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We have shown previously that aberrant hippocampal (HPC) output underlies the dopamine (DA) dysfunction observed in the

methylazoxymethanol acetate (MAM) developmental model of schizophrenia in the rodent. This alteration of HPC activity was proposed

to result from a reduction in parvalbumin (PV)-expressing GABAergic interneurons and consequent destabilization of the output of

pyramidal neurons, as well as disrupted activation across a broad neural network. In vivo extracellular recordings were performed in the

ventral tegmental area (VTA) and ventral HPC of saline- (SAL) and MAM-treated animals. A novel benzodiazepine-positive allosteric

modulator (PAM), selective for the a5 subunit of the GABAA receptor, SH-053-20F-R-CH3, was tested for its effects on the output of

the HPC, leading to dopamine system hyperactivity in MAM-treated animals. In addition, the effect of SH-053-20F-R-CH3 on the

hyperactive locomotor response to amphetamine in MAM animals was examined. We demonstrate that treatment with the a5GABAAR

PAM reduced the number of spontaneously active DA neurons in the VTA of MAM animals to levels observed in SAL rats, both when

administered systemically and when directly infused into the ventral HPC. Moreover, HPC neurons in both SAL and MAM animals

showed diminished cortical-evoked responses following a5GABAAR PAM treatment. In addition, the increased locomotor response

to amphetamine observed in MAM rats was reduced following a5GABAAR treatment. This study supports a novel treatment of

schizophrenia that targets abnormal HPC output, which in turn normalizes dopaminergic neuronal activity.

Neuropsychopharmacology (2011) 36, 1903–1911; doi:10.1038/npp.2011.76; published online 11 May 2011
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INTRODUCTION

There is mounting evidence supporting a role for hippo-
campal (HPC) dysfunction in the pathophysiology of
schizophrenia. Morphological changes, reduced HPC
volume, and GAD67 expression (Benes et al, 2007; Rimol
et al, 2010) have been reported post-mortem in the brains of
patients with schizophrenia. In addition, imaging studies
have demonstrated alterations in both HPC activation and
morphology that can precede the presentation of psychotic
symptoms or correlate with severity of cognitive deficits
(Pantelis et al, 2003; Schobel et al, 2009a, b; Weiss et al,
2006; Wolf et al, 2008), both during baseline and during
activation by a cognitive test.

Animal models of schizophrenia have provided insights
into network disturbances that contribute to the behavioral
pathology. One such model relies on a development
disturbance induced by administration of a DNA-methyl-
ating agent, methylazoxymethanol acetate (MAM), to
pregnant dams on gestational day (GD) 17. MAM-treated
offspring demonstrate both structural and behavioral
abnormalities, consistent with those observed in patients
with schizophrenia. Briefly, MAM animals are characterized
by reduced limbic cortical and HPC volumes with increased
cell packing density (Moore et al, 2006), increased
sensitivity to psychostimulants (Flagstad et al, 2004; Lodge
and Grace, 2007; Moore et al, 2006), reduced prepulse
inhibition to startle, and deficits in latent inhibition
(Flagstad et al, 2004). In addition, MAM animals demon-
strate a pathological increase in spontaneous dopamine
(DA) activity by the ventral tegmental area (VTA) that can
be attributed to aberrant activation within the ventral HPC
(Lodge and Grace, 2007). The hyperactivation of the
HPC and disruption of normal oscillatory activity in the
HPC and cortex of MAM animals is the likely result from
reductions in parvalbumin (PV)-stained interneurons
(Lodge et al, 2009).
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Oscillatory activity within the HPC has been implicated in
normal cognitive processes and relies on intact GABAergic
activity, via GABAA receptors, of HPC interneurons (Mann
and Paulsen, 2007; Whittington et al, 1995). Indeed, fast-
spiking, PV-expressing, soma-targeting interneurons are
one subtype of interneuron present in the HPC and are
known to be crucial in the generation of gamma oscillations
(20–80Hz) (Bartos et al, 2007). The GABAA receptor is a
pentameric anion-selective ion channel that is composed of
different classes of subunits (a1–6, b1–3, g1–3, d, y, r, and e)
(McKernan and Whiting, 1996). The a5GABAA receptor
subunit is unique in its relatively confined distribution in
the HPC, and to a lesser extent in the cortex and thalamus
(Heldt and Ressler, 2007; Ramos et al, 2004; Serwanski et al,
2006). In addition, within CA1 and CA3 regions of the HPC,
a5GABAA receptors are located extrasynaptically to pyr-
amidal neurons (Fritschy and Mohler, 1995; Serwanski et al,
2006). The tonic inhibition provided by a5-containing
GABAA receptors (a5GABAAR) is likely important for
coordinating spike timing of pyramidal neurons and
balancing excitation (Semyanov et al, 2004). Genetic deletion
of a5GABAAR blocks tonic inhibitory currents recorded from
pyramidal neurons in the CA1 region of HPC slices
(Caraiscos et al, 2004). Moreover, pyramidal neurons from
a5�/� mice show reduced depolarizing current thresholds
for action potential generation in comparison with wild-type
controls (Bonin et al, 2007). In addition, a5GABAAR is also
important for regulating gamma oscillatory activity in HPC
slice preparations (Towers et al, 2004).
Antagonism or genetic deletion of a5GABAA R has

behavioral consequences that resemble some of the
behavioral abnormalities seen in schizophrenia, including
reduced prepulse inhibition to startle (Hauser et al, 2005)
and impaired latent inhibition (Gerdjikov et al, 2008). In the
present study, we use the MAM model to demonstrate the
effectiveness of a novel compound, SH-053-20F-R-CH3, in
restoring normal HPC activity and secondary spontaneous
DA activity. SH-053-20F-R-CH3 is unique as a benzodiaze-
pine-positive allosteric modulator (PAM) selective for the
a5 subunit of the GABAAR (Cook et al, 2009; Fischer et al,
2010; Savic et al, 2010). Furthermore, the efficacy of
a5GABAAR PAM treatment in reducing the hyperlocomotor
response of MAM animals to amphetamine is explored.
These data have been presented previously in abstract form
(Gill et al, 2010).

MATERIALS AND METHODS

Animals

Experiments were conducted according to the guidelines
established by the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee at the
University of Pittsburgh. All electrophysiological recordings
and behavioral experiments were conducted in adult male
offspring of MAM- and SAL-treated rats.

Methylazoxymethanol Treatment

MAM treatments were performed as described previously
(Moore et al, 2006). In brief, timed pregnant female

Sprague–Dawley rats (Hilltop) were obtained on GD 15
and individually housed in ventilated plastic breeding tubs.
MAM (20mg/kg, i.p.) was administered on GD 17. Control
dams received injections of SAL (1ml/kg, i.p.). Male pups
were weaned-off on day 21 and pair-housed with litter-
mates, until approximately 3–4 months of age, at which
time they were used for physiological or behavioral experi-
ments. Multiple litters of MAM- and SAL-treated rats were
used for the completion of this study.

Electrophysiological Recording

Animals were anesthetized with an initial dose of chloral
hydrate (Sigma, 400mg kg, i.p.) and were supplemented
periodically (i.v.) to maintain a suppression of the hindlimb
withdrawal reflex. After being placed in a stereotaxic frame
(Kopf), rats were implanted with a catheter in the lateral tail
vein to allow for intravenous injections. Body temperature
was maintained at 371C with a temperature-controlled
heating pad (Fintronics). In vivo extracellular recordings
were conducted using single glass microelectrodes (WPI;
impedance 6–8MO) filled with a 2% Chicago Sky Blue
(Sigma) solution in 2M NaCl. Electrodes were placed in
the VTA (AP,�5.3mm; ML, + 0.6mm from bregma, and
�6.5 to �9.0mm ventral of brain surface) or ventral HPC
(AP, �5.3mm; ML, + 5.3mm from bregma, and �5.5 to
�8.5mm ventral of brain surface) using a hydraulic
microdrive (Kopf). The population activity of DA neurons
was determined by counting the number of spontaneously
firing DA neurons encountered while making 6–9 vertical
passes (each track separated by 200 mm). Spontaneous
neural activity was monitored in each track with open filter
settings (low pass¼ 50Hz; high pass¼ 16 kHz), until an
individual neuron was encountered that met the electro-
physiological criteria of DA neurons established previously
(Grace and Bunney, 1983). The activity of each DA neuron
was recorded for 5min. Three parameters of activity were
measured: (1) population activity (defined as the number
of spontaneously active DA neurons recorded per electrode
track), (2) basal firing rate, and (3) the proportion of action
potentials occurring in bursts (bursts defined as the
occurrence of two spikes with an interspike interval of
80ms, and the termination of the burst defined as the
occurrence of an interspike interval of 160ms) (Grace and
Bunney, 1983).
For recordings in the ventral HPC, neurons were selected,

based on short-latency (o10ms) evoked responses to
stimulation of entorhinal cortex (0.5Hz). A concentric
bipolar electrode (NEX-100X; Rhodes Medical Instruments)
was implanted in the entorhinal cortex (301 angle; AP,
�6.6mm; ML, + 1.6mm from bregma, and �8.5mm ventral
to top of skull). A dual output stimulator (S8800; Grass
Technologies) was used to generate single current pulses
(duration, 0.20ms; intensity 300mA) in the entorhinal cortex,
while the recording microelectrode was advanced slowly into
the ventral HPC.

SH-053-20F-R-CH3 Preparation and Treatment

Complete methods regarding synthesis of the novel
a5GABAAR PAM, SH-053-20F-R-CH3 have been described
previously (Cook et al, 2009). Briefly, the R stereoisomer of
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8-ethynyl-6-(2-fluorophenyl)-4-methyl-4H-2,5,10b-triaza-benzo
[e]azulene-3-carboxylic acid ethyl ester was synthesized at
the Department of Chemistry and Biochemistry, University
of WisconsinFMilwaukee. SH-053-20F-R-CH3 has been
demonstrated to have a greater relative affinity for a5
GABAAR (Ki¼ 95.2) as well as a lower affinity for a1, a2,
and a3 GABAAR (Ki¼ 759.1, 948.2, and 768.8, respectively)
(Fischer et al, 2010).
For electrophysiological recordings, SH-053-20F-R-CH3

was initially dissolved in 50% propylene glycol and 50%
deinonized water with 10 ml EtOH. The drug was then
brought to a final concentration of 0.1mg/kg in 50%
propylene glycol and 50% deionized water for systemic
administration (i.v.). The 1mM concentration of SH-053-
20F-R-CH3, used for local infusion into the ventral HPC,
has been demonstrated in competition binding assays to
provide optimal binding to the a5 subunit of the GABAA

receptor with little nonspecific binding at the other alpha
(1–3) subunits (Savic et al, 2010). Local infusions were
performed in anesthetized animals before electrophysio-
logical recordings. Guide cannula (26 gauge) was placed
stereotaxically above the ventral HPC (AP, �5.8mm; ML,
+ 5.0mm from bregma, and �4.5mm ventral of brain
surface). Subsequently, infusion cannula (33 gauge) was
inserted into the guide cannula, extending 1mm beyond the
tip of the guide cannula. Animals were infused bilaterally
with either vehicle or SH-053-20F-R-CH3 (0.5 ml/side; rate of
0.25 ml/min), and infusion cannula remained in place for
2min after infusion to allow complete diffusion of the
compound.
Before DA neuron sampling or following a 20-min baseline

recording period for HPC neurons, animals were adminis-
tered either vehicle or SH-053-20F-R-CH3 (0.1mg/kg, i.v. or
1 mM/0.5 ml/side, HPC infusion). For behavioral experi-
ments, SH-053-20F-R-CH3 was dissolved with the aid of
sonication in a solvent containing 85% deionized water,
14% propylene glycol, and 1% Tween 80, and was admini-
stered intraperitoneally (10mg/kg) in a volume of 2ml/kg.

Amphetamine-Induced Locomotion

Rats used for behavior were housed in a reverse light/dark
cycle (lights on from 1900 to 0700 h) for at least 10 days
before the start of behavioral experiments. Rats were
administered the a5GABAAR PAM, SH-053-20F-R-CH3
(10mg/kg, i.p.), or SAL (2ml/kg) 20min before being
placed in an open-field arena (Coulbourn Instruments,
Allentown, PA) in which spontaneous locomotor activity
in the x–y plane was determined for 30min by beam
breaks and recorded with TruScan software (Coulbourn
Instruments). Rats were then injected with D-amphetamine
sulfate (0.5mg/kg, i.p.) and locomotor activity recorded for
an additional 90min.

Histology

At the completion of the electrophysiological experiments,
the recording location was marked via electrophoretic
ejection of Chicago sky blue from the tip of the recording
electrode (�20 mA constant current, 30min). Rats used for
electrophysiological recordings were killed with an overdose
of anesthetic (chloral hydrate, additional 400mg/kg, i.v.),

whereas rats used for behavioral experiments were deeply
anesthetized with isoflurane before decapitation. All rats
used for electrophysiological recordings were decapitated
and their brains removed, fixed for at least 48 h (8%w/v
paraformaldehyde in PBS), and cryoprotected (25%w/v
sucrose in PBS) until saturated. Brains were sectioned
(60 mm coronal sections), mounted onto gelatin-chrom
alum-coated slides, and stained with a mixture of cresyl
violet and neutral red for histochemical verification of
electrode sites. All histology was performed with reference
to a stereotaxic atlas (Paxinos and Watson, 1996).

Analysis

Electrophysiological analysis of DA and ventral HPC
neuronal activity was performed using custom-designed
computer software (Neuroscope), whereas locomotor
behavior was recorded using TruScan software. All data
are represented as the mean±SEM, unless otherwise stated.
All statistics were calculated using the SigmaStat software
program (Systat Software, San Jose, CA).

RESULTS

Rats that were administered SAL on GD17 (SAL; n¼ 5, 47
neurons) demonstrated an average of 1.11±0.27 sponta-
neously active DA neurons per electrode track. Consistent
with what has been reported previously for untreated rats,
DA neurons recorded in SAL rats (Figures 1a–c) fired at an
average rate of 3.53±0.48Hz with 28.4±7.7% of action
potentials fired in bursts (Floresco et al, 2003; Lodge and
Grace, 2006a, b; Lodge and Grace, 2007). In addition, adult
rats that received injections of MAM at GD17 (n¼ 7, 106
neurons) showed significantly greater DA neuron popula-
tion activity (2.35±0.20 cells/track; F¼ 15.99, po0.001)
without significant differences in average firing rate
(3.96±0.34Hz; F¼ 0.39, p40.05) or average burst firing
(34.5±5.2%; F¼ 2.99, p40.05) with relative to controls, as
described previously (Lodge and Grace, 2007). There was a
significant interaction effect between MAM offspring and
a5GABAAR PAM injections on spontaneous DA activity
(F¼ 17.97, po0.001). In control animals, treatment with the
selective a5GABAAR PAM (n¼ 7, 69 neurons), SH-053-20F-
R-CH3, had no effect on DA neuron population activity
(1.10±0.13 cells/track; t¼ 0.05, p40.05), average firing rate
(3.87±0.22Hz), or average burst firing (22.07±3.02%).
In contrast, MAM animals treated with the a5GABAAR PAM
(n¼ 7, 67 neurons) displayed a significant reduction in DA
population activity compared with MAM rats treated with
vehicle (1.06±0.12 cells/track; t¼ 5.82, po0.001), without a
significant change in average firing rate (3.59±0.54Hz) or
average burst firing (31.46±7.29%).
To verify the site of action of the a5 GABAAR PAM in the

ventral HPC, SH-053-20F-R-CH3 or vehicle was micro-
infused directly into the ventral HPC of a separate group of
MAM- and SAL-treated rats before sampling spontaneous
DA neuron activity. Consistent with the results reported
above, in control animals infused bilaterally with vehicle in
the ventral HPC (Figures 2a–c), DA neurons (0.94±0.10
cells/track) fired at an average rate of 4.23±0.41Hz, with
29.20±4.20% of action potentials fired in bursts. In
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comparison, MAM animals infused with vehicle demons-
trated significantly greater DA neuron population activity
(2.10±0.12 cells/track, F¼ 4.70, po0.05) without signi-
ficant differences in firing rate (4.18±0.28Hz; F¼ 0.13,
p40.05) or average burst firing (31.41±2.89%; F¼ 0.12,
p40.05) relative to controls. There was a significant inter-
action between MAM and a5GABAAR PAM infusions on
spontaneous DA activity (F¼ 20.59, po0.001). In control
animals (N¼ 7, 70 neurons) bilateral infusion of the
a5GABAAR PAM directly into the ventral HPC had no
effect on DA neuron population activity (1.24±0.14 cells/
track; t¼ 0.61, p40.05) or average firing rate (4.03±0.28Hz).

Similar to what was observed following intravenous adminis-
tration of the compound, MAM animals infused with the
a5GABAAR PAM in the ventral HPC (n¼ 7, 47 neurons)
displayed a significant reduction in DA neuron population
activity compared with MAM rats treated with vehicle
(0.89±0.14 cells/track; t¼ 5.80, po0.001), without a signifi-
cant change in average firing rate (3.84±0.34Hz). Unlike
systemic treatment, HPC infusion of the a5GABAAR PAM did
significantly reduce burst firing in comparison with vehicle
infusion (F¼ 3.96, po0.05). There was not a significant inter-
action effect of MAM and a5GABAAR PAM (F¼ 0.08, p405)

Figure 1 Treatment with SH-053-20F-R-CH3 (0.1mg/kg, i.v.; patterned
bars) normalizes the aberrant increase in the number of spontaneously
firing dopamine neurons (expressed as cells/track) in methylazoxymethanol
acetate (MAM)-treated animals (a). There was no effect of SH-053-20F-R-
CH3 treatment in control animals (open bars, a–c) or on firing rate and
burst activity in MAM animals (dark bars; b–c). (*po0.05, two-way
ANOVA, Holm–Sidak post hoc; N¼ 5–7 rats/group).

Figure 2 Hippocampal (HPC) infusion of SH-053-20F-R-CH3 (1 mM/
side; patterned bars) reduces the increase in the number of spontaneously
firing dopamine neurons (cells/track) in methylazoxymethanol acetate
(MAM)-treated animals (a). There was no effect of SH-053-20F-R-CH3
treatment in control animals (open bars, a–c) or on firing rate in MAM
animals (dark bars; b). Hippocampal (HPC) infusion of SH-053-20F-R-CH3
significantly reduced the percentage of spikes occurring in bursts of
dopamine (DA) neurons in MAM and control animals (c). (*po0.05, two-
way ANOVA, Holm–Sidak post hoc; N¼ 7 rats/group).
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on burst firing, indicating the decrease was present in both
control (23.25±2.97%) and MAM animals (23.49±3.62%)
following a5GABAAR PAM infusions.
Given previous evidence that alterations in HPC activity

underlies the hyperactivity in the DA system in MAM rats
(Lodge and Grace, 2007), changes in the response of ventral
HPC neurons following a5 GABAAR PAM treatment was
explored. Illustrated in Figure 3 is a representation of the
localization of recording sites within the ventral HPC. In
SAL rats, neurons (n¼ 15) showed a short-latency (10.21±
0.66ms; Figure 4c) excitatory response to stimulation of the
neighboring entorhinal cortex. A subset of these neurons
(50%) displayed a transient (o15min) reduction in evoked
responses to entorhinal cortex stimulation following
a5 GABAAR treatment (Figure 4a; F¼ 25.21, po 0.001).
Short-latency (9.96±0.72ms; n¼ 16) excitatory responses
to entorhinal cortex stimulation were also observed in the
HPC of MAM-treated animals (Figure 4b). Following a5
GABAAR treatment, 62.5% of neurons showed a longer
lasting (up to 30min) decrease in evoked responses to
entorhinal cortex stimulation in comparison with controls
(Figure 4a; F¼ 27.08, po 0.05). Therefore, the a5 GABAAR
PAM appeared to attenuate the excitation evoked by ento-
rhinal cortex stimulation within the ventral HPC. Moreover,
this appears to be selective for regions such as the hippo-
campus in which the a5 GABAAR is localized, as this drug
failed to attenuate thalamic-evoked activation of the cingu-
late cortex at 1� and 10� the dose effective in the

hippocampus (N¼ 2). The sustained reduction in HPC
excitability and corresponding decrease in population
activity in the VTA of MAM animals is parallel to the
impact of inactivation of the ventral HPC with tetrodotoxin
(TTX) on spontaneous DA activity in MAM rats (Lodge and
Grace, 2007).
Given that rats treated on GD17 with MAM show a

heightened response to psychostimulants that can be
reduced following inactivation of the ventral HPC, it was
tested whether treatment with a GABAAR PAM can have a
similar effect on behavior (Flagstad et al, 2004; Lodge and
Grace, 2007; Moore et al, 2006). A repeated measures
ANOVA on the locomotor response to a low dose (0.5mg/
kg, i.p.) of D-amphetamine showed both a significant
difference between MAM and control animals (F¼ 9.42,
po0.05), as well as a significant interaction between MAM
and a5GABAAR PAM injections (Figure 5a; F¼ 30.36,
po0.05). MAM rats (n¼ 11) displayed a significantly
enhanced peak locomotor response (B10.5-fold increase
above peak response observed in controls, n¼ 12; po0.05)
to D-amphetamine (F¼ 6.42, po 0.05; Figure 5b). In control
rats, the locomotor response to amphetamine was not
significantly altered by a5GABAAR treatment (n¼ 11;
F¼ 0.79, p40.05). In contrast, a5GABAAR PAM was able
to reduce the psychostimulant-induced locomotor response

Figure 3 Schematic illustrates infusion cannula tip locations in ventral
hippocampal (HPC) (a; shaded rectangle), electrophysiological recording
sites in ventral HPC (b; grey¼ saline, black¼methylazoxymethanol acetate
(MAM)), and target stimulation sites (c; shaded area) in dorsolateral
entorhinal cortex. Adapted from Paxinos and Watson, 1996.

Figure 4 Extracellular recording traces illustrate the reduction in evoked
responses in the ventral hippocampal (HPC) to entorhinal cortex
stimulation in both methylazoxymethanol acetate (MAM) and saline-
treated animals (a, b). Treatment with SH-053-20F-R-CH3 (0.1mg/kg, i.v.)
decreases the evoked excitatatory response (dashed lines) of ventral HPC
neurons to entorhinal cortex stimulation in both MAM- and saline- treated
animals (c). (*po0.05 for saline and +po0.05, two-way repeated
measures ANOVA, Holm–Sidak post-hoc).
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in MAM rats (n¼ 12), such that the response was not
significantly different from control rats (F¼ 0.89, p40.05).
These data suggest that, by attenuating HPC activity and
secondary DA neuron population activity in MAM rats,
a5GABAAR treatment can attenuate the behavioral hyper-
responsivity to amphetamine.

DISCUSSION

We have demonstrated that the pathological increase in
dopaminergic activity observed in the MAM model of
schizophrenia can be resolved by treatment with a selective
a5GABAAR PAM, SH-053-20F-R-CH3. Moreover, the de-
crease in DA population activity following a5GABAA R
treatment is likely the result of reduced activation of the
ventral HPC. These alterations in ventral HPC output and
secondary reductions in spontaneous DA activity are also
reflected behaviorally. The heightened locomotor response
to a low dose of D-amphetamine, observed in MAM animals,
was also reduced by treatment with the a5GABAA R PAM.
Changes in normal HPC function likely contribute to the

psychotic features of schizophrenia. There is substantial
evidence for a DA involvement in psychosis: (1) DA
agonists are known to exacerbate psychosis in schizo-
phrenia (Curran et al, 2004; Yui et al, 2002), (2) DA anta-
gonist antipsychotic drugs are more effective at treating the
positive psychotic symptoms of this disorder (Seeman et al,

1976; Strange, 2001), (3) and PET imaging studies show
higher amphetamine-induced raclopride displacement in
schizophrenia subjects, indicative of increased DA release
that correlates with a worsening of psychosis (Breier et al,
1997; Laruelle et al, 1999). It has already been established
that the HPC regulates DA population activity in the VTA
via a multisynaptic pathway (vHPCFnucleus accumbensF
ventral pallidumFVTA) (Floresco et al, 2001; Floresco
et al, 2003). In the MAM rodent model of schizophrenia,
increased activity of this multisynaptic pathway, originating
in the ventral HPC, underlies the pathological increase in
DA population activity (Lodge et al, 2009; Lodge and Grace,
2007). It has been demonstrated that in addition to
simultaneous increases in population activity in both the
ventral HPC and VTA, inactivation of the HPC with TTX
can abolish the increase in population activity in the VTA
seen in MAM animals (Lodge and Grace, 2007). There are
also distinct morphological changes in the MAM HPC,
decreases in structure volume, as well as decreased expres-
sion of PV, indicative of diminished interneuron function-
ality (Lodge et al, 2009; Moore et al, 2006). Ultimately, the
loss of functionality of this subset of GABAergic inter-
neurons projecting to pyramidal cell neurons likely
accounts for the HPC hyperactivity and secondary increases
in DA population response in the VTA. This is also consis-
tent with clinical data showing that patients with schizo-
phrenia demonstrate abnormal resting state activation in
the HPC (Heckers et al, 1999; Nordahl et al, 1996) that
correlates with psychosis (Grace, 2010). Therefore, abnor-
mally increased ventral HPC excitability appears to drive
the increased DA neuron population activity that we
propose correlates with psychosis in schizophrenia.
The non-principal neurons in the HPC are a hetero-

geneous population of GABAergic neurons. The four main
categories of interneurons are characterized by their
expression of nitric oxide synthase, calretinin, somatostatin,
and PV (Nomura et al, 1997a). Parvalbumin expression is
observed in interneurons located mainly in the pyramidal
cell layers in CA1, CA3, and the dentate gyrus. Three
different neuron types express PV; basket cells, axo-axonic
cells, and bistratified cells, and form synapses on somata,
axon initial segments, and proximal dendrites of pyramidal
and granule cells (Nomura et al, 1997a, b). On the basis of
their connectivity with pyramidal neurons, as well as with
each other, PV-expressing interneurons are effectively
positioned to participate in network oscillatory activity
within the HPC. In patients with schizophrenia, as well as
in animal models of the disease, a significant reduction in
PV has been reported in cortical as well as HPC areas
(Hashimoto et al, 2003; Lewis et al, 2001; Lodge et al, 2009;
Tseng et al, 2008). The loss of PV corresponds with a
pathological alteration in oscillatory activity with broad
consequences on network dynamics between brain regions.
Gamma oscillations in the HPC require GABAA receptor
activity (Whittington et al, 1995), and there is a loss of
evoked gamma oscillatory activity, both in MAM rats and
in humans, in regions showing PV neuron decreases
(Gonzalez-Burgos et al, 2010; Lodge et al, 2009; Minzenberg
et al, 2010).
GABAA R are pentameric and most of them contain a

combination of at least 1a, 1b, and 1g subunit (McKernan
and Whiting, 1996; Pritchett et al, 1989; Quirk et al, 1996).

Figure 5 Treatment with SH-053-20F-R-CH3 (10mg/kg, i.p.) reduces
the aberrant increased locomotor response to D-amphetamine (0.5mg/kg
i.p.) observed in methylazoxymethanol acetate (MAM) rats (a). MAM
animals demonstrated a significantly larger peak locomotor response than
both saline-treated animals and MAM animals pre-treated with the alpha-5
PAM (b). (There was a significant difference between MAM-vehicle and all
other groups, po0.05, two-way repeated measures ANOVA, Holm–Sidak
post-hoc).
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The a5GABAA subunit shows a high affinity for GABA as
well as a restricted pattern of expression, predominately in
the HPC, with less expression in the cortex and thalamus
(Heldt and Ressler, 2007; Ramos et al, 2004; Sur et al, 1999).
In the adult HPC, a5GABAAR are located extrasynaptically,
primarily in the dendritic fields of CA1, CA3, dentate gyrus,
and subiculum (Sur et al, 1999). In addition, a5GABAAR
expression and binding is greater in the ventral HPC,
mainly stratum lacunosum-moleculare, in comparison with
the dorsal HPC (Sarantis et al, 2008; Sotiriou et al, 2005),
suggesting that targeted agonism of this GABA subunit
would alter ventral HPC activity selectively. It has been
shown that extrasynaptic GABAA receptors mediate tonic
inhibitory conductances, at both pyramidal and dentate
granule cells (Bai et al, 2001; Nusser and Mody, 2002). We
demonstrated that treatment with the a5GABAAR PAM,
SH-053-20F-R-CH3 was able to reduce the responsiveness of
a subset of HPC neurons to entorhinal cortex stimulation.
In MAM-treated animals, the reduction in HPC activity was
also accompanied by a reduction in spontaneous DA
neuron activity in the VTA.
Targeted deletion of the a5-subunit causes alterations in

learning and memory processes, consistent with alterations
in normal HPC functions. Mice with mutations of the
a5-subunit display impairments in latent inhibition, pre-
pulse inhibition, and extinction of fear behaviors (Gerdjikov
et al, 2008; Hauser et al, 2005). Consequently, with
otherwise normal HPC activity, loss of the a5-subunit has
behavioral consequences in the processing of contextual
stimuli. In the MAM animal, in which oscillatory activity is
already impaired by a loss of PV, increasing a5GABAAR
activation may act to restore normal HPC function, for
example, increasing gamma oscillations, and consequently
affecting behavior. MAM-treated animals are known to
show heightened behavioral responses to psychostimulants
(Flagstad et al, 2004; Lodge and Grace, 2007; Moore et al,
2006), which is consistent with the increased amphetamine-
induced raclopride displacement seen in human schizo-
phrenia patients (Breier et al, 1997). In the present study,
treatment with the specific a5GABAAR PAM, SH-053-20F-R-
CH3 reduced the locomotor response to a low dose of
D-amphetamine observed in MAM animals, reflecting the
reduced activation of DA neurons in the VTA.
By targeting aberrant HPC activity in MAM rats with a

selective a5GABAAR PAM, we successfully reversed the
pathological increase in tonic DA transmission. In addition,
we were able to reduce the behavioral sensitivity to
psychostimulants observed in MAM rats. This suggests
that this novel agent would be effective in alleviating
DA-mediated psychosis. However, if this drug can also
restore rhythmicity within HPC-efferent structures, it may
also affect other aspects of this disease state such as
cognitive disabilities and negative symptoms. Considering
that the MAM model provides schizophrenia-like neuro-
anatomical and behavioral phenotypes, the successful
resolution of some of these aberrations with a5GABAAR
PAM treatment is suggestive of the possible success
of similar treatment in patients. Using a selective a5GA-
BAAR agonist in lieu of the less selective benzodiazepine
drugs, such as diazepam, would provide the therapeutic
benefit of reducing psychotic symptoms without producing
unwanted sedation.
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