosphodiesterase (cPDE) activity. It is this
decrease in CAMP that appears to mediate the effect of Gas* on PPI because Rp-cAMPS
decreases PPI in C57BL/6J mice. Furthermore, the antipsychotic haloperidol increases both PPI
and cAMP levels specifically in Gas* mice and the cPDE inhibitor rolipram also rescues PPI
deficits of Gas* mice. Finally, to block potentially the pathway that leads to cPDE upregulation in
Gas* mice, we coexpressed the R(AB) transgene (a dominant-negative regulatory subunit of
protein kinase A (PKA)), which fully rescues the reductions in PPl and cAMP caused by Gas*.
We conclude that expression of Gas* within forebrain neurons causes PPI deficits because of a
PKA-dependent decrease in cAMP and suggest that cAMP PDE inhibitors may exhibit
antipsychotic-like therapeutic effects.
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INTRODUCTION

Sensorimotor gating is a fundamental neural process whereby a sensory event leads to the
inhibition of a subsequently elicited motor response (Graham, 1975). One popular model
used in the study of sensorimotor gating is prepulse inhibition of acoustic startle (PPI). PPI
is a behavioral paradigm in which the presentation of a nonstartling stimulus (prepulse, eg
72 dB noise) inhibits the startle response elicited by a subsequently presented startling
acoustic stimulus (eg 120 dB noise). The extent to which an animal inhibits the subsequent
startle response is thought to reflect the animal’s ability to automatically filter out
extraneous sensory information (Braff et al, 2001). Reduced PPI has been observed in
several psychiatric and neurological illnesses, including—but not limited to—autism (Perry
et al, 2006), Fragile X syndrome (Frankland et al, 2004), panic disorder (Ludewig et al,
2005), manic depression (Perry et al, 2001), obsessive compulsive disorder (Hoenig et al,
2005), Huntingtons’ disease (Swerdlow et al, 1995), schizophrenia (Braff et al, 1978), and
Tourette’s syndrome (Castellanos et al, 1996). PPI deficits are particularly relevant to the
study of schizophrenia and Tourette’s syndrome because the ability of a drug to increase PPI
in rodents predicts the clinical efficacy of medications specifically used to treat these patient
populations (Swerdlow and Geyer, 1998; Geyer et al, 2001; Sandor, 2003). Although much
has been learned of the neural circuitry and the neurotransmitters regulating PPI, relatively
little is known about the biochemical mechanisms underlying this neural process. Given the
predictive validity of the PPl model, understanding the intracellular molecules regulating
this behavior may lead to the development of novel therapeutics. In fact, drugs that target
widespread intracellular signaling cascades may prove ideal given that polypharmacological
antipsychotics (ie drugs that bind to multiple receptors) are more clinically efficacious than
drugs that bind to a single receptor (Frantz, 2005). Thus, we seek to define intracellular
signaling events that regulate PPI in order to advance our mechanistic understanding of
psychiatric illness and to identify new and improved therapeutic interventions.

Indirect evidence has suggested the cyclic AMP (cAMP) second messenger cascade (Figure
1a) may be one of the intracellular signaling pathways that regulates PPI. Amphetamine, an
indirect dopaminergic agonist, decreases PPI via dopamine D2 receptors (Ralph-Williams et
al, 2002) that inhibit AC activity (Neves et al, 2002). Conversely, haloperidol, a typical
antipsychotic that blocks D2 receptors (cf., Miyamoto et al, 2005) and increases CAMP
signaling in forebrain structures (Berndt and Schwabe, 1973; Kaneko et al, 1992; Kaplan et
al, 1999; Dwivedi et al, 2002; but see Kebabian et al, 1972; Carenzi et al, 1975), increases
PPI (Ouagazzal et al, 2001). Thus, there appears to be a relationship between cAMP and PPI
levels. Further, decreased levels of cAMP could result from either a hypoglutamatergic state
(via reduced calcium/calmodulin stimulation of AC; Chetkovich and Sweatt, 1993) or a
hyperdopaminergic state (via D2, 3, 4 receptor-mediated inhibition of AC; Neves et al,
2002), both of which are commonly hypothesized to contribute to endophenotypes of
schizophrenia, such as PPI deficits (Sawa and Snyder, 2002). Interestingly, decreased CAMP
levels have been observed in the cortex and striatum of patients with Tourette’s syndrome
(Singer et al, 1990) and reduced production of cAMP has been noted in platelets of patients
with schizophrenia (Kaiya, 1992).

One component of the cAMP cascade is the G-protein subunit Gas (Gas*) (Figure 1). Gas
couples several neurotransmitter receptors, including the dopamine D1/D5 receptors, to AC
(Neves et al, 2002). Acutely, Gas stimulates AC resulting in increased levels of cAMP
(Figure 1a; Neves et al, 2002); however, compensatory degradation of cCAMP by
phosphodiesterases (PDES) counteracts chronic Gas signaling in select cell types (Figure 1a;
eg Lania et al, 1998). Gas signaling is of particular interest in the study of endophenotypes
of schizophrenia, because increased activity of this protein has been noted in the striatum
and leukocytes of patients with schizophrenia (Memo et al, 1983; Avissar et al, 2001).

Neuropsychopharmacology. Author manuscript; available in PMC 2012 March 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kelly etal.

Page 3

Further, a polymorphism, which results in increased mMRNA expression of Gas (Frey et al,
2005), has recently been genetically linked to schizophrenia (Minoretti et al, 2006).
Interestingly, transgenic mice expressing a constitutively active isoform of Gas (Gas*) show
decreased PPI (Gould et al, 2004).

Based on the evidence above indicating decreased cAMP signaling in PPI deficits, we
hypothesized that PPI deficits in Gas* mice are because of decreased cCAMP levels caused
by a compensatory mechanism(s) downstream of AC, such as increased cAMP PDE
activity. Interestingly, a possible role of increased cAMP PDE activity in the etiology of
schizophrenia has been recently suggested. Millar et al (2005) show that the disrupted in
schizophrenia 1 (DISC 1) protein normally sequesters PDE4 (inhibiting activity); thus, a loss
of DISC1 could result in increased PDE4 activity. To determine if decreased CAMP
signaling is responsible for the effect of Gas* on PPI, we measured CAMP levels and cCAMP
PDE activity across several brain regions in these transgenic mice. Further, using either
Gas™ transgenic mice or C57BL/6J mice, we determined the biochemical and/or behavioral
effects of several manipulations that alter cCAMP signaling including amphetamine,
haloperidol, the competitive inhibitor of cAMP binding Rp-cAMPS, and the PDE4 inhibitor
rolipram. In addition, because compensatory increases in CAMP PDE activity are protein
kinase A (PKA)-dependent (Lee et al, 2002; Murthy et al, 2002; Houslay and Adams, 2003;
Rochais et al, 2004), we tested the effects of crossing Gas* transgenic mice to another line
of transgenic mice expressing the PKA inhibitor R(AB) (Abel et al, 1997). Together, our
results show that Gas* expression results in a complex, brain-region-specific biochemical
response that ultimately leads to deficits in PPI.

MATERIALS AND METHODS

Subjects

Gas* and R(AB) transgenic mice were bred and group-housed in breeding colonies at the
University of Pennsylvania in a hemizygous state on a C57BL/6J background (N10-N13).
For each experiment, 2 to 6 month-old, sex-matched, wild-type (WT) littermates were run in
parallel to transgenic mice. For experiments examining coexpression of Gas* and R(AB), a
hemizygous Gas* transgenic mouse was mated to a hemizygous R(AB) transgenic mouse
(each backcrossed to C57BL/6J N10-N13), and all offspring were compared (WT, Gas*
transgenic, R(AB) transgenic, Gas*, and R(AB) bitransgenic). As described previously
(Wand et al, 2001; Gould et al, 2004), Gas* transgenic mice express an isoform of the Gos*
that is constitutively active because of a point mutation (Q227L) that prevents hydrolysis of
bound GTP, resulting in significantly increased basal adenylyl cyclase activity (Wand et al,
2001). This transgene is expressed in addition to the endogenous genomic copy of Gas,
which we have verified remains functional (as indicated by increased adenylyl cyclase
activity in response to GTPyS stimulation; data not shown). As described previously (Abel
et al, 1997), R(AB) mice express a dominant-negative regulatory subunit for PKA, resulting
in inhibited PKA activity. Expression of both the Gas* and R(AB) transgenes are driven by
the CaMKIlla promoter, which restricts expression to postnatal forebrain neurons (see Figure
1b for expression pattern). Animals were genotyped by Southern blot using a transgene-
specific probe as described (Abel et al, 1997); however, all experiments were conducted by
personnel blind to genotype. For experiments employing C57BL/6J mice, 2 to 5-month-old
male and female subjects were either bred in-house or were obtained from Jackson
Laboratories and group housed in our breeding facilities for a minimum of 1 week before
testing. All experiments were carried out based on National Institutes of Health guidelines
for the care and use of laboratory animals and were fully approved by the Institutional
Animal Care and Use Committee of the University of Pennsylvania.
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Use of Subjects

In the haloperidol study (see Drug preparation below), animals were tested under both
vehicle and drug conditions in a counterbalanced manner (half received vehicle first and half
received drug first), with testing under each of the two treatments separated by a minimum
of 1 week. Control and transgenic mice (n=16/16, respectively) were first tested in the
experiment examining effects of 1.0 mg/kg haloperidol. A portion of these animals (n=8/7)
were retested, in a counterbalanced manner, in the experiment examining the effects of 0.1
mg/kg haloperidol on PPI. Additional naive animals (n=3/4) were also tested under vehicle
and 0.1 mg/kg haloperidol. This latter group of animals was subsequently used in analyses
of cortical, hippocampal, and cerebellar cCAMP levels in response to vehicle or 0.1 mg/kg
haloperidol. Additional control and transgenic animals (that had not undergone any PPI
testing; n=8/9) were also used in these analyses. The decision to measure striatal CAMP in
response to vehicle or 0.1 mg/kg haloperidol came at a later time, thus requiring a separate
set of naive control and transgenic mice (n=9/9). In pharmacological experiments employing
C57BL/6J mice, separate groups of animals were tested under vehicle or drug, and
behaviorally tested animals were not reused for biochemical analyses. In the GasxR(AB)
studies, separate groups of animals were used for behavioral and biochemical testing.
Finally, in the rolipram study, naive animals were tested under both vehicle and drug
conditions in a counterbalanced manner (half received vehicle first and half received drug
first), with testing under each of the two treatments separated by a minimum of 1 week.
Please see figure legends for the total number of animals (n=) in each experimental group.

Biochemistry

For biochemical experiments, animals were killed by cervical dislocation and brains were
immediately harvested, dissected, and placed on dry ice. Temporal cortex, hippocampus,
striatum, amygdala, and cerebellum were collected from either the left or right hemisphere.
AC activity (basal) of membrane preparations was measured from the hippocampus and
cortex in triplicate by a modification of the method by Salomon et al (1974). Aliquots (10
ug) of membrane protein were assayed in 100 pl final volume containing 0.1mM
[a-32P]JATP (1 pCi), 2.8U of creatine phosphokinase, 5mM creatine phosphate, 1.5mM
MgCl 19.2% BSA, 50mM Na-Hepes (pH 7.6), 0.3mM KCI, 0.2mM cAMP, and 1 mM
dithiothreitol. Samples were incubated at 30°C for 30 min with no further additions. The
reaction was terminated by adding 100 pl of 50mM Hepes (pH 7.5), 2mM ATP, 0.5mM
CAMP, 2% SDS, tritiated cAMP (15 nCi) to each tube, and heating to 100°C for 3 min.
cAMP was isolated by chromatography. Total cAMP PDE activity (basal) was measured in
the cortex, hippocampus, striatum, and cerebellum, as described previously (MacKenzie et
al, 2002), using a standard concentration of CAMP (1 um). Levels of cAMP were measured
from a single hemisphere using a radioimmune competition assay kit (Perkin-Elmer,
Wellesley, MA). To measure basal AC activity, CAMP levels, and cCAMP PDE activity,
animals were killed from the home cage. To measure the effects of haloperidol on cAMP
levels, WT and Gas™ transgenic mice received an intraperitoneal (i.p.) injection of either
vehicle or 0.1 mg/kg haloperidol, were singly housed for 30 min, and were then killed. For
the amphetamine study, C57BL/6J mice received an i.p. injection of vehicle or 10 mg/kg
dextro-amphetamine (D-amphetamine) and were singly housed for 15 min before killing in
order to parallel the delay between injection and onset of PP trials.

Drug Preparation

For i.p. experiments, D-amphetamine Sigma-Aldrich, St Louis, MO) was dissolved in saline
(1 mg/ml) and administered at a dose of 10 mg/kg. Haloperidol (Ben Venue Laboratories
Inc., Bedford, OH) was dissolved in saline with lactic acid, (pH 3.0-3.8) (0.01 or 0.1 mg/ml)
and administered at a dose of 0.1 mg/kg or 1.0 mg/kg. Rolipram (Sigma-Aldrich, St Louis,
MO) was dissolved in 2% DMSO in saline (0.066 mg/ml) and administered at a dose of 0.66
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mg/kg. Doses for all i.p. experiments were chosen based on pilot dose—response curves in
C57BL/6J mice (data not shown).

For intracerebroventricular (i.c.v.) experiments, Rp-cCAMPS, a competitive inhibitor of
cAMP binding (Biolog, Germany), was dissolved in distilled water. Initial experiments
utilized doses of Rp-cAMPS previously shown to impair learning and memory
(Bourtchouladze et al, 1998); however, these high doses (55-110 nmol) drastically
suppressed startle responses, making interpretation of PPI difficult (data not shown).
Therefore, experiments reported here utilize a much lower dose of 5.5 nmol in 3 ul water.

At 8-10 weeks of age, group-housed C57BL/6J mice were anesthetized with isoflurane,
placed in a stereotaxic frame (David Kopf, Tujunga, CA ), and then implanted with a 22-
Gauge guide cannula (Plastics One Inc., Roanoke, VA) into the lateral ventricle
(anteroposterior from the bregma —0.4 mm, lateral 1.1 mm, and 2.3mm in depth). A dummy
cannula was then inserted into the guide cannula to prevent clogging. Following the surgery,
mice were singly housed to ensure recovery. On days 5 and 6 (postsurgery), mice were
gently handled. On day 7 or 8 (postsurgery), mice were injected i.c.v. by placing a needle
through the guide cannula, which was connected to a microsyringe (Hamilton, Reno, NV)
via a polyethylene tube. Drug was delivered over a 1-min window, using a microinfusion
pump (Harvard, Holliston, MA), and the needle remained in place an additional 30 s to
allow for diffusion of the drug. To verify cannulae placement, animals were killed after
testing and their brains coronally sectioned (20 um sections) with a cryostat. Cannula tracks
were plainly visible upon Nissl staining, and placement within the ventricle was confirmed
by an investigator blind to treatment condition. Two animals (one from each group) were
determined to have a misplaced cannula and, thus, were dropped from analyses.

Startle responses to acoustic stimuli and inhibition of startle responses because of
presentation of a nonstartling acoustic prepulse were measured as described previously
(protocol 2; Gould et al, 2004), except that background was set to 68 dB. Briefly, startle
responses were measured by an accelerometer in response to acoustic stimuli delivered by a
white noise generator (4-19 kHz; SR-Lab, San Diego, CA). Sessions began with a 5 min
block of acclimation to the 68 dB background noise, followed by a 10 min block of startle
trials varying from 95 to 120 dB (data not presented here). Startle trials were followed by a
10 min block of PPI trials. Each prepulse trial consisted of a 20ms 72, 76, or 84 dB
nonstartling prepulse followed 100 ms later by a 40ms startling pulse of 120 dB. Five trials
of each prepulse intensity, along with 10 startle-only trials (ie trials with no prepulse), were
presented in random order. PPI for a given prepulse intensity was calculated as percent
inhibition of the startle response using the following formula: (100—(average startle
response for PPI trials/average startle response for startle-only trials in PPI block)*100).

For pharmacological experiments utilizing i.p. injections, animals were individually housed
in holding cages for 30 min, before receiving an i.p. injection of vehicle or drug. Based on
previous reports (Ouagazzal et al, 2001; Ralph-Williams et al, 2002), animals in the
amphetamine experiment were placed immediately into the startle chambers, animals in the
haloperidol experiments remained in the holding cages for an additional 30 min, and animals
in the rolipram experiments remained in the holding cages for an additional 15 min, to allow
for differences in drug kinetics. After the testing session ended, animals were promptly
returned to their home cage. For pharmacological experiments using i.c.v. injections,
animals were individually housed during the recovery period between surgery and testing (1
week) to reduce the chance of injury or loosening of the cannula. Because these mice were
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group-housed past the age of puberty, it is unlikely that such a short duration of isolated
housing negatively impacted PPI (Bakshi and Geyer, 1999); however, an interaction
between the effects of 1 week of individual housing and Rp-cAMPS cannot be strictly ruled
out. Following i.c.v. injection of either vehicle or Rp-cAMPS, animals were placed
immediately into the startle chamber. Animals were promptly killed following the session to
verify cannula placement.

Data Analysis

RESULTS

Statistical analyses were conducted using Sigmastat (v2.03; Systat, Point Richmond, CA)
and Statistica (v6.1; Statsoft, Tulsa, OK). Data were analyzed by t-test, analysis of variance
(ANOVA), or repeated measures ANOVA (RM ANOVA) as appropriate. In statistical
analyses of hippocampal PDE activity and cAMP levels (all regions) following
amphetamine, cohorts were paired to increase the power of the t-tests performed. When
significant effects (between more than two groups) or interactions were found for ANOVAs,
post hoc comparisons were made using Student— Newman-Keuls range statistics. Statistical
outliers greater than 2SD’s from the mean were dropped from analyses. For PPI, effects of
genotype, trial, and drug treatment were analyzed. In addition, Pearson’s product moment
correlations were conducted to determine if there was an interrelation between startle
magnitude and %PPI, as described previously (Quednow et al, 2006). In biochemical
experiments, balanced groups of animals were raised at different times and killed on
different days. Therefore, to control for variability because of day of killing, data for each
group were normalized and expressed as a percentage of the WT (or WT vehicle) mean (but
see Table 1 for raw data). Normalized data were then combined and analyzed for effects of
genotype and drug treatment. Significance was determined at p<0.05. All data are expressed
as meanzstandard error of the mean (SEM).

Gas* Expression Reduces cAMP Levels in the Cortex and Hippocampus

Biochemical assays reveal that Gas* transgenic mice exhibit region-specific alterations in
CAMP levels, AC activity, and cAMP PDE activity. Expression of Gas* is restricted to
postnatal forebrain neurons by the use of the CaMKIla promoter; therefore, the brain
regions of interest were limited to the striatum, cortex, hippocampus, and amygdala (Figure
1b). Consistent with the previously noted increase in basal AC activity (Wand et al, 2001),
Gas* transgenic mice exhibit significantly increased cAMP levels within the striatum
relative to WT littermates (t(14)=4.06, p=0.001; Figure 2a). Despite the increase in cCAMP
levels, Gas* transgenic mice show normal total cCAMP PDE activity in the striatum. In sharp
contrast, Gas™ transgenic mice demonstrate significantly lower levels of cAMP in both the
cortex (t2g)=4.67, p<0.0001) and the hippocampus (t(29)=2.39, p<0.05) relative to WT mice
(Figure 2a). These decreases in CAMP are not because of decreased synthesis because Gos*
transgenic mice exhibit increased basal AC activity in the cortex (WT, n=7, 100.0£3.1%;
Gos*, n=7, 215.59+9.5%; t(12)=11.58, p<0.0001) and the hippocampus (WT, 100.0+2.6%;
Gas*, 207.767.1%; t(14y=14.29, p<0.0001). Instead, the decreases in cCAMP levels within
transgenic mice appear to be because of a compensatory increase in total CAMP PDE
activity measured in the cortex (WT, n=14, 100.0£5.3%; Gas*, n=13, 119.00+4.4%;
t(25)=2.72, p<0.02) and hippocampus (WT, n=8, 100+5.9%; Gas*, n=8, 113.0+5.3%;
t(7)=2.56, p<0.05). There is no difference between Gas* transgenic and WT mice in cAMP
levels of the amygdala nor in cAMP levels or cAMP PDE activity of the cerebellum, a
control region of interest that lacks transgene expression (Figure 2a). Additional
experiments were conducted to determine if the increases in striatal cCAMP and/or decreases
in cortical or hippocampal cAMP mediate the effects of Gas* on PPI.
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kelly etal. Page 7

Amphetamine Decreases PPl and Reduces cAMP Levels Only in the Cortex

To determine if a pharmacological disruptor of PPI would elicit a regionally specific cCAMP
response as does Gas* expression, we examined the effects of the indirect dopaminergic
agonist amphetamine in C57BL/6J mice. First, we verified that i.p. injection of D-
amphetamine (10 mg/kg) vs vehicle (n=18 per group) reduces PPl across prepulse intensities
in C57BL/6J mice (effect of drug: F(1 6g)=6.37, p<0.05). Next, we measured the effects of
D-amphetamine on cAMP levels in the cortex, hippocampus, striatum, amygdala, and the
cerebellum, the same brain regions examined in the Gas* mice. Similar to the pattern
observed in the Gas* mice, D-amphetamine (10 mg/kg) significantly increases cCAMP levels
in the striatum (t(16)=2.28, p<0.05; Figure 2b) and reduces CAMP levels in the cortex of
C57BL/6J mice (t(14=3.19, p<0.01). There is no effect of D-amphetamine on CAMP levels
in the hippocampus, amygdala, nor the cerebellum (Figure 2b).

Blockade of cAMP signaling within the brain reduces PPI

To determine if decreasing cCAMP signaling within the central nervous system would be
sufficient to induce PPI deficits, we tested the effects of i.c.v. injections of Rp-cAMPS
(5.5nmol), a competitive inhibitor of cAMP binding. Rp-cAMPS significantly decreases PPI
in C57BL/6J mice across trials (effect of drug: F(; 40)=9.80, p<0.01; Figure 3). Analysis of
the raw data shows that Rp-cAMPS does not significantly affect startle responses to the 120
dB startling pulse itself (vehicle 67.63+10.2; Rp-CAMPS 84.26+11.7; t(0)=1.06, NS);
however, higher doses of 55-110 nmol drastically reduce startle responses (data not shown).
The ability of Rp-cAMPS to decrease PPI suggests that reducing cAMP signaling within the
central nervous system is sufficient to induce deficits in sensorimotor gating.

Haloperidol Selectively Restores PPl and Cortical cAMP Levels of Gas* Transgenic Mice

Given that blockade of cAMP signaling results in PPI deficits, we determined if ‘upstream’
augmentation of the cAMP pathway would rescue the PPI deficits observed in Gas*
transgenic mice. Administration of 1.0 mg/kg haloperidol increases PP1 in both WT and
Gas* transgenic mice (effect of drug: F(; 60)=16.05, p<0.0005; Figure 4b), resulting in a
significant effect of genotype only in select trials (genotypextrial: F(; 0=5.62, p<0.01).
Post hoc analysis reveals that there is only a significant effect of genotype in this experiment
at prepulse intensities of 76 dB (p<0.0005) and 84 dB (p<0.02). This appears to be because
of a selective effect of haloperidol at the lowest prepulse intensity (72 dB) on PPI of Gas*
transgenic mice; however, the statistical interaction between genotype, drug, and trial did
not reach the level of significance (F,60)=2.23, p=0.12). Haloperidol (1.0 mg/kg) also
significantly reduces startle across genotypes (WT vehicle, 127.68+20.34; WT haloperidol,
85.61+10.36; Gas* vehicle, 100.59+12.48; Gas* haloperidol, 72.93+13.92; effect of drug:
F(2,63)=8.10, p<0.002). It does not appear, however, that the effect of 1.0 mg/kg haloperidol
on PPl is related to this effect on startle because startle magnitude does not correlate
significantly with PP1 at any prepulse intensity in either WT or Gas* mice. To determine if a
lower dose of haloperidol would selectively affect PP1 in Gas* transgenic mice, we tested
0.1 mg/kg haloperidol. Across prepulse intensities, administration of 0.1 mg/kg haloperidol
i.p. selectively increases PPI in Gas* transgenic mice without affecting WT littermates
(genotypexdrug: F1 40)=5.12, p<0.05; post hoc Gas* vehicle vs WT vehicle, WT hal, and
Gas* hal, p<0.01-0.0005; Figure 4a). This selective increase in PPl of Gas* mice does not
appear to be because of alterations in the startle response itself. First, 0.1 mg/kg does not
significantly affect startle magnitude (effect of drug: F(; 20)=0.06, NS; WT vehicle,
93.58+15.1; WT haloperidol, 84.11+12.7; Gas™ vehicle, 68.75+5.9; Gas* haloperidol,
61.85+9.6). Second, startle magnitude in Gas* mice under 0.1 mg/kg haloperidol does not
correlate with PPI at prepulse intensities of 76 and 84 dB and, in fact, correlates positively
with PPI at the 72 dB prepulse intensity (r=0.757, p<0.01).
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Based on these behavioral results, we next determined in which brain regions 0.1 mg/kg
haloperidol selectively normalizes cAMP levels in Gas* transgenic mice. Levels of cAMP
were measured in the cortex, the hippocampus, and the striatum, as the previous experiment
showed cAMP levels in these regions change as a function of transgene expression (Figure
2a). Levels were also measured in the cerebellum, as a control region. In the cortex,
haloperidol selectively increases CAMP levels in Gas* transgenic mice (genotypexdrug:
F(1,20)=4.83, p<0.05; post hoc Gas™ vehicle vs WT vehicle and Gas* hal, p<0.05-0.01;
Figure 5); however, in the hippocampus, haloperidol increases cAMP levels in both WT and
Gas* transgenic mice (effect of genotype: F(1 20)=4.91, p<0.05; effect of drug: F(; 20)=6.42,
p<0.02). In the striatum, haloperidol fails to attenuate the increased levels of cCAMP noted in
Gas* transgenic mice (effect of genotype: F(1 14)=4.77, p<0.05), and in the cerebellum,
haloperidol does not significantly alter cAMP levels (Figure 5).

PPI Deficits of Gas* Transgenic Mice are Rescued by cAMP PDE Inhibition

Because ‘upstream’ augmentation of the cAMP pathway by haloperidol was able to restore
sensorimotor gating in Gas* transgenic mice, we tested if ‘downstream’ modulation of the
cAMP pathway at the level of cAMP PDEs would elicit the same effect. To block PKA
signaling within forebrain neurons, and potentially the pathway to cAMP PDE upregulation,
we crossed the Gos* transgenic mice to R(AB) transgenic mice (Abel et al, 1997).
Expression of both the Gas* and R(AB) transgenes within forebrain neurons increases PPI
across trials, relative to expression of only Gas* (effect of genotype: F(3 48)=6.85, p<0.002;
post hoc Gas* vs WT, R(AB), and Gas*xR(AB), p<0.02-0.002; Figure 6). This rescue of
PPI occurs without a significant effect (effect of genotype: F(324)=0.47, NS) on startle
responses to the 120 dB pulse alone (WT, 31.65+14.6; Gas*, 45.45+13.3; R(AB),
46.03£12.2; Gas**xR(AB), 29.87+9.1). Further, there are no significant correlations between
startle magnitude and PPI at any prepulse intensity for any genotype. To determine if PKA
inhibition specifically rescues the Gas*-induced decrease, but not increase, in cCAMP, levels
were measured in the cortex and striatum, respectively. Coexpression of the Gas* and
R(AB) transgenes rescues the decreased cortical CAMP levels (effect of genotype:
F(3,27)=5.79, p<0.005; post hoc Gas™ vs WT, R(AB), and Gos*xR(AB), p<0.05-0.005), but
not the increased striatal cCAMP levels, caused by Gas* expression alone (effect of genotype:
F(3,27)=27.93, p<0.0001; post hoc WT and R(AB) vs Gas* and Gas**xR(AB), p<0.001-
0.0001; Figure 7). These results are consistent with the finding that total cAMP PDE activity
is not elevated in the hippocampus of Gas**xR(AB) mice (89.1+6.1%) relative to WT mice
(100.0+£2.7%). These data show that Gas* expression leads to both PPI and cortical CAMP
deficits through a PKA-dependent pathway.

We also tested the effect of pharmacologically inhibiting cAMP PDE activity in Gos*
transgenic mice via i.p. injection of the PDE4 inhibitor rolipram. Rolipram (0.66 mg/kg)
selectively increases PPI of Gas* transgenic mice across trials (genotypexdrug: F1 50)=5.64,
p<0.03; post hoc Gas* vehicle vs WT vehicle, WT rolipram, and Gas* rolipram, p<0.005—
0.0005; Figure 8). Analysis of the raw data revealed significantly reduced startle responses
(effect of genotype: F(1 30)=9.87, p<0.005) to the 120 dB pulse in Gas* mice across
treatment conditions (WT vehicle, 83.54+9.5; Gas™* vehicle, 50.04+6.9; WT rolipram,
87.10+11.8; Gas* rolipram 53.29+8.0). Given that no significant change in startle has
heretofore been observed in Gas* mice (under basal or saline vehicle conditions), it appears
that this decrease in startle is elicited by the 2% DMSO vehicle employed in this study.
Rolipram itself, however, does not significantly affect startle responses in either WT or
Gos* mice (effect of drug: F(; 30)=0.21, NS). Further, there are no significant correlations
between startle magnitude and PPI at any prepulse intensity. This suggests that the selective
increase in PPI exhibited by Gas* mice following treatment with rolipram does not reflect a
change in the startle response itself but rather increased sensorimotor gating.
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DISCUSSION

Here, we show that constitutive activation of Gas signaling causes sensorimotor gating
deficits because of PKA-dependent decreases in CAMP. Expression of Gas* within
forebrain neurons causes increased CAMP levels in the striatum, but decreased cAMP levels
in the cortex and hippocampus. Amphetamine, a pharmacological disruptor of sensorimotor
gating, also regulates CAMP in a regionally specific manner, increasing CAMP levels in the
striatum and decreasing levels in the cortex. Our results suggest it is the decreases in CAMP
caused by these manipulations that trigger sensorimotor gating deficits. First, blocking
cAMP signaling within the central nervous system using Rp-cAMPS is sufficient to induce
deficits in PPI. Second, both the D2 antagonist haloperidol and the PKA inhibitor R(AB)
increase PPl and cAMP levels in Gas* mice. Finally, downstream augmentation of cAMP
signaling by the cAMP PDE inhibitor rolipram rescues Gas*-induced PPI deficits. Thus, our
work has defined cCAMP as an intracellular signaling molecule regulating sensorimotor
gating and, as a result, has identified cAMP PDE inhibitors as a novel class of potential
antipsychotics.

Given that Gas* expression causes a 115% increase in basal adenylyl cyclase activity, the
question arises if the noted 16% increase (average between the cortex and hippocampus) in
total CAMP PDE activity could account for the decreased cCAMP levels measured in the
Gos* transgenic mice. To gain insight into this issue, we used Michaelian kinetics to
perform a steady-state modeling of cAMP accumulation using the Copasi modelling tool
(http://www.copasi.org/tiki-index.php). This employed experimentally derived relative
activities of these enzymes together with published K, values for cCAMP PDE (2 uM cAMP)
and AC (80nM ATP) activities. Inevitably, such a model makes assumptions and assumes a
single AC and PDE species with full access of cAMP to all PDEs. Doing this, we could
show that a relatively small 16% increase in PDE activity would be capable of considerably
decreasing CAMP levels under normal conditions by some 70%. When a two-fold increase
in AC activity is introduced into the model, however, a 16% rise in PDE activity could not
wholly account for the decreases in CAMP levels noted in the transgenic mice. Although
PDEs are the only known proteins to degrade cAMP, there are also proteins that extrude
cAMP from cells, referred to as multidrug resistance proteins (MRPs; Jedlitschky et al,
2000; Sampath et al, 2002). MRPs exist in nearly all tissues, including astrocytes, white
matter, and pyramidal neurons of the brain (Nies et al, 2004). When this extrusion
mechanism is introduced into the model (K, cCAMP 50 uM), a 10-fold increase in
transporter activity is able to bring cCAMP levels back to normal levels; however, the 16%
increase in PDE activity now reduces CAMP levels only by 19%—well within the range of
the transgenic experimental measurements. Therefore, we suggest that the overall reduction
of cCAMP levels noted in the Gas* transgenic mice is likely because of an increase in cAMP
PDE activity, as we show here, coupled with a proposed increase in CAMP efflux activity.
Such a hypothesis is consistent with observations by Klamer et al (2005) who reported a
correlation between increased extracellular cCAMP levels in the hippocampus and PCP-
induced PPI deficits. Extrusion of cAMP is likely to decrease intracellular signaling because
cAMP is not membrane permeable (Schwede et al, 2000).

Given that inhibition of PKA within the forebrain is not sufficient to decrease PPl (Gould et
al, 2004), and in fact rescues the transgenic deficits, the effect of decreased cAMP signaling
on PPl is likely mediated through decreased signaling of other downstream targets of CAMP,
such as Epac or cyclic nucleotide-gated channels. Future studies will examine possible
mechanisms by which PKA mediates the effect of Gas* expression on PPI and cortical
cAMP deficits. Possible PKA-dependent mechanisms include the direct phosphorylation of
specific cAMP PDE isoforms (eg PDE4), indirect phosphorylation of specific cAMP PDEs
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via cross-talk with members of the MAPK pathway, or increased CREB-dependent
transcription of specific cAMP PDE isoforms (Figure 1a).

In addition to identifying CAMP as a key biochemical substrate, our results identify cortex as
a key anatomical substrate mediating the effect of Gas* on PPI. Across experiments, CAMP
levels within cortex reliably correlate with PPl measures (see Table 2 for summary). This is
consistent with the integral position that the cortex holds in the neural circuitry underlying
PPI1 modulation (Koch, 1999; Swerdlow et al, 2001a, b; Goto et al, 2002). For example,
excitotoxic lesions within the entorhinal cortex of adult rats cause PPI deficits (Goto et al,
2002). Interestingly, decreased cAMP signaling may also play a role in these PPI deficits
given that electrolytic lesions increase high-affinity binding states of Gai-coupled D2
receptors (Sumiyoshi et al, 2005) and are partially reversed by haloperidol (Goto et al,
2002). Although we measure an overall increase in AC activity in Gas* transgenic mice, our
results suggest that Gas™* expression also leads to increased activation of D2 receptors in the
cortex (perhaps in localized microdomains) as the transgenic mice are more sensitive,
relative to WT mice, to the behavioral and biochemical effects of haloperidol. Further, the
ability of amphetamine to reduce cCAMP levels in the cortex is consistent with a preferential
activation of D2/D4 receptors (Figure 1a; Neves et al, 2002), although a role for an
alternative neurotransmitter system (eg norepinephrine) cannot be ruled out. It will be of
interest in future studies to determine if psychotomimetic drugs targeting the glutamatergic
system (eg PCP) decrease cortical CAMP levels, as does amphetamine, and if atypical
antipsychotics (eg clozapine) increase cortical cAMP levels, as does haloperidol. An
alteration in cortical CAMP signaling stands to substantially influence neural processes not
only within this region but also within other PPImodulating regions, as cortex projects to the
hippocampus, the NAcc, and the VTA (Koch, 1999; Swerdlow et al, 20014, b; Goto et al,
2002).

The identification of CAMP as a biochemical substrate mediating the effects of Gas* on
sensorimotor gating advances our mechanistic understanding of preattentional processing
and opens new avenues for the pursuit of therapeutic interventions. The extent to which
antipsychotic medications increase PPI in rodent models correlates positively with clinical
efficacy (Swerdlow and Geyer, 1998; Geyer et al, 2001). Thus, our study showing that
rolipram increases PPI in transgenic mice further bolsters support for CAMP PDE inhibitors
as a novel class of receptor-independent antipsychotics (Maxwell et al, 2004; Davis and
Gould, 2005). Rolipram has largely been characterized as an antidepressant (cf., O’Donnell
and Zhang, 2004); however, the effect of rolipram on PP1 is likely unrelated to its efficacy
as an antidepressant because other antidepressants do not systematically affect PPI in
rodents (Geyer et al, 2001) or humans (Braff et al, 2001). Rolipram also enhances memory
(Barad et al, 1998; Bourtchouladze et al, 2003; Zhang et al, 2004). This, coupled with the
effect of rolipram on PPI, suggests that ;CAMP PDE inhibitors may prove successful in
treating the debilitating cognitive deficits that are associated with schizophrenia. In fact,
future studies will explore if rolipram is able to reverse the cognitive deficits exhibited by
Gas transgenic mice (Kelly et al, 2003). Further, given the role of PDE4 in NMDA receptor
signaling (eg Suvarna and O’Donnell, 2002), future studies will also examine the potential
role of hypoglutamatergic functioning in Gas-induced behavioral and biochemical deficits.
It is important to note that, in rodent models, rolipram combats the detrimental motoric side
effects of long-term haloperidol administration (Sasaki et al, 1995). This suggests that new
drugs targeting the cCAMP pathway intracellularly may be better tolerated than current
medications that modulate signaling pathways extracellularly via neurotransmitter receptors.

We conclude that cortical cCAMP is a key biochemical regulator mediating the effects of
Gas™ on sensorimotor gating and that rolipram exhibits antipsychotic-like therapeutic
properties. Given the large number of manipulations that are capable of altering
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sensorimotor gating (cf., Geyer et al, 2001, 2002; Swerdlow et al, 2001a), it is clear that the
molecular and neural circuits regulating this automatic neural process are quite complex.
Our work, and those of others measuring region-specific effects (eg Svenningsson et al,
2003), suggests another layer of complexity in the regulation of sensorimotor gating in that
each brain region may have a unique molecular signature.
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Figure 1.

Schematic of G-protein signal-transduction cascade and autoradiograph of Gas* transgene
expression. (a) Following extracellular stimulation of neurotransmitter receptors,
intracellular G-protein subunits transduce signals to effector molecules, such as adenylyl
cyclase. Gos activates adenylyl cyclase (indicated by solid line), stimulating cAMP
formation, and Gai inhibits adenylyl cyclase (indicated by broken line). CAMP activates
multiple downstream targets including cAMP-dependent PKA, cyclic-nucleotide-gated
channels (cNGC), and Epac (Kopperud et al, 2003). Negative feedback on cAMP signaling
occurs via net increased activity of cPDE, which degrade cAMP (Beavo and Brunton, 2002;
Lee et al, 2002; Murthy et al, 2002; Houslay and Adams, 2003; Rochais et al, 2004).
Crosstalk between members of the CREB and MAPK pathways have not been illustrated for
sake of graphic clarity. (b) Autoradiographic in situ hybridization (sagital section) shows
that expression of the constitutively active Gas* transgene is restricted to forebrain regions,
as described previously (Wand et al, 2001). The brain regions underlying the acoustic startle
response (shaded ovals), mediation of prepulse inhibition (unshaded rectangles), and
modulation/regulation of prepulse inhibition (unshaded ovals and cortex; Koch, 1999;
Swerdlow et al, 2001a) are labeled to emphasize which brain regions are of interest in the
current experiments: the cortex, hippocampus, striatum, and amygdala. The contribution of
specific subregions of cortex (eg temporal vs frontal) and hippocampus (dorsal vs ventral)
have not been indicated separately. AMY G—amygdala; CPu—caudate putamen; HIPP—
hippocampus; IC/SC—inferior/superior colliculus; NAcc—nucleus accumbens; PnC—
pontine reticular nucleus; PPTN—pedunculopontine tegmental nucleus; SMN—spinal
motoneurons; VP—uventral pallidum; and VTA—ventral tegmental area.
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Figure 2.
Gas™ expression and amphetamine administration decrease cCAMP levels in the cortex and

increase CAMP levels in the striatum. (a) Relative to WT littermates (WT, n=8-16), Gas*
transgenic mice (n=8-15) with reduced PPI (Gould et al, 2004) show decreased cCAMP
levels (% WT) in the cortex (Cx) and the hippocampus (Hipp), increased CAMP levels in the
striatum (Str), and no change in the amygdala (Amyg) or the cerebellum (Cb). (b) Injection
of 10 mg/kg D-amphetamine i.p. (vs vehicle, n=15-17 per group), which reduces PPI,
significantly lowers cAMP levels (% vehicle) in the cortex and increases CAMP levels in the
striatum of C57BL/6J mice. Data represented as mean+SEM. *vs WT, p<0.05-0005; #vs
vehicle, p<0.05-0.01.
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Figure 3.

Decreased cAMP signaling reduces PP1. Administration of 5.5 nmol Rp-cAMPS i.c.v. (a
competitive inhibitor of cAMP binding, n=9) vs vehicle (n=13) significantly decreases PPI
in C57BL/6J mice across prepulse intensities. Data represented as mean+SEM. #vs vehicle,
p<0.01.
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Figure 4.

Antipsychotic haloperidol rescues PPI deficits of Gas* transgenic mice. (a) Injection of 1.0
mg/kg haloperidol (n=16 per group) increases PPI in both WT and Gas* transgenic mice
relative to vehicle, resulting in a significant effect of genotype only at 76 and 84 dB prepulse
intensities. (b) A lower dose of 0.1 mg/kg haloperidol i.p. (hal) vs vehicle (n=11 per group)
increases PPI only in Gas* transgenic mice, restoring levels to WT levels. Data represented
as mean+SEM. @vs WT vehicle, WT hal, and Gas* hal (post hoc), p<0.01-0.0005; *vs WT
(main effect of genotype), p<0.02-0.0005; and *vs vehicle (main effect of treatment),
p<0.0005.
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Figure 5.

Antipsychotic haloperidol selectively rescues cortical CAMP levels in Gas* transgenic mice.
Injection of 0.1 mg/kg haloperidol (WT, n=5-6; Gas*, n=4-7) vs vehicle (WT, n=4-5;
Gas*, n=5-6) increases CAMP levels (% WT vehicle) in the cortex of Gas* mice (Cx) and
hippocampus of Gas* and WT mice (Hipp), but has no significant effect in the striatum (Str)
or cerebellum (Cb). Data represented as mean+SEM. @vs WT vehicle and Gas* hal (post
hoc), p<0.05-0.01; *vs WT (main effect of genotype), p<0.05; and *vs vehicle (main effect
of treatment), p<0.02.
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Figure 6.

Genetic inhibition of PKA activity increases PPI in Gas* transgenic mice. Gas* transgenic
mice (n=6) exhibit reduced PPI relative to WT (n=8), R(AB) transgenic mice (expressing an
inhibitor of PKA activity; n=7), and Gas*xR(AB) bitransgenic mice (n=7). Data represented
as mean+SEM. @ vs WT, R(AB), and Gas*xR(AB) (post hoc), p<0.02-0.002.
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Figure 7.

Genetic inhibition of PKA activity increases cortical CAMP levels in Gas* transgenic mice.
Gas™* transgenic mice (n=7-8) exhibit reduced cCAMP levels in the cortex relative to WT
(n=9), R(AB) transgenic mice (n=11), and Gas**xR(AB) bitransgenic mice (n=3); however,
both Gas* transgenic mice and Gas*xR(AB) bitransgenic mice exhibit increased CAMP
levels in striatum relative to WT and R(AB) transgenic mice. Data represented as mean
+SEM. @vs WT, R(AB), and Gas*xR(AB) (post hoc), p<0.02-0.002; *vs WT and R(AB)
(post hoc), p<0.001-0.0001.
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Figure 8.

The PDE4 inhibitor rolipram restores PPI in Gas* transgenic mice. Following 0.66 mg/kg
rolipram i.p., Gas* but not WT mice (n=16 per group) exhibit increased PPI. Data
represented as mean+SEM. @vs WT vehicle, WT rolipram, and Gas* rolipram (post hoc),
p<0.005-0.0005.
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Table 1
Summary of Raw Data (pmol cAMP/mg Protein) for Adenylyl Cyclase (AC), Phosphodiesterase (PDE), and
CAMP Assays
Measure WT (home cage or veh)  Gas* (home cage or veh)
AC
Cortex 693.2+21.6 1494.4+65.7
Hippocampus 386.0+£10.0 802.0+£27.3
PDE
Cortex 949.7463.9 1134.4+74.0
Hippocampus 521.8+31.1 594.0+£26.5
CAMP-basal
Cortex 247.1%16.2 211.7£13.4
Hippocampus 383.2+£9.8 350.2+11.6
Striatum 208.3+8.2 295.0+18.8
Amygdala 658.6+25.2 646.4+£43.7
Cerebellum 220.9+10.3 215.9+10.4
WT hal Gas*hal
cAMP-haloperidol
Cortex 164.0£79.0 101.3+53.6 137.5+68.7 155.8+61.9
Hippocampus 223.2+94.1 142.7+65.8 217.8+77.5 232.2+82.0
Striatum 418.1+23.0 601.1+£83.9 526.9+61.4 619.6+46.1
Cerebellum 144.0£75.1 110.7+56.5 111.0+46.5 153.2+55.8
R (AB) Gas*xR (AB)
CAMP-basal
Cortex 595.5+24.7 443.2+24.5 565.2+28.0 555.7+35.9
Striatum 124.4+3.3 189.7+8.1 127.4+5.5 173.1+8.3

Each row represents a separate experiment. See Results text for statistical analyses of normalized values.

Data expressed as mean+SEM. WT—uwild-type, veh—uvehicle, hal—haloperidol 0.1 mg/kg.
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