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Abstract

The hippocampus of patients with schizophrenia displays aberrant excess neuronal activity which
affects cognitive function. Animal models of the illness have recapitulated the overactivity in the
hippocampus, with a corresponding regionally localized reduction of inhibitory interneurons,
consistent with that observed in patients. To better understand whether cognitive function is
similarly affected in these models of hippocampal overactivity, we tested a ketamine mouse model
of schizophrenia for cognitive performance in hippocampal- and medial prefrontal cortex (mPFC)-
dependent tasks. We found that adult mice exposed to ketamine during adolescence were impaired
on a trace fear conditioning protocol that relies on the integrity of the hippocampus. Conversely,
the performance of the mice was normal on a delayed response task that is sensitive to mPFC
damage. We confirmed that ketamine-exposed mice had reduced parvalbumin-positive
interneurons in the hippocampus, specifically in the CA1, but not in the mPFC in keeping with the
behavioral findings. These results strengthened the utility of the ketamine model for preclinical
investigations of hippocampal overactivity in schizophrenia.
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1. Introduction

Neurocognitive deficits are a key clinical feature of schizophrenia that predate the onset of
psychosis and predict long-term disability in patients (Corigliano et al., 2014; Eastvold et al.,
2007; Green, 1996; Green et al., 2004; Jahshan et al., 2010; Nuechterlein et al., 2014).
Existing antipsychotics and nootropics however have limited efficacy in improving
cognition and functional outcomes in schizophrenia. Preclinical animal models developed to
recapitulate many of the features of the illness have been used to investigate neurocognitive
deficits and their treatments (Dudchenko et al., 2013; Lipska and Weinberger, 2000; Moore
etal., 2013; Young et al., 2012), and these models commonly pointed to deficits in
hippocampal- and prefrontal-mediated functional domains, consistent with their known
importance in learning and memory.

Recent evidence from animal models and human neuroimaging studies has indicated altered
brain excitability in the medial temporal lobe as a potential driver of pathology in
schizophrenia. Specifically, the evidence suggests that hippocampal dysfunction in
schizophrenia patients, and also observed in well-established animal models of the
schizophrenia, may be due to aberrant hippocampal overexcitability (e.g., Lodge & Grace,
2007; Medoff et al., 2001; Sanderson et al., 2012; Schobel et al., 2009; 2013; Tregellas et
al., 2014; Zierhut et al., 2010). In one such study, hippocampal overactivity was observed
early during a prodromal stage and predicted clinical progression to overt psychosis within 2
years (Schobel et al., 2009). The level of overactivity has also been found to correlate with
worse cognitive performance in schizophrenia patients (Tregellas et al., 2014). Consistent
with those findings, aberrant excitability in the hippocampus has been observed in
neurodevelopmental animal models of schizophrenia that used the NMDA receptor
antagonist ketamine (Schobel et al., 2013) or the antimitotic compound
methylazoxymethanol acetate (e.g., Lodge & Grace, 2007). As adults, animals exposed to
those agents prenatally or during adolescence have significantly higher hippocampal
metabolic basal activity (Schobel et al., 2013) and in vivo hippocampal firing rates (Gill et
al., 2011; Lodge & Grace, 2007) compared to vehicle-treated controls. In vitro slice
recordings from the treated animals have also provided evidence for neuronal
hyperexcitability of principal neurons in the hippocampus that could be partially normalized
with diazepam (Sanderson et al., 2012). Thus, both preclinical and clinical data suggest that
overactivity is a condition contributing to hippocampal dysfunction in this illness.

One important correlate of underlying circuit perturbation that is relevant to the
pathogenesis of overactive hippocampus is the loss of GABAergic inhibitory interneuron
populations. Individuals with schizophrenia have normal total number of neurons in the
hippocampus (Heckers et al., 1991; Konradi et al., 2011; Schmitt et al., 2009; Walker et al.,
2002), but significantly reduced parvalbumin- and somatostatin-expressing interneurons
both in patients (Konradi et al., 2011; Torrey et al., 2005; Zhang and Reynolds, 2002) and in
animal models (e.g., Gilani et al., 2014, Gill and Grace, 2014; Lodge et al., 2009; Schobel et
al., 2013). The loss of inhibitory network integrity in schizophrenia suggests that boosting
inhibitory control in the hippocampus may be beneficial. Indeed, treatments with a GABAA
ab positive allosteric modulator in an animal model were shown to be effective in reducing
evoked excitatory response in the hippocampus and normalizing dopamine dysfunction (Gill
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et al., 2011). An alternate strategy involving tightly regulating glutamate transmission was
shown to be effective too, at least in reducing hypermetabolism and ameliorating loss of
parvalbumin in the mouse hippocampus (Schobel et al., 2013). Whether these treatments,
currently still in preclinical testing, are beneficial for enhancing cognition has not been
demonstrated yet.

Towards that goal, we set out to determine if the preclinical models used to recapitulate
hippocampal hyperactivity in schizophrenia produce cognitive dysfunction. Specifically, we
examined a ketamine mouse model that displays hippocampal hyperactivity akin to that seen
in schizophrenia patients (Schobel et al., 2013) for functional impairment in hippocampal-
and prefrontal-mediated memory tasks. While the ketamine model is well established and
produces schizophrenia-like symptoms including impaired cognition in other exposure
regimens (e.g., Olney et al., 1999; Neill et al., 2010), it is not known whether the specific
induction protocol of ketamine exposure that produced hippocampal overactivity leads to
cognitive dysfunction. Differences in induction regimens in this area have been noted to
impede consistency in findings and translational integrity (Gilmour et al., 2012). We first
established that mice exposed to this ketamine regimen during a month in adolescence show
hyper-responsiveness as adults to a dopamine agonist, a commonly used behavioral assay to
validate dopaminergic perturbation that is central to the disease. We then showed that these
mice displayed impaired hippocampal-dependent trace fear memory but intact medial
prefrontal cortex (mPFC)-mediated working memory. The expression of inhibitory
interneurons in those brain areas was in line with the behavioral findings; that is,
parvalbumin-positive interneurons were decreased in the hippocampus but not in the mPFC.

2. Materials and methods

2.1 Subjects

Male C57/BL6 mice were obtained at 4 weeks old from The Jackson Laboratory (Bar
Harbor, Maine). The mice were housed in cohorts of 4 per cage at 25°C and maintained on a
12-hr light/dark cycle. Once ketamine exposure was initiated, the mice were housed
individually. All cages were lined with corncob bedding and a nestlet for nest building. Food
(Purina autoclave laboratory rodent diet) and water were provided ad libitum. All procedures
in the current investigations were approved by the Institutional Animal Care and Committee
in accordance with the National Institutes of Health directive.

2.2 Ketamine exposure

Ketamine (VedCo; 100 mg/ml concentration) was diluted to 1.6 mg/ml, and injected at a
volume of 10 ml/kg of body weight (Schobel et al., 2013). Mice were injected
subcutaneously three times a week (Monday, Wednesday, and Friday) with saline or
ketamine (16 mg/kg) for a month starting at 1-mo of age. Following the month treatment,
the mice were left undisturbed until adulthood at 4—6 months old for behavioral testing.

2.3 Amphetamine-induced locomotor activity

Each mouse was placed in an open field chamber (42 cm x 42 cm x 30.5 cm) in which
locomotion was tracked with the VersaMax animal activity monitoring system (AccuScan
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Instruments, Columbus, OH). After 30 min of baseline activity, the mouse was taken out of
the chamber and injected intraperitoneally with a small dose of amphetamine (0.5 mg/kg in a
volume of 10 ml/kg; Sigma). The mouse was then returned to the chamber for another 60
min of activity monitoring. Total distance travelled and movement time were the dependent
measures.

2.4 Trace fear conditioning

The trace fear conditioning apparatus and procedures were identical to those described in
Smith et al. (2007). Briefly, each conditioning chamber was either square (17.78 cm wide x
17.78 cm deep x 30.48 high; model #H10-35M-04; Coulbourn Instruments, Whitehall, PA)
or octagonal (radius 21.59 cm and 30.48 high; model #H10-35M-08; Coulbourn
Instruments), with a grid floor through which a footshock could be delivered. Half of the
square and half of octagonal chambers were scented with two drops of vanilla extract in the
drop pan. During testing, the grid floor was replaced with a solid wooden floor coated with a
white colored sealant. A speaker was mounted on the back wall for the delivery of a tone.
The tone and shock were created via a peripheral Coulbourn tone generator (model
#A69-20) and animal shocker (model #H13-16). A computer that interfaced with Coulbourn
Graphic State software controlled all stimuli onset and duration.

On the first day (acclimatization day), mice were pre-exposed to the training chambers for
12 min; no tone or shock was delivered. On the second day (training day), the mice were
placed in the same chambers as on the first day for 4 min to acclimatize. The mice were then
given six conditioning trials involving 70-dB tone (conditioned stimulus) and a 2-s, 0.5-mA
shock (unconditioned stimulus). Each trial consisted of a 20-s baseline interval, a 20-s tone
presentation, an 18-s trace interval, a 2-s shock, and a 40-s post-shock interval. On the third
day (testing day), the mice were placed in a novel test chamber for 3 min (i.e., mouse trained
in a square chamber was tested in a octagonal chamber, and vice versa), and then given four
100-s testing trials. Each trial consisted of 20-s interval baseline interval, a 20-s tone (70 dB)
presentation, and a 60-s post-tone interval (see Figure 2A for schematic representations of
the training and testing trials). Scoring was done from a video at 1-s interval increments for
freezing during the 40-s post-shock interval on training day and the 60-s post-tone interval
on testing day.

2.5 Delayed response task

Mice were tested on a delayed response task in modified operant chambers. The chambers
were made of aluminum front and back walls, clear polycarbonate sides and ceiling, and
stainless-steel rods floor (Med Associates, St Albans, VT). Each chamber had a
programmable food cup for the delivery of liquid reward, and was connected to a vacuum
for the removal of liquid. Infrared photocells around the food cup monitored the time spent
and number of entries into the cup. Each chamber had two retractable mouse levers to the
left and right sides of the food cup. A house light provided ambient light inside the sound-
attenuating shell that housed the chambers.

Prior to training, mice were food deprived and pre-exposed to a 10% sucrose solution in
their home cages, which served as a reward in the task. The food-deprived mice were water
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restricted subsequently during training (1 hr water access each day in the home cage) to
increase motivation and were maintained at approximately 85% free-feeding body weight
throughout the study. At the start of the training phase, the mice were habituated to the
chambers and were given food cup magazine training. Each mouse was given 60 trials of
sucrose presentation at a pseudo-random interval each day for two days. The sucrose (50 ul
of 20% wi/v) was presented in the food cup for 5 s before removal by vacuum. Next, the
mice were shaped to lever press for sucrose delivery under a fixed ratio schedule (FR-1) for
12 sessions over six days; only one lever was available during each of the two 20-min daily
sessions.

The mice received training of delayed response task procedures that involved sampling,
delay, and choice segments (see Figure 3 top panel for schematic representations). On each
trial, one pseudo-randomly selected lever was presented for the mice to sample; once
pressed, the lever retracted and the mice were required to nosepoke the food magazine. This
action initiated an experimentally determined delay interval, after which time both levers
were extended for the choice phase. A correct response to the sample lever was rewarded
with the delivery of 40-50 pls of sucrose available for 5 s, and a 5-s intertrial interval began
(house lights went off for the first 2 s and then turned back on) before the next trial. An
incorrect choice resulted in no reward, and the 5-s intertrial interval was activated before the
next trial. Each training session was conducted once a day and lasted 40 min. The mice were
first trained with no delay between the sample and choice phases. Once the mice achieved a
criterion of 80% correct trials on two consecutive days with a minimum of 20 trials, they
progressed to a short set of delays (0, 1, 2, 3, 4, 5, and 6 s). Performance of 75% correct
trials on two consecutive days further progressed the mice to an intermediate set of delays
(1,2, 4,8, 10 and 12 s), and then the final test delays (0, 2, 4, 8, 12, 16, and 20 s).
Performance over two days of the final test delays was analyzed; each delay was tested with
an average of 16 trials.

2.6 Perfusion and tissue preparation

At the end of behavioral testing, a subset of mice was perfused for parvalbumin
immunohistochemistry. The mice were deeply anesthetized with isoflurane and perfused
transcardially with sterile phosphate-buffered saline (PBS). The brains were extracted and
post-fixed in 4% paraformaldehyde at 4°C for 48 hr, and transferred to 16% sucrose in 4%
paraformaldehyde at 4°C for 24 hr. The brains were then frozen with powdered dry ice and
stored at —80°C. Just prior to immunohistological processing, the brains were sectioned with
a microtome in the coronal plane at 40 um thickness.

2.7 Immunohistochemistry

Brain sections containing the hippocampus and the mPFC were immunostained for
parvalbumin (Swant, Switzerland; catalog number PV 235). Free-floating sections were
washed in 0.1 M PBS, and then endogenous peroxidases were quenched in 0.3% hydrogen
peroxide in PBS. After additional PBS washes, sections were blocked in 5% normal goat
serum in PBS with 0.3% Triton. Sections were then incubated with primary antibody at a
dilution of 1:5000 in PBS containing 0.15% Triton and 3% normal goat serum for 48 hr at
4°C with agitation. Following primary antibody incubation, sections were washed in PBS
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and reacted with biotinylated secondary antibody goat anti-mouse 1gG (Vector Laboratories,
Burlingame, CA) diluted in PBS with 0.15% Triton and 5% normal goat serum for 45
minutes. The secondary antibody was detected with avidin-biotin complex (ABC Elite;
Vector Laboratories) and the avidin-biotin complex was visualized with nickel-enhanced
diaminobenzadine (Vector Laboratories). Tissue sections were mounted onto gelatin-coated
slides and dried, dehydrated with increasing ethanol concentrations, cleared in xylene, and
coverslipped using Permount mounting medium.

Parvalbumin-positive neurons were quantified using a Zeiss Axioplan 2 microscope. All
analyses were conducted blind with regards to treatment groups. The lack of
immunostaining in one of the brains in the ketamine-exposed mice rendered that mouse
brain unsuitable for analysis, and brain sections containing the mPFC of a saline control
mouse were not analyzed due to inadequate immunostaining. For the rest of the mice, counts
were performed throughout the rostrocaudal extent of the hippocampus (bregma —1.06 to
-3.88 mm from a minimum of six histological sections) and mPFC (bregma 1.34 to 2.80
mm from a minimum of three sections); every identifiable parvalbumin-positive interneuron
was counted in the sections processed. Region of interest (CA1, CA3, dentate gyrus, and
mPFC consisted of prelimbic and infralimbic cortices) were outlined according to mouse
brain atlas (Franklin & Paxinos, 1997).

3.1 Amphetamine challenge

Mice with a history of ketamine (n = 10) or saline (n = 9) exposure during adolescence were
challenged with a small dose of amphetamine during adulthood to assess whether the model
recapitulated the dysregulation of dopaminergic function that is thought to be a fundamental
pathology of schizophrenia. Assessment of baseline activity prior to amphetamine injection
showed that ketamine- and saline-exposed mice had identical levels of locomotor activity as
measured by distanced travelled [F(2, 34) = 0.33, p =.719 for group by time interaction, and
F(1, 17) = 0.48, p = .500 for main effect of group] that decreased over the 30 min period as
the mice habituated to the environment [F(2, 34) = 107.51, p = .001 for main effect of time;
Figure 1 top pane]. Movement time between the two groups at baseline was also comparable
(Figure 1 bottom panel); F(2, 34) = 0.92, p = .408 for interaction, F(1, 17) = 0.09, p = .764
for group effect, and F(2, 34) = 87.69, p = .001 for time effect.

Amphetamine injection noticeably increased locomotor activity in ketamine- and saline-
exposed mice from the baseline level, with the ketamine-exposed mice showing a
significantly greater increase than the saline control mice (Figure 1). Repeated measures
ANOVA of distance travelled post-amphetamine injection showed a significant effect of
group, F(1, 17) = 8.11, p = .011, and a significant effect of time as the influence of
amphetamine subsided over time in both groups at roughly similar rates, F(5, 85) = 10.44, p
=.001; no interaction was thus detected between group and time, F(5, 85) = 0.14, p =.983.
The same analysis on movement time as the dependent measure supported the same
conclusion. Amphetamine induced higher movement time in ketamine-exposed mice than
saline control mice, F(1, 17) = 9.00, p = .008. The amphetamine effect on locomotor activity
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reduced over time in both groups in a similar fashion, F(5, 85) = 16.73, p = .001 for time
effect, and F(5, 85) = 0.31, p =.905 for group by time interaction.

3.2 Hippocampal-dependent trace fear memory

The mice were trained and tested with trace fear conditioning to assess hippocampal
function (McEchron et al., 1998; Quinn et al., 2008). Ketamine- (n = 10) and saline-exposed
(n = 9) mice were given six tone-foot shock pairings with a 18-s trace interval between them
(Chowdhury et al., 2005; Misane et al., 2005; Smith et al., 2007). Freezing after foot shock
delivery during training was the same between the two groups, t(17) = 0.09, p = .930 (Figure
2B, left panel), indicating that the mice in both groups were able to display freezing
behavior. A day after conditioning, the mice were tested with the tone in the absence of foot
shock (Figure 2B, right panel). The ketamine-exposed mice froze significantly less than the
saline control mice, t(17) = 3.76, p = .002, a finding that points to impaired hippocampal-
dependent memory function.

3.3 mPFC-mediated working memory

Mice were trained in an operant delayed response task that is sensitive to impairment of
mPFC and working memory (Sloan et al., 2006). Figure 3B shows the accuracy (percent
correct) of the performance of the mice as a function of increasing delay between the sample
and choice trials. No differences in performance were detected at any delay between the
ketamine- and saline-exposed mice (n = 9 per group), F(6, 96) = 0.72, p = .632 for
interaction, and F(1, 16) = 0.04, p = .836 for main effect of group. A significant main effect
of delay indicated that the mice were less accurate at longer delays than shorter delays, F(6,
96) = 27.84, p = .001. Taken together, these data suggest that unlike hippocampal-dependent
memory function, mPFC-mediated working memory function was intact in mice subjected
to this ketamine exposure regimen during adolescence.

3.4 Immunohistochemical assessment

To examine whether the ketamine-exposed mice with impaired hippocampal memory
function differed from control mice in the integrity of their hippocampal inhibitory network,
the brains of the mice were immunostained for parvalbumin-positive interneurons (Figure
4). Figure 5A shows the number of parvalbumin-positive interneurons in the hippocampal
subregions. The ketamine-exposed mice (h = 9) had significantly lower number of
parvalbumin-immunoreactive neurons in the CA1 of the hippocampus than saline control
mice (n =9), t(16) = 2.46, p = .026. No differences between the groups were observed in the
CA3, t(16) = 0.16, p = .873, or the dentate gyrus, t(16) = 0.33, p = .743. Figure 5B shows the
number of parvalbumin-positive interneurons in the mPFC. The ketamine-exposed mice (n =
9) had comparable number of parvaloumin-immunostain neurons in mPFC to those in saline
control mice (n = 8), t(15) = 0.42, p = .682.

4. Discussion

Mice exposed to ketamine intermittently for one month during adolescence were impaired as
young adults in hippocampal-dependent long-term memory; no impairment however was
seen in mPFC-mediated working memory. Consistent with these behavioral observations,
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decreased parvalbumin-positive interneurons was found in the CA1 of hippocampus but not
the mPFC, a finding that implicates loss of inhibitory control as a contributing factor in
disrupting hippocampal-dependent function. Importantly, the ketamine dose, treatment
regimen, and age of exposure used here was identical to the induction protocol of an animal
neurodevelopmental model of schizophrenia that has been shown to produce hippocampal
overactivity similar to that seen in schizophrenia patients (Schobel et al., 2013). Our
findings that mice in this model also showed impaired hippocampal-dependent cognition
and reduced inhibitory control are consistent with the observation that hippocampal
overactivity is associated with cognitive dysfunction in patients (Tregellas et al., 2014).
Taken within this context, these results strengthen the utility of this model for preclinical
investigations of hippocampal pathology in schizophrenia.

Ketamine administration, both in acute and sub-chronic forms, has been used to recapitulate
cognitive as well as positive and negative symptoms of schizophrenia (e.g., Kocsis et al.,
2013; Neill et al., 2010). In the exposure protocol that we used (Schobel et al., 2013), mice
were administered ketamine during 1-2 mo old, an age that approximates adolescence in
humans when the risk for schizophrenia is elevated (Paus et al., 2008), and were
behaviorally tested under a drug free condition to avoid motor confounds from the anesthetic
effect of ketamine. Against this background, we found that the ketamine mice were impaired
in trace fear conditioning, a task that depends on the integrity of the hippocampus
(McEchron et al., 1998; Quinn et al., 2008). That the ketamine-exposed mice showed less
freezing 24 hr after conditioning compared to the control mice but not during conditioning
(post-shock) indicates that the impairment was specific to fear memory and not a general
defect in fear response or emotional processing. It is important to note that although the
hippocampus is critically involved in trace fear conditioning, the mPFC has also been shown
to participate in the process (e.g., Runyan et al., 2004). However, impaired hippocampal
function, whether due to damage or aberrant excess neural activity as hypothesized here,
appears to be sufficient to interfere with trace fear conditioning (e.g., Burman et al., 2006;
McEchron et al., 1998). Importantly, the conditions we set up to test for trace fear learning
favor strong hippocampal involvement, namely we used a trace interval (18 s) that
approximates those longer intervals (20-40 s) that have been shown to be critically
dependent on the hippocampus in addition to engaging the mPFC. Shorter trace intervals (on
the range of 5 s) are known to engage the mPFC independent of the hippocampus
(Chowdhury et al., 2005; Guimarais et al., 2011). In addition, we tested for recent trace fear
memory that is highly sensitive to hippocampal but not mPFC damage; remote fear memory
(30-day old and beyond), on the other hand, is sensitive to mPFC but not hippocampal
damage (Beeman et al., 2013; Quinn et al., 2008).

In contrast to trace fear conditioning, performance of the ketamine mice on the delayed
response task, which critically depends on the mPFC (Sloan et al., 2006), was relatively
normal compared to controls. Although deficits in mPFC-mediated working memory tasks
have been reported after NMDA antagonist treatment in rodents (e.g., Enomoto and
Floresco, 2009; Marquis et al., 2007; VVasconcelos et al., 2015), others, including the present
study, have failed to find an impairment (e.g., Li et al., 2003; Stefani and Moghaddam,
2002). Differences in induction protocols and tasks used to assess working memory between
studies could account for the disparate findings.
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Working memory tasks have been reported to engage the hippocampus in addition to the
mPFC (e.g., Lee and Kesner, 2003; Spellman et al., 2015). The degree to which the
hippocampus is involved appears to be dependent on the tasks and the conditions of the
protocol used. Here, we used a working memory task that has been shown to be dependent
on the mPFC but not the hippocampus. In a key finding of a double dissociation, Sloan et al.
(2006) found that mPFC lesions interfered with performance on a delayed response task
such as that used in our study, but did not affect performance on a spatial reference water
maze task; hippocampal lesions, on the other hand, impaired water maze performance but
importantly did not affect delayed response task performance. Findings consistent with the
lack of hippocampal involvement in delayed response tasks have also been reported by
others (Izaki et al., 2007; Winters and Dunnett, 2004; Young et al., 1996). Furthermore, not
unlike trace fear conditioning, the hippocampus appears to mediate longer delays in the
order of 5 min in delayed nonmatching-to-place tasks; shorter delays (10 s) engage both the
mPFC and hippocampus with some redundancy and in a time-limited fashion (Lee and
Kesner, 2003). Nonetheless, the lack of a working memory impairment in our study is
currently limited to the delayed response task; additional studies using other working
memory tasks would be necessary to conclusively show that the sub-chronic ketamine
model that we used does not affect mPFC function.

In our study, changes in a GABAergic inhibitory interneuron population seen in the
hippocampus but not in the mPFC were in line with the behavioral deficits observed in the
former but not latter domains of function. The reduction in parvalbumin-positive
interneurons specifically in the CA1 of the hippocampus could impact trace fear memory;
molecular signaling in the CA1 has been found to be important for trace fear memory
(Brigman et al., 2010; Huang et al., 2010), and parvalbumin interneurons in the CAl are
known to exert synaptic inhibition in the hippocampus for regulating cognitive and
psychosis phenotypes relevant to schizophrenia (Gilani et al., 2014). The reduction in
parvalbumin-positive interneurons observed in the CA1 was also consistent with the
abnormal increase in CA1 basal activity after repeated ketamine administration in mice
(Schobel et al., 2013) as well as the elevations of cerebral blood volume in the CA1 subfield
of schizophrenia patients (Schobel et al., 2009). In addition, in ketamine-treated mice
(Schaobel et al., 2013), a reduction in parvalbumin-positive interneurons was also observed in
the hippocampus, consistent with our findings. Notably, no reduction of parvalbumin-
positive interneurons was observed in the mPFC in the current study, consistent with the
behavioral data. Hence, converging evidence points to the CA1 as a key locus of
dysfunction in this model for the illness.

The reduction of inhibitory interneuron population such as that seen here with parvalbumin-
positive interneurons is known to disrupt oscillatory synchronization of neuron ensembles
that has been shown to be important for cognitive processes (e.g., Lodge et al., 2009;
Pittman-Polletta et al., 2015; Sohal et al., 2009), and has been suggested as a possible neural
basis for pathological symptoms in schizophrenia (Uhlhaas & Singer, 2010; Uhlhaas &
Singer, 2015). Relevant to the present model, chronic ketamine administration leads to
reduced theta- and gamma-frequency activities in the hippocampus, including those in the
CAL, but no significant reduction was found with gamma oscillation in the frontal cortical
region (Kittelberger et al., 2012). The disruption of oscillations and neuronal dynamics in
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the hippocampus may thus serve as another potential functional link in our observations
between the effect of ketamine on parvalbumin expression in the CA1 and impaired
hippocampal-dependent trace fear memory.

The mice exposed to ketamine responded significantly stronger to amphetamine stimulation
than control animals, suggesting the ketamine mice were in a hyperdopaminergic state not
unlike that seen in schizophrenia patients (e.g., Laruelle et al., 1996). Interestingly, a
potential link between hippocampal overactivity and dopamine system dysfunction may
exist and present a novel pathway for treatment of positive symptoms of schizophrenia.
Hippocampal output via the subiculum controls dopamine neuron firing in the ventral
tegmental area (VTA,; Floresco et al., 2001), and excess dopamine activity in the VTA could
be reduced by intracranial administration of a GABA agonist into the hippocampus (Gill et
al., 2011). Targeting hippocampal overactivity thus has the potential of not only benefiting
cognitive performance, but also attenuating dopamine-associated positive symptoms such as
psychatic ideation observed in schizophrenia.

We set out to examine whether an animal model of schizophrenia that exhibited
hippocampal overactivity also showed impaired cognitive function to equip future
development of therapeutics targeting overactivity for pro-cognitive treatment. To this end,
our findings of a disrupted hippocampal inhibitory neural circuitry and impaired
hippocampal-dependent memory suggest that treatment strategies that boost inhibition in the
hippocampus would benefit memory function. Indeed, a recent study that enhanced
inhibition via an antiepileptic agent, levetiracetam, was found to be effective in improving
sensory processing in a mouse model of gating deficits in schizophrenia (Smucny et al.,
2015). Further investigations into the efficacies of such treatments on higher-level cognition
are warranted.
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Figure 1.
Hyper-responsiveness to amphetamine challenge in ketamine-exposed mice. Saline- and

ketamine-exposed mice showed the same level of activity in the open field at baseline (first
30 min), but the ketamine-exposed mice showed a greater increase in activity after
amphetamine injection in total distance travelled (A) and movement time (B) than the saline
control mice. Error bars indicate mean £ SEM.
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Figure 2.

(A) Schematic representations of the training and testing procedures used to assess
hippocampal-dependent memory using trace fear conditioning. (B) The ketamine and saline
mice displayed the same level of freezing responses during training (post-shock; left panel),
but the ketamine-exposed mice showed significantly less freezing 24 hr after training to the
conditioned tone than the saline control mice (right panel) suggesting deficit in
hippocampal-dependent memory function in the ketamine mice. Error bars indicate mean +

SEM.
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Figure 3.
(A) Schematic representations of a mPFC-mediated delayed response task in which mice

had to press a sample lever (with one lever presented), then undergo varying delay intervals
of 0-20 s in the absence of any lever, and finally had to choose between two levers (the
previous “sample lever” and an additional lever). A choice of the lever presented prior to the
delays resulted in deliverance of a reward. (B) Ketamine- and saline-exposed mice showed
progressively decreased delay-dependent accuracy, but were not different from each other in
all delay intervals. Error bars indicate mean £ SEM.
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Figure 4.
Representative photomicrographs of parvalbumin-positive interneurons in the hippocampus

(top panel) and mPFC (bottom panel) of ketamine- and saline-treated mice.
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(A) Ketamine-exposed mice showed fewer parvalbumin-positive interneurons in the CAl
but not CA3 or dentate gyrus (DG) of the hippocampus than saline control mice. (B) No
differences were detected in the mPFC between the two groups. Error bars indicate mean +

SEM.
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