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There is considerable interest in the regulation of sensorimotor gating, since deficits in this process could play a critical role in the
symptoms of schizophrenia and other psychiatric disorders. Sensorimotor gating is often studied in humans and rodents using the
prepulse inhibition of the acoustic startle response (PPI) model, in which an acoustic prepulse suppresses behavioral output to a
startle-inducing stimulus. However, the molecular and neural mechanisms underlying PPI are poorly understood. Here, we show that a
regulatory pathway involving protein phosphatase 2A (PP2A), glycogen synthase kinase 3 � (GSK3�), and their downstream target, the
M-type potassium channel, regulates PPI. Mice (Mus musculus) carrying a hypomorphic allele of Ppp2r5�, encoding a regulatory subunit
of PP2A, show attenuated PPI. This PPP2R5� reduction increases the phosphorylation of GSK3� at serine 9, which inactivates GSK3�,
indicating that PPP2R5� positively regulates GSK3� activity in the brain. Consistently, genetic and pharmacological manipulations that
reduce GSK3� function attenuate PPI. The M-type potassium channel subunit, KCNQ2, is a putative GSK3� substrate. Genetic reduction
of Kcnq2 also reduces PPI, as does systemic inhibition of M-channels with linopirdine. Importantly, both the GSK3 inhibitor 3-(2,4-
dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)1H-pyrrole-2,5-dione (SB216763) and linopirdine reduce PPI when directly infused into the
medial prefrontal cortex (mPFC). Whole-cell electrophysiological recordings of mPFC neurons show that SB216763 and linopirdine have
similar effects on firing, and GSK3 inhibition occludes the effects of M-channel inhibition. These data support a previously uncharacter-
ized mechanism by which PP2A/GSK3� signaling regulates M-type potassium channel activity in the mPFC to modulate sensorimotor
gating.

Introduction
Prepulse inhibition of the acoustic startle response (PPI) is a neu-
robehavioral phenomenon by which a low-intensity stimulus, pre-
sented �100 ms before a high-intensity acoustic stimulus, “gates” or
attenuates startle reactivity (Hoffman and Searle, 1965; Ison and
Hammond, 1971). PPI deficits have been reported in patients with
schizophrenia (Braff and Geyer, 1990; Cadenhead et al., 1993; Perry
and Braff, 1994), obsessive-compulsive disorder (Hoenig et al.,
2005), and autistic spectrum disorders (McAlonan et al., 2002; Perry
et al., 2007), and may be elicited pharmacologically in rodents using
drugs that affect dopaminergic (Geyer et al., 2001), serotonergic

(Schmidt et al., 1995), NMDA/glutamatergic (Ossowska et al., 1999,
2000), or cholinergic (Jones and Shannon, 2000) systems. It has
been proposed that PPI normally acts as a filtering mechanism
to modulate responses to nonsalient stimuli (Braff et al., 1995)
and deficits in PPI may contribute to the positive symptoms of
schizophrenia.

The WNT (wingless) signaling pathway, originally studied for
its role in development (Siegfried and Perrimon, 1994), has re-
cently been investigated for its potential role in neurological and
psychiatric disorders. In particular, glycogen synthase kinase 3 �
(GSK3�) has been implicated in Parkinson’s disease, Alzheimer’s
disease, and mood disorders (Koo and Kopan, 2004; O’Brien et
al., 2004; Gould et al., 2006; Prickaerts et al., 2006; Aghdam and
Barger, 2007; Rowe et al., 2007). GSK3� activity is inhibited by
phosphorylation of serine 9, which is regulated in turn by the
upstream signaling molecules, protein phosphatase 2A (PP2A)
and protein kinase B (also called AKT) (Cross et al., 1995; Ivaska
et al., 2002; Lin et al., 2007); GSK3� is also a direct target of
inhibition by lithium (Klein and Melton, 1996), one of the most
widely prescribed drugs for the treatment of mood disorders
(Quiroz et al., 2004).
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Several lines of evidence suggest that GSK3� may also be in-
volved in sensorimotor gating. Chronic administration of anti-
psychotics (clozapine or risperidone) increases GSK3� expression
in multiple brain regions of the rat (Alimohamad et al., 2005a,
2005b), although these same drugs can inhibit GSK3� activity
when administered acutely (Li et al., 2007). Conversely, certain
psychosis-inducing drugs (amphetamine, D-lysergic acid diethyl-
amide, or phencyclidine) that attenuate PPI in rodents also in-
hibit GSK3� activity (Svenningsson et al., 2003). Additionally,
GSK3� activity is reduced in postmortem brain tissue from
schizophrenic patients (Kozlovsky et al., 2001, 2004); GSK3� ac-
tivity in frontal cortex, a region central to the neurocircuitry
modulating PPI (Swerdlow et al., 2001), is positively correlated
with PPI among inbred strains of mice (Amar et al., 2004), and
mutation of the Drosophila GSK3 homolog, shaggy, results in
reduced olfactory startle habituation (Wolf et al., 2007). These
data suggest that GSK3� normally facilitates sensorimotor gat-
ing, but a causal link between GSK3� activity and PPI modula-
tion has not yet been established, nor have the underlying cellular
mechanisms been described.

Recently, the M-type potassium channel subunit gene, Kcnq2,
has been identified as a putative GSK3� substrate (Borsotto et al.,
2007). Loss-of function mutations in Kcnq2 result in a mild form
of epilepsy (Charlier et al., 1998; Singh et al., 1998; Cooper et al.,
2000; Mulley et al., 2003) and a mutation in the phosphatidylino-
sitol 4-phosphate 5-kinase II� (PIP5K2A) gene, which leads to
reduced M-channel activity, has been linked to schizophrenia
(Fedorenko et al., 2008). These data suggest that neuronal hyper-
excitability resulting from impaired M-channel function may
lead to sensorimotor gating deficits. We therefore hypothesized
that GSK3 activity positively regulates M-channel activity within
the medial prefrontal cortex (mPFC) to facilitate PPI, which we
have investigated using a combination of genetic, behavioral,
pharmacological, and electrophysiological approaches.

Materials and Methods
Generation of Ppp2r5� gene trap mice. C57BL/6J-derived blastocysts were
injected with Ppp2r5�Gt embryonic stem cells, obtained from Bay
Genomics (data and reagents now available from the International Gene
Trap Consortium at http://www.genetrap.org/), according to standard
protocols (Hogan, 1994). The RRK451 gene trap line was generated on a
129/OlaHsd (agouti) background. We crossed several chimeras to wild-
type C57BL/6J mice and confirmed germ line transmission of the tar-
geted allele in progeny by identifying agouti pups. Backcrosses of the
resulting F1 mice (Ppp2r5�Gt 129/� B6 � C57BL/6J) for three generations
(N4) were established to generate Ppp2r5�Gt/� heterozygous and wild-
type controls for behavioral studies.

Genotypic analysis. Mice were genotyped using DNA isolated from tail
biopsies using standard protocols. For Ppp2r5�Gt and Kcnq2Gt lines, the
following primers were used to amplify a fragment of the gene trap insertion
(forward, 5�-TTATCGATGAGCGTGGTGGTTATGC-3�; reverse, 5�-
GCGCGTACATCGGGCAAATAATATC-3�). For the Gsk3�(tm1JW) line,
mice were genotyped by multiplexing three primers to amplify mutant and
wild-type-specific products: (1) 5�-CCAGTCACAAATCGTACTGC-3�, (2)
5�-AACCACAGTAGTGGCAACTC-3�, and (3)
5�-CGTGCTACTTCCATTTGTCACG-3�.

Quantitative RT-PCR. Total RNA was isolated from whole-brain tis-
sue using Trizol reagent (Invitrogen) according to the manufacturer’s
instructions and was treated with RNase-free DNase (Promega) to re-
move genomic DNA contamination. cDNA was synthesized from 1 �g of
total RNA using reverse transcription reagents from Applied Biosystems.
After synthesis, cDNA was diluted 1:10 in water. TaqMan QPCR was
performed using standard thermal cycling conditions on an ABI PRISM
7900 Sequence Detection System (Applied Biosystems). Amplification
reactions contained 5 �l of cDNA template, 1� Universal PCR Master

Mix, 100 nM each of forward and reverse primers, and 200 nM FAM-
labeled probe in a final volume of 10 �l. The Kcnq2 probe and primers set
was Applied Biosystems catalog #Mm00440084. Rodent glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) probe and primers (Applied Bio-
systems) were used as a control for the PCRs. Data were analyzed using
the comparative Ct method (Applied Biosystems User Bulletin 2).

Western analysis. Protein extracts were isolated from whole-brain tissue in
radioimmunoprecipitation assay buffer containing phosphatase inhibitor
(Sigma-Aldrich) using standard techniques. Ten microgram protein sam-
ples were electrophoresed on NuPAGE 4–12% SDS-polyacrylamide gels
(Invitrogen) and transferred to polyvinylidene difluoride membranes (In-
vitrogen). Primary antibodies included goat anti-PPP2R5� (1 �g/ml;
Abcam), mouse anti-GSK3� (1:5000; BD Biosciences), rabbit anti-phos-
pho-GSK3� (Ser9) (1:1000; Cell Signaling Technology), rabbit polyclonal to
GSK3� (1:1000; Abcam), rabbit anti-phospho-GSK3� (Ser21) (1:1000; Ab-
cam), rabbit anti-KCNQ2 (1:500; Alomone Labs), and mouse anti-GAPDH
(1:5000; Thermo Fisher Scientific). Western blots were incubated with either
HRP-linked donkey anti-rabbit or HRP-linked sheep anti-mouse secondary
antibody (1:5000; GE Healthcare) and processed with ECL Plus Western
Blotting Detection System (GE Healthcare). Chemiluminescence was visu-
alized and quantified using the Storm 660 PhosphorImager system (Molec-
ular Dynamics).

Subjects. All animal protocols were approved by the Ernest Gallo Clinic
and Research Center institutional animal care and use committee.
Ppp2r5�Gt mice were backcrossed to C57BL/6J for three to five genera-
tions before behavioral testing. Gsk3�(tm1Jrw) mice, kindly provided by
Dr. James Woodgett (University of Toronto, Toronto, Ontario, Canada),
were maintained on a C57BL/6J background as previously described
(Hoeflich et al., 2000). Kcnq2(tm1Dgen) mice were obtained from The
Jackson Laboratory, where they had been crossed to C57BL/6J for more
than five generations. Male mice for behavioral experiments were bred in
house and were 8 –10 weeks of age at time of testing, with the exception of
the Ppp2r5�Gt and Kcnq2(tm1Dgen) experiments for which male and
female behavioral data were combined. For each line, heterozygous
mutants were compared with wild-type littermate controls (N � 16
Ppp2r5�Gt/� vs 24 wild-type mice; 10 Gsk3�(tm1Jrw)/� vs 7 wild-type
mice; 20 Kcnq2(tm1Dgen)/� vs 20 wild-type mice). For the pharmacol-
ogy and cannulation studies, male C57BL/6J mice (The Jackson Labora-
tory), 8 –10 weeks of age, were housed four or five per cage (29 � 18.5 �
13 cm) in 12 h light/dark cycles and were acclimated to the colony for at
least 2 weeks before behavioral testing.

Drug administration. Drug-naive mice were divided into four treatment
groups (nine mice per group), each receiving two intraperitoneal injections
(in a volume of 10 ml/kg) consisting of the following: group 1, 10 mg/kg
3-(2,4-dichlorophenyl)-4-(1-methyl-1H-indol-3-yl)1H-pyrrole-2,5-dione
(SB216763) (Tocris Bioscience) in 5% Tween 80/0.9% NaCl and 5 mg/kg
linopirdine (Sigma-Aldrich) dissolved in a minimal volume of 0.1N HCl and
diluted in 0.9% NaCl; group 2, 10 mg/kg SB216763 in 5% Tween 80/0.9%
NaCl and 0.1N HCl/0.9% NaCl; group 3, 5 mg/kg linopirdine in 0.1N HCl/
0.9% NaCl and 5% Tween 80/0.9% NaCl; or group 4, 0.1N HCl/0.9% NaCl
and 5% Tween 80/0.9% NaCl. We attempted to assign animals to each ex-
perimental group with a balanced design such that littermates were distrib-
uted among the experimental groups. Drug doses used in these studies were
determined empirically as well as based on doses reported in the literature to
affect behavior in rodents (Beaulieu et al., 2004; Otto et al., 2004). Treated
mice were subjected to a single PPI test session 15 min after injection. We
should note that stress can affect PPI performance. The animals in our ex-
periments were not preexposed to the startle apparatus before PPI testing.
However, to our knowledge, an effect of stress on PPI has primarily been
shown to result from chronic stress during the postnatal and/or adolescent
period in rodents (for review, see Van den Buuse et al., 2003). In addition,
PPI in rodents tested multiple times show that PPI is remarkably consistent
and reproducible (Willott et al., 2003) (our unpublished observations), sug-
gesting that the acute stress of the assay was not sufficient to significantly
affect PPI.

For brain infusions, 10 �M SB216763 or 10 �M linopirdine in 10%
DMSO/90% polyethylene glycol 300 (PEG300) was administered bilat-
erally in a volume of 0.5 �l per side. The 10% DMSO/90% PEG300 (0.5
�l) was administered as vehicle to control animals; N � 8 SB216763-
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treated versus 8 vehicle-treated mice and 11 linopirdine-treated versus 14
vehicle-treated controls.

Behavioral testing. Ppp2r5�Gt/�, Gsk3�(tm1JW)/�, Kcnq2(tm1Dgen)/�,
and wild-type control mice were first tested for PPI and were naive to the test
apparatus at the time of testing. Three weeks later, the same group of animals
was tested for startle reactivity. Both PPI and acoustic startle response (ASR)
were measured during the light phase using the SR-Lab System (San Diego
Instruments). During all testing, background was set at 70 dB white noise.
The PPI test consisted of a 5 min acclimation period, followed by seven trial
types presented six times each in pseudorandom order. Trials consisted of a
20 ms prepulse, an 80 ms interval, and a 40 ms startle stimulus. Prepulse
intensity was set at background, 74, 78, 82, 86, or 90 dB, and the startle
stimulus was 120 dB. One trial type consisted solely of background noise to
control for general movement of the subject. Trials were presented with a
variable intertrial interval of 15–20 s. The entire PPI test lasted �18 min. At
the onset of the startle stimulus, maximum velocity (Vmax) in arbitrary units
of the startle platform was recorded every 1 ms for 65 ms. Vmax was averaged
across trial type, with PPI calculated as the difference between Vmax

after prepulse trials (Vmax-PP) and Vmax after startle stimulus alone
trials (Vmax-ctl), and was expressed as a percentage of Vmax-ctl [PPI �
((Vmax-ctl) � (Vmax-PP)/(Vmax-ctl))*100%].

The ASR test consisted of eight trial types presented a total of five times
each, in pseudorandom order. Trial types consisted of a single, 40 ms
startle stimulus of 90, 95, 100, 105, 110, 115, or 120 dB. Trials were
presented with a variable intertrial interval of 15–20 s. At the onset of the
startle stimulus, maximum velocity (Vmax) in arbitrary units of the startle
platform was recorded every 1 ms for 65 ms. Vmax was averaged across
trial type.

Locomotor activity measurements were performed in Plexiglas loco-
motor activity chambers (43 � 43 cm; MED Associates), located in
sound-attenuating cubicles equipped with a 2.8 W house light and ex-
haust fans that mask external noise. Activity chambers contain two sets of
16 pulse-modulated infrared photobeams on opposite walls to record x,
y ambulatory movements, and are computer interfaced for data sampling
at 100 ms resolution. To measure baseline activity and habituation to the
chambers, mice were placed in activity chambers for 2 h. Locomotor
activity was measured as mean distance traveled (in centimeters) � SEM
during each 10 min period for the duration of the experiment.

Stereotaxic surgery and drug infusion. Before surgery, mice were anes-
thetized with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.).
Animals were placed in a stereotaxic alignment instrument (David Kopf
Instruments) specifically fitted for mice with a nose clamp adaptor and
ear bars that allow leveling of the skull in the anterior–posterior and
mediolateral planes. Two holes were drilled in the skull directly above the
sites of implantation using a 0.033 inch diameter carbide drill bit. Coor-
dinates for implantation were based on the mouse brain atlas relative to
bregma: �2.0 mm anterior–posterior, �0.5 mm mediolateral, 2.2 mm
dorsoventral. Two additional holes were drilled in the skull caudal to the
implantation holes using a 0.024-inch-diameter carbide drill bit and used
to attach two zinc-plated self-tapping screws (Small Parts), which serve as
a support scaffold for the cannulae. Custom-made bilateral guide cannu-
lae (Plastics One) were slowly lowered into the brain to the proper dor-
soventral coordinate and cannula base and screws were coated in dental
acrylic (Henry Schein) to form a secure head cap. Once the dental acrylic
was dry (�10 min), the animal was removed from the stereotaxic instru-
ment and custom-made dummy cannulae were inserted into the guide
cannulae. Ten days after surgery, subjects underwent the microinjection
procedure. Unanesthetized mice were gently restrained and dummy can-
nulae were removed from implanted guide cannulae and replaced with
the injection cannulae. Injection cannulae were connected to PE-20 tub-
ing and prefilled with 0.5 �l of drug or vehicle, and infusion was per-
formed at a rate of 0.1 �l/min using an infusion pump (Harvard
Apparatus). During the 5 min infusion procedure, the subject was re-
turned to the home cage and allowed unrestrained mobility to minimize
stress. After infusion, drug was allowed to diffuse for an additional 2 min
before replacing the injection cannulae with dummy cannulae. Subjects
were immediately transferred to the acoustic startle apparatus to assess
PPI. Seven days after behavioral assessment, subjects were infused bilat-

erally with 0.5 �l of India ink and killed, and brains were removed for
histological analysis to verify cannula placement.

Immunohistochemistry. Wild-type (C57BL/6J) mice were deeply anesthe-
tized with Euthasol (Virbac) and perfused with 0.9% NaCl, followed by 4%
paraformaldehyde in phosphate buffer, pH 7.4. Brains were sectioned on a
Vibratome (VT1000S; Leica Instruments) using coronal orientation. For
immunostaining, free-floating sections containing mPFC were permeabil-
ized with 50% ethanol for 20 min, rinsed in PBS, blocked with 10% normal
donkey serum in PBS for 30 min, and incubated for 48 h at 4°C with a
mixture of primary antibodies: monoclonal anti-GSK-3� (610201; 1:250;
BD Biosciences), polyclonal rabbit anti-KCNQ2 antibody (ab22897; 1:500;
Abcam), and polyclonal chicken anti-MAP2 antibody (ab15452; 1:250; Mil-
lipore). Sections were rinsed with PBS and incubated in 2% normal donkey
serum for 10 min and incubated with secondary antibodies: Alexa Fluor
488-labeled donkey anti-rabbit, Alexa Fluor 594-labeled donkey anti-mouse
(1:500; Invitrogen), and DyLight649-conjugated donkey anti-chicken (1:
300; Jackson ImmunoResearch) for 4–6 h. After staining, sections were
rinsed in PBS, mounted on gelatin-subbed slides, air-dried, and coverslipped
using Vectashield mounting medium (Vector Laboratories). Images were
acquired using a Zeiss LSM 510 META laser confocal microscope (Zeiss)
using optimal factory recommended filter configurations. Stacks of confocal
images were analyzed using colocalization plugins of the MBF ImageJ
(McMaster University, Hamilton, Ontario, Canada) and the Imaris 6.0 soft-
ware (Bitplane).

Slice preparation. Adult mice were deeply anesthetized with 40 mg/kg
pentobarbital (intraperitoneally) and perfused transcardially with �30
ml of chilled modified artificial CSF (aCSF) at a rate of �10 ml/min. The
modified aCSF for perfusion contained the following (in mM): 225 su-
crose, 119 NaCl, 2.5 KCl, 1.0 NaH2PO4, 4.9 MgCl2, 0.1 CaCl2, 26.2
NaHCO3, 1.25 glucose, 1 ascorbic acid, and 3 kynurenic acid. The brain
was removed rapidly, and coronal slices (200 �m) containing the prelim-
bic cortex were cut in this same modified aCSF. Slices recovered at 32°C
in carbogen-bubbled aCSF (126 mM NaCl, 2.5 mM KCl, 1.2 mM

NaH2PO4, 1.2 mM MgCl2, 2.4 mM CaCl2, 18 mM NaHCO3, 11 mM glu-
cose, with pH 7.2–7.4 and milliosmolarity, 301–305), with 1 mM ascorbic
acid added just before the first slice. Brain slices recovered for 45 min to
6 h before use in experiments. During experiments, slices were sub-
merged and continuously perfused (�2 ml/min) with carbogen-bubbled
aCSF warmed to 31–32°C, and supplemented with picrotoxin (50 �M, to
block GABAA receptors) and DNQX (10 �M, to block AMPA-type glu-
tamate receptors). Recordings were combined from regular spiking and
intrinsic bursting neurons, identified as previously described (Cao et al.,
2009). Intermediate neurons were not studied because of their low abun-
dance and their lack of accommodation (data not shown).

In vitro electrophysiology. All electrophysiology experiments were per-
formed using whole-cell recording and visualized infrared– differential
interference contrast with 2.5–3.5 M	 electrodes. The internal solution
was KMeS (potassium methanesulfonate) based, containing the follow-
ing (in mM): 130 mM KOH, 105 mM methanesulfonic acid, 17 mM HCl, 20
mM HEPES, 0.3 mM EGTA, 2.8 mM NaCl, 2.5 mg/ml MgATP, 0.25 mg/ml
GTP, pH 7.2–7.4, 275–285 mOsm. Electrical signals were recorded using
Clampex 9.2 or 10.1 and an Axon 700A or 700B patch amplifier (Molec-
ular Devices). Current-clamp data were acquired at 20 kHz and filtered at
2 kHz. After breaking into a neuron, the resting membrane potential was
set to �75 to �70 mV by injecting DC current through the patch ampli-
fier. To measure firing, current steps were applied using a patch amplifier
in current-clamp mode, and a series of seven to eight current steps (800
ms duration, 20 pA apart) were applied every 30 s, where the minimum
current amplitude was set for each cell so that the first step was just
subthreshold for spike firing. Depolarizing steps were alternated with a
33.3 pA hyperpolarizing pulse to examine the input resistance. Voltage
values were not corrected for the liquid junction potential, estimated to
be 10 mV. Bridge balance was used to compensate 60 – 80% of the series
resistance.

Statistical analysis. Data were analyzed using SigmaStat 3.1 software (Sys-
tat Software) with appropriate post hoc comparisons performed as indicated
by SigmaStat. Statistical tests were performed as follows: PPI data and base-
line startle reactivity data were analyzed by two-way repeated-measures
ANOVA for genotype by prepulse intensity or genotype by startle reactivity,
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followed by Newman–Keuls post hoc comparison. Similarly, pharmacologi-
cal data were analyzed by two-way repeated-measures ANOVA for treat-
ment group by prepulse intensity followed by Newman–Keuls post hoc
comparison. mRNA and protein quantification in Ppp2r5�Gt�/� and
Kcnq2�/� mice was normalized to control mice and GAPDH signal and
compared by Student’s t test. Data are presented as mean � SEM.

Results
Generation and characterization of Ppp2r5� gene trap mice
PPP2R5�, also known as the B56� regulatory subunit of PP2A
(McCright et al., 1996; Janssens and Goris, 2001), interacts with
catalytic and scaffolding subunits to form the PP2A holoenzyme.
To generate mice in which the Ppp2r5� gene has been disrupted,
weobtainedgenetrapcell lineRRK451fromBayGenomics(http://
www.genetrap.org/). This cell line contains a gene trap insertion
in the second intron of the Ppp2r5� gene and is predicted to result
in a fusion transcript of exons 1 and 2 with the gene encoding
�-galactosidase, thereby truncating the majority of the endoge-
nous Ppp2r5� transcript (Fig. 1A). Ppp2r5� heterozygous gene

trap mice (Ppp2r5�Gt/�) were viable and
normal in appearance, but we failed to re-
cover homozygous Ppp2r5�Gt mice, indi-
cating that the gene trap allele is likely a
null (or strongly hypomorphic) allele.

To quantify the reduction in PPP2R5�
protein levels in Ppp2r5�Gt/� mice, we
performed Western analysis on total brain
lysates from Ppp2r5�Gt/� and wild-type
mice using an antibody generated against
a C-terminal specific peptide of the
PPP2R5� protein. PPP2R5� levels were
reduced in the heterozygous mutant by
�50% ( p � 0.05) (Fig. 1B,C). These data
are consistent with the Ppp2r5�Gt allele
being null or strongly hypomorphic.

Regulatory subunits of PP2A confer
tissue, temporal and substrate specificity
to PP2A activity (Janssens and Goris,
2001). To determine whether PPP2R5�
regulates PP2A activity upstream of
GSK3� in vivo, we assessed the phosphor-
ylation state of GSK3� in brain tissue of
Ppp2r5�Gt/� mice. GSK3� activity is in-
hibited by phosphorylation of serine-9
(Ser-9) (Cross et al., 1995). Using a
GSK3� Ser-9 phosphospecific antibody,
we observed a �30% increase in phos-
phorylation level of GSK3� in brain ly-
sates from Ppp2r5�Gt/� mice ( p � 0.05)
(Fig. 1B,C), indicating that the PPP2R5�
subunit normally acts to positively regu-
late GSK3� activity in adult mouse brain.
This effect appeared specific to GSK3� ac-
tivity, as phosphorylation of GSK3� at
Ser-21 was normal in the Ppp2r5�Gt/�
mutants (Fig. 1B,C). We also failed to de-
tect an effect of PPP2R5� expression on
the amount of total GSK3� or GSK3�
protein, suggesting that compensatory
changes in the levels of these proteins do
not occur when one copy of the Ppp2r5�
gene is disrupted (Fig. 1B,C).

Genetic and pharmacological
disruption of PP2A/GSK3� activity attenuates PPI
Ppp2r5� expression in whole brain correlates positively with per-
formance in the PPI assay among BXD (C57BL/6J � DBA/2J)
recombinant inbred strains of mice (McCaughran et al., 1999)
(http://www.genenetwork.org/). To determine whether disrup-
tion of the Ppp2r5� gene affects sensorimotor gating, we
examined whether PPI would be differentially affected in
Ppp2r5�Gt/� mice and wild-type littermates. We observed a sig-
nificant strain effect for PPI (F(1,38) � 9.6; p � 0.01), with
Ppp2r5�Gt/� mice, showing a significant reduction in PPI at the
78, 82, 86, and 90 dB prepulse levels (Fig. 1D). In the absence of
prepulse, Ppp2r5�Gt/� mice demonstrated normal startle reac-
tivity to a range of startle intensities (F(1,24) � 0.50; p � 0.51),
indicating that the PPI defect of Ppp2r5�Gt/� mice was not
the result of impaired auditory or motor function. In addition,
Ppp2r5�Gt/� mice showed normal locomotor activity levels (main
effect of genotype: F(1,14) � 0.16; p � 0.70) and habituation to an
open field (genotype by time interaction: F(1,11) � 0.69; p � 0.75).

Figure 1. Characterization of Ppp2r5�Gt gene trap mice. A, Schematic of the Ppp2r5� locus disrupted by gene trap insertion
between exons 2 and 3 of the gene. Exon number and size of locus in kilobases are indicated. �geo, �-Galactosidase/neomycin
resistance markers within the gene trap insertion. B, C, Western blot analysis of brain lysates from Ppp2r5�Gt/� and wild-type
control mice quantifying protein levels. “�” denotes wild-type mouse, and “�” denotes Ppp2r5�Gt/� mouse. PPPP2R5�
protein is reduced by �50% in Ppp2r5�Gt/� mice, whereas pGSK3� (Ser-9) levels are increased by �30%. Ppp2r5� disruption
does not appear to affect pGSK3� (Ser-21) phosphorylation or total amounts of GSK3� or GSK3�. D, E, Ppp2r5�Gt/� and
Gsk3�(tm1JW)/� mice show reduced PPI relative to wild-type controls. F, GSK3 inhibitor, SB216763 (10 mg/kg), attenuates PPI
in wild-type mice when administered as a single, intraperitoneal injection. Drug was administered 15 min before behavioral
testing. Error bars represent SEM. *p � 0.05.
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Based on our biochemical data showing reduced GSK3� ac-
tivity in Ppp2r5�Gt/� mice, we examined PPI in mice heterozy-
gous for a null allele of Gsk3�, Gsk3�(tm1JW)/� (Hoeflich et al.,
2000). We observed a strain effect for PPI (F(1,15) � 4.8; p � 0.05)
(Fig. 1E), with Gsk3�(tm1JW)/� mice showing a significant re-
duction in PPI at the 74 dB prepulse level ( p � 0.01) (Fig. 1E)
relative to wild-type littermates. The attenuated PPI in
Gsk3�(tm1JW)/� mice was not associated with impaired base-
line startle response (F(1,15) � 0.49; p � 0.49), locomotor activity
(F(1,14) � 0.01; p � 0.93), or locomotor habituation (genotype by
time interaction: F(1,10) � 0.86; p � 0.57). These data are consis-
tent with PP2A regulating PPI, (at least) in part, through signal-
ing via GSK3�.

Classical studies of PP2A and GSK3� function have estab-
lished a role for these proteins in development (Siegfried and
Perrimon, 1994). To determine whether the PPI impairment ob-
served in Gsk3�(tm1JW)/� mice was the result of an acute re-
quirement for GSK3� or compensatory changes in the mutant,
we tested the effect of acute, systemic administration of a phar-
macological inhibitor of GSK3 activity on PPI. SB216763 inhibits
both GSK3� and GSK3� by competing with ATP binding (Forde
and Dale, 2007). SB216763 (10 mg/kg) robustly attenuated PPI in
wild-type C57BL/6J mice, relative to vehicle-treated controls
(strain effect for treatment group, F(1,16) � 9.9; p � 0.01, post hoc
comparison, p � 0.05 at prepulse levels 78, 82, 86, and 90 dB)
(Fig. 1F). These results demonstrate that PPI can be acutely mod-
ulated by inhibition of GSK3 activity.

Genetic and pharmacological disruption of KCNQ2/M-channel
activity attenuates PPI
Kcnq2 encodes an M-type potassium channel (M-channel) pro-
tein and putative GSK3� substrate (Singh et al., 1998; Borsotto et
al., 2007). Kcnq2 has previously been associated with bipolar dis-
order (Borsotto et al., 2007) and loss-of-function mutations in
the gene are associated with benign neonatal familial convul-
sions, a mild form of epilepsy (Charlier et al., 1998; Singh et al.,
1998; Cooper et al., 2000; Mulley et al., 2003). These observations
suggest that neuronal hyperexcitability resulting from altered
PP2A/GSK3� modulation of KCNQ2 channel activity might un-
derlie the PPI defect of Ppp2r5�Gt/� and Gsk3�(tm1JW)/� mu-
tants and wild-type mice treated with SB216763. We obtained a
Kcnq2 gene trap line, Kcnq2(tm1Dgen), derived from insertion of
a gene trap vector in the first intron of the Kcnq2 gene (Fig. 2A)
and predicted to result in a null allele. This mutation is homozy-
gous lethal, with heterozygous animals being fertile and normal
in appearance; the only reported behavioral phenotype of
Kcnq2(tm1Dgen)/� mice is a reduced threshold to pharmacolog-
ically induced seizures (http://www.informatics.jax.org/external/
ko/deltagen/1112.html). Analysis of Kcnq2 transcript levels in
brains from Kcnq2(tm1Dgen)/� and control animals detected a
50% reduction in Kcnq2 mRNA in the heterozygous mice ( p �
0.05) (Fig. 2B).

We next tested whether genetic or pharmacological manip-
ulations impairing M-channel function would alter PPI.
Kcnq2(tm1Dgen)/� mice had significantly reduced PPI relative
to controls (main effect of genotype: F(1,38) � 7.1; p � 0.05; post
hoc effect of genotype: p � 0.05 at 78, 86, and 90 dB) (Fig. 2C).
Kcnq2(tm1Dgen)/� mice showed no defects in overall ASR
(F(1,18) � 0.18; p � 0.68), activity (F(1,14) � 0.04; p � 0.85), or
habituation to an open field (genotype by time interaction: F(1,10) �
1.38; p � 0.19). We also tested the effects of acute pharmacolog-
ical inhibition of M-channel function on PPI by treating wild-
type C57BL/6J mice with a single intraperitoneal dose of the

M-channel blocker linopirdine (5 mg/kg). Consistent with our
results with the GSK inhibitor, SB216763, mice treated systemi-
cally with linopirdine showed a significant reduction in PPI rel-
ative to vehicle-treated controls (effect of drug: F(1,16) � 6.8; p �
0.05; post hoc effect of drug at 86 and 90 dB: p � 0.05) (Fig. 2D).
Furthermore, treatment with both linopirdine and SB216763 re-
duced PPI to a similar extent as either drug alone (linopirdine
and SB216763 vs vehicle: F(1,16) � 5.9; p � 0.05; post hoc effect of
drug at 82 and 86 dB: p � 0.05; linopirdine and SB216763 vs
SB216763 alone: F(1,16) � 0.64; p � 0.44; linopirdine and
SB216763 vs linopirdine alone: F(1,16) � 0.02; p � 0.88) (Fig. 2D).
Together, these data support the hypothesis that the acute inhi-
bition of GSK3 with SB216763 decreases PPI by altering M-type
potassium channel function.

Inhibition of GSK3 and M-channel activity within the mPFC
attenuates PPI
Neural substrates underlying PPI involve descending projections
from the forebrain that modulate the activity of pontine circuitry

Figure 2. M-type potassium channels regulate PPI. A, Schematic of the Kcnq2(tm1Dgen)
locus. The gene trap insertion disrupts the Kcnq2 locus between exons 1 and 2. Exon number and
size of locus in kilobases are indicated. �geo, �-Galactosidase/neomycin resistance markers
within the gene trap insertion. B, Kcnq2 mRNA is reduced in total brain tissue from
Kcnq2(tm1Dgen)/� mice by �50%. C, Kcnq2(tm1Dgen)/� mice show reduced PPI relative to
wild-type controls. D, Acute systemic administration of the M-channel blocker, linopirdine (5
mg/kg), attenuates PPI in wild-type mice when administered as a single, intraperitoneal injec-
tion. Drug was administered 15 min before behavioral testing. Coadministration of SB216763
(10 mg/kg) and linopirdine (5 mg/kg) conferred a similar effect on PPI as either drug alone. Error
bars represent SEM. *p � 0.05.
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to control acoustic startle reactivity (Swerdlow et al., 2001). The
mPFC likely plays a central role in the neurocircuitry controlling
PPI, since it receives input from the mediodorsal thalamus and
ventral tegmental area (VTA), and projects to the nucleus accum-
bens (NAc) as well as the VTA (Swerdlow et al., 2001). Because of
the role of the mPFC in PPI and the observation that GSK3�
activity in frontal cortex is positively correlated with PPI among
inbred strains of mice (Amar et al., 2004), we investigated
whether suppressing GSK3 and M-channel function locally
within the mPFC alters PPI.

We first performed immunohistochemistry to determine
whether GSK3� and KCNQ2 proteins are expressed in mPFC
and colocalize in vivo. GSK3� and KCNQ2 showed overlapping
expression in the mPFC, where both localized to MAP2-positive
dendrites (Fig. 3A,B). Unbiased colocalization analysis and vol-
ume reconstruction performed on high-resolution confocal
microscope image stacks confirmed colocalization between im-
munoreactivity for GSK3� and for KCNQ2 in dendrites.

To determine whether modulation of GSK3 activity in the
mPFC is sufficient to alter PPI, we administered the GSK3 inhib-
itor SB216763 (5 pM) bilaterally into mPFC. GSK3 inhibition
within the mPFC reduced PPI compared with vehicle-infused
controls (F(1,14) � 5.0; p � 0.05; post hoc effect of drug at the 74,
78 and 86 dB levels, p � 0.05) (Fig. 4A). Placement of cannulae
was verified by histological analysis demonstrating consistent tar-
geting of the mPFC (primarily prelimbic and cortex areas) (Paxinos
and Franklin, 2001) (Fig. 4C). These results demonstrate that inhi-
bition of GSK3 in mPFC is sufficient to disrupt PPI.

We next focused on the mPFC as a candidate brain region in
which the M-channel might also regulate PPI. If acute inhibition
of GSK3 in the mPFC attenuates PPI by altering M-channel func-

tion, we would predict that acutely blocking M-channel activity
in the mPFC would have a similar behavioral effect. Infusion of
linopirdine (5 pM) bilaterally into the mPFC of wild-type mice
reduced PPI relative to vehicle-infused controls (F(1,23) � 6.5; p �
0.05; post hoc effect of drug at 74 dB and 86 dB, p � 0.05) (Fig.
4B,C). Together, these results demonstrate that inhibition of
GSK3 or M-channels within the mPFC is sufficient to disrupt PPI
and support the hypothesis that GSK3 regulates PPI via modula-
tion of M-channel activity within the mPFC.

Inhibition of GSK3 signaling in the mPFC alters M-type
potassium channel activity
To better characterize the interaction of GSK3� and KCNQ in the
mPFC, we performed in vitro brain slice electrophysiology in
layer II/III prelimbic cortical pyramidal neurons from adult mice.
Neurons were brought to a �75 to �70 mV resting potential by
passage of DC current from the patch amplifier, and were depo-
larized by 800 ms current pulses. Changes in action potential
(AP) firing with applied current were measured relative to rheo-
base, the first current step at which firing was evoked.

Inhibition of the M-current with linopirdine moderately en-
hanced firing of control mouse cortical neurons (Fig. 5A,B,D)
(APs at the current step 100 pA greater than rheobase: baseline,
7.8 � 0.6 APs; linopirdine, 9.6 � 0.5 APs; n � 6). In contrast, after
pretreatment with the GSK3 inhibitor SB216763, linopirdine had
no effect on firing (Fig. 5A,B,D) (APs at the current step 100 pA
greater than rheobase: baseline, 11.0 � 0.8 APs; linopirdine,
11.1 � 1.0 APs; n � 7). A two-way repeated-measures ANOVA
showed a significant effect of group (F(1,25) � 4.912; p � 0.05),
linopirdine (F(1,25) � 24.314; p � 0.001), and a significant group
by linopirdine interaction (F(1,25) � 19.75; p � 0.001), and Tukey

Figure 3. GSK3� and KCNQ2 proteins colocalize to mPFC. A, Triple-channel confocal images of mPFC. Individual apical dendrites of pyramidal cells were identified with the anti-MAP2 antibody
(blue). Some dendrites were positive for both GSK3� (red) and KCNQ2 (green) indicating coexpression of both proteins in mPFC neurons (arrowheads point to same areas on all panels). Merge (1)
panel shows overlay of anti-GSK3�, anti-KCNQ2, and anti-MAP2 staining in low-magnification panels. The inset shows the area of mPFC from which images were taken. B, Higher magnification
images of areas shown in A, indicated in boxed region, illustrate colocalization of all three markers; the dashed lines outline the same dendrite fragment on all panels. Merge (2) panel shows overlay
of anti-GSK3� and anti-KCNQ2 staining in high magnification panels; merge (3) panel shows overlay of anti-GSK3�, anti-KCNQ2, and anti-MAP2 staining in high-magnification panels. Scale bars:
A, 20 �m; B, 5 �m.
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post hoc comparisons showed a significant
effect of linopirdine in control neurons
( p � 0.001), no effect of linopirdine in
SB216763-treated cells ( p 
 0.05), a sig-
nificant difference at baseline between
control and SB216763-treated cells ( p �
0.05), and no difference between control
and SB216763-treated cells after linopird-
ine ( p � 0.20). There was also no effect of
SB216763 on the minimum current re-
quired to evoke an action potential (with-
out SB216763, 91.1 � 8.2 pA; with
SB216763, 80.9 � 17.7 pA; t(11) � 0.492;
p 
 0.05). Since linopirdine and
SB216763 both increased firing, and li-
nopirdine had no additional effect in
SB216763-treated neurons, these results
suggest that GSK3 inhibition reduced
M-current function in mPFC neurons.

Although linopirdine increased firing
in control neurons, the effect was moder-
ate relative to other brain areas such as the
hippocampus (Aiken et al., 1995; Peters et
al., 2005; Otto et al., 2006). Therefore, we
next examined the effect of linopirdine
and SB216763 on accommodation, a
measure of the regularity of firing across
an AP train, using methods adapted from
Otto et al. (2002, 2004). Accommodation
is an increase in the interspike interval
(ISI) later in a train of APs relative to ear-
lier in an AP train, and previous studies
have shown that inhibition of the
M-current reduces accommodation,
making firing across the spike train more
regular (Peters et al., 2005; Otto et al., 2006). To analyze accom-
modation, we converted the ISI for each AP pair in an AP train to
an instantaneous firing frequency (IFF) and normalized the IFF
values across the spike train to the second IFF of the spike train
(the first IFF was not used because in some cells, the first two APs
were very close together in a couplet). Analyses of accommoda-
tion were performed at a current step where eight APs were
generated.

As shown in Figure 5, C and E, control mPFC neurons showed
strong accommodation, indicated by higher normalized IFF val-
ues by the end of the AP train, and a reduction in accommodation
by linopirdine (final IFF value in AP train: baseline, 0.39 � 0.10;
linopirdine, 0.63 � 0.05). In contrast, neurons pretreated with
SB216763 showed higher basal normalized IFF values, which
were unaffected by linopirdine (final IFF value in AP train: base-
line, 0.74 � 0.02; linopirdine, 0.78 � 0.02). A two-way repeated-
measures ANOVA of the final normalized IFF in the AP train
showed a significant effect of group (F(1,25) � 12.44; p � 0.01),
linopirdine (F(1,25) � 36.16; p � 0.001), and a significant group
by linopirdine interaction (F(1,25) � 18.29; p � 0.001), and
Tukey’s post hoc comparisons showed a significant effect of li-
nopirdine in control neurons ( p � 0.001), no effect of linopird-
ine in SB216763-treated cells ( p 
 0.05), a significant basal
difference between control and SB216763-treated cells ( p �
0.001), and no difference between control and SB216763-treated
cells after linopirdine ( p 
 0.05). These data are in agreement
with the firing rate results above and show that GSK3 inhibition

occludes the effect of M-current inhibition on accommodation,
suggesting that GSK3 modulates M-channel activity in vivo.

Discussion
We have identified a novel mechanism by which GSK3� regula-
tion of the M-channel in the mPFC modulates sensorimotor gat-
ing, as assayed by PPI. Genetic knockdown of PP2A reduces PPI
and enhances phosphorylation of GSK3� at a site associated with
inhibition of GSK3� activity. Genetic knockdown or pharmaco-
logical inhibition of GSK3� or the M-channel also reduces PPI.
Importantly, inhibition of GSK3� or M-channels locally within
the mPFC also significantly reduces PPI. These results suggest
that GSK3� positively regulates M-channel function within the
mPFC and that this interaction is critical for expression of PPI.

Our data demonstrate that haploinsufficiency for either
Ppp2r5� or Gsk3� in mice results in reduced PPI of the ASR.
PPP2R5� acts as a regulatory subunit of the holoenzyme PP2A,
which has been reported to function in a signaling cascade up-
stream of GSK3� (Sutherland et al., 1993; Cross et al., 1995).
Here, we show that Ppp2r5�Gt/� mice have increased (Ser-9)-
pGSK3� levels in brain tissue, indicating that PPP2R5� is a pos-
itive regulator of GSK3� activity in the brain, an observation
consistent with our behavioral data.

Interestingly, we observe a more robust PPI defect in
Ppp2r5�Gt/� mice than Gsk3�(tm1JW)/� mice. One possible
explanation could be if loss of PPP2R5� altered GSK3� in addi-
tion to GSK3� activity, which could have an additive effect on
PPI. However, we observed no alteration in levels of (Ser-
21)pGSK3� in brains of Ppp2r5�Gt/� mice. Transgenic knock-in

Figure 4. GSK3� and M-type potassium channels function in the mPFC to regulate PPI. A, PPI is reduced in wild-type mice
administered SB216763 (5 pM) bilaterally in mPFC compared with vehicle-infused controls. B, PPI is reduced in wild-type mice
administered linopirdine (5 pM) bilaterally in mPFC compared with vehicle-infused controls. C, Schematic depicting placement of
cannulae targeting mPFC (between bregma �1.8 and bregma �2.8) in subjects from drug infusion experiments. Subjects were
tested for PPI immediately after drug infusion. Error bars represent SEM. *p � 0.05.
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mice with a constitutively active allele of Gsk3� [S9A] show de-
creased levels of total GSK3� protein in striatum (Prickaerts et al.,
2006), although GSK3� haploinsufficiency does not alter GSK3�
levels (Hoeflich et al., 2000; O’Brien et al., 2004). We did not, how-
ever, detect any alteration in total GSK3� or total GSK3� protein
levels in Ppp2r5�Gt/� mice, raising the possibility that PP2A signal-
ing through additional substrates may contribute to PPI.

We also observed that PPI was acutely attenuated by the po-
tent and highly selective GSK3 inhibitor SB216763, which is im-
portant for several reasons. First, it indicates that GSK3 activity
acutely modulates PPI, and suggests that the blunted PPI in
Gsk3�(tm1JW)/� mice was independent of developmental de-
fects. The greater effect on PPI produced by SB216763 compared
with the phenotype of the Gsk3�(tm1JW)/� heterozygous mu-
tants suggests that PPI may be highly sensitive to GSK3 activity

and that merely reducing total GSK3� levels by 50% is not sufficient
to induce a robust attenuation of PPI. Consistent with this premise,
TDZD-8 (4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione) (30
mg/kg), a less effective GSK3 inhibitor (Beaulieu et al., 2004), pro-
duced a small reduction in PPI that was not statistically significant
(data not shown). Alternatively, compensatory changes in the
Gsk3�(tm1JW)/� mice during development may potentially ac-
count for the lack of a robust PPI phenotype in the mutants. We
should also note that, in contrast to our data, other groups have
failed to detect a PPI defect in Gsk3�(tm1JW)/� mice (O’Brien et al.,
2004; Bersudsky et al., 2008). Differences between our data and that
of others may be attributed to differences in genetic background, sex,
experimental protocol, and/or animal handling, all of which can
affect responses in behavioral assays (Crabbe et al., 1999). In the
study by O’Brien et al. (2004), mice had been subjected to open field
and ASR tests before PPI testing, whereas our animals were naive to
behavioral testing before the PPI assay. Subjects in the study by Ber-
sudsky et al. (2008) were experimentally naive before PPI testing,
however were maintained on a mixed genetic background (C57BL/
6J � C57BL/6OlaHsd). The performance of Gsk3�(tm1JW)/� mice
in assays of “behavioral despair” or depression-like behavior has
similarly not been replicated across laboratories (O’Brien et al., 2004;
Bersudsky et al., 2008), indicating that Gsk3�(tm1JW)/� mice may
be particularly sensitive to variations in experimental condition
(Beaulieu et al., 2008). Nonetheless, our pharmacological results
support a role for GSK3� in regulating PPI.

How might PP2A/GSK3� signaling modulate PPI? Although
many substrates of GSK3� have been identified, including the
transcriptional activator �-catenin (Yost et al., 1996; Doble and
Woodgett, 2003), the rapid time frame of our pharmacological
findings (15 min after systemic treatment or immediately after
drug infusion in cannulation experiments) makes the involve-
ment of transcriptional changes unlikely. Instead, our results sug-
gest that GSK3� modulates PPI through the M-type potassium
channel. The M-type potassium channel protein KCNQ2 was
identified recently as a putative substrate of PP2A and GSK3�
(Borsotto et al., 2007). Moreover, a mutation in the PIP5K2A
gene, which leads to reduced M-channel activity, has been linked
to schizophrenia (Fedorenko et al., 2008), suggesting that im-
paired M-channel function may lead to sensorimotor gating def-
icits. Here, we showed that Kcnq2(tm1Dgen)/� mice showed
reduced PPI, an effect that was also seen in wild-type mice treated
with the M-channel blocker linopirdine.

M-channels are voltage-gated potassium channels that are
strongly activated on depolarization, repolarizing the cell, and
potently regulating neuronal excitability (Brown and Adams,
1980; Brown, 1988; Jentsch, 2000). These properties make the
involvement of M-channels an attractive mechanism for modu-
lating PPI. Our in vivo behavioral and in vitro electrophysiologi-
cal analyses both showed a similar pattern of results, where
M-channel inhibition and GSK3 inhibition had similar effects on
PPI expression and on mPFC firing and GSK3 inhibition pre-
vented additional effects of M-channel inhibition. Based on these
findings, we suggest a hypothesis in which, under normal condi-
tions, cortical firing during the first acoustic stimulus leads to
M-channel activation, which depresses cortical firing and behav-
ioral activation in response to the second acoustic stimulus, 80 ms
after the first (Fig. 6). With impaired M-channels, we propose
there would be no suppression of firing and behavior during the
second acoustic stimulus. Although there are few detailed studies
of M-channel kinetic properties, especially in intact neurons in
which voltage-clamp control is more challenging, a recent study
suggests that M-channels can certainly be activated within the 80

Figure 5. GSK3 and M-type potassium channel inhibition have similar effects on AP firing
and accommodation in layer II/III prelimbic neurons in vitro. A, Example traces showing that
linopirdine and SB216763 exposure reduce accommodation, measured at the current step at
which eight APs were generated, and that linopirdine has no effect in SB216763-pretreated
neurons. The inset for the control/linopirdine trace shows the increase in firing at the same
current step shown for the control/baseline trace. Number of APs per current step was deter-
mined for each neuron in relation to rheobase, the minimum current required to evoke an AP in
that neuron. B, Linopirdine and SB216763 enhance AP firing, and linopirdine has no effect on
firing in SB216763-pretreated neurons. C, Linopirdine and SB216763 reduce accommodation,
and linopirdine has no effect on accommodation in SB216763-pretreated neurons. Accommo-
dation was assayed at the current step with eight APs and was determined by converting ISI
values for each AP pair in an AP train to IFF, and then normalizing IFF values for each AP pair in
the AP train to the IFF value for the second AP pair in the AP train. D, E, Bar graphs showing
statistical differences between the APs generated at the 100 pA step above rheobase (D), and
the IFF values for the seventh AP pair in the AP train (E). ctl, Control; freq., frequency; instant.,
instantaneous; lin, linopirdine; n.s., not significant, p 
 0.05; SB, SB216763. *p � 0.05 or
**p � 0.001.
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ms interval used in our PPI studies (Hu et
al., 2007). Determining with certainty the
level of M-channel activation in vivo dur-
ing the first acoustic stimulus would re-
quire analysis of firing changes with in
vivo electrophysiology, which is beyond
the scope of the present work, although
other studies have indicated that mPFC
neurons often show strong increases in
firing to potent or novel stimuli (Pirch
et al., 1992; Baeg et al., 2001; Jackson
and Moghaddam, 2006). Interestingly, we
did not observe enhanced acoustic startle
reactivity in Kcnq2(tm1Dgen)/� mice in
the absence of prepulses, suggesting that
M-channel-induced changes in neuronal
excitability specifically after the prepulse
stimulus may be critical for modulating
the subsequent response to the startle
stimulus.

KCNQ2 forms heteromeric channels
with KCNQ3 in the brain (Cooper et al.,
2000; Hadley et al., 2003), the activity of
which may be blocked by hyperphospho-
rylation (Nakajo and Kubo, 2005). In vitro
evidence suggests that GSK3� and PP2A
may have opposing actions on KCNQ2
phosphorylation, with GSK3� and PKA
synergistically phosphorylating KCNQ2
and PP2A dephosphorylating KCNQ2
(Borsotto et al., 2007). If PP2A were to
directly dephosphorylate KCNQ2 in vivo, we might predict that
loss of the positive regulatory subunit (PPP2R5�) of PP2A would
result in hyperphosphorylation of KCNQ2 and inhibition of the
channel, consistent with our behavioral observations in
Ppp2r5�Gt/� and Kcnq2(tm1Dgen)/� mutants and mice treated
with linopirdine. However, this model fails to account for PP2A
signaling upstream of GSK3� and our behavioral data showing
that GSK3� inhibition reduces PPI. PP2A and GSK3� modula-
tion of M-channel activity in vitro could be different from in vivo,
depending on which PP2A regulatory subunits, scaffolding pro-
teins, and/or other cofactors are present.

Importantly, we observed that inhibition of GSK3 or the
M-current directly within the mPFC reduced PPI, suggesting that
these currents in the mPFC represent a novel and critical mech-
anism that regulates PPI. In support of our behavioral data sug-
gesting an important role for the mPFC in PPI, our whole-cell
recordings from mPFC neurons showed that GSK3 and
M-channel inhibition similarly altered firing rate and spike
frequency accommodation. Furthermore, GSK3 inhibition
occluded the ability of an M-channel blocker to alter firing,
suggesting that GSK3 normally activates M-channels in mPFC
neurons. These data are an important confirmation of our
behavioral data, demonstrating that inhibition of GSK3 or
M-channel activity systemically or within the mPFC is suffi-
cient to impair PPI.

It has been proposed that reducing dopaminergic tone in PFC
attenuates PPI by disinhibition of descending glutamatergic fibers,
resulting in increased striatal DA release (Koch and Bubser 1994;
Ellenbroek et al., 1996; Japha et al., 1999). Specifically, disrupting
mPFC function by locally administering D1 and D2 antago-
nists (Ellenbroek et al., 1996) or 6-OHDA lesions (Bubser and
Koch, 1994, Swerdlow et al., 2006) disrupt PPI, although

NMDA antagonists in the mPFC do not inhibit PPI (Bakshi
and Geyer, 1998). These data are consistent with a model of
reduced dopaminergic function in mPFC contributing to
schizophrenia. In addition, local administration of picrotoxin
into the mPFC, which might be predicted to increase cortical
activity, can also disrupt PPI (Japha and Koch, 1999). Thus, we
hypothesize that pharmacological inhibition of GSK3 and
M-channels in the mPFC disrupts PPI through enhanced and
perhaps aberrant activation of the cortex.

Several groups have reported that systemic treatment with
the D2 antagonist haloperidol inhibits GSK3� activity in fron-
tal cortex (Li et al., 2007; Roh et al., 2007). However, systemic
administration of haloperidol in wild-type mice typically
enhances PPI, despite increasing extracellular dopamine in
the nucleus accumbens (Hernandez and Hoebel, 1989;
Moghaddam and Bunney, 1990; McCaughran et al., 1997;
Ouagazzal et al., 2001), whereas infusion of the D2 agonist
quinpirole directly into nucleus accumbens impairs PPI (Wan
and Swerdlow, 1993). Although we have not investigated the
role of DA signaling in the context of GSK3�/M-channel ac-
tivity and PPI, our behavioral and electrophysiological data
are consistent with a model in which inhibition of GSK3� in
the mPFC inhibits M-channel activity, resulting in hyperacti-
vation of glutamatergic projections to the NAc, presumably
increasing accumbal DA and reducing PPI.

Our data provide, to our knowledge, the first in vivo evidence
linking GSK3� with M-channel function. We identify the mPFC
as a site in which GSK3� and M-channels play a critical role in
modulating PPI in the mouse and describe a model that may be
relevant for studying the pathophysiology associated with senso-
rimotor gating disorders.

Figure 6. Proposed model of how M-channel inhibition in mPFC attenuates PPI. Under normal conditions, mPFC neuron in the
PPI circuitry fires in response to the prepulse stimulus. M-channel activation renders the neuron less responsive to the subsequent
startle stimulus and startle reactivity is gated. mPFC neurons in which M-channels have been inhibited, either through reduced
PP2A/GSK3 signaling or direct inhibition of the M-channel, are hypothesized to fire normally (or with increased probability) in
response to a prepulse stimulus but remain responsive to the startle stimulus. “B56�” denotes the PP2A regulatory subunit,
PPP2R5�.
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