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Much work has shown that Parvalbumin+ (PV) interneurons, in particular the

Fast Spiking Basket Cell, are major regulators of gamma-band activity in the

cortex and hippocampus. Gamma rhythms, which are linked to attention, learn-

ing, and cognition, are depressed or altered in several key neurologic and psychi-

atric conditions, including schizophrenia and autism. Considerable evidence has

demonstrated PV interneurons to be rigid regulators of neuronal activity, similar

to a clock or a timer; however, in the past several years, evidence points to the

ability of these cells to exert considerable modulatory influence on networks. For

example, PV interneurons are surrounded by rings of dense extracellular matrix,

termed perineuronal nets (PNN), which regulate plasticity in the visual cortex

during development, as well as long-term potentiation and memory in the limbic

lobe. Additionally, PV interneurons express extrasynaptic δ-subunit containing

GABAA receptors (δGABAAR) that mediate tonic inhibition. In addition to reg-

ulating the excitability of these cells, δGABAAR are sensitive to levels of metabo-

lites of progesterone and adrenal corticoids (i.e., neurosteroids), which are potent

allosteric modulators of these receptors.

Here, through a pharmacological and genetic model, we investigated the role of
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PV interneuron-expressed δGABAAR in behavior and neural rhythms. We show

that ketamine, a non-competitive NMDA receptor antagonist shown to damage

hippocampal PV interneurons, reduces and alters the PNNs surrounding these

cells, as well as the expression of PV, and produces a behavioral phenotype con-

sistent with schizophrenia. We next investigated the effect of conditionally knock-

ing out the δGABAAR receptor from PV interneurons. This resulted in altered

gamma frequency and sensorimotor gating. Collectively, these results indicate

that PV interneurons are capable of modulating cognition and behavior through

tonic inhibitory currents. While other studies have demonstrated a role of tonic

inhibition in behavior before, this is the first study to demonstrate interneuron-

specific consequences of reduced δGABAAR expression.
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CHAPTER 1

Introduction

1.1 Introdution

The extensive diversity of GABAergic interneurons reflects the importance of pro-

viding flexible, dynamic inhibitory control to neural circuits (Freund and Buzsáki,

1996, Parra et al., 1998). While principal cells populate the cortex early in de-

velopment, interneurons, which emerge from the subpallium between E9 and E16

in the mouse and between weeks 8 and 14 in the human (Hansen et al., 2013,

Ma et al., 2013, Tricoire et al., 2011, Xu et al., 2004), migrate later to the distal

areas of the telencephalon. Thus from very early on, cortical and limbic networks

begin as a set of rough, malleable principal cells that interneurons later sculpt

into functional networks. After parturition, interneurons continue to refine these

circuits; in the case of humans, this occurs over many years, throughout adoles-

cence—one of many facts that implicate inhibition in neuropsychiatric diseases

like schizophrenia (Erickson and Lewis, 2002, Lewis, 2012).

One of the major subtypes of interneurons is the Parvalbumin (PV)-positive

fast spiking basket cell (FSBC) (Beasley and Reynolds, 1997, Behrens and Se-

jnowski, 2009, Saunders et al., 2013, Verret et al., 2012). These are perisomatic-

targeting interneurons involved in the formation of neural rhythms (Freund and

Katona, 2007), which are often contrasted with their cholecystokinin (CCK)-

expressing neighbors, the regular spiking basket cells (RSBCs). The RSBC is

also a perisomatic-innervating interneuron; however, these cells differ substan-
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tially in their electrophysiological characteristics and protein expression patterns.

Regular-spiking basket cells demonstrate slower, adaptive firing trains in response

to stimuli, asynchronous release of GABA (Daw et al., 2009, Hefft and Jonas,

2005), cannabinoid-mediated suppression of inhibition (DSI) (Wilson and Nicoll,

2002), and serotonergic modulation from the median raphe nucleus (Freund and

Katona, 2007). As their name suggests, PV+ FSBCs are capable of firing rapid,

non-adapting trains of actions potentials and receive vastly more glutamatergic

inputs than RSBCs (Freund and Katona, 2007). While both cells are choliner-

gically modulated, they express distinct complements of nicotinic receptors and

demonstrate differing firing patterns during theta-band activity (Cea-del Rio et

al., 2010, Cea-del Rio et al., 2012, Klausberger et al., 2005).

Collectively, these differences have been interpreted as a subdivision in func-

tion between these cells, with FSBCs providing coarse control of neural circuits,

and RSBCs fine-tuning these networks (Freund and Katona, 2007, Freund, 2003).

This has given PV+ basket cells the reputation of something as a drill sergeant or

a timekeeper, demanding synchrony and order (Cardin et al., 2009, Freund, 2003),

while CCK+ basket cells are seen as more amenable to modulation and plasticity

(Cea-del Rio et al., 2012, Freund and Katona, 2007). This is an understand-

able assessment; however, there is considerable evidence to support the idea of a

more flexible PV basket cell. While the FSBC itself lacks the full complement of

neuromodulatory receptors that the RSBC posses, it is not left barren, expressing

µ-opioid and extrasynaptic δ-subunit containing GABAA receptors, both of which

are altered in psychiatric disease (Hashimoto et al., 2008, Lewis et al., 2005).

PV interneurons are also uniquely supported, altered, and buffered through

the expression of a Wisteria floribunda-positive extracellular matrix known as the

perineuronal net (PNN) (Wang and Fawcett, 2012). The specific functions of

PNNs have not been fully elucidated, but it is clear that they have a vital role in

learning, memory (Brakebusch et al., 2002, Bukalo et al., 2007, Frischknecht et
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al., 2009, Gogolla et al., 2009, Carulli et al., 2010), and plasticity (Hensch, 2005,

Miyata et al., 2012, Orlando et al., 2012, Beurdeley et al., 2012), likely through

stabilizing synaptic connections and anchoring receptors to neuronal processes

(Frischknecht et al., 2009), and buffering cations surrounding the extrasynaptic

space (Hrabetova et al., 2009). The appearance of PNNs is coincident with the

end of the critical period of visual cortex plasticity (Hensch, 2005). Ablation of

nets with chondroitinase extends the plasticity of visual cortex cells during this

time (Pizzorusso et al., 2002), and it is has resulted in not simply the extinction

but the erasure of fear-based memory in the amygdala (Gogolla et al., 2009).

Most relevant to this thesis, the endogenous modulation of PNNs appears to

occur through GABA (Berardi et al., 2004, Hensch, 2005), and the reduction of

GABAergic signaling, such as through exposure to a novel environment (Sale et

al., 2007), has been shown to reduce PNNs. These findings suggest that PV+

interneurons, on a millisecond basis, may function equivalently to a processor

clock; however, on a longer time scale, they have a considerable role in modifying

and shaping neuronal networks.

We show in Chapter 2 that NMDA receptor antagonists, which preferentially

affect PV interneurons and reduce the expression of parvalbumin, also decrease the

thickness of PNNs in the hippocampus. These treatments resulted in a behavioral

phenotype of animals with similar aspects to schizophrenia, including cognitive

dysfunction such as disrupted sensorimotor gating, asociality, and impaired novel

object recognition. These reflect damage to inhibitory circuits induced through

ketamine (Behrens et al., 2007, Behrens et al., 2008), which appears to be an

effective model of developmental abnormalities that lead to schizophrenia (Lipina

et al., 2013, Smith et al., 2007).

There also two major paracrine and endocrine regulators mediated through

δGABAA-receptors, which are found on the PV+, but not CCK+, basket cell

(Ferando and Mody, In Press, Gao and Fritschy, 1994, Milenkovic et al., 2013).

3



The first of these is GABA, which provides through δGABAAR a persistent in-

hibitory conductance, restricting and shaping synaptic input to these cells (Far-

rant and Nusser, 2005, Glykys et al., 2007). Of the many potential combinations

of the 19 subunits that heteropentomeric GABAA receptors comprise, δGABAA

is only one of a selective few subtypes that provide tonic inhibitory conductance

to neurons (Brickley and Mody, 2012). Of these, this dissertation focuses mostly

on the α1βδ receptor subtype, the predominant source of tonic inhibition in in-

terneurons (Glykys et al., 2007, Milenkovic et al., 2013, Oláh et al., 2009, Yu et

al., 2013). Because these receptors are located extrasynaptically, they are capa-

ble of sensing and responding to extracellular alterations in GABA (Glykys and

Mody, 2007, Oláh et al., 2009), and hence modulating the firing properties of in-

terneurons, including, as previously reported, network gamma oscillations (Mann

and Mody, 2010).

Through δ-containing GABAA receptors, PV interneurons, and other cells

expressing α1/4βδ subtypes, are also regulated through neuroendocrine activity

(Brickley and Mody, 2012, Da Pozzo et al., 2012, Maguire and Mody, 2009, Stell et

al., 2003). Metabolites of progesterone, specifically allopregnanolone (3α-hydroxy-

5α-pregnan-20-one; ALLO), and adrenal corticoids, such as tetrahydrodeoxy-

corticosterone (3α,21-dihydroxy-5α-pregnan-20-one; THDOC), are positive allosteric

modulators of δGABAARs (Bianchi and Macdonald, 2003, Maguire and Mody,

2009, Smith et al., 2007, Spigelman et al., 2002, Stell et al., 2003), the levels of

which are subject to both endocrine and local modulation (Mody and Maguire,

2011, Sarkar, et al., 2011). In knockouts of Gabrd, the gene encoding the δ-

subunit, mice are demonstrably different in terms of their susceptibility to seizures

during hormonal fluctuations, findings that have also led to a murine model of

post-partum depression (Maguire et al., 2009, Maguire et al., 2005, Maguire and

Mody, 2008, 2009). Neurosteroids have been shown to have anxiolytic proper-

ties that result from δ-subunit containing GABAARs (Belelli and Lambert, 2005,
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Mihalek et al., 1999, Stell et al., 2003), supported by the fact that the GABAA

agonist gaboxadol, which preferentially binds to δGABAARs at low concentra-

tions, is anxiolytic and hypnotic (Brickley and Mody, 2012, Hoehn-Saric, 1983,

Krogsgaard-Larsen, et al., 1997). Thus, these receptors clearly have a role in the

regulation of mood and behavior.

Of course, the effects of these drugs are not interneuron or PV basket cell

specific, and thus the extent to which PV-interneuron tonic inhibition is responsi-

ble for the behavioral effects of neurosteroids remains to be determined. Specific

behavioral changes have been tied to other tonic inhibition-mediating GABAA

receptor subtypes; specifically, these include the α4βδ subtype, expressed in su-

perficial cortical pyramidal cells, thalamic relay cells, medium spiny neurons, and

dentate gyrus granule cells (Fritschy and Mohler, 1995, Glykys et al., 2008, Por-

cello et al., 2003, Santhakumar et al., 2010, Stell et al., 2003), and the α5βγ2

subtype, which appears to be the major source of tonic currents in hippocampal

pyramidal cells and deep cortical layers (Caraiscos et al., 2004, Collinson et al.,

2002, Dawson et al., 2006).

However, evidence for PV cell-type specific modulation by tonic inhibition

has gradually emerged. FSBCs are crucial to the production and maintenance of

gamma-band rhythms (Cardin et al., 2009, Freund and Katona, 2007, Sohal et

al., 2009). Modulation of this activity, which is an important neural correlate of

attention and cognition, has been shown to occur through a PV interneuron switch

that depends upon NMDA and δGABAA activation (Ferando and Mody, 2013,

Mann and Mody, 2010); one of the major goals of this thesis was to determine

the extent to which PV-specific deletion of the δ-subunit affected behavior and

cognitive processes.

In Chapter 3, we demonstrate that this conditional mutation increases gamma-

band activity. We also show that these animals have impaired sensorimotor gating,

which can be interpreted as a reduction in the ability of animals to attend to
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relevant stimuli (Swerdlow et al. 1992). Additionally, PV/ Gabrd−/− mice have

reduced theta- and gamma-band power.

Comparatively, in Chapter 2, subchronic ketamine treatment, which has been

shown to damage PV interneurons, also disrupts sensorimotor gating, and im-

pedes novel objection recognition. Collectively, these studies indicate that tonic

inhibition of PV interneurons are critical for the precise balance of excitation and

inhibition in the cortex and limbic structures, the disruption of which leads to

deficits in cognition, learning, and memory.
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CHAPTER 2

Perineuronal Net Thickness and Parvalbumin

Expression are Reduced in a Subchronic

Ketamine Mouse Model of Schizophrenia

2.1 Abstract

Schizophrenia is a severe, disabling mental illness with a worldwide, lifetime preva-

lence of up to 4%. Recent studies in animal models and post-mortem human

tissue have shown alterations in multiple inhibitory and GABAergic neuronally

expressed proteins, including parvalbumin (PV), GABA transporter GAT1, and

GAD67; likewise, extracellular matrix proteins, such as Reelin, are also altered

in schizophrenia patients. Subchronic injections of the NMDA receptor antago-

nist ketamine, an established model of schizophrenia, have recently been shown

to act through the oxidative damage of PV interneurons. Given that perineu-

ronal nets (PNNs), Wisteria floribunda-positive extracellular matrix structures

that surround PV interneurons, protect these cells from oxidative damage, we

wished to determine if subchronic ketamine injections result in the altered expres-

sion of PNNs. Adult mice treated with 30 mg/kg of ketamine daily for 7 days

showed modest reductions in social behavior, prepulse inhibition, and novel ob-

ject recognition. Animals showed neither changes in anxiety-like behavior in an

Elevated Plus Maze (EPM), nor changes in thigmotaxis or locomotion during a

five-day open field study. Histological analysis revealed a decrease in the intensity

of PV staining in the dorsal hippocampus. The thickness of PNNs in the CA1
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stratum oriens and stratum radiatum were each examined, showing decreases in

response to subchronic ketamine treatment. These results indicate that PNNs

may be disrupted in schizophrenic patients.

2.2 Introduction

Schizophrenia is a complex disease that involves disruptions to multiple neural

circuits and transmitter systems, notably glutamate, GABA, and dopamine. Data

indicate that its lifetime prevalence is as high as 4% (Bhugra, 2005), and those who

suffer from it often face life-long disability. In addition to the positive and negative

symptoms of the acute disease, patients are chronically impaired in executive

function, sociality, and memory, even in the prodromal phase of schizophrenia

(Braga et al., 2004, Muller et al., 2004, Gray and Snowden, 2005, Winograd-

Gurvich et al., 2006, Patterson et al., 2008, Rosebush and Mazurek, 2010, Billeke

and Aboitiz, 2013). To date, there are no medications specifically designed to

ameliorate the cognitive symptoms of schizophrenia.

As such, there is a clear need for research models that have predictive validity

for the development of new therapies. One of the most widely studied systems

is the acute and subchronic application of the non-competitive NMDA receptor

antagonists phencyclidine (PCP), ketamine, and dizocilpine (MK-801) (Verma

and Moghaddam, 1996, Jentsch et al., 1998, Jentsch and Roth, 1999, Adams and

Moghaddam, 2001). The “schizophrenomimetic” potentials of these medications

were noted as early as 1959, when Luby and colleagues reported the anesthetic

Sernyl (phencyclidine, PCP) produced in humans not only the psychotic, positive

symptoms of schizophrenia, but also the changes in affect and cognitive function

that dopamine-releasing drugs like amphetamines and cocaine failed to model

(Luby et al., 1959).

These studies were instrumental in proposing the NMDA hypofunction theory
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of schizophrenia (Javitt, 2007). Subsequently, ketamine and phencyclidine have

been applied acutely in healthy subjects and afflicted patients (Krystal et al.,

1994, Adler et al., 1998, Oranje et al., 2000, Oranje et al., 2002, Morgan et al.,

2004, Rowland et al., 2005), and, with dizocilpine, acutely and subchronically in

rodents and primates (Noda et al., 1995, Sams-Dodd, 1995, Noda et al., 1997,

Sams-Dodd, 1997, 1998, Linn and Javitt, 2001, Linn et al., 2003, Nakako et

al., 2013). Critically, subchronic models have also reproduced the histological

findings seen consistently in post-mortem schizophrenic patients, including a loss

of the “GABAergic phenotype” in inhibitory systems, such as a reduction in the

GABA producing enzyme GAD67 and the loss of the calcium binding protein

Parvalbumin (Keilhoff et al., 2004, Abdul-Monim et al., 2007, Behrens et al.,

2007, Braun et al., 2007).

Data from human neuroimaging and animal studies have shown that the reduc-

tion in GABA-associated protein expression associated with chronic exposure to

these drugs at subanesthetic doses likely results from enhanced glutamate release

in frontal and hippocampal circuits, decreasing spontaneous inhibitory firing and

reducing the signal-to-noise ratio in frontal cortical regions (Moghaddam et al.,

1997, Moghaddam and Adams, 1998, Adams and Moghaddam, 2001, Takahata

and Moghaddam, 2003, Jackson et al., 2004, Zhang et al., 2008). The mechanism

by which these drugs disinhibit cortical and limbic circuits is still a matter of ac-

tive investigation, but evidence indicates that their cognitive and behavioral effects

arise from the preferential blockade of NMDA receptors expressed on fast-spiking

Parvalbumin-positive (PV) basket cells (FSBC) (Behrens et al., 2007, Behrens et

al., 2008, Behrens and Sejnowski, 2009). Supporting this hypothesis, conditional

knockouts of schizophrenia risk genes in PV+ cells reproduced similar phenotypes

in mice (Ji et al., 2009, Belforte et al., 2010, Papaleo et al., 2012).

The link between genetic knock-out studies of schizophrenia and subchronic

models appears to be cytokine-mediated oxidative damage to fast-spiking in-
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terneurons (Behrens et al., 2007, Behrens et al., 2008). These cells have high

metabolic demands (Gulyas et al., 2006), and express AMPA receptors that lack

the GluR2 subunit, likely rendering them more sensitive to calcium-mediated

excitotoxicity (Moga et al., 2002). In subchronic models, as few as two consec-

utive daily doses of antagonist are sufficient to increase the presence of reactive

oxidative species in the cortex and hippocampus and reduce the expression of

PV in interneurons (Fix et al., 1993, Behrens et al., 2007); moreover, blocking

cytokine-mediated oxidative damage prevents ketamine-induced loss of PV ex-

pression (Behrens et al., 2007, Behrens et al., 2008).

While it is clear that schizophrenia is a disease more complicated than any sin-

gle neurotransmitter system, restoration of GABAergic inhibition in potentially

damaged circuits remains an understudied target. In addition to the growing body

of work that indicates fast-spiking basket cell disruption as a major element of

the disease, post-mortem studies of schizophrenia have also indicated alterations

in the Wisteria Floribunda (WFA)-positive extracellular matrix surrounding PV

interneurons (Pantazopoulos et al., 2010, Pantazopoulos et al., 2013). These per-

ineuronal nets (PNNs) are linked to GABAergic plasticity, ion channel regulation,

and neurodevelopment, and are modulated through inhibition (Iwai et al., 2003,

Hensch, 2005, Sale et al., 2007, Frischknecht et al., 2009).

In this study, we tested the hypothesis that subchronic ketamine-mediated

disinhibition reduced the thickness of perineuronal nets in the dorsal hippocam-

pus of C57Bl/6 mice, a region where intact fast-spiking inhibition is required for

context-dependent memory formation (Fuchs et al., 2007, Korotkova et al., 2010).

We tested whether ketamine-induced lesions to the hippocampus were sufficient

to reproduce deficits in not only memory, but sociality, sensory gating, and mood;

these deficits have been previously observed in other subchronic models (Noda et

al., 1995, Sams-Dodd, 1995, Noda et al., 1997, Noda et al., 2000, Becker et al.,

2003, Becker and Grecksch, 2004, Imre et al., 2006). To date, few studies have
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employed behavioral testing of subchronic ketamine in C57Bl/6 mice, even though

recent advances in the mechanism of oxidative stress-induced schizophrenia were

based in this model (Behrens et al., 2007, Smith et al., 2007, Behrens et al., 2008,

Rao et al., 2012, Lipina et al., 2013).

Our study reproduces the loss of the GABAergic phenotype reported in post-

mortem schizophrenic patients (Beasley and Reynolds, 1997, Beasley et al., 2002,

Akbarian and Huang, 2006), and in other subchronic ketamine and phencyclidine

rodent studies (Jackson et al., 2004, Behrens et al., 2007, Zhang et al., 2008, Rao et

al., 2012). Moreover, we also demonstrate a significant reduction in the thickness

of perineuronal nets, providing further validity to the subchronic ketamine model.

Behaviorally, ketamine-treated mice showed shorter latencies to immobility in the

Porsolt Forced Swim Test, and mild deficits in episodic memory, social interaction,

and sensorimotor gating.

2.3 Methods

2.3.1 Animal Use

All animal use was approved by the UCLA Chancellor’s Committee on Animal

Welfare. C57Bl/6J male mice ages 8 to 16 weeks were obtained directly from The

Jackson Laboratory (Bar Harbor, ME). A total of 88 male mice were used for

the study. Animals were housed 4 per cage. Before any experiment, mice were

acclimated to the vivarium on a 12 hour light/dark cycle with free access to water

and food for at least one week prior to injections.

Ketamine Treatment Ketamine was freshly diluted 1:10 in normal saline from

100 mg/mL stock solution (Ketaject, Phoenix Pharmaceuticals, Burlingame, CA).

Animals were injected I.P. once daily with 30 mg/ kg ketamine one hour before

the end of the 12 hour dark cycle for seven consecutive days. To minimize stress,
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animals were lightly anesthetized with isoflurane in a laminar flow cabinet before

injection. Mice were randomly assigned to treatment (ketamine) or vehicle (saline)

groups per cage. All behavior and injections were conducted between the hours

of 9:00 and 16:00.

2.3.2 Tissue Preparation

Transcardial Perfusion and Preparation of Brains Animals prepared for

histology were perfused six days after their final injection with ketamine. Mice

were transferred to a separate perfusion room and were allowed to rest for at

least one hour prior to anesthesia. A solution of 4% paraformaldehyde (PFA)

was prepared in 1 M phosphate-buffered saline no earlier than 12 hours before

perfusion. The solution was filtered using a 0.22 µm filter (Millipore). Animals

were anesthetized with a dose of isoflurane and were injected (i.p.) with 50 mg/

kg pentobarbital. A rounded 22 gauge needle attached to a cannula was placed

through the left ventricle adjacent to the aorta, and an incision was made in the

right atrium. Following a dose of 1000 U of sodium heparin, twice the weight in

volume of PFA was slowly delivered directly into the aorta. Brains were removed

from the mice and post-fixed for four hours at 4◦C and then cryoprotected in 30%

sucrose in Millionigs phosphate-buffered saline until fully equilibrated.

Histology Cryoprotected brains were frozen in OCT (Tissue-Tek Inc) over dry

ice and stored at -80◦C until ready for use. Prior to sectioning, brains were al-

lowed to acclimate to -20◦C for at least one hour, and were allowed to further

acclimate in a cryostat for approximately 30 minutes prior to sectioning. Coronal

sections were cut at 20 µm and were washed in 1 M phosphate-buffered saline

and directly adhered to Superfrost Plus slides (Fisher); sections were arranged

evenly on the slide and were separated by a block advancement of at least 200

µm. Slide-mounted sections were permitted to dry at room temperature and
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were then incubated at 50◦C - 60◦C for one hour to ensure adhesion to the glass.

The brains of saline and ketamine-treated mice were processed, treated, and sec-

tioned in parallel. After adhesion, slides were washed in tris-buffered saline (TBS)

three times for 10 minutes each before triple labeling for perineuronal nets (via

the biotinylated lecithin Wisteria Floribunda), parvalbumin (PV), and Vesicular

Glutamate Transporter 1 (VGAT1).

Slices were blocked in 10% normal goat serum (Vector Labs) and streptavidin

200 µL/mL (Vector Labs), and were permeablized in 0.3% Triton-X 100 (Sigma)

in TBS for four hours directly on the slide in a humidified chamber; solution was

kept in place on slides with a hydrophobic barrier (ImmEdge, Vector Labs). Slides

were washed for ten minutes once in TBS and were blocked a second time in 2%

Normal Goat Serum and 200 µL/mL biotin (Vector Labs) for two hours. Slides

were washed again in TBS for 10 minutes, and primary antibodies were applied.

The following antigens were tested: Parvalbumin (Rabbit antiserum, a gift of B.

Schwaller, 1:10,000) and VGLUT1 (Guinea Pig, Polyclonal, Synaptic Systems,

1:1000); Perineuronal Nets were stained using the lecithin Wisteria Floribunda

conjugated to biotin (Sigma, 1.8 mg/mL, 1:200). Synaptic VGLUT1 staining was

used for a separate experiment not detailed here.

Slices were incubated with antibodies in 2% normal goat serum in TBS for

three days at 4◦C in a humidified chamber. After incubation with primary anti-

body, slides were washed three times in TBS for 10 minutes each and secondary

antibody was applied for four hours. Secondary antibodies were: Goat anti-guinea

pig (1:1000, Alexa 488, Invitrogen); Goat anti-Rabbit (1:1000, Alexa 555, Invit-

rogen); and ATTO-647N conjugated to streptavidin (1:50, ATTO-Tec Gmb). In

dark conditions, slides were washed three times in TBS. The hydrophobic barrier

was removed by vigorously rubbing the edges of the slides with a cotton swap

moistened in TBS. Slides were briefly washed again to remove residual barrier

and were coverslipped using Fluoromount-G (SouthernBiotech) as a mounting
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medium.

Confocal Imaging Imaging was carried out on a Leica SP5 multiline laser

scanning confocal microscope. Four mice (two coronal slices of 2 ketamine and

of 2 saline mice) were analyzed for perineuronal net thickness and parvalbumin

intensity. For each dorsal hippocampus slice, segments of CA1 spanning from the

outer stratum oriens to the stratum lacunosum moleculare were matched between

saline and ketamine controls and analyzed as follows (Figure 1B, panel ii).

Only cells with a complete soma embedded in the section were scanned; all

PV-positive cells were imaged to reduce selection bias. Gain was kept constant

between samples, except for minor changes (<10%) between samples to prevent

saturation. We imaged cells using a 100x lens and 4x digital zoom and compared

them to 40x optics with a 10x zoom; only minor differences were observed. To

facilitate searching across the hippocampus, 40x/10x optics and zoom were used.

Z-stacks of each cell were obtained at 488 nm, 555 nm, and 647 nm with a spatial

resolution of 400 Hz using a 1.25 NA 40x oil-immersion lens, sampled at 250 nm

along the z-axis.

Analysis of Parvalbumin Expression and Perineuronal Nets Parvalbu-

min intensity was calculated per cell. Perineuronal net Z-stacks were analyzed

using custom software designed in MATLAB (Mathworks). The five thickest con-

secutive sections of cells were selected for analysis. The soma of Parvalbumin-

positive interneurons were first segmented; in a few cases where segmentation was

imperfect due to low PV signal, somas were manually segmented using the built-in

“roipoly” function of MATLAB. The segmented soma was converted into a binary

mask that was multiplied with the original intensity image. The resultant image

was summed and divided by the number of pixels in the soma to calculate the

mean fluorescence intensity. The mean fluorescence intensity was calculated for
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five sections per cell.

The width of nets was calculated for the five consecutive thickest sections

of the cell. After segmentation of the PV soma, the resulting binary mask was

morphologically dilated to approximately 120% of the original soma surface area

and multiplied against the intensity image of the corresponding perineuronal net to

mask background (Figure 1B, panel i). This thresholding created a binary, black/

white image. The program received a single, manually selected line intensity

profile along the wall of the net. These points were smoothed with a window

filter of 10 pixels, and then fitted with a Gaussian distribution to the line profile.

The full-width at half-maximum was used as the width measurement of the net

thickness (Figure 1B, panel iii). Ten points per section and 5 sections per cell

were calculated.

2.3.3 Behavior

Novel Object Recognition After a 48 hour recovery period following the last

injection, 24 mice (12 saline-treated, 12 ketamine-treated, Group B, Figure 1A)

were tested according to a modified protocol of Ennaceur and Delacour (1988).

Testing and habituation were done in a 60 cm x 42.5 cm x 25 cm rectangular

Plexiglas arena with opaque walls cleaned with 70% ethanol in a dimly lit room.

Testing was done for ten minutes at the same approximate time for two days.

On the third day, each mouse was exposed under the same conditions to two

identical objects approximately the size and weight of each mouse (two glass

corked bottles) for ten minutes. Objects were placed in the lateral center of the

arena, approximately 10 cm from the walls, equidistant from each other. Animals

were tested 24 hours later with a novel object (a plastic penguin the size and

shape of the sample object, a glass bottle) and one of the sample objects for 7

minutes. Novel object placement was counterbalanced, and the arena and objects

were cleaned between trials with 70% ethanol. Trials were videotaped using an
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overhead CCD camera connected to a computer in a separate monitoring room.

Analysis was conducted offline using TopScan (Clever Sys, Inc., Reston, VA);

interactions were considered significant if the mouse pointed its nose at the object

within 2 cm of it. Total interaction time for each object was calculated; a minimum

criterion of ten seconds of total interaction time was required for both objects; mice

that did not meet that criterion were excluded (N=2). The normalized difference

between interaction times, the discrimination index (DI =( TNovel - TFamiliar) /

(TNovel + TFamiliar)), was calculated to condense interaction to single variables

(Ennaceur and Delacour, 1988).

Context-Dependent Fear Conditioning We used the protocol of Cushman

et al. (2012) to test for deficits in fear conditioning in 24 mice (12 ketamine-

treated, 12 saline-treated, Group B, Figure 1A). Mice were taken from the vi-

varium in covered cages to a room adjacent to where they would be tested and

allowed to rest for approximately one hour. After rest, mice were tested four at

time, each placed into single 30 x 25 x 25 cm chamber (Med-Associates Inc.). The

chamber contained an olfactory cue (Simple Green cleaning spray), background

noise supplied by a fan, and a grid through which a small but uncomfortable

electric foot shock was delivered to the mouse. The following day, animals were

exposed to the same context for eight minutes. Freezing was detected automat-

ically through an IR camera in the chamber. Chambers were cleaned with 70%

ethanol following use. Animals were loaded into chambers in pseudorandom or-

der, with ketamine and saline-treated mice tested in parallel. Performance was

evaluated by comparing the percent time frozen over total trial time.

Social Interaction We used a three-chamber social interaction test that tested

the preference of subjects for a restrained conspecific mouse (Yang et al., 2011). A

total of 29 mice were used in this study from two separate cohorts (14 ketamine-
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treated, 15 saline-treated, Group A and Group C, Figure 1A). In each divider,

there was a small hole large enough to permit the mouse to move unobstructed

between the chambers. All tests were conducted in a dimly lit room. Mice were

habituated to the chamber by being placed in the center of the field and allowed

to explore for 10 minutes a day for two consecutive days. The chamber was

cleaned with 70% ethanol between trials. On the third day, two circular, black

metal mesh pencil cages were placed in the center of the two distal chambers. In

one chamber, a novel conspecific mouse, age and gender matched to the subject,

was placed in a random, counterbalanced cage. The other cage remained empty.

Animals were placed in the center of the arena and were allowed to explore and

investigate the field for seven minutes. The session was recorded by an overhead

camera. Interaction time was recorded as the amount of time spent sniffing or

interacting with each cage within 2 cm of the surface. Results were quantified

through a discrimination index: DI =( TNovel - TFamiliar) / (TNovel + TFamiliar).

Forced Swim Test Animals were also subjected to the Forced Swim Test

(FST); the FST uses immobility in water as a measure of behavioral despair

(Porsolt et al., 1977). Twenty four animals were tested (12 ketamine treated, 12

saline treated, Group A, Figure 1A) five days following the final injection of ke-

tamine. Testing was performed under dim lighting in the same room as the Social

Interaction Test and Novel Object Recognition Test. Animals were tested in 2 liter

beakers of cool water (approximately 20◦C), four animals at a time in separate

beakers for 6 minutes each, and were monitored by camera from a separate room.

Animals were considered immobile when they made no or minimal movements

with one of their limbs. Animals were analyzed for latency until immobility and

total time spent immobile.

Elevated Plus Maze Mice were tested for anxiety-like behavior using the ele-

vated plus maze (Walf and Frye, 2007); in each case, animals were tested within
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one week of the final ketamine injection. A total of 24 mice were tested (12

ketamine-treated, 12 saline-treated, Group A, Figure 1A), with one ketamine-

treated animal excluded after falling off the maze. Animals were removed from

the vivarium and allowed to rest approximately one hour before testing in a quiet,

uniformly and dimly lit room with an over-head camera. Trials were six minutes.

Mice were tested in pseudorandom order by placing a single mouse in the center

of the plus maze for 6 minutes. In between trials, the maze was cleaned with

70% ethanol. Mice with at least half of their body in an arm were considered to

be in the arm. Trials were analyzed using TopScan. Analysis was conducted by

comparing total time spent in the open and closed arms across treatment groups.

Open Field Test A total of 24 mice (12 ketamine treated, 12 saline treated)

were tested 24 hours following their final subchronic ketamine injection for dif-

ferences in the open field (Group C, Figure 1A). Animals were removed from the

vivarium and allowed to rest in an adjacent room for approximately one hour

prior to testing. Mice were tested four at time in separate 25 cm x 25 cm arenas

with overhead cameras. In between trials, arenas were cleaned with 70% ethanol.

Trials were analyzed using TopScan for thigmotaxis, locomotion in the center of

the arena, time in the center of the arena, and time on the edges of arena; edges

were defined as the outer 25% of the arena. Mice were tested in pseudorandom

order once a day over five consecutive days, and measurements were compared

across treatment groups.

Prepulse Inhibition Animals were tested 4 at a time in separate sound proof

chambers with identical prepulse protocols (SR-LAB, San Diego Systems, Inc.).

Trials were delivered in four blocks (Geyer and Swerdlow, 2001). A total of 13

animals were tested for PPI (6 ketamine-treated, 7 saline-treated, Group C, Figure

1A). Animals were tested one week following social interaction and open field

tests. The first and fourth blocks comprised 6 separate auditory pulses at 120 dB
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to assess startle and habituation. The second and third blocks were tested with

prepulses preceding startle pulses with a constant interval of 80 ms. Prepulse/

pulses of white noise were delivered in random intervals at three levels: 5 dB, 10

dB and 15 dB above background noise. Prepulse inhibition was assessed using

accelerometers at the base of the startle chamber that transduced movement into

voltage. A prepulse index was calculated as (VPulse - VPre)/VPulse *100%, using

startle values calculated in the second and third blocks. Startle was assessed

separately for each block, and habituation was assessed as the decrement of startle

amplitude across the four trial blocks.

2.3.4 Statistics

All statistics were calculated in Prism 6 (GraphPad), with α set to 0.05. Dis-

crimination indices were compared to zero with a Wilcoxon Signed Rank Test.

Histology was compared using a one-way ANOVA using Tukey’s post-hoc multi-

ple comparisons test. All behavior tests, unless noted otherwise, were compared

with two-way ANOVA using Sidak’s post-hoc multiple comparisons test. Post-hoc

tests are listed as mean difference followed by 95% confidence intervals. Flores-

cence comparisons were made using intensity images; measurements are listed in

arbitrary units (A.U.).

2.4 Results

2.4.1 Parvalbumin Expression and PNN Thickness

Animals (Group A) were perfused six days after their final injection of ketamine

(Figure 1A). Parvalbumin positive interneurons were scanned in Z-stacks with

laser scanning confocal microscopy (Figure 2A). A total of 48 cells were scanned

(26 saline (15 S. Oriens, 11 S. Radiatum), 22 ketamine (12 S. Oriens, 11 S. Ra-
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diatum)).The thickest five sections of each slice were analyzed for PV expression

and PNN thickness. A one-way ANOVA was used to test for differences between

layers across treatment groups. There was a significant decrease in PV expression

in both the stratum radiatum and stratum oriens (F(1,226)=45.16, p<0.0001;

Tukey’s Multiple Comparison Test, Oriens (Saline v. Ketamine): MDiff =0.2425

A.U., 95% CI [0.1525, 0.3324]; Radiatum (Saline V. Ketamine): MDiff =0.1769

A.U., 95% CI [0.0690, 0.2859) (Figure 2A).

In each of these cells, perineuronal net thickness was also measured at 10 points

for each section, 5 sections per cell. Each layer and each treatment demonstrated

a wide degree of variability between perineuronal net shape, density, staining, and

thickness (Figure 2B). Overall, there was a significant difference in perineuronal

net thickness between ketamine and saline-treated animals (F(3,2008)=11.06,

p<0.001) in both the stratum oriens (Tukey’s multiple comparison test: MDiff

=159.70 nm , 95% CI [68.64, 250.80]) and the stratum radiatum (MDiff =93.00

nm, 95% CI [1.799, 184.20]) (Figure 2B).

2.4.2 Novel Object Recognition

To test whether episodic and working memory were impaired in subchronically

treated mice (Group A, Figure 1A), we used the Novel Recognition Task with a 24

hour inter-trial interval (Ennaceur and Delacour, 1988). Subchronic ketamine in-

jections did not affect investigation time between identical sample objects in either

saline (N=10, TLeft = 12.68 sec; TRight = 12.54 sec) or ketamine (N=12, TLeft

= 13.54; TRight = 14.00) treated animals (Figure 3A). Animals that failed to in-

vestigate objects for a total of 10 seconds were excluded (N=2, both treated with

saline). The investigation time of saline and ketamine-treated mice with novel

and familiar objects were analyzed by two-way ANOVA. There was a significant

effect between objects (F(1,38)=4.601, p<0.05), which resulted from the differ-

ence between novel and sample interaction time in saline treated mice (Sidak’s
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multiple comparisons test, MDiff=7.143 sec, 95% CI [1.45, 12.84]), but not in

ketamine treated mice (MDiff =-0.1983 sec, 95% CI [-5.13, 4.74]). We also calcu-

lated the discrimination index (DI) for each treatment group (Figure 3B). While

the difference between DI of treatment groups was not statistically significant

(Kolmogorov-Smirnov test, D = 0.5667, p=0.0602), only the DI of saline-treated

animals was significantly different from zero (Wilcoxon Signed Rank Test, Saline:

W=43.00, p=0.0273; Ketamine: W=2, p=0.970), indicating that there was no

significant preference for novel objects in ketamine-treated animals.

2.4.3 Fear Conditioning

The effect of ketamine treatment on implicit, fear-based learning was also tested

(Cushman et al., 2012) (Group B, Figure 1A). Animals exposed to an environmen-

tally salient context were given a series of 3 foot shocks. The following day, animals

were tested in the same context (Figure 3C). During the second eight minute trial,

freezing time was analyzed automatically by an infrared camera, calculated over

the length of the trial. No significant difference between ketamine-treated (N=12)

and saline-treated (N=12) animals was observed (Kolmogorov-Smirnov test, D =

0.25, p=0.8475).

2.4.4 Social Interaction

Ketamine-treated animals were also tested for sociality using the three-chambered

social interaction test (Yang et al., 2011) (Group A, Group C, Figure 1A). An-

imals (N=14, ketamine; N=14, saline) were habituated to the social interaction

arena for two days; on the third day, two pencil cages were placed on the far

sides of the arena, underneath one of which was an unfamiliar, conspecific mouse

(Figure 4A). Interaction time within 2 cm of the pencil cage was calculated, along

with the discrimination index for each treatment group (Figure 4B). Results were
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analyzed with a two-way ANOVA. There was a significant effect between the in-

vestigation time of empty and mouse-containing cages (F(1,52)=14.34, p<0.001).

This difference resulted from the significant preference of saline-treated animals for

the conspecific mouse (Sidak’s multiple comparisons test, MDiff =80.83 sec, 95%

CI [29.68, 132.00]); there was no significant difference in the investigation time

of ketamine-treated animals between empty and mouse-containing cages (MDiff

=38.13 sec, 95% CI [-38.13, 89.28]). The discrimination index of saline-treated an-

imals was not significantly different from ketamine-treated animals (Kolmogorov-

Smirnov test, D = 0.3571, p=0.3338). However, as in the Novel Object Recog-

nition test, only the DI of saline-treated animals showed a statistically signifi-

cant preference for the unfamiliar mouse (Wilcoxon Signed Rank Test, Saline: W

=101.0, p<0.001; Ketamine: W=0.2676, p=0.2676) (Figure 4B).

2.4.5 Forced Swim Test

Two days after the social interaction test and seven days following the last injec-

tion of ketamine, animals (N=12, saline; N=12, ketamine, Group A, Figure 1A)

were tested for depression-like behavior (Porsolt et al., 1977). We analyzed the

latency from when animals were placed in the water until they became immo-

bile (Figure 5A). Ketamine-treated animals became immobile significantly faster

than saline treated animals (µket = 61.17 sec, µSal = 109.0 sec; two-tailed t-test,

t(22)=2.216, p< 0.05).

2.4.6 Elevated Plus Maze

Animals (N=12, saline; N=12, ketamine, Group A, Figure 1A) were tested for

signs of anxiety using the Elevated Plus Maze (Walf and Frye, 2007). A two-way

ANOVA was used to test for differences between total time in open arms versus

closed arms between ketamine and saline-treated groups (Figure 5B). There was
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an overall effect for arm preference (F(2,66)=77.79, p<0.0001), with each group

significantly preferring closed arms over open arms (Sidak’s multiple comparison

test, Saline: MDiff =61.33 sec, 95% CI[25.72,96.94], Ketamine: MDiff =67.03

sec, 95% CI [31.42, 102.60]). There was no statistically significant difference be-

tween exploration times of open arms between treatment groups (Sidak’s Multiple

Comparison Test, MDiff =-2.948 sec, 95% CI [-38.56, 32.66]) or for closed arms

(MDiff =-5.705, 95% CI[-41.32, 29.91]).

2.4.7 Open Field and Locomotion

Animals from Group C were studied in the open field for five consecutive days

following their final injection with saline (N=12) or ketamine (N=12). Both move-

ment and total time spent in the center and edges of the arena were measured

(Figure 6A-D). There was a significant increase in locomotion along the edges and

in the center for both groups (Figure 6A,B) (two-way repeated measures ANOVA:

Edge Locomotion, F(4,88)=29.24, p<0.0001; Center Locomotion, F(4,88)=72.75,

p<0.0001). However, there was no significant difference between subjects (Edge

Locomotion, F(1,22)=0.3152, p=0.5802; Center Locomotion, F(1,22)=0.1668, p=0.6870).

These data also reflect the total time animals spent mobile and immobile along

the edges and within the arena center. Animals spent significantly less time along

the edges as the five day period progressed (two-way repeated measures ANOVA:

Time along edges, P(4,88)=18.58, p<0.0001) and more time in the arena center

(P(4,88)=31.10, p<0.0001). However, no significant difference between ketamine

and saline-treated animals was observed for any day in either metric (Time along

edges, F(1,22)=0.02797, p=0.8687; Time in center, F(1,22)=0.1668, p=0.6870).

Moreover, no significant difference was observed in the time to enter the center of

the arena between groups on any day (Data not shown).

34



2.4.8 Prepulse Inhibition and Startle

Animals from Group C were also tested with prepulse inhibition and startle

(Saline, N=7, Ketamine, N=6) (Figure 6E,F). Prepulses progressively attenuated

the startle reflex in both groups (two-way repeated measures ANOVA: F(2,33)=7.187,

p<0.01). The attenuation of the startle response was also lower at all tested levels

(Saline v. Ketamine: 70 dB 54.7%, 49.6%; 75 dB 77.1% v. 57.0%, 80 dB 83.1% v.

67.2%), with an overall effect across treatment groups (F(1,33)=7.468, p<0.01).

However, there was no significant difference at any of the individual prepulses

between ketamine- or saline-treated animals (Bonferroni’s multiple comparisons

test).

The startle response of each animal showed habituation (two-way repeated

measures ANOVA: F(2,33)=0.7997, p<0.005). Ketamine startle responses ap-

peared to be consistently reduced relative to those of saline-treated animals (F(3,33)=2.903,

p<0.05). However, there was no significant difference between any of the startle

responses except for block 3 (Sidak’s multiple comparisons test, MDiff = 140.3

mV, 95% CI [8.825, 271.7]) (Figure 6F).

2.5 Discussion

We have demonstrated in this study that subchronic ketamine injections produced

alterations in perineuronal nets (PNNs), the Wisteria Floribunda-positive extra-

cellular matrix (ECM) surrounding PV interneurons, as well as in parvalbumin

expression. This finding is an important link between schizophrenia and animal

models. Recent studies have shown that perineuronal nets protect PV interneu-

rons from the oxidative damage that subchronic models produce (Morawski et

al., 2004, Behrens et al., 2007, Behrens et al., 2008, Cabungcal et al., 2013a,

Cabungcal et al., 2013b).
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However no study has, to our knowledge, demonstrated both behavioral deficits

and perineuronal net damage in a subchronic NMDA receptor antagonist model;

moreover, few studies have reported both damage to PV interneurons and the con-

sequent behavioral outcomes in C57Bl/6 mice. Thus, a second goal of our study

was to determine whether subchronic, daily doses of ketamine (30 mg/kg) over a

period of 7 days could reproduce deficits in memory, mood, sociality, locomotion,

and sensorimotor gating observed in other subchronic antagonist studies.

There are several strong lines of evidence that suggest a link between schizophre-

nia, PV interneuron damage, and extracellular matrix alterations. First, parvalbumin-

positive interneurons have high metabolic requirements, and thus are particularly

susceptible to oxidative damage (Gulyas et al., 2006, Cabungcal et al., 2013a,

Cabungcal et al., 2013b). Second, damage to PV interneurons in subchronic

models has been shown to be oxidative and mediated by interleukin-6 (IL-6), a

cytokine shown to be elevated in the maternal autoimmune model of schizophre-

nia (Smith et al., 2007, Lipina et al., 2013). Third, in post-mortem tissue studies,

both the expression of oxidative stress proteins (Do et al., 2000, Tosic et al., 2006)

and PNN/ECM proteins are diminished relative to healthy patient tissue (Impag-

natiello et al., 1998, Guidotti et al., 2000, Fatemi et al., 2005, Pantazopoulos et

al., 2010, Berretta, 2012, Pantazopoulos et al., 2013).

Given that disinhibition has been shown to reduce perineuronal nets (Sale et

al., 2007, Vetencourt et al., 2008), the effects of subchronic ketamine and phen-

cyclidine may thus increase the vulnerability of inhibitory circuits two-fold: 1.)

by enhancing circuit excitation and thus calcium-mediated excitotoxicity to PV

interneurons (Moghaddam et al., 1997, Jackson et al., 2004, Zhang et al., 2008,

Behrens and Sejnowski, 2009), and 2.) by disrupting the ECM surrounding fast-

spiking basket cells through disinhibition, further increasing susceptibility of PV

interneurons to excitotoxicity.

We demonstrated reductions in both parvalbumin expression and PNN thick-
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ness, which supports the hypothesis that disinhibition produces the profound be-

havioral symptoms of schizophrenia. Importantly, we have also demonstrated

deficits in sociality, mood, and episodic memory, though we were unable to repro-

duce the full array of cognitive effects demonstrated by other studies, the majority

of which used rats (Sams-Dodd, 1995, Sams-Dodd, 1997, 1998) or phencyclidine

(Noda et al., 1995, Noda et al., 1997, Linn et al., 2003).

Collectively, deficits in PV expression and behavior have not been reported

with the subchronic ketamine model in C57Bl/6 mice to date. Currently, no

study has demonstrated PNN loss or alterations in a pharmacological or genetic

schizophrenia model.

2.5.1 Altered Explicit, but not Implicit Memory

We assessed deficits in explicit, spatial memory through Novel Object Recognition

(NOR) (Ennaceur and Delacour, 1988), with a 24-hour delay between learning

and testing to ensure hippocampal, and not frontal or perirhinal, dependence

(Winters et al., 2004, Winters et al., 2008, Ennaceur, 2010). We found that

saline-treated animals, but not ketamine-treated animals, spent significantly more

time investigating novel objects. We also tested implicit memory using context-

dependent fear conditioning, another form of hippocampal learning, yet found no

difference between treatment groups.

While acute studies have consistently shown that NMDA blockers interfere

with acquisition and perhaps retrieval of memories (de Lima et al., 2005, Nilsson

et al., 2007, Karasawa et al., 2008, Pitsikas et al., 2008), subchronic treatment

produces deficits that vary according to drug, species, and strain. With phency-

clidine, subchronic treatment produces NOR deficits in rats when used at short (1

min) trial intervals (Grayson et al., 2007, Arnt et al., 2010, Damgaard et al., 2010,

Idris et al., 2010, Damgaard et al., 2011). However, we are aware of no studies
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that previously investigated novel object recognition with subchronic ketamine,

though several studies showed deficits with this model in context-dependent mem-

ory using other tests, such as the radial arm maze (Featherstone et al., 2012), the

odor span test (Rushforth et al., 2011), and the Morris water maze (Tan et al.,

2011).

There have been fewer investigations of implicit learning with subchronic mod-

els, either in context-dependent fear conditioning (Amann et al., 2009), or passive

avoidance response (PAR), a parahippocampal-dependent form of implicit learn-

ing where animals are trained with an aversive stimulus to avoid a particular

environment (Wang et al., 2006, Chatterjee et al., 2011). Two of these studies

reported a deficit with subchronic ketamine (Amann et al., 2009, Chatterjee et al.,

2011), while Wang and colleagues did not (2006). It is noteworthy that the two

studies which did find significant effects on PAR and fear conditioning used a 14

to 28 day treatment period, whereas our study and that of Wang and colleagues

used a 7 day treatment period.

2.5.2 Disruptions in Sensorimotor Gating

Another measure of executive function impaired in schizophrenics is sensory gat-

ing—the ability to distinguish important stimuli from background noise (Geyer,

2006). This is often studied in animal models through pre-pulse inhibition (PPI),

a form of sensorimotor gating that attenuates the startle reflex (reviewed in Geyer

2006). Notably, PPI is robustly diminished in schizophrenia and in genetic ani-

mal models, including in PV interneuron-specific knock-outs (Belforte et al., 2010,

Leppa et al., 2011, Ma et al., 2012, Del Pino et al., 2013, Popelar et al., 2013).

This study found an overall effect of ketamine on prepulse inhibition (p=0.01,

Figure 6E), but no effect between saline and ketamine treated animals for any

individual prepulse group. It is noteworthy to mention that this aspect of the
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study is likely underpowered, with N=7 saline animals and N=6 ketamine treated

animals. We also found that ketamine reduced startle responses across blocks

overall, but both groups habituated to the 120 dB impulse, as expected. There

was no significant difference between ketamine and saline treated animals for three

of the four blocks; there was, however, a difference in the third block. Given that

this data point is outside of the expected habituation trend and only within the

control group, this may reflect an artifact of our low sample size. Reduction of the

startle reflex by ketamine has been observed in other studies, such acute human

treatments (Heekeren et al., 2007), while other studies have shown ketamine to

potentiate startle (Cilia et al., 2007).

There is disagreement as to whether acute ketamine, unlike phencyclidine or

dizocilpine, is an appropriate model of sensorimotor gating impairment in humans

or animals (Mansbach and Geyer, 1989, de Bruin et al., 1999, Imre et al., 2006,

Ma and Leung, 2007, Ma et al., 2009). Only a few reports have studied the ef-

fects of subchronic NMDA blockers on pre-pulse inhibition; those that did used

phencyclidine (Hashimoto et al., 2005, Egerton et al., 2008), with only Hashimoto

and colleagues reporting a deficit. Only one study to our knowledge examined

the effects of subchronic ketamine on sensory gating (Becker et al., 2003); in that

study, latent inhibition (LI), another measure of sensory gating, was impaired,

but PPI was not. Both measurements are altered in schizophrenic patients. How-

ever, there are important differences between LI and PPI. Latent inhibition is a

habituation-dependent form of implicit learning; neural pathways required by each

of these tests differ, and thus these different outcomes may reflect the limitations

of the subchronic ketamine model.
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2.5.3 Altered Sociality and Depressive-Like, but not Anxiety-Like, Be-

havior

We also measured changes in sociality, mood, and anxiety-like behavior. We found

depressive-like behavior in ketamine-treated mice using the forced swim test (FST)

(Porsolt et al., 1977, Slattery and Cryan, 2012), which uses rodent immobility in

water as a measure of behavioral despair. This finding is in agreement with other

subchronic studies using phencyclidine (Noda et al., 1995, Noda et al., 1997,

Noda et al., 2000) and ketamine (Li et al., 2010, Hou et al., 2013). We found no

overall changes in locomotion, thus eliminating the possibility that direct motor

impairments were responsible for the enhanced immobility.

Additionally, we have shown changes in social, but not anxiety-like, behavior

in ketamine-treated animals. Subchronic studies with phencyclidine have demon-

strated deficits in sociality and social interaction in both mice (Beraki et al., 2009,

Brigman et al., 2009, Nagai et al., 2009) and rats (Sams-Dodd, 1995, 1998, Lee

et al., 2005, Schwabe et al., 2006). However, only a few studies have tested the

effects of subchronic ketamine on these behaviors (Becker et al., 2003, Becker

and Grecksch, 2004). In our study, we found that saline-treated mice, but not

ketamine-treated mice, spent significantly more time interacting with a conspe-

cific control. Interpreting changes in sociality is challenging in animal models, as

a lack of interaction between mice or rats may reflect changes in anxiety, motor

impairment, avolition, or anhedonia (File and Hyde, 1978). Thus, we also exam-

ined anxiety using the elevated plus maze (EPM) (Figure 5B) and a five-day open

field study (Figure 6A-D). We found no differences in either the time or distances

animals moved along the edge of the open field, the center of the field, the latency

to enter the center of the arena, or habituation to the arena across any of the

five days. We also did not observe differences between treatment groups in the

elevated plus maze (EPM). This is in line with other subchronic ketamine studies

that have shown normal EPM behavior in treated animals (Becker et al., 2003).
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However, other subchronic studies, mainly with phencyclidine, have reported

task-dependent changes in anxiety-like behavior, including reduced latency to en-

ter the center of the open field arena or light-enhanced startle, though not in the

EPM (Enkel et al., 2013). However, we observed no changes in either EPM or

thigmotaxis. Given this, the asociality observed in ketamine-treated mice may not

reflect an anxiety phenotype per se. Sociality is a complex association of circuits

that mediate social and facial recognition, dependent upon prefrontal, cingulate,

hippocampal and temporal regions, damage to each of which has been demon-

strated in subchronic antagonist models (Olney and Farber, 1995, Baron-Cohen

et al., 1999, van Elst et al., 2005, Rauch et al., 2010, Lepage et al., 2011, Li et

al., 2012). Further investigation is needed to conclusively pinpoint which aspect

of social behavior is impaired in the subchronic antagonist model.

2.5.4 Locomotor Behavior Is Unchanged

We did not observe long-term motor changes in this study, such as hyperlocomo-

tive activity. Animal hyperlocomotion and repetitive movements have served as

a rough surrogate for behavioral stereotypies observed in patients, such as repeti-

tive movements, catatonia, or neurological soft-signs (reviewed in Walther 2012).

Indeed, acute doses of non-competitive NMDA blockers induce ataxia, the loss of

the righting reflex, and enhance glutamate activity and gamma-band oscillations

in the basal ganglia (French, 1986, Steinpreis and Salamone, 1993, Irifune et al.,

1995, Hakami et al., 2009, Nicolas et al., 2011). Genetic models of schizophrenia

also report motor disturbances like behavioral stereotypy and hyperlocomotion

(Ji et al., 2009, Belforte et al., 2010, Papaleo et al., 2012, Del Pino et al., 2013).

However, only a few subchronic studies have reported similar findings (Chat-

terjee et al., 2011, Hou et al., 2013), one of which used anesthetic doses of ke-

tamine (100 mg/kg) (Chatterjee et al., 2011). Earlier studies have also noted that

long-term locomotor effects fade over time, unlike deficits in social interaction or
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memory (Sturgeon et al., 1982). Therefore, it is unlikely that subanesthetic doses

of ketamine appropriately model motor disturbances in schizophrenia.

2.5.5 Conclusion

We performed a rigorous evaluation of the subchronic ketamine model to deter-

mine if 1.) perineuronal nets were in fact degraded by the ensuing damage to

inhibitory circuits, and 2.) behavior deficits were also present in ketamine-treated

animals. In the course of our evaluation, we confirmed that perineuronal nets and

PV expression were both diminished in the dorsal hippocampus; however, the be-

havioral deficits in subchronically treated mice were more subtle and less reflective

of schizophrenia than those reported by studies using phencyclidine. Indeed, the

ability of acute and subchronic animal studies to reproduce schizophrenic symp-

toms appears to be strain, dose and drug dependent. Of the three drugs most

commonly studied—ketamine, phencyclidine, and dizocilpine—ketamine has the

lowest affinity for NMDA receptors, with phencyclidine and dizocilpine each hav-

ing respectively greater potency (Wong et al., 1986, Wong and Nielsen, 1989,

Ellison, 1995, Kapur and Seeman, 2002). Thus, subchronic phencyclidine studies

may produce a greater range of symptoms than ketamine (Jentsch et al., 1998,

Jentsch and Roth, 1999), though all three drugs are capable of producing neu-

rotoxic insults over repeated use (Olney et al., 1989, Fix et al., 1993, Olney and

Farber, 1995, Behrens et al., 2007).

This damage appears to be disproportionately affect PV interneurons, and this

their dysfunction may underlie many of the symptoms in schizophrenia (Burgess

et al., 2002, King et al., 2004). Previous work has already demonstrated that

fast-spiking PV expressing inhibitory neurons are critical for the generation of

gamma rhythms and the function of working and episodic memory (Fuchs et al.,

2007, Cardin et al., 2009, Sohal et al., 2009, Korotkova et al., 2010).
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In addition to showing a reduction in parvalbumin expression in the dorsal

hippocampus like other studies, we have also demonstrated that subchronically

treated mice show thinning of PV cell-ensheathing perineuronal nets. This leaves

the outstanding question as to what extent, if any, PNN loss contributes to the

behavioral phenotypes of schizophrenia.

A substantial body of work has demonstrated that perineuronal nets are criti-

cal to learning and memory and are altered in schizophrenic patients (Pantazopou-

los et al., 2010). PNNs stabilize synaptic receptors and buffer cations (Hartig et

al., 1999, Frischknecht et al., 2009, Hrabetova et al., 2009) and have a direct

role in both the structural and synaptic plasticity of the forebrain (Hensch, 2005,

Beurdeley et al., 2012). Likewise, the genetic disruption of PNNs has been shown

to alter synaptic plasticity and long-term potentiation (Saghatelyan et al., 2000,

Brakebusch et al., 2002, Evers et al., 2002, Bukalo et al., 2007, Carulli et al., 2010).

Ablation of PNNs with chondroitinase ABC restores the critical period of visual

cortex plasticity (Pizzorusso et al., 2002), and permits the erasure of fear-based

memories in the amygdala (Gogolla et al., 2009). These are functions essential to

the proper maintenance of explicit and implicit forms of memory, both of which

are severely impaired in schizophrenia. Future work is required to show whether

enzymatically degrading PNNs is capable of producing behavioral symptoms per

se, or if the reduction of PNN staining compensates for other pathogenic processes

in animal models of schizophrenia.

43



2.6 Figures and Captions
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Figure 2.1: Study Design and Methods.

Three groups of animals were tested (A). Each group was treated for one week

once daily with 30 mg/ kg ketamine. After one day of recovery, behavior testing

began. Group A animals were tested for Social Interaction (2 days of habituation,

and 1 day of testing); on Day 11, animals were tested with the Elevated Plus

Maze; on Day 12, animals were tested with the Forced Swim Test; they were then

perfused on Day 13. (The caption is continued on the following page)
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Figure 2.1: (Caption Continued) Group B animals were tested for Novel Object

Recognition (Days 8 and 9: habituation, Day 10: sample object testing, Day 11:

novel object testing), and were subsequently tested with context-dependent fear

conditioning (Day 12, learning; Day 13, testing). Group C animals were tested in

an Open Field for 5 days (Day 8 - 12), for Social Interaction as before (Days 13

through 15), and for startle and PPI on Day 16. Animals from Group A were used

for histology (B). PNNs surrounding PV+ interneurons in the dorsal CA1 were

analyzed (B, panel ii, dashed box; blue: WFA/PNN, red: PV, green: VGLUT1).

PNN intensity images (B, panel i) were segmented using the cell soma to select

the area surrounding the nets; line profiles were selected at 10 points along the

net (panel i, shown as an intensity image). The intensity profile along the selected

line (panel i, red line) was filtered (panel iii, red trace), and a Gaussian was fitted

to it (panel iii, green line). The full width at half-maximum was used as the width

of the net (panel iii, black dashed line).
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Figure 2.2: Changes in PV expression and Perineuronal Nets.

Confocal Z-stacks were taken of cells stained for parvalbumin (PV, red) and per-

ineuronal nets (PNNs, blue). A, Semiquantitative fluorescence of PV+ interneu-

rons revealed a significant decrease in PV staining in both the stratum oriens and

stratum radiatum between ketamine and saline-treated animals. B, 3-D projec-

tions of Z-stacks: tissue from saline-treated animals (i - iii) and ketamine-treated

animals (iv - vi). The majority of PV cells analyzed were surrounded by WFA-

positive extracellular matrix. PNNs showed a reduction in thickness in the stra-

tum radiatum and in the stratum oriens (B, right; p <0.001).
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Figure 2.3: Explicit and Implicit Memory.

Novel Object Recognition (A). Animals were habituated to the testing arena for

2 days prior to exposure of two identical objects; after 24 hours, animals were

exposed to a sample object from the previous trial and a novel object (A, left).

Saline-treated mice explored the novel object significantly more than the familiar

sample object, while ketamine-treated mice did not (A, right). (The caption is

continued on the following page)
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Figure 2.3: (Caption Continued) The discrimination index between saline and

ketamine mice was not significantly different (B, left). Fear Conditioning (C).

Mice were exposed to a specific context defined by visual and olfactory cues where

they received a total of three, 2 sec, 0.75 mA foot shocks; the subsequent day, mice

were re-exposed to the same context where they were monitored for freezing with

an infrared camera for 8 minutes (C, left). No significant differences in freezing

were observed between saline- and ketamine-treated animals (C, right) .
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Figure 2.4: Social Interaction.

Mice were habituated to a three-chambered arena for two days; on the third day,

mice were exposed to two inverted metal pencil cages, one of which held an unfa-

miliar conspecific mouse, the other of which was empty (A, left). Saline-treated

mice interacted with the pencil cage holding the conspecific mouse significantly

more than with the empty cage; while there was a difference in interaction time

between empty and conspecific cages for ketamine-treated animals, it was not

significant (A, right). The discrimination index was not significantly different

(B).
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Figure 2.5: Forced Swim Test and Elevated Plus Maze.

Ketamine-treated mice showed changes in affect, but not anxiety. In the Forced

Swim Test, ketamine-treated mice became immobile faster than saline-treated

mice (A). However, no differences in the exploration time between treatment

groups were observed in either the open or closed arms of the elevated plus maze

(B).
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Figure 2.6: Open Field Test and Prepulse Inhibition. The caption is con-

tinued on the following page.
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Figure 2.6: (Caption Continued) Animals (Group C) were also tested over five

days in an Open Field. Total movement along the outer 25% of the arena (A), total

movement in the center of the area (B), and total time spent along the edge (C)

and center (D) were analyzed. No statistically significant difference was detected

in any of the parameters, nor was there any difference between treatment groups in

latency to leave the edge for the arena center (data not shown). Animals were also

assessed for deficits in startle, habituation, and sensorimotor gating using Prepulse

Inhibition (E, F). There was a small overall effect between ketamine and saline

treated animals (E); however, this was not specifically detected between treatment

groups for any individual prepulse. Similarly, there was an overall reduced startle

reflex in ketamine treated animals, but no effect between treatment groups for

any individual blocks, except for Block 3 (F).
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CHAPTER 3

Altered Sensorimotor Gating and Reduced

Theta- and Gamma-Band Power in a

Conditional Knockout of Gabrd in Parvalbumin

Expressing Neurons

3.1 Abstract

Recent work has shown that tonic inhibition is a major component of neuronal net-

works involved in the regulation of mood and behavior. Extrasynaptic δ-subunit

containing GABAA receptors (δGABAAR), which mediate tonic inhibition in prin-

cipal cells and interneurons of the dentate gyrus, cortex, thalamus, and stria-

tum, have been shown to modulate gamma rhythms, as well as facilitate the

neurosteroid modulation of anxiety and stress. However, the role of interneuron-

specific δGABAARs in vivo has been difficult to study. Here, we use a parval-

bumin (PV)-driven Cre line to conditionally delete δGABAAR in a floxed Gabrd

mouse (PV/Gabrd). The PV interneuron-specific loss of δGABAAR increases the

frequency of kainate-evoked gamma oscillations in vivo and reduces theta- and

gamma-band power in vivo in mutant animals. Additionally, PV-Cre deletion

of Gabrd disrupts sensorimotor gating as measured through prepulse inhibition

(PPI) and diminishes habitation to the acoustic startle reflex. Mutant animals

did not show alterations in anxiety through the elevated plus maze (EPM), nor

did they show changes in open field activity. However, brain tissue from mutant
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mice showed reduced PV expression, indicating that the PV/Gabrd model may

have implications for schizophrenia.

3.2 Introduction

While much work has been conducted on synaptic inhibition and behavior, a

growing body of evidence has also established that tonic inhibition is a major

regulator of cognition (Maguire et al., 2005; Maguire and Mody, 2007; Martin

et al., 2009; Moore et al., 2010; Shen et al., 2007, 2010; Smith et al., 1998).

These findings are supported by human and animal studies that indicate the

tonic current-mediating subunits of the GABAA receptors—namely the α5, α4,

and δ subunits—are risk genes for psychiatric disorders such as schizophrenia

(Hashimoto et al., 2008; Maldonado-Avilés et al., 2009) and major depression

(Choudary et al., 2005; Sequeira et al., 2009).

In this regard, the α4βδ and α5βγ2 receptors have received much attention

over the past decade (Brickley and Mody, 2012). In the hippocampus, these re-

ceptors mediate the majority of tonic current in the dentate gyrus (Nusser and

Mody, 2002; Stell et al., 2003; Stell and Mody, 2002) and pyramidal cells of

the hippocampus and the neocortex, respectively (Caraiscos et al., 2004; Glykys

and Mody, 2006; Yamada et al., 2007). Behaviorally, animal studies have demon-

strated that the advent of puberty correlates to a substantial increase in α4βδ that

precipitates a hormonal-mediated increase in the excitability of CA1 pyramidal

cells that has been linked to anxiety and mood swings accompanying adolescence

(Shen et al., 2007, 2010; Smith et al., 1998). The reverse appears to be true as

well, where stress from social isolation leads to an increase in α4βδ expression

(Serra et al., 2006). GABAA receptor plasticity is seen during pregnancy, and the

ensuing hormonal fluctuations induce changes in neuronal excitability that have

been linked to catamenial epilepsy (Maguire et al., 2005), premenstrual dysphoric
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disorder (Maguire and Mody, 2007) and post-partum depression (Maguire et al.,

2009).

Thus far, investigation of these diseases insofar as tonic inhibition has largely

been restricted to global δ-, α4-, and α5-subunit knockouts, which, by number,

overwhelmingly target hippocampal and neocortical principal cells. In contrast,

α1βδ GABAA receptors, the subtype that mediates the predominant form of tonic

inhibition in interneurons (Glykys et al., 2007; Oláh et al., 2009; Szabadics, Tamás,

and Soltesz, 2007), have been more difficult to study.

Recently, Lee and Maguire (2013) introduced a conditional, Cre-mediated

knockout of the Gabrd gene, which they applied to GAD65-expressing (GABAer-

gic) cells. Interneurons of these animals have reduced tonic currents, reduced ex-

citability, and, in contrast to global Gabrd−/− mice (Spigelman et al., 2002), have

a greater resistance to kainate-induced seizures (Lee and Maguire, 2013). With

these animals, we were able to specifically test the involvement of the δ-subunit

in PV-expressing interneurons and its role in behavior.

Here, we report that the conditional deletion of the Gabrd gene in PV interneu-

rons results in faster kainate-evoked gamma frequencies, disruptions in startle and

Prepulse Inhibition (PPI), and diminished in vivo gamma- and theta-band power.

Our results demonstrate a substantive role of interneuron-specific tonic inhibition

for the maintenance and regulation of cognitive processes.

3.3 Methods

3.3.1 Animal Use

All animal use was approved by the UCLA Chancellor’s Committee on Animal

Welfare. Conditionally deleted GABAA δ-subunit knock-out mice (a gift of Dr.

J. Maguire, Tufts University, Boston, MA) were generated by inserting flank-

77



ing LoxP sites around Exons 2 through 6b, as previously described (Lee and

Maguire, 2013). Floxed δ-subunit (Gabrd) mice were backcrossed approximately

5 generations to C57Bl/6J animals. The final generation was obtained by cross-

ing homozygous Gabrd mice to homozygous-expressing Cre+/+ congenic (N10 or

greater) C57Bl/6 mice. This mouse line expresses Cre under the endogenous PV

promoter through an Internal Ribosomal Entry Sequence (IRES) (JAX Stock#

008069) (Hippenmeyer et al., 2005). Heterozygous (PV-Cre+/Gabrd+/−, Het),

homozygous (PV-Cre+/Gabrd−/−, Hom), and PV-Cre−/− littermates were gen-

erated by crossing these double heterozygous animals together. Adult male and

virgin female mice between the ages of 10 and 30 weeks were used. Before any

experiment, mice were acclimated to the vivarium on a 12 hour light/dark cycle

(6:00 am - 6:00 pm) with free access to water and food for at least one week prior

to behavioral or electrophysiological experiments. Genotyping was performed by

Transnetyx (Cordova, TN).

3.3.2 Oscillations and In Vitro Electrophysiology

Animals were deeply anesthetized with isoflurane and rapidly decapitated using a

guillotine. Oscillations were recorded as previously reported (Ferando and Mody,

2013). Heads were immersed in cold, oxygenated cutting solution for two minutes

before brains were removed. We used a HEPES-buffered cutting solution based

on N-Methyl-D-Glucamine (NMDG) that comprised: 135 mM NMDG, 10 mM D-

glucose, 4 mM MgCl2, 0.5 mM CaCl2, 1 mM KCl, 1.2 mM KH2PO4, and 26 mM

HEPES, pH 7.3 - 7.4. Osmolality was adjusted to between 295 and 297 mOsm/L

and bubbled with O2 20 minutes prior to and during cutting. After decapitation

and cooling, brains were rapidly removed and cut horizontally at 350 µm using a

Leica VT1000S vibratome. Slices were incubated at 32◦ C in an interface chamber

in a high sucrose artificial cerebrospinal fluid (aCSF) that comprised the follow-

ing: 85 mM NaCl, 25 mM D-glucose, 55 mM sucrose, 2.5 mM KCl, 1.25 mM
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NaH2PO4, 0.5 mM CaCl2, 4 mM MgCl2, 26 mM NaHCO3, pH 7.3 - 7.4 after bub-

bling with 95% O2/5% CO2 for at least 20 minutes. This high sucrose aCSF was

slowly exchanged with normal aCSF, which comprised: 126 mM NaCl, 10 mM

D-glucose, 2 mM MgCl2, 2 mM CaCl2, 2.5 mM KCl, 1.25 mM NaH2PO4, 1.5 mM

Na-Pyruvate, 1 mM L-glutamate, 26 mM NaHCO3, pH 7.3 - 7.4 after bubbling

with 95% O2/5% CO2. Recordings were made within the pyramidal layer of CA3

in an interface chamber perfused with 35◦C aCSF and 50 nM kainic acid (Tocris).

Electrodes were filled with normal aCSF. An A-M systems patch clamp amplifier

(model 3000, Portland, OR) was used to collect data, amplified with a Brown-

lee amplifier (BP Precision, Model 210A), sampled at 4096 Hz, and band-pass

filtered between 0.1 and 3000 Hz. Data was collected using EVAN (a LabView-

based software package designed by Thotec). Analysis was performed in Igor Pro

(WaveMetrics) using custom routines. Frequency data comprised maximum val-

ues at spectrum peaks in the gamma-band frequency collected over 180 s periods.

In paired measurements with 3α-hydroxy-5α-pregnan-20-one (allopregnanolone,

ALLO) (100 nM dissolved in aCSF and DMSO, 0.01% final concentration), mea-

surements were collected from 180 s before and after with a 10 min intervening

period.

3.3.3 In Vivo Recordings

A total of 9 animals (3 PV-Cre−/−, 3 Het, and 3 Hom) were recorded from. An-

imals 10 to 20 weeks of age were implanted with electrodes. Prior to surgery,

animals were acclimated to polycarbonate recording buckets (Carlisle FSP) that

were clear, plastic, approximately 30 cm in diameter, and open at the top. Mice

were anesthetized with isoflurane and placed on a heated pad within a stereotac-

tic rig. Scalps were washed with 70% ethanol and removed with scissors. The

periosteum was scraped off the skull using a sterile scalpel. Stereotactic coordi-

nates were marked on the skull using a black permanent marker attached to the
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rig; the dorsal CA1 was targeted relative to the Rostral Confluence of the Sinus

(RCS), 5.5 mm posterior of the RCS, -1.5 mm lateral to the midline, and -1.2

mm ventral to the dura mater. An additional coordinate was placed over the

medial prefrontal cortex (mPFC) for a separate experiment. A ground electrode

was implanted approximately 0.5 mm posterior to the lambdoid suture on the

contralateral side of the cranium. After coordinates were marked, a thin layer of

superglue was applied to the surface of the skull and allowed to dry. A high-speed

dental hand piece was subsequently used to drill craniotomies at the coordinate

locations. Prior to surgery, electrode implants were assembled using a template

matched to a custom-built amplifier/ head stage capable of recording two chan-

nels grounded to a third pin. The three stainless steel wires of equal diameter

(0.125 mm, PlasticsOne) attached to female connectors were fitted to a male tem-

plate and adhered together using quick-drying epoxy (J-B Weld). After drying,

electrodes were shaped manually using a pair of forceps and lowered stereotacti-

cally. The electrode array and skull were covered and sealed using dental cement

(Ortho-Jet BCA).

After recovery for three to five days, animals were lightly anesthetized with

isoflurane and placed in new recording buckets. Recording buckets were previously

soaked with a layer of 12.9% benzalkonium chloride (Benz-All) in water, a cationic

detergent that reduces electrostatic interference, and allowed to dry. Animals

were provided food and water ad libitum using dishes and placing food pellets

at the bottom of a cage; we also provided animals with sawdust bedding and

nestlets. Recordings were made using custom-made head stages that comprised

a single dual-channel op-amp at unity gain (Digi-Key, LT11128) soldered to thin

copper wires (0.018 mm2) carrying the signal and power supply. Long-lasting 9V

batteries (HiTech, Ultra High Capacity Lithium-Ion) were used to power the head

stage. Head stages were attached to commutators (Dragonfly, Inc.) and signals

were digitized using an 8 channel Data Acquisition Board (National Instruments,
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Model NI USB-6509) sampled at 2048 Hz, collected using Igor Pro (WaveMetrics).

Recordings were performed over the course of at least 24 hours.

3.3.4 Theta-Gamma Coupling and Power Spectrum Density

Theta-Gamma Coupling. Three to five 100 second segments of stable record-

ings in which theta and gamma-band activity were present were collected for anal-

ysis from each animal. We use the method of Tort and colleagues (2008, 2009)

to compute the modulation index as a measure of theta-gamma phase-amplitude

coupling. Traces were band-passed for delta/theta band rhythms (2 to 14 Hz) and

for gamma-band rhythms (20 to 135 Hz). Filtered traces were transformed into

phase/time series using the Hilbert transform. The 360◦ of the theta phase was

divided into 18 bins, and the amplitude of the gamma band was calculated for

each phase bin, normalized across bins. As in Tort et al., the Modulation Index

is a log-transformed measure of deviancy of amplitude distributions across theta

phase bins from a uniform distribution (Tort et al., 2008, 2009). Figures are plot-

ted as the Modulation Index at theta frequency x and gamma frequency y. Thus,

the modulation index represents the degree of coupling of a given gamma-band

frequency to a given theta-band frequency. A modulation index of 0 indicates no

deviancy from the uniform distribution, and thus reflects a lack of coupling be-

tween the gamma-band and theta-band at a given pair of frequencies. Red colors

indicate greater modulation indices; matrices compiled (Figure 10) are averages

across genotypes.

Power Spectrum Density (PSD). MATLAB (Mathworks) was used to calcu-

late PSDs from the data sets described above using the Welch Spectral Estimator

function, with an approximately 24.4 ms (50 pt) Kaiser window. Spectra were

averaged together to produce plots, and the following intervals were averaged per

trial to estimate signal power: theta (5 Hz to 12 Hz), low gamma (30 to 58 Hz),
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and high gamma (61 to 118 Hz).

3.3.5 Elevated Plus Maze

Mice were tested for anxiety-like behavior using the Elevated Plus Maze (EPM)

(Walf and Frye, 2007); animals were acclimated to the 12 hr light/ dark schedule

of the facility in which they were tested for a period of at least one week. A

total of 23 mice were tested (9 PV-Cre−/−, 9 Het, and 5 Hom). Animals were

removed from the vivarium and allowed to rest approximately one hour before

testing in a quiet, dimly lit room with an over-head camera. Mice were tested

in pseudorandom order by placing a single mouse in the center of the plus maze

for 6 minutes. In between trials, the maze was cleaned with 70% ethanol. Mice

with at least half of their body in an arm were considered to be in the arm. Trials

were analyzed manually by a scorer blind to genotype. Analysis was conducted by

comparing total time spent in the open and closed arms across treatment groups.

3.3.6 Object Context Mismatch Task and Open Field

A separate cohort of animals was tested for the Object Context Mismatch Task

(OCMM) (Spanswick and Dyck, 2012) and Prepulse Inhibition (PPI). The OCMM

is a hippocampal and prefrontal cortex test of working and contextual memory.

Animals were habituated to two separate contexts. Context A was a 40 cm x

40 cm x 40 cm Plexiglas arena in the center of an open room with visual cues

around the walls (a yellow star, a red circle, and a blue triangle) cleaned with

a small spray of lemon-scented Lysol and 70% ethanol. Context B consisted of

an identical box, but in a dark room with sawdust bedding cleaned with 70%

isopropanol and different visual cues (small holes that permitted dim light).

Animals were exposed to each context for ten minutes each for two days, first

to Context A and then to Context B. The first five minutes of the first day of
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habituation to Context A was used as a measure of Open Field activity.

On the third day, animals were exposed to each context for five minutes during

the learning phase. In each arena, two context-specific objects constructed from

Legos (Duplo) were placed in the lateral centers of the arena. In Context A,

objects were red, white and pyramidal shaped; in Context B, objects were blue,

white, and cuboidal. After sequential exposure to Context A and B, animals

were placed in a cage for five minutes and exposed to either Context A with

a mismatched object (from Context B) and an in-context object (from Context

A) or the opposite in Context B; the placement of the mismatched object was

counterbalanced. Animals were tested for three minutes and were recorded using

an infrared camera.

Analysis of the OCMM was conducted offline using custom software in Igor Pro

(WaveMetrics). The software analyzed interaction, defined as sniffing or point-

ing within 2 cm of the object, over time for the three minute test period. The

normalized difference between interaction times, the discrimination index (DI =(

TNovel - TFamiliar) / (TNovel + TFamiliar)), was calculated to condense interactions

to single variables. For the open field test (OFT), animals were tested for latency

to enter the center, locomotion over the edges (defined as the outer 25% of the

arena), and locomotion within the center of the arena (the middle 50% of the

arena).

3.3.7 Prepulse Inhibition and Startle

Animals were tested for PPI at least one week after the completion of the OCCM/

OFT. Only male animals with a body mass of 25.0 g to 35.0 g were considered.

Mice were tested 4 at a time in separate soundproof chambers with identical

prepulse protocols (SR-LAB, San Diego Systems, Inc.). Trials were delivered in

four blocks (Geyer et al., 2001). A total of 42 animals were tested for PPI (15
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PV-Cre−/−, 13 Het, 14 Hom). The first and fourth blocks comprised 6 separate

auditory pulses at 120 dB to assess startle and habituation. The second and third

blocks were tested with prepulses preceding startle pulses with a constant interval

of 80 ms. Prepulse/ pulses of white noise were delivered in random intervals at

three levels: 5 dB, 10 dB and 15 dB above background noise (65 dB). Prepulse

inhibition was assessed using accelerometers at the base of the startle chamber that

transduced movement into voltage. A prepulse index was calculated as (VPulse -

VPre)/VPulse *100%, using startle values calculated in the second and third blocks.

Startle was assessed separately for each block, and habituation was assessed as

the decrement of startle amplitude across the four trial blocks.

3.3.8 Tissue Preparation

Transcardial Perfusion and Preparation of Brains. Mice were transferred

to a separate perfusion room and were allowed to rest for at least one hour prior to

anesthesia. A solution of 4% paraformaldehyde (PFA) was prepared in phosphate-

buffered saline no earlier than 24 hours before perfusion. The solution was filtered

using a 0.22 µm filter (Millipore). Animals were anesthetized with a dose of isoflu-

rane and were injected (i.p.) with 50 mg/ kg pentobarbital (Sigma). A rounded

22 gauge needle attached to a cannula was placed through the left ventricle ad-

jacent to the aorta, and an incision was made in the right atrium. Following

a dose of 1000 U of sodium heparin, twice the weight in volume of PFA was

slowly delivered directly into the aorta. Brains were removed from the mice and

post-fixed overnight at 4◦ C and then cryoprotected in 30% sucrose in Millionigs

phosphate-buffered saline until fully equilibrated.

Histology and Confocal Microscopy. Cryoprotected brains were frozen in

OCT (Tissue-Tek, Inc.) over dry ice and stored at -80◦ C until ready for use.

Prior to sectioning, brains were allowed to acclimate to -20◦ C for at least one
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hour, and were allowed to further acclimate in a cryostat for approximately 30

minutes prior to sectioning. Coronal sections were cut at 40 µm and were washed

in phosphate-buffered saline. Sections separated by a block advancement of at

least 100 µm. After cutting, floating sections were washed in Tris-buffered saline

(TBS) three times for 10 minutes each before double-labeling for Parvalbumin

and the delta subunit of the GABAA receptor, as described previously (Ferando

and Mody, 2013).

Antigen retrieval was necessary for δ subunit staining. Slices were incubated

for 70 minutes in Sodium Citrate buffered solution (0.05 M, 1% NaCl, pH 8.6) at

90◦ C before blocking. Slices were permeabilized in 0.3% Triton-X 100 (Sigma)

and blocked with 10% Normal Goat Serum (Vector Labs) for 2 hours. Sections

were washed for 10 minutes in TBS and incubated with primary antibody (1:100,

Rb anti-δ, a gift of Dr. W. Sieghart, Medizinische Universität, Wien, Austria;

1:5000, Ms anti-PV, Swant Inc.) for three nights. After incubation with primary

antibody, slides were washed twice in TBS for 15 minutes each and secondary

antibody was applied for one hour. Secondary antibodies were: Goat Alexa 647-

conjugated anti-rabbit (1:750, Invitrogen); Goat Alexa 488-cojugated anti-Mouse

(1:750, Invitrogen). In dark conditions, sections were washed twice in TBS for 15

minutes each, dried slightly, wiped, and mounted using Fluoromount-G (South-

ernBiotech) on Superfrost Plus slides (Fisher Scientific).

3.3.9 Confocal Imaging and Semiquantitative Immunofluorescence

Imaging was carried out on a Leica SP5 multiline laser scanning confocal micro-

scope. Six mice (two coronal slices of 2 PV-Cre−/− mice, 2 Het mice, and 2 Hom

mice) were analyzed for PV/ δ double labeling in the CA1 of the hippocampus.

Confocal Microscopy. Sections of hippocampi (the CA3, CA1, and the Den-

tate Gyrus) were imaged with a 40x NA 1.25 oil immersion lens (Leica) at 1 x
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digital zoom, 200 Hz resolution, under constant gain between genotypes. Z-stacks

of individual cells were taken under the same optics at 7.5x digital zoom and

400 Hz resolution. Displayed images of single cells are 3-dimensional projections;

larger hippocampal sections (e.g., CA3, CA1, and the DG) are 2-D images. Where

indicated, confocal images were adjusted electronically to enhance brightness and

were done so uniformly across labels; images adjusted in this manner were not

used for semi-quantitative immunofluorescence.

Semiquantitative Immunofluorescence. Entire hippocampi were imaged un-

der constant gain and offset within three days of each other (2 per animal, 2 an-

imals per genotype, 3 genotypes: PV-Cre−/−, Hom, and Het). Slices were tile

scanned across the x and y axis, and along the z-axis in 1 µm intervals under 40x

oil-immersion NA 1.25 optics with a 1x digital zoom and 400 Hz resolution; resul-

tant images were stitched together to yield high-resolution images of hippocampi

using the Leica ASF software package.

For each hippocampus, 3 to 4 2-D optical sections within the center of the

Z-stack were selected for analysis, with a spacing between each of at least 2 µm.

Hippocampi were outlined using the ROI selection tool of ImageJ (NIH), and the

mean intensity for PV and the δ-subunit were calculated using the “measure”

function of the software.

3.3.10 Statistics

All statistics were calculated in Prism 6 (GraphPad), with α set to 0.05. Dis-

crimination indices were compared to zero with a Wilcoxon Signed Rank Test

and to each other using the Kruskal-Wallis Test. Other parametric measurements

for behavior and electrophysiology were compared to each other using a one-way

ANOVA using Tukey’s post-hoc multiple comparisons test. PPI measurements

were analyzed using the Kruskal-Wallis test, with Dunn’s multiple comparisons
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test. Recordings of oscillations with ALLO were analyzed with paired t-tests.

All other behavior tests, unless noted otherwise, were compared with two-way

ANOVA using Tukey’s post-hoc multiple comparisons test. Florescence com-

parisons were made using intensity images compared with one-way ANOVA and

Tukey’s post-hoc multiple comparisons test; measurements are listed in arbitrary

units (A.U.).

3.4 Results

3.4.1 Co-labeling of PV and the GABAA δ-subunit was found through-

out the Hippocampus, and both labels were reduced in Gabrd

mutant Hippocampi

To ascertain whether mutant animals successfully demonstrated PV-specific loss

of the δ-subunit, we used semiquantitative immunofluorescence of hippocampi

from mutant animals and PV-Cre−/− littermate controls. Indeed, mutant animals

revealed a significant decrease in the expression of the δ-subunit in mutant animals

relative to PV-Cre−/− littermates for both Het and Hom genotypes (one-way

ANOVA, F(2,26)=6.099, p<0.01, Tukey’s multiple comparisons test, Figure 1).

While there was a decrease in staining between Het and Hom sections, it was not

significant (Figure 1B).

The presence of PV+ interneurons in the hippocampi of Hom animals was

noticeably more difficult to observe. While PV cells were present, their soma as

stained by PV appeared more diffuse and had lower contrast with the background,

even at high magnification and resolution (Figure 3A). This was not the case

insofar as Het animals. When quantified, PV staining was significantly reduced in

Hom animals relative to both PV-Cre−/−controls and Het mice (one-way ANOVA,

F(2,26)=13.60, p<0.0001, Tukey’s multiple comparisons test, Figure 1C).
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Fluorescent co-labeling in the CA1 of PV+ interneurons with anti-PV and anti-

δ-subunit was apparent in both the stratum oriens and stratum radiatum (Figure

1A). Robust staining of the dentate gyrus molecular layer (ML), as demonstrated

previously, was observed in all genotypes (Figure 2B). Interneurons within and

along the granule cells and hilus, however, appeared to have a decrease in δ-subunit

expression.

Interestingly, we noted that even in Hom tissue, where no PV/δ staining was

expected to overlap, some staining of PV+ interneurons was apparent (Figure 3).

Upon closer examination at 300x magnification, two types of staining could be

seen in mice lacking Cre (Figure 3A). Diffuse somatic staining (open arrowheads),

as seen in the studies of Peng and colleagues (2004), Milenkovic and colleagues

(2013), and Yu and colleagues (2013), decreased in Het and Hom animals. This

was in contrast to a second denser, punctate staining at the surface of the soma

(filled arrowheads). This may reflect presynaptic, axonal expression of the δ-

subunit by granule cells or other interneurons targeting the soma of PV-expressing

basket and chandelier cells (Patton and McNaughton, 1995).

Regardless of genotype, δ-subunit expression was seen in interneuron popula-

tions of CA1, CA3 and the DG (Figure 4). These cells were also seen near the

alveus and distal stratum oriens, as well as the distal stratum radiatum and the

hilus, a significant portion of which are likely neurogliaform cells (Oláh et al.,

2009).

3.4.2 Mutant Mice Show Elevated Gamma Rhythm Frequency in vitro

We next wished to determine if PV-specific deletion of the δ-subunit elevated

the frequencies of kainate-evoked gamma-band rhythms in vitro. This has been

demonstrated previously in global δ knockouts pharmacologically (Mann and

Mody, 2010). Indeed, both Het and Hom animals show significantly elevated
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gamma rhythms relative to PV-Cre−/− controls (FWT = 44.11 Hz, FHet = 51.71

Hz, FHom = 50.07; one-way ANOVA, F(2,59)=13.12, p<0.0001, Tukey’s post hoc

multiple comparisons test, Figure 5). There was no difference in frequency be-

tween Het and Hom animals (Figure 5B,C).

3.4.3 Gamma Frequencies of Het Animals, but not PV-Cre−/− or Hom

animals, are Sensitive to Neurosteroids

As an additional control, we wished to determine if the endogenous neurosteroid

allopregnanolone (3α-hydroxy-5α-pregnan-20-one, ALLO), a positive allosteric

modulator of the δ-containing GABAAR subunit, differentially affected genotypes.

Previous work has shown that ALLO restores elevated gamma-band frequencies

of animals with reduced expression of the δ-subunit, but does not affect animals

with normal or no δ expression (Ferando and Mody, 2013). To determine if this is

the case here, we measured in vitro gamma-band oscillations before and after the

application of 100 nM ALLO. Our data demonstrates that, as expected, ALLO re-

duces Het frequencies to baseline levels (FBefore = 53.85 Hz v. FAfter = 49.00 Hz,

paired t-test, t(6) = 2.591, p<0.05, Figure 5D). However, ALLO did not change

the frequencies of PV-Cre−/− animals (t(6)=0.8914, p=0.4070), or Hom animals

(t(5)=0.8692, p=0.4245).

3.4.4 Altered Prepulse Inhibition and Disrupted Habituation to Star-

tle Stimuli in Heterozygous and Homozygous Animals

Gamma frequencies and markers of tonic inhibition and inhibitory interneurons,

specifically δ and PV, are altered in psychiatric disorders such as schizophrenia

(Hashimoto et al., 2008; Maldonado-Avilés et al., 2009) that present with deficits

in executive function (Geyer et al., 2001). Thus, we wished to determine if these

mice also displayed such indicators. First, we analyzed male mice for changes in
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sensorimotor gating. Indeed, mutant animals tested for prepulse inhibition (PPI)

displayed a robust effect across genotypes (two-way ANOVA, F(2,117)=8.2615,

p=0.0005) (Figure 6A). A total of 42 animals were studied (PV-Cre−/−: N = 15,

Het: N = 13, and Hom: N = 14). There were significant differences between PV-

Cre−/− null animals and mutants at the 80 dB for Het and Hom animals (Kruskal-

Wallis Test K(3,42)= 10.24, p=0.006; Dunn’s Multiple Comparisons Test), but

not at the 75 dB and 70 dB levels (75 dB: K(3,42)=4.693, p=0.0957; 70 dB:

K(3,42)=2.355, p=0.3080).

In parallel, animals were tested for their response to acoustic startle stimuli

(Figure 6B). There was a significant difference across time (two-way ANOVA,

F(3,117) = 9.134, p <0.0001), but no significant difference between genotypes per

se. However, habituation in mutant animals appeared to be impaired. There was

a significant difference in PV-Cre−/− animals between the first and third blocks,

first and fourth blocks, and second and forth blocks (Tukey’s multiple comparisons

test). While Het animals showed a significant difference between the first and

third blocks, there was no difference between any block in Hom animals, and no

difference between the first and fourth blocks for either Het or Hom animals.

3.4.5 No Difference Between Animals in a Hippocampal-Prefrontal

Dependent Behavioral Task

The Object Context Mismatch Task (OCMM) tests the ability of mice to dis-

tinguish between out-of-place sample objects relative to two separate contexts.

After habituation on Day 1 and Day 2, animals were trained for five minutes

in Context A, followed immediately by training in Context B. After a 5 minute

delay, mice were tested in a randomly assigned context (A or B) with both an

in-context sample object and a non-matching, out-of-context object for three min-

utes, the placement of which was counterbalanced. Regardless of genotype, mice

had difficulty distinguishing the non-matching object from the sample (Figure
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7A, Wilcoxon Signed Rank Test: PV-Cre−/− W(0.0,0.04109)=32.00, p=0.2334;

Het: W(0.0,0.07021)=31.00, p=0.07422; Hom: W(0.0,0.1891)=31.00,p=0.07422).

Similarly, the differences between discrimination indices of genotypes were not

significant (Kruskal-Wallis test, K(3,30)=1.849, p=0.3968), nor were differences

in investigation times (two-way ANOVA, F(1,56)=2.578, p=0.1140, Figure 7B).

3.4.6 Mutant Animals Do Not Show Anxiety-Like Behaviors or Im-

paired Locomotion

Animals tested in the OCMM task were first habituated on Day 1 in a 40 x

40 x 40 cm clear Plexiglas arena for 10 minutes. The first five minutes of this

task was used as a measure of open field activity. Mice across groups showed

similar behavior in the open field (Figure 8). Animals from each group showed a

significant preference for the edge during the open field (Wilcoxon Signed Rank

Test, Median v. 0.5: PV-Cre−/−: W = 55, p<0.02; Het: W = 78, p<0.0005; Hom:

W = 45, p<0.005, Figure 8A). These preferences did not significantly differ from

each other (Kruskal-Wallis test, K=1.608, p=0.4474). Mice also showed similar

locomotor activity (Figure 8B), with no differences between genotypes observed

(one-way ANOVA, F(2,31)=1.447, p=0.2506).

A separate cohort of animals was tested for anxiety-like behaviors using the

Elevated Plus Maze (EPM, Figure 9). All mice showed a significant preference for

the closed arms of the maze (two-way ANOVA, F(1,40)=256.1, p<0.0001). There

was no significantly higher preference in mutant animals for the closed arms of

the EPM. In fact, there was a slight preference of Het and Hom animals for the

open arms of the maze. However, this difference was not statistically significant

(F(2,40)=0.07777, p=0.9253).
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3.4.7 Decreased Theta-Band and Gamma-Band Power in Mutant An-

imals

One of the known correlates of spatial learning is an increasing in the cross-

coupling of alpha and theta-band frequencies to gamma amplitude (Lisman and

Jensen, 2013). To determine if tonic inhibition alters the phase-amplitude coupling

of these rhythms, we implanted electrodes in the dorsal CA1. PV-Cre−/− animals

showed periods of robust theta onto which the faster gamma-band oscillations

were superimposed; clear increases in amplitude of gamma were observable at

peaks of the theta period (Figure 10). Both Het and Hom animals demonstrated

gamma and theta band rhythms, but strong coupling was more difficult to observe.

Similarly, power was significantly reduced in Hom animals compared to Het and

PV-Cre−/− littermates in the theta band (5 - 12 Hz), low gamma band (30 - 58

Hz), and high gamma band (61 - 118 Hz) (Figure 10A,B; Kruskal-Wallis Test,

Dunn’s Multiple Comparisons Test (Theta Band: K(3,35)=12.23, p=0.0022; Low

Gamma Band: K(3,35)=13.48, p=0.0012; High Gamma Band (data not shown),

K(3,35)=13.37, p=0.0013). Differences between PV-Cre−/− and Het animals were

not significant for any of the bands (Dunn’s Multiple Comparisons Test).

Theta-Gamma coupling was also measured through a normalized modulation

index (MI), where increasing values reflected greater amplitude modulation of

gamma at a particular phase value of theta rhythms (Figure 10A,C). There was no

significant change in MI, though there were decreasing values from PV-Cre−/−, to

Het, and to Hom animals (Figure 10A, right; Kruskal-Wallis Test, K(3,31)=4.412,

p=0.1102).

3.5 Discussion

Previous studies of the role of tonic inhibition in behavior have largely consid-

ered the α5βγ2 or α4βδ GABAA receptor subtypes. Disrupting or eliminating
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expression of the α4 and α5 subunits appears to produce a cognitive-enhancing

phenotype. In knock-out studies, mice demonstrated increased spatial learning

and memory (Collinson et al., 2002; Crestani et al., 2002; Moore et al., 2010), as

well as heightened trace and contextual fear conditioning (Crestani et al., 2002;

Moore et al., 2010). Other studies have shown inverse agonists targeting α5-

subunit containing receptors to be nootropic (Chambers et al., 2004; Dawson et

al., 2006). The deletions of the α4-subunit target thalamic relay cells, medium

spiny neurons, layer II/III cortical cells and dentate gyrus granule cells, while the

loss of α5 subunits affects deep cortical layers, the olfactory cortex and CA1/CA3

pyramidal cells (Ade et al., 2008; Brickley and Mody, 2012; Caraiscos et al., 2004;

Santhakumar et al., 2010; Stell and Mody, 2002); thus, these studies largely dis-

inhibit cortical and hippocampal principal cells. In contrast, tonic inhibition in

interneurons is mediated by α1βδ GABAARs (Brickley and Mody, 2012; Glykys

et al., 2007); while α1-specific knockouts exist, these subunits are extensively dis-

tributed throughout the brain as they participate in γ2-containing synaptic GABA

receptors as well (Brickley and Mody, 2012; Pirker et al., 2000; Sperk et al., 1997).

Thus, this is the first study to our knowledge to report a behavioral phenotype of

an interneuron-restricted knockout of extrasynaptic GABAA receptors.

In approaching this model, the effects of removing tonic inhibition from in-

terneurons were difficult to predict. Tonic inhibition, as some studies have sug-

gested, does not simply reduce the firing rate of a neuron, but gates near-threshold

events (Pavlov et al., 2009). A net increase in inhibitory current (IPSCs) frequency

in PV/Gabrd animals, as reported in GAD65/Gabrd mice (Lee and Maguire,

2013), could itself affect such gating in principal cells by altering network exci-

tation and changing gamma-band activity (Buzsáki and Chrobak, 1995; Fries,

Reynolds, Rorie, and Desimone, 2001), or paradoxically affecting tonic currents

of principal cells indirectly (Glykys et al., 2007; Wei et al., 2003).

We first showed that the PV-specific Gabrd deletion in these animals elevates
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evoked gamma-band frequency. Along with the axo-axonic, chandelier, and a

subset of bistratified cells, the Cre-mediated deletion of Gabrd notably affects

the PV-expressing fast-spiking basket cells (FSBCs), considerable evidence for

which exists that these are the primary regulators and modulators of cortical and

hippocampal gamma rhythms (Cardin et al., 2009; Freund and Katona, 2007;

Mann and Mody, 2010; Sohal et al., 2009). Previously, our lab demonstrated that

the δ-containing GABAARs in PV interneurons modulated gamma rhythms in

conjunction with NMDA receptors (Mann and Mody, 2010). In global Gabrd−/−

mice, this switch is lost, and gamma rhythms are abnormally fast. This insinuates

an important role for interneuron-specific tonic inhibition in cognition. Gamma

rhythms are well-linked to higher order executive function, including learning,

working memory, attention, and potentially consciousness (Freund and Katona,

2007; Lisman and Buzski, 2008; Uhlhaas et al., 2009). Indeed, gamma power,

along with PV expression, is altered in patients and animal models of schizophre-

nia and autism (Cho et al., 2006; Grützner et al., 2013; Saunders et al., 2013;

Uhlhaas and Singer, 2010).

We show that ablation of either one or both Gabrd alleles in PV interneurons

produced increases in kainate-evoked gamma frequency (Figure 5). The applica-

tion of a positive allosteric modulator of δGABAAR, ALLO, restored wildtype

gamma frequency in Het mice, but did not affect Hom or PV-Cre−/− animals

(Figure 5). These findings indicate that loss of a single Gabrd allele, like the

corresponding reduction of δ-subunit expression observed in pregnant animals

(Ferando and Mody, 2013), is enough to create a haploinsufficient phenotype.

Other possibilities, such as mosaicism and parental imprinting, are unlikely; PV

interneurons uniformly demonstrated a loss of somatic δ-subunit staining (Figure

1 - 3) when comparing between genotypes for all animals studied.

In agreement with these results, we observed behavioral differences between

Het and PV-Cre−/− and Hom and PV-Cre−/−, but not Het and Hom animals.
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Notably, we demonstrated a disruption in sensorimotor gating in mutant animals

measured through PPI (Figure 6). The attenuation of the acoustic startle re-

sponse by a sub-second prepulse of a lower decibel sound is a highly preserved

phenomenon, interpreted as a measure of an animal’s ability to disregard irrel-

evant stimuli (Swerdlow et al., 1992). We have also shown that habituation to

startling stimuli is disrupted in PV/Gabrd mutant animals. The difference in

startle response amplitude between PV-Cre−/− and Het/Hom mice was not sig-

nificant, indicating the diminished PPI is not the result of hyperarousal (Figure

6).

PPI and startle are disrupted in neurological and psychiatric disorders, in-

cluding schizophrenia (Geyer et al., 2001), obsessive-compulsive disorder (Ahmari

et al., 2012; Hoenig et al., 2005), and autism (Madsen et al., 2013; Perry et al.,

2007). The acoustic startle reflex and PPI are mediated through lower brain-

stem substrates, but are modified through limbic pathways of the hippocampus

and basolateral amygdala that return to the ventral tegmentum via the medial

prefrontal cortex and nucleus accumbens (Kohl et al., 2013). Previous work has

shown that PPI is disrupted in α5-subunit knockouts (Hauser et al., 2005). These

GABAA receptors are expressed both in layer V of the neocortex and in pyrami-

dal cells of hippocampus (Caraiscos et al., 2004; Martin et al., 2009; Sur et al.,

1999). Though some evidence suggests that neocortical PV interneurons do not

express δGABAAR (Oláh et al., 2009), the extent and nature of interneuron tonic

currents in the cortex remain open questions. Thus, we cannot conclude that

PV/Gabrd disruption in the hippocampus is alone responsible for these observa-

tions. Nonetheless, alterations in the balance of excitation and inhibition in the

hippocampus have been shown to impair startle and PPI (Bast et al., 2001), as

have hippocampal lesion studies (Caine et al., 1992; Swerdlow et al., 1995, 1992).

We also cannot rule-out involvement of the striatum. Medium spiny neu-

rons express both α4- and α5- containing receptors and demonstrate robust tonic
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currents (Ade et al., 2008; Santhakumar et al., 2010); however, tonic currents

in fast-spiking PV interneurons of the striatum have not been reported to our

knowledge. Further work is needed to determine whether tonic inhibition of in-

terneurons disrupts PPI generally, or does so through affecting a specific neuronal

circuit, such as within the hippocampus. Regardless of the case, these results

indicate that subtle shifts in the balance of excitation and inhibition are suffi-

cient to produce deficits in sensorimotor gating, a hypothesis that aligns with the

multitude of risk genes linked to disorders like schizophrenia where startle and

attention are disrupted (Hashimoto et al., 2008; Maldonado-Avilés et al., 2009).

We have also shown that PV/Gabrd−/− animals do not demonstrate an anxiety-

like phenotype through either the EPM (Figure 9) or through an increased propen-

sity for thigmotaxis in the open field (Figure 8). This is accordance with other

studies of global Gabrd−/− and Gabra4−/− mice that show anxiety only in response

to acute changes to neurosteroid/ GABAA receptor subunit ratios (Maguire et al.,

2009; Maguire and Mody, 2007; Shen et al., 2007, 2010; Smith et al., 1998). We

did not challenge animals with acute stress nor did we pharmacologically alter

steroidal hormone levels. Thus, we cannot rule out that the PV/Gabrd−/− lacks

similar attributes to other models of tonic inhibition where diminished expres-

sion of the δ-subunit contributes vulnerability to disorders such as post-partum

depression-like behavior (Maguire et al., 2009), or protects against developmen-

tally observed forms of anxiety and mood disorders (Smith et al., 2007).

We are also unable to conclude that the PV-specific loss of δ results in measur-

able changes in attentive mnemonic tasks. Neither PV-Cre−/− nor mutant animals

showed a preference for novel objects in an allocentric task of contextual memory.

While Hom animals appeared to show greater preference for the out-of-context

(i.e., “novel”) object, this difference was not significant. This may reflect the

high degree of variability between subjects, potentially due to background hetero-

geneity from the incipient, but not fully, congenic backcross of the PV-Cre/Gabrd
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animals. It may also reflect the cognitive load of discerning two closely related

objects after only a short period of exposure. A Novel Object Recognition Task

(Chapter 2) may be more amenable for demonstrating differences in learning and

attention in future studies.

The trend toward enhanced performance of mutants relative to control litter-

mates suggests that the PV-Cre/Gabrd animals may have a phenotype reminis-

cent of other GABAAR subunit knock-outs. Studies of principal cell-specific α4

knockout mice show enhanced fear conditioning in females (Moore et al., 2010;

Wiltgen et al., 2005) and enhanced performance in spatial learning tasks at pu-

berty relative to young animals or wildtype adolescent mice (Shen et al., 2010).

The deletion of the α5-subunit and inverse agonist studies of these GABAA recep-

tor subtypes have also shown that in addition to the enhancement of learning in

some paradigms, these changes are accompanied by an increase in early long-term

potentiation (LTP) (Ballard et al., 2009; Chambers et al., 2004; Collinson et al.,

2002; Crestani et al., 2002).

Spatial learning engages the dorsal hippocampus (Ennaceur, 2010; Morris et

al., 1986), in which the deletion of α4GABAA and α5GABAA receptors would pre-

dominantly affect the principal cells of the DG and pyramidal cells of CA1/CA3,

respectively. Other work has shown that the general GABAA antagonist picro-

toxin improves learning deficits in models of Alzheimer’s Disease and neurofibro-

matosis (Cui et al., 2008; Verret et al., 2012). Additionally, it has been reported

that gaboxadol, which preferentially targets δGABAARs at low concentrations

(Brickley and Mody, 2012), ameliorates deficits in novel object recognition in

NMDA receptor antagonist models of schizophrenia (Damgaard et al., 2011). The

simplest explanation for the results of these studies would be that the loss of princi-

pal cell inhibition, either through a reduction in tonic or phasic inhibitory current,

increases excitability, enhancing LTP, and thus learning. Further determination

of what role PV-specific tonic inhibition plays in these tasks is therefore needed.
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Interestingly, we have also observed a significant reduction in PV expression

in Hom, but not Het, animals (Figure 1); this may also represent a homeostatic

change in hippocampal networks (Orduz et al., 2013). However, we did not observe

a reduction in PV staining in Het animals, which exhibited a similar phenotype,

indicating that the loss of PV is a correlate, not a causative factor, of the cognitive

changes we report. This is reminiscent of schizophrenia in which both animal and

post-mortem human tissue studies have shown a reduction in PV and its message

(Beasley and Reynolds, 1997; Beasley et al., 2002; Behrens et al., 2007; Lodge

et al., 2009, Chapter 1). In NMDA receptor antagonist models of this disease,

the loss of the “GABAergic phenotype” results from oxidative damage to PV+

interneurons caused by diminished IPSC frequency (Behrens et al., 2007). Given

that PV interneurons send significant amounts of afferent projections to other

interneurons (Freund and Katona, 2007), a resulting increase in IPSC frequency,

as reported by Lee and Maguire (2013), from Gabrd deletion would paradoxically

inhibit interneurons.

As reported in studies of the non-competitive NMDA receptor antagonists

phencyclidine, ketamine, or dizocilpine (MK-801), even brief but consecutive hy-

perexcitable events are sufficient to render damage to PV cells permanent (Behrens

et al., 2007; Olney et al., 1991; Olney, Labruyere, and Price, 1989, Chapter 1).

Underlying this is the increased sensitivity of fast-spiking basket cells to metabolic

damage; this arises from their high firing frequency and their expression of AMPA

receptors that lack the calcium-excluding GluR2 subunit (Behrens and Sejnowski,

2009; Moga et al., 2002). The PV-specific loss of tonic inhibition may leave these

cells unable to compensate during periods of increased phasic (synaptic) activity

(Glykys and Mody, 2007).

Likewise, other work has shown that metabolites of the stress hormone cor-

tisol, namely allotetrahydrodeoxycorticosterone (THDOC), selectively enhance

δGABAAR currents (Reddy and Rogawski, 2002; Smith et al., 2007). As our
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lab has previously demonstrated, the loss of δGABAARs has profound behavioral

consequences following pregnancy (Maguire et al., 2009). Given this, PV/Gabrd

mice may show a more severe phenotype following acute stress (Serra et al., 2006),

development (Shen et al., 2007), or during portions of ovarian cycle (Maguire et

al., 2005).

We have also shown that theta and gamma-band power is generally reduced

in the hippocampi of Hom animals, but not Het or PV-Cre-/- mice (Figure 10).

This reduction in gamma-band activity may reflect a general impairment of the

ability of the hippocampus to regulate synchrony (Mann and Mody 2010); how-

ever, a reduction in theta-band power is more difficult to discern. Theta-band

rhythms (5 to 12 Hz) are generated largely through septal, interneuron-targeting

inputs to the hippocampus, where local circuits likely enhance theta fields in

the CA1 of the hippocampus (Buzsáki 2002). In studies where the γ2 subunit

of the GABAAR receptor was conditionally deleted in PV-expressing interneu-

rons, theta-band power was diminished, presumably through the disruption of

the GABAergic septo-hippocampal pathway (Wulff et al. 2008). While the con-

ditional ablation of the δ subunit would not directly affect this pathway, these

data may reveal an additional role for tonic inhibition in the regulation of theta

activity in the CA1 of the hippocampus. Curiously, theta and gamma band power

appeared to be increased in Het animals compared to PV-Cre−/− mice; however,

this difference was not significant and may reflect variability in electrode place-

ment rather than a genotype effect.

While this study did not report a significant decrease in theta-gamma phase

amplitude coupling (Figure 10), there was an apparent reduction in Modulation

Index that appeared to be proportional to genotype. The lack of significance

and small sample size collectively may indicate that greater statistical power is

needed to make a definitive conclusion. An inability of theta-gamma frequencies

to cross-couple may reflect a reduction in the ability of interneurons to increase
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gamma activity during meaningful input, such as excitation through descending

entorhinal/pyramidal connections during a spatial learning task, over background

noise (Lisman and Jensen, 2013; Tort et al., 2009). The ability of the network to

modulate gamma rhythm may be potentially lessened because inhibitory activity

is persistently increased (Ferando and Mody, 2013; Lee and Maguire, 2013; Mann

and Mody, 2010).

Finally, we observed in homozygous animals pronounced δ+ puncta on the

surface of PV interneurons, despite the conditional ablation of the δ-subunit. The

possibility that these represent incomplete Gabrd deletion appears unlikely given

that 1.) their staining is noticeably reduced across genotypes and that 2.) the neu-

rosteroid allopregnanolone (ALLO), a positive allosteric modulator of δ-subunit

containing GABAA receptors, affected heterozygous, but not complete, knock-

out animals—a finding similar to global δ-subunit knockouts (Ferando and Mody,

2013). This indicates the possibility of presynaptically expressed δ-subunits on

the axon terminals of other δ-expressing cells, such as DGGCs. Analogous struc-

tures have been reported to occur in the brainstem, spinal cord, and the mossy

fiber boutons, though their subunit composition is not known (Ruiz et al., 2010;

Trigo et al., 2008). We leave for further studies confirmation and investigation of

these receptors.

In conclusion, we have demonstrated that tonic inhibition in PV interneurons

not only has direct effects on the in vitro and in vivo electrophysiology of animals,

but is necessary for the proper regulation of cognitive functions. Given previous

studies that have shown a specific role for other principal cell-associated forms

of tonic inhibition, our results indicate that a subtle imbalance of excitation and

inhibition is sufficient to alter cognitive function in mice.

100



3.6 Figures and Captions
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Figure 3.1: PV and δ-subunit double labeling in the Hippocampus.

The CA1 of PV-Cre−/−, Het, and Hom animals were imaged with confocal

microscopy under 40x magnification (40x optical/ 1.0x digital); PV: Alexa-

488/Green, δ-subunit: Alexa-647/Blue; Scale Bar: 50 µm (A). (The caption is

continued on the following page)
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Figure 3.1: (Caption Continued) The fluorescence intensity of staining was cal-

culated semiquantitatively by tracing the hippocampi of optical sections. The

intensity of δ-subunit staining was decreased in Het and Hom animals relative to

PV-Cre−/− sections, but not to each other (one-way ANOVA, p<0.01) (B). PV

staining was quantified in the same manner and was significantly reduced in Hom

animals relative to Het and PV-Cre−/− controls (one-way ANOVA, p<0.0001)

(C). The brightness of these images was enhanced for the purpose of display.
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Figure 3.2: PV and δ-subunit double labeling in the Hippocampus: CA3

and the Dentate Gyrus. (The caption is continued on the following page)
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Figure 3.2: (Caption Continued) Confocal images of the CA3 (A) and the DG/

hilus (B) were also acquired under 40x/1.0x digital zoom; Alexa-488/Green, δ-

subunit: Alexa-647/Blue; Scale Bar: 50 µm. In addition to CA1, PV staining

was reduced in the CA3 and Dentate Gyrus (DG) (see inset, right) in an allele-

dependent manner.
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Figure 3.3: PV and δ-subunit staining in the Hippocampus Show Diffuse

and Punctate Co-Labeling in the Soma of Interneurons. (The caption

is continued on the following page)
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Figure 3.3: (Caption Continued) Projections of Z-stacks were obtained from PV+

interneurons in the CA1 stratum radiatum and granule cell layer of the den-

tate gyrus at 300x (40x optical/7.5x digital) magnification; Alexa-488/Green, δ-

subunit: Alexa-647/Blue; Scale Bar: 10 µm. PV-Cre−/− cells show labeling of the

soma for both PV and δ-subunit stains, including diffuse somatic labeling (open

arrowheads) and punctate labeling on the soma (closed arrowheads) (A). Reduc-

tions in somatic labeling are seen in Het and Hom animals; likewise, PV labeling is

reduced in the soma of Hom, but not Het or PV-Cre−/−, tissue. Knock-out/Hom

animals showed a lack of diffuse somatic labeling, but punctate δ-subunit labeling

persisted (closed arrowheads, B).
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Figure 3.4: δ-subunit staining in Het and Hom knock-out animals is

unaffected in PV- interneurons. (The caption is continued on the following

page)
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Figure 3.4: (Caption Continued) Projections of PV-/δ+ putative interneuron Z-

stacks were obtained from the CA1 stratum radiatum and the granule cell layer

of the dentate gyrus at 300x (40x optical/7.5x digital) magnification; Alexa-

488/Green, δ-subunit: Alexa-647/Blue; Scale Bar: 10 µm. Cells were visible

in the hilus, alveus, and stratum lacunosum-moleculare.
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Figure 3.5: Het and Hom knock-out animals show elevated Gamma-Band

frequencies relative to PV-Cre−/− animals. Recordings of kainate-evoked

gamma rhythms in the CA3 of horizontal hippocampal sections were obtained;

(The caption is continued on the following page)
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Figure 3.5: (Caption Continued) time series were mapped into frequency/ time

images through the Morlet transform (A). Frequencies of mutant animals were

elevated relative to PV-Cre−/− mice (one-way ANOVA, p<0.0001) (B,C). To de-

termine if increasing the efficacy of δ-GABAAR channel opening rescued decreased

δ-subunit expression, paired recordings were made using 100 nM ALLO (paired

t-test, p<0.05) (D).
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Figure 3.6: Prepulse Inhibition and Habituation to Auditory Startle Im-

pulse is Disrupted in Mutant Animals. Pulses of white noise were given 80

ms prior to 120 dB startle stimuli at 5, 10 and 15 dB above background (65 dB).

(The caption is continued on the following page)
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Figure 3.6: (Caption Continued) A prepulse index of 0 represents no effect by

the prepulse on the startle stimulus, and an index value of 1 represents complete

attenuation of the startle response. There was a significant genotype effect at

the 80 dB prepulse level (A). Blocks of startle stimuli were delivered without pre-

pulses before and after PPI (blocks 1 and 4). Startle stimuli were also intermixed

throughout PPI; blocks 2 and 3 represent the first and second halves of PPI. Both

animals showed similar startle reflexes in block 1; however, only PV-Cre−/− ani-

mals showed continued habituation over the four trial blocks (two-way ANOVA,

p<0.005) (B).
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Figure 3.7: Mutant Animals Do Not Show Significantly Different Per-

formance on the OCMM Task.

Animals trained on the OCMM task were assessed for the total time they inves-

tigated the in-context sample object and the mismatched out-of-context object.

(The caption is continued on the following page)
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Figure 3.7: (Caption Continued) The ratio of out-of-context to total object in-

vestigation time (the discrimination index) was calculated (A), as was the in-

vestigation time (B). There were no statistically significant differences in either

category across genotypes (Wilcoxon Signed Rank Test, p=0.2334 (PV-Cre−/−),

p=0.07422 (Het), p=0.07422 (Hom) (A); two-way ANOVA, p=0.1140 (B)).
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Figure 3.8: Open Field Performance is Unchanged Between Genotypes.

The ratio of the time animals spent in the outer 50% of the arena to the time

animals spent in the center 50% of the arena was calculated. (The caption is

continued on the following page)
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Figure 3.8: (Caption Continued) Animals showed a significant preference for the

outer edge of the arena that did not differ between genotypes (A). Locomotion

(centimeters per minute) was also detected and calculated; no significant differ-

ences between genotypes were observed (B).
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Figure 3.9: Mutant Animals do not show differences from PV-Cre−/−

controls in the Elevated Plus Maze. Hom, Het and PV-Cre−/− animals

strongly preferred the closed arms of the EPM. There was no greater tendency

for Het or Hom animals to avoid the open arms of the maze; contrarily, mutant

animals showed a small but non-significant preference for the open arms.
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Figure 3.10: Theta and Gamma Power are Disrupted in Mutant Animals.

Mice were implanted in the dorsal CA1 and recorded from for at least 24 hours.

Three to five 100 s segments of stable theta/gamma-containing rhythms were

collected and analyzed for theta-gamma phase-amplitude coupling. Gamma and

theta activity can be seen across all genotypes in the traces and spectrograms.

(The caption is continued on the following page)
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Figure 3.10: (Caption Continued) Theta band (5 - 12 Hz), low gamma band (30 -

58 Hz), and high gamma band (61 - 118 Hz; data not shown) power was reduced in

Hom animals compared to Het and PV-Cre−/− animals, but not in Het animals

compared to PV-Cre−/− mice (A, left; B; Kruskal-Wallis Test, Dunn’s Multi-

ple Comparisons Test: Theta, p=0.002; Low Gamma, p=0.0012; High Gamma,

p=0.0013). Gamma modulation of theta was also more difficult to discern in Het

and Hom animals (A, right; C). While a clear trend towards a lower Modulation

Index was seen, the difference was not statistically significant between genotypes

(A, right; Kruskal-Wallis Test, p=0.1102).
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11. Buzsáki, G., and Chrobak, J. J. (1995). “Temporal structure in spatially

organized neuronal ensembles: a role for interneuronal networks.” Current

Opinion in Neurobiology, 5(4), 504-510.

12. Caine, S. B., Geyer, M. A., and Swerdlow, N. R. (1992). “Hippocampal

modulation of acoustic startle and prepulse inhibition in the rat.” Pharma-

cology, Biochemistry, and Behavior, 43(4), 1201-1208.

13. Caraiscos, V. B., Elliott, E. M., You-Ten, K. E., Cheng, V. Y., Belelli,

D., Newell, J. G., ... Orser, B. A. (2004). “Tonic inhibition in mouse hip-

pocampal CA1 pyramidal neurons is mediated by alpha5 subunit-containing

gamma-aminobutyric acid type A receptors.” Proceedings of the National

Academy of Sciences of the United States of America, 101(10), 3662-3667.

14. Cardin, J. A., Carlén, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth,

K., ... Moore, C. I. (2009). “Driving fast-spiking cells induces gamma

rhythm and controls sensory responses.” Nature, 459(7247), 663-667.

122



15. Chambers, M. S., Atack, J. R., Carling, R. W., Collinson, N., Cook, S.

M., Dawson, G. R., ... Macleod, A. M. (2004). “An orally bioavailable,

functionally selective inverse agonist at the benzodiazepine site of GABAA

alpha5 receptors with cognition enhancing properties.” Journal of Medicinal

Chemistry, 47(24), 5829-5832.

16. Cho, R. Y., Konecky, R. O., and Carter, C. S. (2006). “Impairments in

frontal cortical gamma synchrony and cognitive control in schizophrenia.”

Proceedings of the National Academy of Sciences of the United States of

America, 103(52), 19878-19883.

17. Choudary, P. V., Molnar, M., Evans, S. J., Tomita, H., Li, J. Z., Vawter, M.

P., ... Jones, E. G. (2005). “Altered cortical glutamatergic and GABAergic

signal transmission with glial involvement in depression.” Proceedings of

the National Academy of Sciences of the United States of America, 102(43),

15653-15658.

18. Collinson, N., Kuenzi, F. M., Jarolimek, W., Maubach, K. A., Cothliff,

R., Sur, C., ... Rosahl, T. W. (2002). “Enhanced learning and memory

and altered GABAergic synaptic transmission in mice lacking the alpha 5

subunit of the GABAA receptor.” The Journal of Neuroscience, 22(13),

5572-5580.

19. Crestani, F., Keist, R., Fritschy, J.-M., Benke, D., Vogt, K., Prut, L., ...

Rudolph, U. (2002). “Trace fear conditioning involves hippocampal alpha5

GABA(A) receptors.” Proceedings of the National Academy of Sciences of

the United States of America, 99(13), 8980-8985.

20. Cui, Y., Costa, R. M., Murphy, G. G., Elgersma, Y., Zhu, Y., Gutmann,

D. H., ... Silva, A. J. (2008). “Neurofibromin regulation of ERK signaling

modulates GABA release and learning.” Cell, 135(3), 549-560.

123



21. Damgaard, T., Plath, N., Neill, J. C., and Hansen, S. L. (2011). “Extrasy-

naptic GABAA receptor activation reverses recognition memory deficits in

an animal model of schizophrenia.” Psychopharmacology, 214(2), 403-413.

22. Dawson, G. R., Maubach, K. A., Collinson, N., Cobain, M., Everitt, B.

J., MacLeod, A. M., ... Atack, J. R. (2006). “An inverse agonist selec-

tive for alpha5 subunit-containing GABAA receptors enhances cognition.”

The Journal of Pharmacology and Experimental Therapeutics, 316(3), 1335-

1345.

23. Dudai, Y. (2004). “The neurobiology of consolidations, or, how stable is the

engram?” Annual Review of Psychology, 55, 51-86.

24. Ennaceur, A. (2010). “One-trial object recognition in rats and mice: method-

ological and theoretical issues.” Behavioural Brain Research, 215(2), 244-

254.

25. Ferando, I., and Mody, I. (2013). “Altered gamma oscillations during preg-

nancy through loss of d subunit-containing GABA(A) receptors on parval-

bumin interneurons.” Frontiers in Neural Circuits, 7, 144.

26. Freund, T. F., and Katona, I. (2007). “Perisomatic inhibition.” Neuron,

56(1), 33-42.

27. Fries, P., Reynolds, J. H., Rorie, A. E., and Desimone, R. (2001). “Modula-

tion of Oscillatory Neuronal Synchronization by Selective Visual Attention.”

Science, 291(5508), 1560-1563.

28. Geyer, M. A., Krebs-Thomson, K., Braff, D. L., and Swerdlow, N. R. (2001).

“Pharmacological studies of prepulse inhibition models of sensorimotor gat-

ing deficits in schizophrenia: a decade in review.” Psychopharmacology,

156(2-3), 117-154.

124



29. Glykys, J., and Mody, I. (2006). “Hippocampal network hyperactivity after

selective reduction of tonic inhibition in GABA A receptor alpha5 subunit-

deficient mice.” Journal of Neurophysiology, 95(5), 2796-2807.

30. Glykys, J., and Mody, I. (2007). “The main source of ambient GABA

responsible for tonic inhibition in the mouse hippocampus.” The Journal of

Physiology, 582(Pt 3), 1163-1178.

31. Glykys, J., Peng, Z., Chandra, D., Homanics, G. E., Houser, C. R., and

Mody, I. (2007). “A new naturally occurring GABA(A) receptor subunit

partnership with high sensitivity to ethanol.” Nature Neuroscience, 10(1),

40-48.
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CHAPTER 4

Conclusion

4.1 Conclusion

We have demonstrated in these studies that PV cells, as others have reported,

are important regulators of cognition (Belforte et al., 2010; Del Pino et al., 2013;

Grützner et al., 2013; Korotkova et al., 2010; Saunders et al., 2013; Uhlhaas and

Singer, 2010; Yizhar et al., 2011). While we have shown that non-competitive

NMDA receptor antagonists alter sensorimotor gating, we have also observed

a similar effect through disrupting tonic inhibition-mediating GABAA receptors

in PV interneurons. Unlike with ketamine, which selectively damages PV cells

(Behrens et al., 2007; Olney et al., 1991), PV/Gabrd knockout animals demon-

strated reduced habituation to startle-level stimuli.

These studies employed two distinct methodologies. In Chapter 2, subchronic

ketamine treatment was used to damage PV interneurons of adult mice. This is a

putative model of oxidative damage theorized to occur during development, later

resulting in schizophrenia (Ashdown et al., 2006; Behrens et al., 2008; Jiang et al.,

2013). In Chapter 3, the conditional deletion of Gabrd, which has been shown to

reduce tonic currents in interneurons (Lee and Maguire, 2013), was used to deter-

mine its PV-specific role in behavior and gamma-band rhythms. Previous evidence

has shown that endogenous δ-subunit expression is highly plastic (Maguire et al.,

2005; Serra et al., 2006; Yu et al., 2013). In pregnant mice, δ-subunit expression

is reduced to a state that functionally resembles that of a genetic Gabrd knockout
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animal to compensate for greater levels of neuromodulatory steroids (Ferando and

Mody, 2013; Mann and Mody, 2010). Indeed, after pregnancy δ-subunit expres-

sion may remain decreased despite the return of pre-pregnancy hormones, which

is considered to be the underlying mechanism for post-partum depression and

post-partum psychosis (Maguire and Mody, 2008). Thus, the PV-specific knock-

out of the δ-subunit is a potential model of neuropsychiatric disorder (Choudary

et al., 2005; Maguire and Mody, 2008; Maldonado-Avilés et al., 2009). Indeed,

alterations in δGABAA and α5GABAA receptor expression have both been linked

to psychiatric disease, specifically schizophrenia and depression (Choudary et al.,

2005; Hashimoto et al., 2008; Maldonado-Avilés et al., 2009). This is also true for

the GABA-synthesizing enzyme GAD67 and parvalbumin (Beasley and Reynolds,

1997; Beasley et al., 2002; Hashimoto et al., 2008; Lewis et al., 2005), further im-

plicating inhibition in psychopathology.

Research in this area is ongoing, but δ-subunit containing receptors are a major

target of neurosteroids, and it is likely that the neuroendocrine systems play a

significant role in diseases linked to δGABAAR disruption. Our lab has previously

reported that knockouts of the δ-subunit produce a postpartum depression-like

phenotype in female mice (Maguire and Mody, 2008), a syndrome which in humans

can include psychosis (Ebeid et al., 2010); other work has linked changes in δ-

containing receptors to anxiety and mood swings during puberty and following

stimulant withdraw (Shen et al., 2013; Shen et al., 2007, 2010).

How δGABAAR is linked to schizophrenia, and potentially neurosteroids, is

an open question. The onset of this syndrome, which is most common between

the end of adolescence and early adulthood, is preceded by a prodromal phase

that remains poorly understood (Harrop and Trower, 2001). It has long been

theorized that schizophrenia requires both genetic susceptibility and environmen-

tal triggers to manifest. Studies between monozygotic twins have demonstrated

a concordance of approximately 50% (Onstad et al., 1991), indicating that any
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singular epistatic pathway is heavily influenced through environmental and epige-

netic factors (Oh and Petronis, 2008). These observations are long-standing; the

stress-diathesis model of schizophrenia, in fact, predates modern molecular genet-

ics (Fowles, 1992). Data from mouse models largely agree with this hypothesis,

showing that early, but not adult interventions, such as social isolation paired

with the deletion of NMDA receptor-required Grin1 from interneurons, cause a

schizophrenia-like phenotype (Belforte et al., 2010; Jiang et al., 2013).

Subchronic ketamine and phencyclidine appear to produce symptoms through

the induction of oxidative damage to PV interneurons, which have high metabolic

demands (Behrens et al., 2007, 2008; Olney and Farber, 1995; Olney et al., 1989).

Immune models of schizophrenia suggest early oxidative damage to cortical cir-

cuits—particularly to PV interneurons—combined with genetic susceptibility, pre-

cipitate schizophrenia (Behrens et al., 2008; Jiang et al., 2013; Smith et al., 2007).

Thus, disruptions in GABAAR genes, such as in our model, may exacerbate envi-

ronmental damage, such as through stress, by essentially removing the “breaks”

(e.g., the δ-subunit) and the ability of that cell to homeostatically compensate

through endocrine modulation of the δ-subunit (Ferando and Mody, 2013; Maguire

et al., 2005; Maguire and Mody, 2008; Serra et al., 2006; Yu et al., 2013).

At this point, we cannot conclude or rule-out the PV/Gabrd knock-out mouse

as a model of schizophrenia. Our study employed a working and spatial memory

assay that was insufficiently sensitive to measure cognitive deficits in our animals.

However, it also remains possible that the PV/Gabrd knock-out could rescue

PV-specific Grin1 deletions or mutations in interneuron-specific NMDA receptor

complexes which have also been shown to be models for schizophrenia (Belforte

et al., 2010). In such a scenario, the PV-specific loss of NMDA receptors would

act as a “faulty gas pedal,” and thus deleting the inhibitory Gabrd -subunit could

potentially rescue the cell and the network. Yet regardless of the case, an imbal-

ance of excitation and inhibition that leads to a loss of gamma band power, as is
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the case in this study and in other schizophrenia models (Belforte et al., 2010, Del

Pino et al., 2013), would potentially reduce the ability of the brain to correlate

and coordinate information across circuits. Hence, PV dysfunction, regardless of

its nature, will continue to be an attractive model for schizophrenia.

Yet perhaps the most compelling feature of the δ subunit in regards to psy-

chiatric disease is its ability to act as a neuroendocrine receptor. Recent work

has already shown a direct link between stress, tonic inhibition, and neuroplastic-

ity through the corticoid byproduct THDOC, its potentiation of δGABAA, and

a stress-mediated downregulation of the K+/Cl− transporter, KCC2, in the hy-

pothalamic CRH neurons (Mody and Maguire, 2011; Sarkar et al., 2011). Specific

interneuron plasticity of the δ-containing GABAAR has also been shown to occur

in response to PV+ fast-spiking basket cells in the dentate gyrus following status

epilepticus (Yu et al., 2013), indicating that tonic currents and δGABAAR are

potentially regulating FSBCs in many ways that have yet to be discovered.

Indeed, the dynamic ability of circuits to regulate δ-subunit expression appears

to be broad. Here, we show that the loss of a single Gabrd allele in PV interneu-

rons produced a haploinsufficient phenotype behaviorally indistinguishable from

the homozygous PV/Gabrd knockout. Other work from our lab has similarly sup-

ported the notion that a loss of δGABAA expression, such as during pregnancy,

mirrors global Gabrd−/− animals (Ferando and Mody, 2013; Maguire and Mody,

2008). Thus, physiological changes in expression can mimic the total genomic

loss of Gabrd indicating that more subtle mutations in its locus may underlie a

number of neuropsychiatric syndromes. The exact nature of these mutations and

the diseases they underlie are left for future studies.
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