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ABSTRACT

Alterations of NMDA and GABAB Receptor Functionevelopment: A Potential
Animal Model of Schizophrenia

by
Monica Bolton
Dr. Jefferson Kinney, Examination Committee Chair
Assistant Professor of Psychology
University of Nevada, Las Vegas
Schizophrenia is a debilitating mental disordet #féects up to 3% of the world

population. The behavioral symptoms are categoriggd positive and negative
symptoms, which appear during late adolescencg/eatliithood. Unfortunately, the
underlying cellular and molecular mechanisms of teease are poorly understood.
Several hypotheses exist to explain mechanismsribating to these behavioral
alterations. One model proposes that a reducedifumaf the NMDA glutamate receptor
on specific GABAergic interneurons may be respdesibr deficits in schizophrenia.
Post-mortem investigations provide evidence of cédas in both glutamate and GABA-
related proteins in patients with schizophreniathar, GABAergic interneurons that are
activated by glutamate via NMDA receptors are inguair for oscillatory activity
involved with sensory processing and cognitive fiomc Alterations in the function of
NMDA receptors on GABAeric interneurons are implezhin regulating neural network
activity and, if disrupted, could potentially letmlaltered brain function and deficits seen
in schizophrenia. Several investigations have destnated reduction in NMDA receptor

function or GABA receptor function induces deficit®nsistent with schizophrenia.

Recent approaches have also focused on change@dANr GABA function related to
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schizophrenia as a neurodevelopmental disordes djproach suggests that alterations
in either system during brain development may tesubehavioral deficits later in life.
The purpose of the below studies was to determinehanges in NMDA receptor
function or alterations in downstream GABA recepfianction during development in
rodent pups results in behavioral or biochemidarations in adulthood that are relevant
to schizophrenia. The data reveal that alteringeheceptor systems in development
produce deficits in adulthood. Changes in sensdomgating, spatial learning and
memory, and differential expression of multiple GABelated proteins in the brain

tissue were observed in these animals.
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CHAPTER 1
INTRODUCTION

While the etiology of schizophrenia is not knoveeyeral behavioral symptoms
exist that characterize the disorder. Patientsesufiom a combination of symptoms
including hallucinations and delusions (positivemgyoms), as well as deficits in
sensorimotor gating, learning, and memory (negasimptoms) and others. Although
the symptoms appear during early adulthood or &telescence, the disorder may
originate from an unknown neurodevelopmental abwadityn (Weinberger, 1987).
Numerous studies have been carried out in orddretter understand the cellular and
molecular basis of this disease in order to effetyitreat patients.

One of the current hypotheses to explain the gétysiology of schizophrenia
proposes that there is a reduction in glutamate gadthinobutyric acid (GABA)
signaling in the brain. Specifically, a reductiohtbe N-methyl-D-aspartate (NMDA)-
type glutamate receptor function on GABAergic inerrons produces altered network
function and deficits associated with schizophrgdevitt, 2007). Administering drugs
which block the NMDA receptor in healthy individegbroduces behavior that is similar
to the positive and negative symptoms observedcimzephrenic patients, and these
drugs exacerbate symptoms in schizophrenic pat{@aier et al., 1999; Javitt & Zukin,
1991; Krystal et al.,, 1994; Lahti et al., 1995; kulet al., 1962). Post-mortem
investigations of schizophrenia populations als@at a reduction in specific subunits of
the NMDA receptors and several protein markers @aasaml with GABAergic
interneurons (Benes & Berretta, 2001; Bullock et 2D08; Hashimoto et al., 2003;

Mirnics et al., 2000; Torrey et al., 2005). Theset@ins include glutamate decarboxylase

1
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67 (GADG67; enzyme required for GABA synthesis; Akda et al.,, 1996; Kaufman,
Houser, & Tobin, 1991; Volk et al., 2000) and pdbuanin (PV; a calcium binding
protein; Beasley & Reynolds, 1997). Many behavidepend on the activation of
GABAergic interneurons via glutamate binding to N®Deceptors including network
oscillations involved in learning and memory andymitive function, as well as the
development of neural networks during brain develept.

GABA signaling is imperative for initiating and mégining neural network
oscillations (Gonzalez-Burgos & Lewis, 2008). Dst@gests that the negative symptoms
and cognitive deficits seen in schizophrenic pasienay arise from abnormal oscillatory
activity (Gonzalez-Burgos, 2010; Lewis, HashimaoyVolk, 2005; Uhlhaas & Singer,
2010). NMDA receptor hypofunction on GABAergic celtould result in a reduced
amount of GABA release. GABA release from theseroesl inhibits a large population
of downstream postsynaptic excitatory neuronsyatg them to become entrained into a
synchronous firing pattern once the inhibition sdés (Roopun et al., 2008). GABA
binds to both ionotropic (mainly GABA and metabotropic (GAB#) receptors. Binding
to GABA\ receptors results in fast-acting and short-livddbition (Macdonald & Olsen,
1994; Watanabe et al., 2002) whereas activaticBABAg receptors results in a slower
onset but long-lasting inhibitory effect (Kerr & @n1992). The GABA receptors have
been shown to be important in maintaining oscitatactivity due to their sustained
inhibitory properties (Scanziani, 2000). A reduntiof GABA release or binding to
receptors could result in asynchronous firing ams$sgly the abnormal oscillatory

activity seen in schizophrenia patients.
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Animal models of schizophrenia provide valuableighs into the mechanisms
that may be involved in the disorder. Administratiof ketamine (an NMDA receptor
antagonist) to adult rodents produces deficitseimssrimotor gating, spatial learning and
memory, and fear associative learning similar tatwib seen in the patient population
(Bolton et al., 2012; Cilia et al., 1997; de Brenal., 1999; Mansbach and Geyer, 1991,
Sabbagh et al., 2012). Drugs that alter GABAceptor function are less well studied in
learning and memory and have been largely excluftedany potential role in
schizophrenia. A limitation in the above studieshiat they rely on drug being active at
the time of testing. An alternative approach thatymalso allow investigators to
incorporate the developmental theory of schizophremuld be to administer drugs that
target this system during development and tesvébiavior in adulthood.

A wealth of data examining brain morphology, piotexpression changes,
genetics, environmental factors, and gene-enviroiinméeractions suggests that some of
the pathology leading to schizophrenia occurs duearly brain development (Fatemi &
Folsom, 2009; Lewis & Levitt, 2002; Lewis et al.0(%; Rapoport et al., 2005;
Weinberger, 1987; Weinberger & Lipska, 1995). NMbekeptors and GABA signaling
contribute to major developmental processes inolydineuronal migration,
synaptogenesis, and incorporation of neurons ietaral networks (Komuro & Rakic,
1993; LoTurco, Blanton, & Kriegstein, 1991; Uhlhadsal., 2010). An alteration in these
receptor systems at critical brain developmentabpge may have particular relevance to
behavioral disturbances.

The purpose of this study was to determine ifugiing the function of NMDA or

GABAg receptors in early life produces deficits consistavith schizophrenia in
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adulthood. Our data demonstrate that a brief phestogical alteration in NMDA
receptor function and, separately, GABAeceptor function during early brain
development of rat pups, results in altered behawiadulthood in tasks that measure
sensorimotor gating (using prepulse inhibition) @patial learning in the Morris water
maze. The most striking differences in these studiere differences between males and
females receiving the same treatments, specificlyy GABAs receptor antagonist
(phaclofen) producing the most robust deficits. #l&o identified numerous changes in
the tissue analysis in GABA related proteins ad a&la marker for synaptic formation.
These results suggest that alterations in of NMDA &ABAg receptors in brain
development can produce lifelong impairments thay rbe related to neuropsychiatric

disorders.
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CHAPTER 2

REVIEW OF RELATED LITERATURE

Schizophrenia

Schizophrenia is a debilitating brain disorder iheffects up to 1-3% of the
population with symptoms that cause lifelong impeEnts and disability (Rossler et al.,
2005). The clinical diagnosis is usually made ie adolescence or early adulthood when
the symptoms typically first occur. These symptomanifest into a constellation of
behavioral abnormalities that are classified inithez positive or negative subgroups.
Characteristics of the positive symptoms includditauy hallucinations, delusions, and
paranoia (Kay et al., 1987). Negative symptomshmadescribed as a deficit compared to
the normal population. They leave patients with ammpents in sensorimotor gating,
attention, abstract reasoning, mental flexibillgarning and memory, affect, and certain
aspects of information processing (Carter et 8961 Rushe et al., 1999; Swerdlow et al.,
1994). Because of these deficits, patients arenlift a lifetime disability in a variety of
everyday functional and social domains (Burns, 20Bieen, Kern, Braff, & Mintz,
2000). Unfortunately, the etiology of schizophrersanot known but there have been
various cellular/molecular mechanisms proposedtoant for the disorder.

Several neurochemical hypotheses have been sudgdsteexplain the
pathophysiology of schizophrenia. The discoverylgpamine antagonists’ utility as an
antipsychotic in the late 1950s suggested that mopa has a role in the disorder.
Dopamine is a monoamine neurotransmitter and has Baown to mediate multiple
systems within the central nervous system (CNSktrimoportantly, it plays a major role

in reward systems (Schultz, Dayan, & Montague, }19@%nd motor function

www.manaraa.com



(Korchounov, Meyer, & Krasnianski, 2010). The sfiecirole of dopamine in
schizophrenia remains to be identified; howevertadedicate that antipsychotics
alleviate positive symptoms by modifying dopamieeaptor function, which suggests a
dysregulation of dopamine in schizophrenia. Ingggions of dopamine alterations in
schizophrenia populations include the evaluationpo§t-mortem tissue, imaging in
patient populations, and numerous animal modeldoplamine dysfunction relevant to
the disorder (Bird et al., 1977; Crow et al., 190Qyis, Kahn, Grant, & Davidson, 1991;
Elkashef et al., 2000; Haberland & Hetey, 1987; dsw& Kapur, 2009; Toru,
Nishikawa, Mataga, & Takashima, 1982). Data fromsthstudies have provided mixed
evidence for altered dopamine in discrete brainioreg as being associated with
schizophrenia. These data also have provided tbedggion for what is termed the
dopamine hypothesis (Carlsson, 1988; van RossuBt)19hich argues that elevated
dopamine activity in subcortical regions (the s$tnma and basal ganglia) is associated
with the positive symptoms of schizophrenia, windduced dopamine activity within the
cortex may be associated with the negative sympt@davis et al., 1991; Pycock,
Kerwin, & Carter, 1980). However, limitations toightheory exist. For instance, the
means by which dopamine tone is elevated in sogiens and reduced in others has not
been elucidated. Additionally, antipsychotic metmas only moderately alleviate the
positive symptoms and have limited efficacy for tiegative symptoms (Javitt & Zukin,
1991). Although dopamine tone is altered in schizepia, the dopamine hypothesis

does not account for the cause of these changes.
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Glutamate Hypothesis of Schizophrenia

A more recent alternative model hypothesized toamphe cellular/molecular
alterations in schizophrenia is based on a comibmatf data from drug abuse literature
and separate post-mortem examinations of schizoghreopulations. The model
proposes that there is a reduction in glutamateasiigg within discrete circuits of the
brain, which may account for the behavioral symash schizophrenia and also may
cause alterations in dopamine signaling. Glutamade the main excitatory
neurotransmitter in the brain. Activation of glut@ergic receptors results in excitation
of both excitatory and inhibitory neurons througivaaiety of receptors, including the
NMDA receptor. The initial investigation of the NMDreceptor as it relates to
schizophrenia began with individuals who abusedgsirthat block these receptors
(ketamine and phencyclidine; NMDA receptor antagt®)i The effects of the abuse of
these drugs as well as observations from previtudies with controlled administration
of NMDA receptor antagonists to healthy voluntesteowed that NMDA receptor
antagonists are capable of mimicking the cognitaved behavioral symptoms of
schizophrenia in healthy individuals (Adler et 4l999; Krystal et al., 1994; Luby et al.,
1962). Additionally, abuse of ketamine or phendjicke (PCP) by schizophrenic patients
has been demonstrated to exacerbate schizophseni@ans and produce psychosis in
stable patients (Javitt, 1987; Lahti et al., 19%%nby et al., 1962). These early
observations provide support that the NMDA receptay be involved in the disorder.

NMDA receptors play an important role in learningdamemory, cognition, and
sensory processing. In the hippocampus, NMDA regxspare necessary for long-term

potentiation (LTP), a process in which the synaptanections between two or more
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neurons that fire together are strengthened (Blidoomo, 1973; Bliss & Collingridge,

1993; Hebb, 1949). This process is hypothesizdakttwuitally important for learning and
memory and is strongly linked to new memory formiatiPharmacologically blocking
the function of NMDA receptors leads to impairedyeibion, learning, immediate recall,
and long-term retention (Lee et al., 1993; Ohnan#moto, & Watanabe, 1994).

NMDA receptors are unique because they are botndigand voltage-gated
receptors. While the binding of glutamate and glgdio the NMDA receptor will induce
a conformational change in the receptor, the pesefia magnesium (Myion bound
to the inside of the channel at resting membranenpi@l (-65 mV) prevents the passage
of any ions through the channel. When the membrargepolarized by non-NMDA
glutamate receptors (AMPA and kainite), the Mipn is driven out of the channel by
electrostatic repulsion, allowing the channel tempand calcium (G4 to enter (Mayer,
Westbrook, & Guthrie, 1984; Nowak et al., 1984)heTinflux of C&"into the cell leads
to an increase in membrane potential, as well asatttivation of a variety of &
dependent second messenger systems (Kleinschnadt, & Singer, 1987). Therefore,
activation of the NMDA receptor requires a uniguenbination of ligand binding and
membrane depolarization.

NMDA receptors are composed of subunits termed NRR2, and NR3. All
functional NMDA receptors contain one NR1 subumitl @ither one of several possible
subunits of NR2 (NR2A-D) or NR3 (Monyer et al., P99Different subunit assemblies
of NMDA receptors contribute different functionaloperties of the receptor, including
the strength of the Mg block, glycine sensitivity, and receptor occupafishii et al.,

1992; Kutsuwada et al., 1992; Monyer et al., 1992). example, NR1-NR2A and NR1-
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NR2B channels are characterized by a strongergelsensitivity of the Mg block (it
takes a greater voltage change to dislodge thedompared to NR1-NR2C and NR1-
NR2D channels (Monyer et al., 1992). Because ofvieaker Mg§* block seen in the
latter receptor channels, their function may bedétect relatively small postsynaptic
depolarizations. Another functional difference bedw subtype assemblies is that NR2A-
containing receptor channels do not bind glutanfatevery long (measured by offset
decay time) compared to the other subtypes (Moayel., 1992). Consequently, NR1-
NR2B, NR1-NR2C, or NR1-NR2D receptors mediate |ordjeation excitatory
postsynaptic potentials as compared to NR1-NR2&p&xs. Throughout a lifespan, the
assembly of NMDA receptors differs (Akazawa et 4994). During development, NR1
and all NR2 subunits are expressed at peak levelgostnatal day (PND) 7 in the rat
brain (about third trimester for human brain depetent; Clancy et al., 2007); then, after
PND 12, a distinct change in expression occursther NR2 subunits (Monyer et al.,
1994). There is a shift from the expression of NR2BI NR2D subunits, both of which
are most abundant in the neonatal brain, to theesspn of NR2A in the forebrain and
NR2C in the cerebellum (Akazawa et al., 1994; @4dhdy, Brickley, & Farrant, 2001,
Monyer et al., 1994). Since many important cogeitprocesses depend on the NMDA
receptors, altering their assembly and thus tretivity can cause devastating effects.
Alongside the previously mentioned drug abuseditege, complementary data
from post-mortem examinations of schizophrenic ggas have given further valuable
insight into the possible glutamatergic change$ ttaur in the disorder. Not only is
glutamatergic tone reduced in schizophrenia paiherman et al., 1991; Squires et al.,

1993), differential expression of mRNA for the NRZmcreased levels) and NR2D
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(decreased levels) subunits has been observecipréirontal cortex (Akbarian et al.,
1996). Additional changes include a reduction tHe1Nsubunit in the hippocampus
versus healthy controls (Gao et al., 2010). Theda duggest that not only is there an
overall reduction in glutamate signaling, but thexealso an alteration in the assembly

and function of the NMDA receptor.

GABA Signaling

GABA is the main inhibitory neurotransmitter in tiheain and is synthesized
from glutamate by GADG67. GABAergic interneurons aesponsible for inhibitory
signaling that is vital for normal CNS function,ciading the regulation of network
oscillatory activity. A necessary component of thetivation of these GABAergic
neurons comes from NMDA receptors. When glutamatdd the receptors allow €a
to enter causing the cell to depolarize and reléa8BA. These interneurons are very
large compared to pyramidal neurons and connecv omany different excitatory
postsynaptic neurons (e.g. dopamine, serotoniriamgiate). The rapid release of GABA
onto the postsynaptic excitatory neurons producssstained inhibition. This inhibition
entrains the postsynaptic neurons into a synch®fidag pattern and, once disinhibited
(removal of inhibition), the neurons are then akaolto fire when receiving excitatory
input from other cells. Based on the role of NMD&ceptor function, it has been
hypothesized that NMDA receptor-mediated excitatimin GABAergic interneurons
results in the inhibitory activity that drives netik function. Numerous investigations
have shown that NMDA receptors on inhibitory GABgier interneurons are
disproportionately more sensitive to NMDAR antagi®i(Coyle, Tsai, & Goff, 2003;

Grunze et al., 1996; Li, Clark, Lewis, & Wilson,@) and, more specifically, those that
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contain PV may have relevance to schizophreniagBga& Reynolds, 1997; Beasley e
al.,, 2002; Coyle et al.,, 2003; Kinney et al., 2006¢rris, Cochran, & Pratt, 2005;
Reynolds et al., 2001). These data suggest thatlaction in the function of NMDA
receptors can cause a lack of inhibition in digretain regions that have PV+
GABAergic interneurons. The effect of this lack iaohibition is proposed to cause a
disruption in the synchronous activity of downsine@xcitatory pyramidal neurons.
GABAergic interneurons play an important role ie tjeneration and entrainment
of oscillations (Gonzalez-Burgos, 2010); therefareyuronal synchronization is thought
to rely on GABA-mediated inhibition. Gamma- and tdy&vave oscillatory activity is
suggested to underlie working memory and infornmagimcessing between cortical areas
and is related to cognitive function (Bartos, VidaJonas, 2007; Cardin et al., 2009;
Fries, 2009; Gonzalez-Burgos & Lewis, 2008; Rooptial., 2008; Salinas & Sejnowski,
2001; Sohal et al., 2009; Uhlhaas & Singer, 20B3sed on numerous studies, the
cognitive deficits seen in schizophrenia may refwitn abnormal neuronal oscillatory
activity (Gonzalez-Burgos, 2010; Lewis et al., 2003hlhaas & Singer, 2010).
Converging evidence suggests that the generatioosaflations, which are impaired
during cognitive tasks in schizophrenic patientsnd@nberg et al., 2010; Spencer et al.,
2004; Woo, Spencer, & McCarley, 2010), depends dWiDMN receptor-mediated
transmission on PV+ GABAergic interneurons (Phdligt al., 2012; Sohal et al., 2009).
Each PV+ GABAergic interneuron projects onto manxcitatory neurons and
disinhibition from one interneuron can desynchrenie majority of a local network,
leading to a disruption in cortical processing (Maddam et al., 1997; Phillips et al.,

2012). Decreased expression of PV leads to inadeasgnchronous release of GABA
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from PV+ GABAergic interneurons, which may resuita reduction in the ability of

downstream excitatory neurons to integrate incomstirguli, the functional consequence
of which may be altered cognitive function and sepgprocessing (Javitt, 2009; Powell,
Sejnowski, & Behrens, 2012; Uhlhaas & Singer, 20R0hough data provide evidence
for a reduction in NMDA receptors and PV expressitie GABA receptors themselves
may also play a role in desynchronization as éted to schizophrenia.

GABA binds to both ionotropic and metabotropic rgoes in the central nervous
system. lonotropic GABA receptors (mainly GARAare ligand-gated ion channels
permeable to chloride. Once GABA binds and actwabese ionotropic channels, a fast
acting inhibitory current is produced within thellcéMacdonald & Olsen, 1994).
Conversely, the metabotropic GABA receptors (GABAre G-protein coupled receptors
that are located both pre- and postsynpatically pratiuce a slow onset but longer
lasting inhibition (Couve, Moss, & Pangalos, 200@&rr & Ong, 1992). Presynaptic
GABAg receptors suppress neuronal?Caonductance, leading to the inhibition of
neurotransmitter release of the presynaptic neuRwstsynaptic GABA receptors
increase membrane conductance to potassiufh I@&ding to the hyperpolarization of
postsynaptic neurons (Bettler e al., 2004; Bowdrgple 2002; Kohl & Paulsen, 2010;
Misgeld, Bijak, & Jarolimek, 1995; Padgett & Slegen, 2010). Functional GABA
receptors exist as heterodimers (Jones et al.,)1@898prised of a GABAr: (contains
binding site) and a GAB#k, subunit (contains regulatory G-proteins; Boweryakt
2002; Galvez et al.,, 2001; Kohl & Paulsen, 201MaRi, Seddik, & Bettler, 2010;
Robbins et al., 2001). Compared to the functiothef GABAg receptor, the function of

the GABA. receptor is better understood because of its tdiaetivation and fast
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inhibition properties. Both GABA and GABAs receptors are able to modulate GABA
oscillations and LTP, which results in altered héag and memory functions (Scanziani,
2000).

Although the distinct roles the GABA receptors piaycognitive functions such
as learning and memory are unclearivo andin vitro studies have shown they are able
to modulate neuronal oscillations. For instancejuianeously blocking GABA and
GABAg receptor functionn vitro facilitates theta frequency oscillations inducedab
cholinergic agonist (Konopacki et al.,, 1997). Ddtam transgenic animals and
pharmacological studies demonstrate that the GAB&eptor is vital for the stability of
cortical circuits, possibly due to the longer lagtinhibitory properties of these receptors.
GABAgRr: knockout mice develop spontaneous seizures amdgpuee death (Prosser et
al., 2001; Schuler et al., 2001); meanwhile, higiset of GABA receptor antagonists
administered to adult rodents induce hippocampal meocortical seizures (Leung,
Canning, & Shen, 2005; Vergnes et al., 1997). Harethe data regarding cognitive
task performance and learning and memory are ldrated inconsistent. Several studies
indicate that low dose GABAreceptor antagonists enhance (Getova & Boweryl1200
Helm et al.,, 2005; Leung & Shen, 2007; Mondadoagkel, & Preiswerk, 1993;
Mondadori, Mobius, & Borkowski, 1996; Staubli, Sicaf & Chun, 1999) or do not alter
cognitive task performance compared to controlsr{gadast et al., 2002). Studies using
GABAg receptor agonists are similarly inconsistent amnetimes contradictory
(Myhrer, 2003). The incongruent results from GAB#eceptor ligands may be due to the
fact that the receptors are located both pre, post,extrasynaptically and any functional

effect of the ligand may not produce straightfordvegsults.
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Similar to what is found in post-mortem investigas with NMDA receptor
subunits, GABA receptors are also decreased in the prefrontécand hippocampus
of schizophrenic patients (Ishikawa et al., 2005zWMMami et al., 2000; Mizukami et al.,
2002). Post-mortem analysis in schizophrenia pajoms have shown consistent
alterations in GAD67 and PV expression in the hggmpus and prefrontal cortex
(Beasley & Reynolds, 1997; Benes et al., 1991; d&ullet al., 2008; Hashimoto et al.,
2003; Mirnics et al., 2000; Reynolds, Zhang, & Beps2001; Torrey et al., 2005). Since
both of these proteins are specific to GABAergitetineurons, these data suggest that
GABA signaling may be altered in the disorder af.we

As previously discussed, the hypofunction of NMDakeptors may result in the
disinhibition of GABAergic interneurons. It is algmssible that the receptors to which
GABA binds may be differentially expressed, sucét th similar disinhibition occurs. If
there is a reduction in pre- or postsynaptic GABAceptor function, an alteration in the
release or binding of GABA potentially results isyachronous activity. Disrupting the
function of either NMDA receptors or GABAreceptors could conceivably result in the
same change in oscillatory activity that has bgmtslated to occur in schizophrenia.

Animal Systems to Model Mechanisms of Schizophrenia

Although schizophrenia is an inherently human diearcertain symptoms can be
tested in rodent models. For instance, prepulséiiidn to test for sensorimotor gating is
often examined in animal models of schizophrersayall as to test the potential efficacy
of novel antipsychotics (Swerdlow, Braff, & Gey&000). Additionally, the Morris
water maze is utilized to look for spatial learniagd memory deficits and cued and

contextual fear conditioning is used to investigagsociative fear learning. As noted
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above, schizophrenia patients exhibit deficits Ih ai these tasks, suggesting the
impairments may have relevance to the disorder.

Sensorimotor gating can be described as the ablityter extraneous noise from
meaningful sensory inputs (Freedman et al., 19B&)ients have been characterized as
being hypervigilant and sensitive to distractingirsds whereby their inability to gate
stimuli makes them feel “flooded” by sensory stiatidn (Venables, 1964).
Sensorimotor gating can be measured in a taskdcphepulse inhibition (PPI) in both
human and animals. PPI refers to the normal reoluadf a startle response when a
startling stimulus is preceded by a weaker, nortistg stimulus (prepulse). The theory
is that the prepulse evokes an inhibitory respafsthe motor reflex that reduces the
response to the startle stimulus (Braff & GeyeQ@,%Swerdlow, Geyer, & Braff, 2001).
PPI is observed in neuropsychiatric disorders aard lie modulated by drugs of abuse
(Braff & Geyer, 1990; Geyer & Braff, 1987). SincIRoccurs on the first exposure of a
prepulse-startle trial, it does not reflect a leairbehavior but a reflexive response
(Fendt, Li, & Yeomans, 2001; Graham, 1975; Hoffng&ahVible, 1970; Ison, McAdam,
& Hammond, 1973; Koch, 1999). Patients with schimepia startle similarly regardless
of whether the startle stimulus is preceded byrastartling, weaker prepulse, suggesting
the prepulse does not inhibit this reflexive reg@as seen in healthy controls (Geyer &
Braff, 1987). This disruption in PPI suggests dufai in sensorimotor gating that may
result from stimulus over-flow either from the extal environment and/or from within
the subject itself.

Mediating brain regions for PPI of the startle egflare found mostly within the

brain stem. Briefly, the acoustic prepulse is rethyirom the inferior and superior
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colliculus to the pedunculopontine tegmental nusleuith lesser contributions to the
circuit from the laterodorsal tegmental nucleus autbstantia nigra, pars reticulata.
Activation of the midbrain nuclei by the prepulseconverted into long-lasting inhibition
of the giant neurons in the caudal pontine reticumlacleus, with the involvement of
GABAg receptors contributing to the inhibition of tharsle response (Fendt et al., 2001;
Swerdlow et al., 2001). Other regions are shownrdgulate the brain circuitry
responsible for PPI, including the hippocampus #rel prefrontal cortex, which have
subcortical projections to the nucleus accumbems\amtral tegmentum (Swerdlow et
al., 2001). Both NMDA and GABAreceptors contribute to this circuit and alteringse
receptors produces PPI deficits. This task is fatindal as a preclinical behavioral test
for animal models of schizophrenia.

Another task used in research on animal modelscbizsphrenia to evaluate
learning and memory deficits is the Morris waterzemaSpatial learning and memory is
disrupted in schizophrenic patients and it has baeasured using a virtual, computer-
based water maze task (Folley et al., 2010; Haeloal., 2006). The original Morris
water maze was developed for rodents and condistciocular tank filled with opaque
water and a submerged escape platform that isiadle, In order to locate the hidden
platform using a spatial strategy, the animal nusst spatial cues that are located outside
the maze. Across days, control animals begin lzeta spatial strategy that depends on
the extra maze cues, which results in decreaseddats (time) to find the platform. To
determine how well the animals learned the tagkobe trial is conducted in which the
platform is removed and animals swim for a fulbkrperiod. Depending on how well

they learned the task, the animals should spend ofidiseir time in the area of the maze
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where the platform was located. Performance in waer maze is disrupted after
hippocampal lesions (Amaral & Witter, 1991; Mosklgser, & Andersen, 1993) where
both NMDA and GABAs receptors are prevalent (Dutar & Nicoll, 1988; Mghan,
Andaloro, & Skifter, 1998; Sakurai, Penney, & Youi§93).

Patients with schizophrenia exhibit deficits in d¢imwal processing and emotional
learning and memory (Hall et al., 2007). The d&dicesemble those found in patients
with amygdalae damage (Aleman et al., 2007; Halbdlet2007; Kosaka et al., 2002;
Whalley et al., 2009). For example, patients withizophrenia have reduced activation
of the amygdala when viewing emotional faces, ak agean alteration in hippocampal
activity when viewing emotional scenes compareccaatrol individuals (Hall et al.,
2007). Pavlovian fear conditioning is a type ofa&sstive learning task that has been
utilized to test for deficits in emotional learniagd memory in animal systems (Bolton
et al., 2012; Kinney et al., 2002; Phillips & LeDgu992). By pairing a neutral stimulus
such as a tone (conditioned stimulus; CS) with thia¢ elicits a fear response such as a
mild foot shock (unconditioned stimulus; US), th8 @ill eventually elicit a similar fear
response (freezing behavior in rodents) withoutgresence of the US. This association
can be quantified using the fear response to thar@Serve as a measure of how well an
animal learns the association. After training, #m@mal can be placed in a novel
environment with the presentation of the originad @ determine the cued fear
association (association of fear to the tone) erahimal can be placed in the original
training environment with no CS presentations tmadestrate contextual fear association
(association of fear to the environment). Differeatiral mechanisms and regions govern

the associations utilized in this task dependinghow the CS and US are presented
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during training. In the standard delay cued andecdoal fear (CCF) procedure, the CS
and the US overlap in time and co-terminate. Thasing protocol requires amygdala
activation to make the cued fear association (D&w¥halen, 2001; Kinney et al., 2002;
LeDoux et al., 1990; Phillips & LeDoux, 1992; Sohadt al., 2001) and the contextual
fear association is dependent on the hippocamplen€t al., 1996; Holland & Bouton,
1999; Kinney et al., 2002; Logue, Paylor, & Wehr997; R. G. Phillips & LeDoux,
1992). Manipulating the training protocol by ingegt a temporal gap between the
cessation of the CS and the onset of the US (t&Zlé procedure) makes the task more
difficult and more presentations of the CS and WS raquired to learn the association
(Beylin et al., 2001; Kinney et al., 2002). Alsamtbh the hippocampus and amygdala
become imperative to make the cued fear associ@gotton et al., 2012; Kinney et al.,
2002; McEchron et al., 1998; 2000; Moyer, Deyo, &tbPrhoft, 1990; Ryou, Cho, &
Kim, 2001; Solomon et al., 1986; Sutherland & McBloh 1990; Weiss et al., 1999)
while contextual fear is still dependent on thepoipampus (Bolton et al., 2012; Chen et
al., 1996; Holland & Bouton, 1999; Kinney et alQ02; Logue et al., 1997; Phillips &
LeDoux, 1992). Manipulations that result in diffieces in fear responses can reveal
deficits in the mechanisms associated with diffebeain regions.

The above behavioral tasks are used to measurarigaand memory deficits in
rodents with relevance to those observed in thazsphrenia population. NMDA
receptor antagonists have been used in animal méal@ivestigate symptoms associated
with schizophrenia. As previously mentioned, thasgagonists include PCP, ketamine,
as well as MK-801. Although PCP produces more gaded longer lasting effects than

the other NMDA antagonists, low doses of ketamisabénesthetic doses) induce
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changes in cortical GABAergic activity that resultdisinhibition (Behrens et al., 2007).
Subanesthetic doses of ketamine in adult rodeiduge sensorimotor gating deficits as
measured by PPI (Bolton et al., 2012; Braff & Gey&90; Sabbagh et al., 2012), as well
as behavioral alterations in the Morris water mg&ecker et al., 2003; Moosavi et al.,
2012; Sabbagh et al., 2012), and CCF (Bolton et24112). Since blocking NMDA
receptors on GABAergic interneurons produces aatsalu in GABAergic tone due to
diminished firing, an alternative approach to aehi@ similar effect would be to alter
GABA receptor function. As opposed to GARBAeceptors whose responses are short
lived, GABAg receptors provide the long lasting inhibition séeroscillatory activity.
However, drugs that target GABAeceptors are less utilized in schizophrenia rebea
compared to NMDA receptor antagonists. As mentiopezliously, GABAs receptor
ligands administered to animals results in incdastsbehavior in learning and memory
tasks (Myhrer, 2003). These inconsistencies mayliréecause GABA receptors are
located pre, post, and extrasynaptically; furthiee, effect of the ligands may also rely on
the task utilized. Our laboratory has demonstréted administering a GABAreceptor
agonist (baclofen) produces deficits in CCF (Heaeesql., 2012), and preliminary data
suggest PPI deficits. While this approach to madesichizophrenia has been productive
in demonstrating potential mechanisms involvedhe disorder, one drawback is that
these deficits are only present when the drugtiseam the animal’s system. Therefore,
it may be relevant to determine if alterations dgrdevelopment produce similar deficits

without administering drugs at the time of behaaidesting.
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Neurodevelopmental Approaches

Based on the typical age of diagnosis of schizaparand the overlap of this time
point with several developmental processes, schiampa is suggested to be the result of
disturbances in early brain development. Multiptegmsed models argue that a change
in developmental trajectory results in schizophaemhich is not evident until early
adulthood (Fatemi & Folsom, 2009; Lewis & LevitQ@2; Lewis et al., 2004; Rapoport
et al., 2005; Weinberger, 1987; Weinberger & Lipsk@95). Studies that support this
approach focus on post-mortem tissue analysis téma with schizophrenia and the
genetic and/or environmental stressors.

Post-mortem tissue analysis reveals that therel@mages in specific circuits in the
brain related to subtle variations during developm&hese investigations have found
cytoarchitectural disorganization in the hippocaspuith too few neurons in the
superficial layers and too many neurons in deeagers (Jakob & Beckmann, 1986).
This study has since been replicated using sinmlathodology and extended into the
prefrontal, temporal, and limbic cortices with te@me results (Akbarian et al., 1996;
Arnold et al., 1991; Benes et al., 1991). This aythitectural disorganization suggests a
failure of neuronal migration and inappropriateafiplacement of neurons, an event that
occurs during early development. In normal braimeligoment, the migration of neurons
to these regions occurs during the second trimestertrauterine development (Rakic,
1988). The disorganization of this process coulbmpially result in altered connectivity
of these regions. Additionally, other post-mortetadges of patients with schizophrenia
indicate there are no signs of neuronal damagd&#F& Bogerts, 1986) and no sign of

progressive worsening of the pathology over tinmeljgating that the cytoarchitecture

20

www.manaraa.com



disorganization in schizophrenic patients must ochuing development (Weinberger,
1987; Weinberger & Lipska, 1995). The cause ofaherations in post-mortem tissue is
not known but several potential mechanisms hava pegposed.

The initial disturbances during development mighattihggered by a combination of
genetic and/or environmental stressors. A humbesusteptibility genes are associated
with schizophrenia. For instance, the gene thab@es for the protein Reelin is reduced
in the brains of patients with schizophrenia (Beffet al., 2005; Impagnatiello et al.,
1998). Evidence from animal studies shows that porapriate amount of Reelin is
necessary for proper neuronal migration (Fatemalgt1999; Goffinet, 1979), and a
reduced amount of Reelin results in cytoarchitedtalterations similar to what is seen in
schizophrenic patients (Fatemi, 2005). Additionallige transcription factor Lhx6 is
reduced in post-mortem schizophrenia brains (Volal.e 2012). Lhx6 is specific to cells
that are destined to be PV+ neurons and, duringtdeatal period, it participates in the
regulation of cell type specification, tangentiaigmation, and maturation of these
specific PV+ GABAergic neurons (Liodis et al., 200/olk et al., 2012; Zhao et al.,
2008). Reduced Lhx6 in schizophrenic patients megpiain the failure of PV+ neurons
to appropriately express their phenotype. Changeka expression of Reelin and Lhx6
in schizophrenia patients provide support for aettggwmental origin of the disorder.

Genetic factors may make the system more suséeptikstressors, but they do not
guarantee that one will inherit the disorder. Mojgmtic twin studies indicate that there
is only a 40-48% chance of one twin being diagnosehl schizophrenia if the other is
already diagnosed (Suddath et al., 1990). Thesa iddicate that although a genetic

disposition to the disorder exists, there are emwirental risk factors that also contribute
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to the disease. Some environmental stressors #vat leen suggested to be involved in
changing the developmental trajectory include nmalestress and infection, prenatal
malnutrition, obstetric complications, and urbaring (McNeil & Kaij, 1978; McNell,
1987; Vassos et al., 2012). Several large epidemichl studies indicate that prenatal
exposure to viral infection increases the riskafizophrenia due to the activation of the
maternal immune response (Adams et al.,, 1993; lromimoue, & Yasuda, 1999;
Mednick, Huttunen, & Machon, 1994; Zuckerman et 2003). Stress in early life has
been shown to produce behavioral differences irt addividuals and is complemented
with data from rodent studies in laboratory sefingsutman & Nemeroff, 2002).
Although these studies inflict stress upon the bgreg fetus, the mechanism by which
this would influence cytoarchitecture and molecwlaanges in the brain consistent with
schizophrenia is not known.

Development of the brain relies on the tightly rde¢ged processes wherein the
coordinated activity of various mechanisms is esasenNMDA receptor-mediated
synaptic activity is necessary for normal developn@# various brain regions, as well as
for coordinated network activity due to their inveinent in critical processes such as
establishing synaptic contacts, neuronal migratiammg synaptogenesis (Contestabile,
2000; Komuro & Rakic, 1993; LoTurco et al., 199However, GABA signaling
precedes the development of NMDA receptor-mediaigdaling and GABA plays a
pivotal role in normal brain development as weti.darly brain development, GABA
acting on ionotropic GABA receptors produces an excitatory, not inhibitoegponse
bothin vitro andin vivo (Ben-Ari, 2007; Leinekugel et al., 2002; Sipilaa¢t 2006). This

excitatory response is due to elevated intracellabdoride concentration in immature
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neurons that begins to reduce to what is normansn mature cells around PND 5-7 in
rodent pups and the effect of GABA acting on GAB#eceptors becomes inhibitory
around PND 10 (Ben-Ari et al., 1989; Ben-Ari et 2007). The early excitation provided
by GABA, receptors aids in the membrane depolarization eteéar NMDA receptors
to expel the Mg’ ion in order for the channel to be functional (Bemet al., 2007; Ben-
Ari et al.,, 1997). PresynaptiGABAg receptors are functional at birth and provide
inhibitory control of neonatal network activity #tis early stage in development (Ben-
Ari et al., 1997; McLean et al.,, 1996). Meanwhilelectrophysiological studies
demonstrate that postsynaptic GABReceptors on either pyramidal cells or internearon
are not functional during this time period (Caillagt al., 1998; Gaiarsa et al., 1995;
Nurse & Lacille, 1999; Verheugen, Fricker, & Milel999). Embryonic and neonatal rat
hippocampal and cortical neurons do not exhibitgosmptic GABA receptor-mediated
responses (the activation of potassium and thiiidm of C&* currents) until after PND

7 (Ben-Ari et al., 1997) due to the lack of couglibetween the receptors and the ion
channels (via G-proteins) (Fukuda, Mody, & Prind®93). The balance between
excitation and inhibition during early brain devahoent is vital for normal neuronal
network formation.

Since NMDA receptor activation is vitally importaim development, and post-
mortem analyses point to alterations during cHitigeeriods associated with
schizophrenia, studies have combined these thebyiemdministering NMDA receptor
antagonists to rodent pups during development tduate if deficits consistent with
schizophrenia are produced. The first two weekigf@ffor a rat pup (especially at PND

day 7) are a vulnerable period of brain developnteat correlates with the second
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trimester of pregnancy in humans (See Figure 1vwgeBayer et al., 1993; Clancy,
Darlington, & Finlay, 2001; Clancy et al., 2007fuies have found that administering
NMDA receptor antagonists (PCP, MK-801, and fewgdietamine) during early stages
of brain development in rodents (PND 7-14) resintan increase of neurodegeneration
in brain areas implicated in schizophrenia and thi&st neurodegeneration is consistent
with normal apoptosis that occurs during developneerd, therefore, is not related to
excitotoxicity (Ilkonomidou et al., 1999; Wang et, &001; Wang & Johnson, 2005). As
mentioned, neurodegeneration and excitotoxic effemte not seen in post-mortem
analyses of schizophrenic patients. Additionaltydges have found behavioral deficits in
adult rats that had previously been administeredDdMeceptor antagonists during the
first weeks of postnatal life (see Figure 1 beloWese studies demonstrate deficits in
sensorimotor gating and PPI, consistent with sgihrenia-like symptoms (Abekawa et
al., 2011; Anastasio & Johnson, 2008; Beningel.e802; Broberg et al., 2010; Harris
et al., 2003; Rasmussen et al., 2007; Turner €2@10; Van den Buuse, Garner, & Koch,
2003; Wang et al., 2001; Wang & Johnson, 2005} Watv using other behavioral tasks
(Andersen & Pouzet, 2004). However, these prevstudies use a moderate to high dose
of drug that could possibly mimic a very large slowin of the NMDA receptor system.
It would be interesting to see if the effect of NMDeceptor antagonists administered at

low doses produces similar learning and memorycdsefin adulthood.
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Drug
injections  Weaning Behavioral Testing
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Rat prepuberty puberty _ young adu

N
28 35

0 79 12 21 42 56 60
(PND)

Human

27d/31d Trimester ~5 ~10 ~15 ~20
(Years)

Schizophr enia onset

Figure 1. A comparison of rat and human brain developmett aitimeline of methods
used in developmental approaches to schizophrBeidved from Tseng et al., 2009.

The use of ketamine compared to other NMDA receatdagonists in schizophrenia
research has advantages. It is commonly used @minaty medicine (and to some extent,
pediatrics) as a dissociative anesthetic; howeaersubanesthetic doses, it displays
different properties. Compared to the other NMDAegtor antagonists, ketamine has a
lower potency, a shorter duration of action, adasate of induction, and is effective
across different animal species (Hevers et al.8206a our laboratory, the administration
of ketamine in adult systems has proven to modétitke seen in schizophrenia for
several behavioral tasks such as PPI, the Morrisnwmaaze, and trace CCF (Bolton et al.,
2012; Sabbagh et al., 2012). These features aéeearchers to have better control of the
drugin vivo, making it the optimal choice as an NMDA receg@ntagonist. However, its
utility at low doses in development to model défigeen in schizophrenia has yet to be
elucidated.
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A more puzzling question in schizophrenia reseansh the effects of
pharmacologically altering the GABAeceptor system in development. There has not
yet been a study that examines administration®A8Ag receptor antagonist or agonist
during development. Since NMDA receptors are cégtnavolved in the developmental
pathogenesis of schizophrenia and rely on GAB@&ceptors during development, it is
unknown what may occur if the GABAeceptor system is altered during this stage. As
previously discussed, GAB#: knockout mice display massive behavioral impairtsen
die prematurely, and may be a better model foreppy than schizophrenia (Prosser et
al., 2001; Schuler et al., 2001). However, distogbthe GABAs receptors either by
enhancing or inhibiting their function intermittiygcould provide valuable insight into

their role as it relates to this disorder.
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Hypotheses and Implications
Building upon the wealth of research that impksagltered function of the
NMDA receptor and changes in GABAergic signalingahizophrenia as well as the
importance of their role in brain development, warained the behavioral and
biochemical consequences of disrupting the funaigof either NMDA or GABA

receptors during critical time points in developien

Hypothesis 1:

We administered the NMDA receptor antagonist ketenait a low dose (8
mg/kg) to rat pups at PND 7, 9, and 12. In adulthdbe animals should exhibit
sensorimotor gating deficits measured by a redncgtid®Pl, impairments in
spatial learning and memory demonstrated by theiMaater maze task, and
deficits in fear associative learning seen in tt@C# compared to controls. The
examination of brain tissue should result in atieres of proteins associated with
NMDA receptors, GABA receptors, and GAD67, all diieh have been found to

be disrupted in schizophrenia.

Implications of Hypothesis 1.:

If the low dose ketamine administration during depenent produces
behavioral and protein expression changes consisinwhat is
observed in other schizophrenia models, then tteewlauld indicate that
alterations in NMDA receptors at the specific tipwents (PND 7, 9, and
12) induce a change in the system that resultgficits consistent with

the disorder. Alternatively, if the dose and schedi ketamine
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administration does not induce the proposed dsfititnay be possible
that a subtle, transient blockade of this recegystem is not enough to
disrupt the developing network system and an isg@adose or multiple

injection days may be considered.

Hypothesis 2:

In addition to the administration of ketamine tspoatal rat pups, we
administered the GABAreceptor antagonist phaclofen and the GAB&ceptor
agonist baclofen to different groups of animalse Tijections were on PND 7, 9,
and 12 to determine if a change in GABAergic sigrgaturing critical periods
produces changes in behavior. There is a delicdtabe in GABA signaling
during development (as previously demonstratedhsg@resent study will
determine if blocking or enhancing GABAReceptor function during this
developmental period alters behavior in adulthd.hypothesized that
phaclofen and baclofen, each, would produce beha\ieficits (reductions in
PPI and deficits in the Morris water maze and ti@€#) similar to ketamine
deficits in Hypothesis 1. Blocking (with phaclofesr)enhancing (with baclofen)
theoretically would alter connections in the depéhlg brain and change network
function. We also proposed that the tissue analysesd indicate alterations in

proteins related to the GABAergic signaling.

Implications of Hypothesis 2:

If altering GABAg receptors, either by reducing or enhancing their

function, during early brain development producelavioral and/or
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protein changes similar to what is seen in schigemh, then this
experiment will provide evidence for the involverhehGABA signaling
dysfunction potentially being involved in the dider. If no deficits are
detected with either phaclofen or baclofen, théerahte dosages and
schedule of administration would be useful. Thesgmkty exists that

direct alterations of GABAreceptor function alone may be insufficient to

alter developmental trajectories.
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CHAPTER 3

MATERIALS AND METHODS

Subjects

Eight timed pregnant Sprague-Dawley dams wereimmddafrom Charles River
Laboratories (Hollister, CA). Dams were individyalloused until parturition with a 12
hour light/dark cycle and with food and water aabiéad libitum. The day of birth was
considered PND 0. Pups were sexed and randomlgressito one of four treatment
groups (saline, ketamine, baclofen, or phaclofenPdD 2. All pups were weaned on
PND 21 and pair housed throughout the remaindénetxperiment with male (n = 55)
and female (n = 35) animals housed in separatengalmoms. Behavioral testing began
on PND 60 which corresponds to brain maturity iryeadulthood for humans (Pignatelli
et al., 2006). All procedures were performed inoagance with NIH guidelines for
ethical treatment of research subjects, and apgdrbwyethe University of Nevada, Las

Vegas Animal Care and Use Committee.

Drug Treatments

All drugs were mixed with physiological salin@. 4% NaCl) to achieve a final
concentration of 8 mg/ml ketamine (ketamine HCLnfrédenry-Schein, Indianapolis,
IN), 2 mg/ml baclofen (baclofen hydrochloride fr@igma-Aldrich, St. Louis, MO), 0.3
mg/ml phaclofen (from Sigma-Aldrich, St. Louis, MOJhe drugs were administered
subcutaneously (SC) at a dose of 1 ml/kg. Animadsewandomly assigned one of the
three treatment groups: saline (n = 14 males; rfentles), ketamine (n = 14 males, n =
10 females), baclofen (n = 14 males; n = 9 femabas) phaclofen (n = 13 males; n = 10

females).
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Apparatus

Prepulse Inhibition of Acoustic Sartle

Acoustic startle chambers (San Diego Instrumesas, Diego, CA) measuring 28
cm (W) x 28 cm (H) x 28 cm (L) were used for thewastic startle and PPI. Inside the
chamber, the animals were individually placed itramsparent Plexiglas tube (10 cm
wide and 20 cm long) that is mounted on an acceleter which measures changes in
movement. A Cobalt Instruments computer using AtouStartle software package

(Startle, San Diego Instruments) recorded the flata the accelerometer.

Fear Conditioning Chambers

A Freeze Monitor chamber (San Diego Instrumenteasuring 25.4 cm (W) X
19.05 cm (H) x 25.4 cm (L) with a stainless ste@ §joor and Plexiglas walls was used
to perform both the fear conditioning training asahtextual fear test. The chamber was
cleaned with Formula 409 (Chlorox, Oakland, CA)usoh at the end of each session.
An altered context chamber was used to test cuad Wéhis chamber consisted of an
opaque plastic enclosure measuring 12.7 cm (W).&726m (H) x 43.18 cm (L) with the
addition of a vanilla scent on an inner wall towesa different olfactory background for
the altered context. A solution of 0.1% ethanol wasd to clean the chamber after each
session. The chambers were connected to a Cok#ltaiments computer with the Freeze
Monitor software (San Diego Instruments) to runheaession. Freezing behavior (no

movement besides breathing) was recorded evergddhds.
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Morris Water Maze

The Morris water maze procedure was performedvitnige polyethylene circular
tank, 1.8 m (diameter), 76 cm (H), and 4.7 mm iokihess (San Diego Instruments). The
tank was filled with tap water 48 cm deep and nzaigd at 25°C. The addition of non-
toxic paint made the water opaque to conceal tidem platform (10 cm x 10 cm square
platform made of clear plastic). The tank was ddddnto four quadrants, one in which
the hidden platform was placed in the center 30from inside the wall of the tank and
1.5 cm below the surface of the water. A 13 cm xch8 square white plastic cover,
protruding 3 cm above the water, was placed onofoine platform during the visible
training trials. The tank was positioned in theteef a training room (separate from the
colony room) with large geometric shapes positioardll four walls to serve as distal
spatial cues for the animals to find the hiddentfpten. Trials were recorded and
captured using a video tracking system (Smart, B&go Instruments) from a Sony
Handycam camera connected to a Cobalt Instrumemtgputer. Latency to locate the
hidden platform, speed of swimming, and thigmotgypisportion of time spend along
the outer edge of the maze) data was collecteddahn trial. The amount of time subjects

spent in each quadrant was recorded for the prade t

Tail Flick
The tail flick procedure was performed using auar glass bowl, 20.32 cm
(diameter) and 7.62 cm (H), filled with 1800 ml water. The bowl was placed on a

heating plate to maintain the water at 55°C thrawgleach session.
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Drug Administration
After the pups were sexed and randomly assignéeabment groups on PND 2,
they received 1 ml/kg subcutaneous injection ahsalketamine, baclofen, or phaclofen
on PND 7, 9, and 12 (Figure 1) then weighed evexy dntil weaning (PND 21) to

ensure proper growth and development.

Behavioral Testing
All behavioral testing began once animals reachHé¢D BO to ensure they reached
early adulthood. All experimenters were blind te Hubject’s treatment group throughout

testing.

Prepulse Inhibition of Acoustic Sartle

Animals were taken into a separate training roow iadividually placed in the
startle chambers. Animals were given five minutesdclimate to the environment and
presented with background noise (65 dB) throughibwt session. Acoustic startle
responses were examined after the presentatio® ofs3hoise bursts of 90, 100, 110, and
120 dB. Sensorimotor gating was tested with augidrite noise prepulses of 74, 82, 86,
or 90 dB presented 40 ms or 100 ms prior to thedBR@tartle pulse. Inter-trial intervals
were randomized between 10 and 55 seconds. Forsession, a random order of trial
type presentations was presented 5 times. Whemairay the acoustic startle data, the
first trial of each acoustic startle intensity respe was discarded and averages of the
remaining four trials were used for calculationrd@at PPl was calculated using the
following equation: 100-[(average startle respongéh pre-pulse)/(average acoustic

startle)]*100.
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Cued and Contextual Fear Conditioning (CCF)

Subjects were individually taken from the colommpom and placed in the fear
conditioning chamber located in a separate trainoggn. The animals were allowed to
freely explore the chamber during the initial twanates of the training session in which
no stimuli were presented. Following the initiabtwinutes in the chamber, a 2.9 kHz 88
dB tone conditioned stimulus (CS) was presente®@@os; 2.5 s following the termination
of the CS, a 1 second 0.5 mA footshock (US) was imdmered. Following the
termination of the US, a two minute interval elapg®ior to the next CS and US
presentation. A total of 4 CS-US pairings were @nésd in the training session, each
separated by two minute intervals. After the cortipiteof the last pairing, the animals’
behavior was observed for a final two minutes. Hmémals’' freezing behavior was
evaluated every ten seconds throughout the sebgiartrained experimenter blind to the
experimental group. The criterion for freezing detexl of no movement of the animal
other than breathing. Freezing behavior was recbdiging the training session for the
first two minutes (pre-training freezing) and fdretfinal two minutes (post-training).
Once the session was complete, the animal wasegtuo its home cage in the colony
room and the chamber was cleaned.

Cued fear testing (fear to the CS) was examinetdd#s after training. Animals
were individually placed in the altered context #ortotal of 13 minutes. The session
consisted of an initial two minute interval, durimghich no stimuli were presented in
order to evaluate freezing to the novel environménbne minute presentation of the
original CS used in training was presented, folldviy a two minute interval between

the onsets of the next CS tone, for a total of 4t@f® presentations. Freezing behavior
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was measured throughout the entire session. Thmadmiwere brought back to their
home cage following the completion of the sessiod the chamber was thoroughly
cleaned with 0.1% ethanol.

Contextual fear (fear to the training environmew@s tested 48 hours after
training. Animals were placed in the initial traagi chamber and allowed to freely
explore for 10 minutes without any CS or US presomns. Freezing behavior was
measured during the entire session in five, 2 reifums. After the session, the animals
were returned to their home cage and the chamb&clganed.

A cued fear session (72 hours after training) @mtextual fear session (96 hours
after training) were administered in an identicakHion as previously described
following the 48 hour contextual test. However,daling the 96 hour contextual fear
session, one CS-US pairing was presented (remindBrfollowed by a final two minute
period of observation. An additional cued fear E#s$24 hours after reminder) and
contextual fear session (48 hours after remindex$ warried out on subsequent days

using the same protocols detailed above.

Morris Water Maze

Individually, animals were taken from the colorpom into a separate testing
room. A computer desk, a table with a heating ckegge geometric shapes on each wall,
and the experimenter served as distal spatial asefiey can be seen from inside the
maze. The animal was placed into the maze andhetavater along the outer wall of one
of the three randomly chosen quadrants that docaotain the hidden platform. The
animal was allowed to swim until locating the hidddatform or for a maximum of 60

seconds. After 60 seconds, the experimenter guidedanimal to the hidden platform.

35

www.manaraa.com



Each animal was given 20 seconds to sit/stand eplttform to allow spatial orientation
to distal extra-maze cues after which they werenatut of the maze and placed in a
holding cage under a heat lamp for 30 seconds.eTadglitional trials were conducted
using the same protocol for a total of four tragntnals per day. After the fourth interval
under the heating lamp, the animal was gently dwet a towel and taken back to its
home cage. The platform remained in the same lmtdtr each trial and across days.
Training trials were conducted on successive days the completion of either six days
of hidden platform training or until the controlsached a latency &f 15 seconds. The
animals’ path, latency, thigmotaxis, swim speedi, quadrant location was recorded.
Once the control animals reached the hidden platiatency criterion, a single
probe trial was performed the following day. Thdden platform was removed from the
maze and the animal was allowed to swim for 60 s#@€owith the tracking system
measuring the amount of time the animal spent alm eadrant. To examine the ability
of how well the animals learn a new location of liidden platform, a reversal procedure
was used in which the platform was moved to theospe quadrant (180 degrees from
original location) and the animals were given fouals with the same protocol as a
hidden platform day. To test for visual and motapabilities, a non-spatial test was
performed using a visible platform. This task isiigar to the hidden platform protocol
except that the platform is visible to the animadamoved on successive trials to

different quadrants for each trial.

Tail Flick
In order to ensure any differences that may bemes during the fear

conditioning procedure are not tied to changesiiaeption (i.e. analgesia), a standard
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tail flick nociception test was performed on allmaals. Subjects were individually taken
from their home cage into a testing room. Theah2-3 centimeters of the tip of the tail
was placed in 55° C water and the latency for themal to flick its tail out of the water

was recorded. A maximum of 10 seconds was setateaon for withdrawal (flick).

Tissue Analysis

Tissue Collection

Following the tail flick test, all animals were manely euthanized using GO
asphyxiation. Brains were immediately removed folltg CO, asphyxiation. The frontal
portion of the cortex was dissected out, placenhicrocentrifuge tubes, and kept frozen

at -80°C until tissue homogenization.

SDS-PAGE Western Blotting

Prefrontal cortices were homogenized using a RbB#er (20 mM pH 7.5 Tris-
HCL, 150 mM NaCl, 1 mM N£&£DTA, 1 mM EGTA, 1% sodium deoxycholate, 2.5 mM
sodium pyrophosphate, 1 mBtglycerophosphate, 1 mM BMO,4, 1 pg/ml leupeptin;
Cell Signaling, Danvers, MA) with 1 mM DTT, 1 mM R3F, 20pg/ml aprotinin, and
0.1% SDS added. Homogenization was performed usanghandheld Polytron
(Kinematica Inc., Luzern, Switzerland) tissue hoerger. Homogenized tissue was
centrifuged for 15 minutes at 15,000 x g at 4°Cpeé3natant was removed without
disturbing the pellet and a protein concentrati@sag was performed using the
bicinchoninic acid assay (BCA, Pierce, Rockford), IL

Protein samples were loaded into 10% acryl gela eabncentration of 2 pug/ul
with a mixture of Laemmeli buffer containing 2% S[EoRad, Hercules, CA) and DI

water for a total of 10 uL volume. SDS-PAGE wasdhel a constant current 0.04 A for
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45 minutes to separate protein samples accordingdiecular weight. Following the
separation, the proteins were electrotransferredd.26 A for 1 hour to 0.2 pum
nitrocellulose membranes (GE Water and Process nbéuotjies, Feasterville-Trevose,
PA). Membranes were placed in a blocking buffethvio BSA and TBST (1x Tris-
buffered saline with 0.05% Tween 20) before beingubated overnight at 4°C in
primary antibody (anti-GABAaS polyclonal rabbit, 1:750 (Millipore, Billerica, M),
anti-GABAg; polyclonal rabbit, 1:2000 (Cell Signaling Technojo@anvers, MA); anti-
GABAGg; polyclonal rabbit, 1:1000 (Cell Signaling Technojpganti-GAT1 polyclonal
rabbit 1:1000 (Cell Signaling Technology); anti-N&Rpolycolonal rabbit 1:100 (Cell
Signaling Technology); anti-Kalirin polyclonal rahb 1:1000 (Cell Signaling
Technology); antp-Actin monoclonal rabbit, 1:20,000 (ProteinTech,ic@go, IL)).
Membranes were returned to room temperature th@afimlg day and washed with TBST
3 times for 10 minutes each. Following washes, nramds were incubated in secondary
antibody (HRP-conjugated anti-rabbit, 1:5000, Vetiaboratories, Burlingame, CA) for
1.5 hours at room temperature. Following 3 addéidi® minute washes with TBST, the
membranes were exposed to Amersham ECL Plus detexyystem (GE Healthcare Life
Sciences, Pittsburgh, PA) and imaged using a Typl9dd 0 Variable Mode Imager (GE
Healthcare Life Sciences). ImageQuant 5.2 softW@ie Healthcare Life Sciences) was
used to determine protein quantities. The protefnaterest were normalized fActin
density. The treatment group’s normalized valueseeveempared to the average control
(saline) normalized values for each membrane. BIESPAGE experiments were all run

in duplicate to ensure consistent data.
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Statistical Analysis

Acoustic startle response and PPI data were agdlyza repeated measures
analysis of variance (RM-ANOVA) across startle aepulse intensities. One-way
ANOVA for individual startle and prepulse intensgiwere performed after a significant
RM-ANOVA. Mean latencies, swim speed, and thigmataxom the water maze for
hidden platform days were analyzed across dayg iBM-ANOVA. Data from the time
spent in each quadrant during the probe trial ewtlater maze were analyzed using one-
way ANOVA (target versus other quadrants). RM-ANOWre used for the CCF data
except one-way ANOVA were used to determine difiees between treatment groups
in pre CS-US freezing and post CS-US freezing entthining day. Mean latencies for
tail flick and mean densities for western blottimgre analyzed using one-way ANOVA.
Tukey post-hocs were performed following a sig@ifit ANOVA. To parse out the
differences between the control group and eithéarkne or the GABA ligands,
separate analyses were conducted. Males and femvalesanalyzed separately except

when comparing males versus females for the GAD6#m.
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CHAPTER 4

RESULTS

Behavioral Testing

Prepulse Inhibition of Acoustic Sartle

A significant difference was observed in acoudiartle response (Figure 2)
between treatment groups for the male animals (RNOXA; Fo16) = 3.425,p =
0.018). The baclofen group exhibited a significemcrease in startle response compared
to saline (Tukey post ho@ = 0.013). Analysis of individual startle intenesgirevealed
that the significant increase in acoustic staruletfe baclofen group occurred at 100 dB
(One-way ANOVA; ks216)= 5.212,p = 0.002; Tukey post hoc: baclofen versus salne,
= 0.020) and 110 dB (One-way ANOVAsk16) = 4.842,p = 0.003; Tukey post hoc:
baclofen versus saling, = 0.002) but not at 120 dB compared to saline.vE@wsely,
significant reductions in startle responses wergepled between the female treatment
groups compared to saline (RM-ANOVA;se = 6.942,p = 0.000). The baclofen and
phaclofen treated groups displayed a significardrebese in acoustic startle response
compared to saline (Tukey post hoc: baclofen vesslise,p 0.019; phaclofen versus
saline,p = 0.009). The decrease in acoustic startle regpoesurred at the 120 dB
intensity (One-way ANOVA,; [ 136 = 5.920,p = 0.001; Tukey post hoc: baclofen versus

saline,p = 0.010; phaclofen versus salipes 0.004).
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Figure 2. Acoustic Startle Responses. Mean startle ampstydSEM) in response to
noise bursts at multiple decibel intensities folesand females. Baclofen treated males
exhibited a significant increase in startle respomgile the baclofen and phaclofen
treated females displayed a significant reducedtlstaesponse. * = Significantly
different from salinep < 0.05.

For the PPI trials with a 100 ms inter-stimulugemal (ISI; Figure 3), no
significant differences were observed betweennmeat groups compared to controls for
the male animals across all prepulse intensitied-fNOVA; F3216) = 2.268,p =
0.082). However, the female animals displayed aifstgint difference between treatment
groups compared to controls (RM-ANOVAzf36) = 8.586,p = 0.000). Across prepulse
intensities, the female baclofen group (Tukey puast, p = 0.006) and phaclofen group
(Tukey post hocp = 0.000) exhibited a significant reduction in PPhese reductions
were observed at all of the prepulse intensitieepifor the 86 dB prepulse (One-way
ANOVA; 74 dB: R3,136= 4.058,p = 0.008, Tukey post hoc: baclofen versus salie,
0.018, phaclofen versus saline= 0.010; 78 dB: [,136= 5.066,p = 0.002, Tukey post

hoc: balcofen versus saline= 0.015; phaclofen versus salipes 0.020; 82 dB: [5,136)
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= 4.354,p = 0.006, Tukey post hoc: phaclofen versus safpre,0.004; 90 dB: [,136) =

3.571,p = 0.016, Tukey post hoc: phaclofen versus sapre(.018)..

Separate analyses were conducted to compare oaljkdtamine and saline
groups for the PPI trials with 100 ms ISI (Figuie A& significant reduction in PPl was
observed between the ketamine treated female gretgus the female controls across
prepulse intensities (RM-ANOVA; Es2) = 8.313,p = 0.005), significant reductions were
observed at the 74 (One-way ANOVAj ) = 7.525,p = 0.008) and 86 dB (Fe2) =

4.247,p = 0.044) prepulse intensities.
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Figure 3. Percent Prepulse Inhibition with 100 ms ISI. Mgaercent PPl (tSEM) at
multiple prepulse intensities preceding 120 dBtkastimulus. No differences observed
between the male treatment groups while significadtictions in PP1 were seen for the
baclofen and phaclofen treated females. # = Swmamfly differently from saline
(ketamine analyzed in isolatiory), < 0.05. * = Significantly different from saling, <
0.05.

An evaluation of the PPI trials with a 40 ms ISigure 4) revealed a significant
difference between treatment groups across prepuksesities in the male animals (RM-
ANOVA; F3161)= 3.931,p = 0.010). Post-hoc analyses revealed a significzsiiction
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in PPI in the phaclofen group (Tukey post hoc: jpdfao versus salingg = 0.024). One-
way ANOVA for each prepulse intensity revealed gngicant reduction only at the 74
dB prepulse (fz,161y= 2.930,p = 0.035; Tukey post hoc: phaclofen versus saine,
0.039). Female animals demonstrated a similar feigmnit reduction in PPl across
prepulse intensities (fn01) = 9.843,p = 0.000) for the phaclofen group compared to
saline (Tukey post hog = 0.000). One-way ANOVA for individual prepulsdensities
revealed the same significant reduction at theB4m@pulse intensity (k101y= 5.439,p

= 0.002; Tukey post hoc: phaclofen versus salme, 0.006), 86 (f,101)= 4.322,p =
0.007; Tukey post hoc: phaclofen versus salmes 0.010), as well as a significant
difference at the 90 dB prepulses(for) = 3.145,p = 0.028; Tukey post hoc: phaclofen

versus salingy = 0.045).
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Figure 4. Percent Prepulse Inhibition with 40 ms ISI. Mearcent PPI (xSEM) at
multiple prepulse intensities preceding 120 dBtkastimulus. Significant reductions in
PPI were observed across prepulse intensitiesdibr imale and female phaclofen treated
groups with a lack of PPI occurring at the 74 dB: Significantly different from saline,
p < 0.05.
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Cued and Contextual Fear Conditioning

No significant differences were observed in theeZieg behavior of the males
throughout training on Day 1 (see Figure 5). Abgps froze equivalently during the two
minute interval before the onset of the CS-US pgsi(Pre CS-US; &s1)= 0.709,p =
0.551) and during the two minute interval after thst CS-US pairings (Post CS-US;
F,51)= 0.696,p = 0.559). Similarly, the female animals were eqlent in their freezing
behavior between groups during the Pre CS-U$s{f= 0.908,p = 0.448) and Post CS-

US (Rs.31y= 0.536,p = 0.661) as shown in Figure 5.

g’ 0.7
5 o6 |
bt O Saline
z 05 |
'E 04 - O Ketamine
s 0.3 B Baclofen
5 0.2 B Phaclofen
8 0.1
o
g 0

Pre CS-U PostCS—LllS Pre CS—‘JS Post C$-US

Males Females

Portion of Session

Figure 5. Day 1 CCF Training. Proportion of time freezings@M) was determined for
the first two minutes of training (Pre CS-US) ahd tast two minutes of training (Post
CS-US) for the males and females. No differencesevaserved between treatment
groups.

Following training, fear to the CS in a novel eoviment (cued fear) was tested
(Cued Fear Day 2; Figure 6a). No differences wéseoved between the male treatment
groups in freezing behavior during the first twonotes of the cued fear session (Pre
CS1; Rszs1y = 0.985,p = 0.407) and during the presentation of the cid-ANOVA
across CS1-CS4; {4z = 0.767,p = 0.518). The female animals also displayed no
differences in freezing between treatment groupsnduPre CS1 (f31) = 2.847,p =
0.054) and similar freezing behavior during cuesprgations (RM-ANOVA across CS1-
CS4; "_(3,31): 1.897,p = 0.151).
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Freezing to the training environment on (contexfiealr) on Day 3 (Figure 6b)
revealed no differences between the male treatgrenips across the entire session (RM-
ANOVA across Blocks 1-5; Es1)= 0.204,p = 0.893) and, consistent with the males, no
differences were observed for the female animalRM-ANOVA across Blocks 1-5;
Fi31)= 2.626,p = 0.068).

For Cued Fear Day 4 (Figure 7a), no significanfed#nces were observed in
freezing behavior between male treatment group®ferCS1 (is1)= 0.885,p = 0.455)
or across cue presentations (RM-ANOVA across CS4:Egs1y= 0.348,p = 0.791).
Female animals also displayed no significant déifiees between treatment groups for
freezing behavior during Pre CS1 k) = 0.670, p = 0.577) and across cue

presentations(RM-ANOVA across CS1-CSé;dn = 0.989,p — 0.411).
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Figure 6. Cued Fear Day 2 and Contextual Fear Day 3. Prigpatime freezing (tSEM)
was measured for Cued Fear Day 2 (a) during thet fwo minutes before the
presentation of the cues (Pre CS1) and during tieepcesentations (CS1-CS4) and for
Contextual Fear Day 3 (b) during each 5 two mirhloeks. No significant differences
were observed between treatment groups.

No differences in freezing were detected on ContxFear Day 5 (Figure 7b)
between the male treatment groups (RM-ANOVA acBisgks 1-5; k3 51)= 0.282,p =
0.838) and female treatment groups (RM-ANOVA acmBkxks 1-5; [z 31y= 2.571,p =
0.072) across the entire session. A single remitiagg#r(CS-US) was presented at the end
of the session. During the two-minute interval daling the reminder trial, neither male
(Fes1y = 1.031,p = 0.387) nor female (&31y= 0.369,p = 0.776) animals displayed

differences in freezing behavior.

46

www.manaraa.com



~—~
&

=) 0.6
@ 0.5 OSaline
'?.E'S 0.4 O Ketamine
E 03 mBaclofer
g 02 . B Phaclofen
g_ 0.1
£ o rhi
Pre CS Csi CSs CS CSL‘. ‘ Pre J:Sl ‘ S1 S2 S3 S4
Males ‘ Females
Portion of Session
(b) o0
2 038 1 O Saline
0.7 A r

E @ Ketamine
L 0.6 - | { 1 -
E o5 | B Baclofen
= 0.
G 0.4 B Phaclofen
c
2
o)
Q.
°
o

9] @ 9] o}

=) o) =) - O

£ = c 2 £

§ o§ § |c§

14 14 14 14

Males Portion of Session (2 r%in each block) Female ‘

Figure 7. Cued Fear Day 4 and Contextual Fear Day 5. Pnopotime freezing (tSEM)
was measured for Cued Fear Day 4 (a) during th& fwo minutes before the
presentation of the cues (Pre CS1) and during tieepcesentations (CS1-CS4) and for
Contextual Fear Day 5 (b) during each 5 two mirhbitcks. Freezing was measured
during the cue presentation (Reminder) and thel fim@ minutes after the CS-US
presentation (Post Reminder).
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Figure 8. Cued Fear Day 6 and Contextual Fear Day 7. Priopatime freezing (tSEM)
was measured for Cued Fear Day 6 (a) during thet fwo minutes before the
presentation of the cues (Pre CS1) and during tlee presentations (CS1-CS4). The
phaclofen treated females displayed a significaatrehse in freezing during the CS
presentations. Proportion time freezing (+SEM) weesasured for Contextual Fear Day 7
(b) during each 5 two minute blocks. No differentedween treatment groups were
observed. * = Significantly different from saline< 0.05.

Freezing behavior on Cued Fear Day 6 Post Remi(ilgure 8a) revealed no
significant differences between treatment groupsgife male animals for Pre CSl(f)
=1.989,p = 0.127) and across cue presentations (RM-ANOWAsscCS1-CS4; &s1)=
1.263, p = 0.297). Although no significant differences amotreatment groups in
freezing behavior were seen for Pre CS1 for feraalenals (fz31y= 1.273,p = 0.301),
the phaclofen group displayed a significant de@eadreezing across cue presentations
(RM-ANOVA; F,31y= 3.012,p = 0.045; Tukey post hoc: phaclofen versus saline,

0.028). One-way ANOVA revealed the significant refilons occurred during CS1 k)
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=4.298,p = 0.012; Tukey post hoc: phaclofen versus sapre0.006)and CS2 (f31)=
3.308,p = 0.033; Tukey post hoc: phaclofen versus sapre.026).

For Contextual Day 7 Post Reminder (Figure 8b)sigaificant differences were
found for the male animals across the two minutekd (RM-ANOVA across blocks;
Fesn= 0.386,p = 0.764). Similarly, no significant differencesfreezing were observed

between treatment groups for the female animals-@MDVA across blocks; & 31)=

1.811,p = 0.166).
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Morris Water Maze

Latency to reach the hidden platform across ssogeslays was measured for six
consecutive days (Figure 9a). No significant ddferes were observed in latency for
males between treatment groups across hidden pratfaining (RM-ANOVA; R 215)=
2.079,p = 0.104). Similarly, latencies between treatmewiugs for the female animals
were not significantly different across days (RM-@MA; F3215= 0.017,p = 0.997).
Swim speed across hidden platform training dayguiié 10a) revealed no differences
between the male treatment groups (RM-ANOVAg ks = 1.989,p = 0.117) and the
female treatment groups (RM-ANOVA; 3Ry = 1.711,p = 0.172). However,
thigmotaxis (proportion of time spent on the oygerimeter, Figure 10b) differed among
the male treatment groups across hidden platforys (RM-ANOVA; F3 215 = 2.882,p
= 0.037) with the ketamine group spending signifttamore time along the perimeter
(Tukey post hocp = 0.049). The female treatment groups displayedlifferences in
time spent along the perimeter across hidden ptatfdays (RM-ANOVA; kzs0) =
2.342,p = 0.079). Separate analyses were performed congpamly male ketamine
group to the male saline group. The male ketamiraim displayed a significantly
increased latency to find the hidden platform osgecessive days (RM-ANOVA;fzs)
= 6.883,p = 0.012). Swim speed was not significantly difféareetween the male saline
and ketamine groups (RM-ANOVA; 09 = 0.063,p = 0.802), the ketamine group did
display higher thigmotaxis (RM-ANOVA; Ei09) = 7.141,p = 0.009) which could be
related to the longer latency during the hiddealdri

After completion of the last day of hidden platfotraining, a probe trial was

performed (Figure 9b). The baclofen treated madded to display a selective search as
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measured by time spent in target quadrant versughar quadrants (fs1)= 4.493,p =
0.007; Tukey post hoc: target versus quadrapt10.118; target versus quadranpz;
0.043; target versus quadrant@z= 0.006 ). The male saline, ketamine, and phaclofe
group each displayed a significant search duriegptiobe trial (saline: &ss= 15.015,p

= 0.000; Tukey post hoc, target versus quadrapt=10.000; target versus quadranip2,
= 0.000; target versus quadranp3; 0.000; ketamine: gss) = 13.886p = 0.000; Tukey
post hoc, target versus quadranpX  0.008; target versus quadrantp2;: 0.000; target
versus quadrant 3 = 0.000; phaclofen: Es1y= 11.176,p = 0.000; Tukey post hoc,
target versus quadrant fb,= 0.005; target versus quadrantp2z 0.000; target versus
guadrant 3p = 0.000). In the female animals, a selective se&octhe former platform
location was observed for the baclofeg gk = 15.153p = 0.000; Tukey post hoc target
versus quadrant pp, = 0.000; target versus quadranp2; 0.000; target versus quadrant
3, p = 0.000) and phaclofen ghs) = 4.865,p = 0.006; Tukey post hoc target versus
guadrant 1p = 0.039; target versus quadranip2; 0.008; target versus quadrantp3;
0.027) treated female groups as measured by thmogiron of time spent in the target
quadrant. The female saline and ketamine treatmenips did not exhibit a selective
search, failing to spend significantly more timemy quadrant (salinegzo= 1.362,p =
0.283; ketamine: E36)= 1.466,p = 0.240).

Reversal training was carried out 24 hours follgyvthe probe trial. Neither the
males nor female animals displayed any significhffiérences in latency to find the new
platform location (Figure 9a; Malesiskis= 1.079,p = 0.359; Females: 36 = 0.767,

p = 0.514) or swim speed differences (Figure 10aleMaks215= 0.734,p = 0.533;

Females: [135= 1.740,p = 0.162). However, the ketamine treated male gedpbited

51

www.manaraa.com



a significant increase in thigmotaxis comparecdht® ¢ontrol group (Figure 10bish15)=
4.621,p = 0.04; Tukey post hoc saline versus ketammes 0.010). No significant
differences in thigmotaxis were observed betweenfémale treatment groups (Figure
10Db; k3 136= 1.527,p = 0.210).

Visible platform training was conducted to assasaamotor abilities. Significant
differences were found among the male treatmentpgdor latency to locate the visible
platform (Figure 9a; RM-ANOVA; [215= 3.039,p = 0.030); however, no significant
differences between groups were detected in pasthalyses (Tukey post hoc; saline
versus ketamingy = 0.927; saline versus baclofgn;z 0.991; saline versus phaclofgn,
= 0.069). While no differences were observed betwine male treatment groups for
swim speed (Figure 10a; RM-ANOVA;#h1s5= 0.817,p = 0.457), the ketamine and
phaclofen groups displayed an increase thigmotasiess the two visible days (Figure
10b; RM-ANOVA,; Rs215= 6.061,p = 0.001; Tukey post hoc, saline versus ketanpne,
= 0.001; saline versus phaclofgn= 0.028). Based on the females’ performance during
the hidden platform and reversal training daysy theceived only one day of visible
training. No significant differences were obsenfed the latency (Figure 9a;dhze) =
0.086,p = 0.968) and swim speed (Figure 10& 1k = 2.424,p = 0.069) between
treatment groups; however, the ketamine treatedalergroup displayed an increased
thigmotaxis compared to saline (Figure 10p;18s = 3.165,p = 0.027; Tukey post hoc

saline versus ketaminp,= 0.025).
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Tail Flick

Tail flick (Figure 11) was performed to examinecioeption differences between
treatment groups following the completion of the rivk water maze. No significant
differences were observed between treatment grioupsales (One-way ANOVA,; 51
= 0.903,p = 0.446) or females (fz1)= 0.691,p = 0.565) indicating no nociceptive

changes may be related to any differences in tbeeatata.
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Figure 11. Tail Flick Latency. Mean latency (xSEM) to remawad from hot water. No
differences were observed between treatment grimupsales or females.
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Tissue Analysis

SDSPAGE Western Blotting

Protein levels of multiple specific receptor syigy relating to GABA and
NMDA signaling in the cortex were analyzed via SPAGE/Western blotting. No
significant differences were observed between imeat groups in the protein levels of
either of the identified subtypes of the GABAreceptor subunit (1a or 1b; Figure 12a)
for males (1a: 546y = 1.090,p = 0.363; 1b: k4= 0.591,p = 0.624) or females (la:
Fea1y = 0.863,p = 0.468; 1b: a1y = 2.639,p = 0.062). Separate analyses were
performed to examine differences in only the ansretated with the GABAligands
compared to saline. Baclofen and phaclofen treatalés did not exhibit any differences
in protein levels of either of the GABA (1a and 1b) receptor subunit (1gi 43 = 0.666,
p = 0.521; 1b: k32 = 0.506,p = 0.607). A significant increase was observedhia t
protein levels of the 1b receptor subunit in thagibfen treated females ks = 6.323,
p = 0.005; Tukey post hoc for saline versus phaalgie= 0.004) while no differences
were detected for the 1b receptor subunit in th&t poc analyses for baclofen treated
females (Tukey post hoc for saline versus baclofens 0.192). Additionally, no
differences were detected in the la receptor sulb@mihe baclofen or phaclofen treated
females (f232= 0.564,p = 0.574).

Evaluation of GABA: receptor protein levels in the cortex (Figure 1&8la) not
reveal any significant differences in the maleg 4d5= 0.930,p = 0.432).However, he
female phaclofen group displayed a significant @ase in expression level GABA

(F@,a1y = 4.919,p = 0.005; Tukey post hoc for saline versus phaalope= 0.003). No
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differences were found for GAB&s protein levels (Figure 12c¢) between the treatment

groups in males (k4= 0.523,p = 0.669)or females (fz 38y = 0.471,p = 0.704).
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Figure 12. GABA Receptor Protein Levels. (a) Proportion (zSE&)d representative
blots of GABAg;,and GABAg1;, protein levels normalized f&Actin from the cortex. No
differences were observed between the male treatgnenps. Phaclofen treated females
displayed increased GAB#, protein levels compared to controls.# = Signifiban
different from saline (baclofen and phaclofen iralgsis only),p < 0.05. (b) Proportion
(xSEM) and representative blots of GABAprotein levels normalized tg-Actin from
the cortex. No differences observed between malgtrtrent groups. Phaclofen treated
females displayed a significant increase in GABArotein levels. * = Significantly
different from saline,p < 0.05. (c) Proportion (xSEM) and representativetso of
GABAs protein levels normalized t@-Actin from the cortex. No differences were
observed between males and females.
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Protein levels for GAD67 (Figure 13a) were not digantly different between
treatment groups for males {Ey = 0.568,p = 0.639) or females (fzs = 0.611,p =
0.612). However, the literature suggests a diffeeeim GADG67 protein levels between
males versus females related to developmental atainr therefore additional analysis
were conducted to directly compare GADG67 proteipregsion in males and females in
the same treatment groups (Figure 13b). A sigmifigacrease in the GAD67 protein
expression was observed for the phaclofen trestethles compared to the phaclofen
treated males (E20) = 6.505,p = 0.019) and for the ketamine treated females ewatp
to the ketamine treated malesu(f) = 9.601,p = 0.005). No differences were seen
between the male and female saline groups: = 0.047,p = 0.831) or between the

male and female baclofen groupgs 4z = 1.577,p = 0.222).
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The evaluation of the NR2B subunit of the NMDAe&ptor protein levels (Figure
14a) revealed no significant differences betweeattment groups for males {E) =
0.387,p = 0.763)or females (i35 = 1.151,p = 0.342). Phaclofen treated females did
displayed a significantly higher level of the kadis protein isoform compared to the
other female treatment groups (Figure 14pady= 4.354,p = 0.010; Tukey post hoc for
saline versus phaclofep,= 0.008). No significant differences were foundtlie other
kalirin isoforms for the females (Figure 14b; kali7: Rz 36 = 1.208,p = 0.321; kalirin 9:
F.36)= 0.838,p = 0.482; kalirin 12: 536 = 0.542,p = 0.656) and no differences were

found in protein levels for any of the kalirin isofms for the males (kalirin 5:dso)=
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0.880,p = 0.458; kalirin 7: 3,50)= 0.465,p = 0.708; kalirin 9: [z 50)= 0.497,p = 0.686;
kalirin 12: Rz 50)= 1.255,p = 0.300).
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Figure 14. NR2B and Kalirin Protein Levels. (a) Proportion B8) and representative
blots of NR2B protein levels normalized fActin from the cortex. No significant
differences were observed. (b) Proportion (xSEMJl aepresentative blots of kalirin
protein levels normalized f&-Actin from the cortex. A significant increase wasserved

for kalirin 5 isoform in phaclofen treated femal&s: Significantly different from saline,
p <0.05.
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CHAPTER 5

DISCUSSION

Administration of ligands that alter the functioh ®@ABAg or NMDA receptor
function during a critical period in early brainvédopment produced a sizable change in
behavior in adulthood. The early life alterationrs GABAg and NMDA receptor
signaling also produced a change in several pretem the brain. Specifically,
administering ketamine on PND 7, 9, and 12 (Hypsithé&) disrupted responses in PPI
and performance in the Morris water maze. Additiaanges were observed in protein
expression of GAD67 in males versus females. Thmimdtration of GABAs ligands
(baclofen or phaclofen) in development (Hypoth&3ialtered acoustic startle responses,
PPI, performance in the Morris water maze, and akpression of multiple proteins
related to GABAeric signaling as well as a protemplicated in synapse formation.
These data represent the first reports of a liigl@hange in both behavioral and
biochemical processes associated with early lifeB&Areceptor function. The deficits
observed differed based on gender and the spéeifiavioral task or protein.

The data in these studies demonstrate behavidedatbns in acoustic startle
response and PPI in adulthood from the transiehtam@rement or blockade of the
GABAg receptor system during development. These findalgs lend evidence to the
importance of these receptors during early braveldg@ment. Inhibitory tone mediated
through GABAs and NMDA receptors in adulthood is necessary fa prepulse to
reduce the acoustic startle response in PPl. Thas#ic startle response is a simple,
sensorimotor reflex in the presence of fear (KocBcanitzler, 1997). In this experiment,

the male and female treatment groups displayedréifit behavior in their acoustic startle
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responses. The male baclofen group displayed amaneed startle response across
multiple startle stimuli whereas the female animadsninistered baclofen displayed a
decrease in the startle response. The male ketagnoug did not display an increase in
startle response across startle intensities (RM-XN@ot significant versus saline) and,
therefore, we cannot state that they exhibited ramease in startle response overall
despite an increase in startle for the 100 dBlstattimulus. While no differences were
observed in the male phaclofen group, the femagelpfen group displayed a significant
reduction in startle response across intensities anparticular, at the 120 dB level.
Decreases in acoustic startle response are typiadbkerved after habituation or
sensitization after repetitive presentations (Ril&chnitzler, 1996). In our experimental
methods, the stimuli are only presented five tim@msdomized throughout the session
thus insufficient for habituation or sensitizatiddased on this, the increase in acoustic
startle response in the baclofen male group as agellhe reduction seen in both the
baclofen and phaclofen females likely represergradgr dependent disruption to GABA
signaling involved in the sensorimotor circuitry.

Assessing the influence of multiple temporal gapsefstimulus intervals; ISI)
between the prepulse and the startling stimuluswaalifor the ability to parse discrete
regions and transmitter systems involved in the tiserisory PPI circuitry. The
nonstartling prepulse inhibits the reflexive respomo a startling stimulus if it precedes
the startling stimulus between 10-1000 ms (Hoffr&alson, 1980). By manipulating the
interval between the prepulse and startle stimyl&), differing neurotransmitter
systems and brain regions are involved (Hoffmarms&nl 1980; Swerdlow et al., 2001;

Yeomans et al., 2010). NMDA receptors located ie firefrontal cortex and the
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hippocampus mediate the inhibition of the preputstween ISIs of 100-500 ms
(Swerdlow et al., 2001). Both ionotropic and metaiymic GABA receptors also
influence the inhibition of the startle responsBl Bccurring at shorter I1SIs (starting at
20 ms) are principally governed by GARAeceptors due to the fast acting nature of
these ionotropic channels (Yeomans et al., 201@tabbtropic GABA receptors exhibit
a longer latency to activate but induce a longstirlg inhibitory effect that can impact
PPI over a wide range of ISIs beginning at apprataly 40 ms ranging to as much as
500 ms (Yeomans et al., 2010). The combinationAB&, and GABA; receptors allow
for PPI over the entire range of intervals. Theugthn in PPI in the 100 ms ISI trials in
females administered baclofen, phaclofen, and kenvith no difference in the male
animals suggest that the females may be more sengit the subtle changes in these
receptor systems during early brain developmenerdstingly, the reduction in PPI
across multiple prepulse intensities (see Figurds3jypically seen in patients with
schizophrenia and animal models of schizophrenadt¢B et al., 2012; Cilia et al, 1997,
Mansbach and Geyer 1991; Sabbagh et al., 2012;d8weet al., 1998). One can argue
that the deficits displayed by the female bacladded phaclofen in the PPI with 100 ms
ISI may be due to the reduction of the acoustidlstaesponse. To a certain extent, the
startle response might have contributed to thecdefeen in the PP1 with 100 ms ISI but
there were no differences in the female baclofewugrin the PPI with 40 ms ISI making
it unlikely that the PPI deficits are an artifattloe reduced startle response.

The lack of reduction and borderline enhancemett®ftartle response in PPl is
extremely rare. More compelling is that at the 49 I8l for both the phaclofen treated

males and females exhibited this deficit, and tkishe only difference shared by the
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males and females in this study. This indicated, thallowing GABAg receptor
antagonism in early life, not only did the animts to display the normal reduction in
startle response in the presence of a prepulsantsame animals, there was an increase
in the startle response on trials that containedptiepulse. Few reports indicate a change
similar to those observed with limited data indimgtonly select stimulants can produce
this effect (Ashare et al., 2010; Gould et al., 200Knockout mice with reduced
expression of GABA; receptors also display an enhanced response héthresence of
the prepulse (Prosser et al., 2001). However, tingéise also experience seizures and
resemble a model of epilepsy. Further, homozygousckout of GABAs; leads to
premature death. It is plausible that the reductibGABAg receptors in the knockout
study may lead to a compensatory gain in systeatsafifiect the PPI circuitry. Although
our experiment only transiently blocked GABFreceptors at brief intervals in early brain
development, it is clear that the alteration in G¥Breceptor function did alter circuits
involved in PPl in a similar way as in the knockstiidy. These data further imply the
importance of normal functioning of the GABAeceptors during brain development.

The spatial learning and memory results from theriovater maze revealed
some interesting findings. The importance of NMDéceptors during adulthood in
learning the hidden platform location using spatizs have been observed in numerous
studies (Amaral & Witter, 1991; Moser, Moser, & Agrden, 1993; Sabbagh et al., 2012).
Multiple studies have demonstrated that the adnnatisn of NMDA receptor
antagonists induce deficits in spatial learning ar@mory (Didriksen, Skarsfeldt, & Arnt,
2007; Moosavi et al., 2012; Sabbagh et al., 202bhis experiment, the male ketamine

group displayed deficits locating the hidden platfoacross training days indicating
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impairment in spatial learning; however, the sélectsearch during the probe trial
suggests they did learn the location using a dpatiategy. There are multiple non-
spatial as well as spatial strategies a subjectusanto navigate this maze. The most
efficient spatial strategy is to immediately origntthe spatial cues in the room once
placed in the water and swim directly to the hidgeatform location, an approach
commonly seen in controls. A less efficient strgtesga mixture of procedural and spatial
where the subject explores the maze before locatisigecific position then orients itself
to find the hidden platform location (Vorhees & Wains, 2006). Based on the male
ketamine group latencies, the selective searchngutine probe trial, and the high
thigmotaxis, a possibility exists that these ansndid not immediately attend to the
spatial cues once placed in the maze but insteainsaround the perimeter before
orienting to the general area where the platforra lwaated. This indicates that postnatal
administration of ketamine to male animals produaesubtle deficit compared to the
controls in acquiring the location of the hidderatfdrm location but based on the
selective search during the probe, the animals able to solve the task. Our data are
consistent with previous studies administering kermative NMDA receptor antagonist
(PCP) during the same developmental time periodD(PN\ 9, and 11) in which PCP
administration demonstrated robust deficits acggithe hidden platform location across
days and significantly increased thigmotaxis foremanimals but no differences were
observed for the females (Andersen & Pouzet, 2008} binds the NMDA receptor for
a longer period of time compared to ketamine (ZukiBukin, 1979) which may account

for more robust deficits observed in developmeR@P administration. Therefore, the
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data from our experiment demonstrate that impaitenenspatial learning and memory
can result from a subtle disruption in NMDA recegdtanction during development.

Few studies have specifically investigated and uUgghds that target GABA
receptors in spatial learning and memory taskshlgh there are no other studies to
compare the effects of GABA receptor alteration in development to adulthood
performance in the Morris water maze, we did nad fany differences in the acquisition
of the hidden platform training for the baclofen phacofen treated male animals.
However, the male baclofen group failed to dispagelective search during the probe
trial. Equivalent performance throughout trainingla lack of a selective search during
the probe trial does indicate an impairment inreey the task (Beiko, Candusso, &
Cain, 1997; Kinney, Starosta, & Crawley, 2003; VEolét al., 1998). One possibility is
that the baclofen treated males were using a natiadpstrategy such as swimming a
specific distance from the wall of the maze andnévaly bumping into the hidden
platform (Beiko, Candusso, & Cain, 1997; Kinneyar®sta, Crawley, 2003). Without
adopting a spatial strategy using the cues to dbkvéask would explain the nonselective
search. For the female data, the hidden platfommitrg data suffered considerable
variability which may have influenced the lack ofliference between treatment groups.
Both the female saline and ketamine group did mglay a selective search during the
probe trial but it is difficult to interpret the @afor the ketamine group when the controls
failed to demonstrate learning the spatial taskmBiwus studies have indicated greater
variability in female animals performance in thetevanaze (Andersen and Pouzet, 2004,

Beiko et al., 2004; Berger et al., 2006; Frick ket 2000; Wang et al., 2001). Estrogen
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levels have been demonstrated to influence learstragegy in tasks like the Morris
water maze which may explain the females’ behal@esler & Juraska, 2000).
Emotional learning and memory was examined usiagetrcued and contextual
fear conditioning. All treatment groups froze eqlently after the CS-US presentations
on training day, indicating equivalent effects oiting and no differences were
observed during the initial cued fear or contextigar sessions. All of the male and
female groups displayed similar extinction to tearfassociations as demonstrated by the
reduction of fear behavior across days. Our laboyahas previously demonstrated
alterations in ketamine or GABAreceptor function in adulthood alters the cued fea
association (Bolton et al., 2012; Heaney et al.1220 Additionally, following the
administration of ketamine in adult animals an @ase in protein levels specific to the
postsynaptic subunit (1b) of the GABAeceptor was observed in the amygdala (Bolton
et al., 2012). This suggests an interaction betwaetamges in NMDA receptor function
and GABAs receptors in fear conditioning (Bolton et al., 2P1Diminished NMDA
receptor function results in decreased excitatidnGé&BAergic interneurons thus
diminished GABA release and an alteration in GABeaptors (Bolton et al., 2012;
Zhang, Behrens, Lisman, 2008). A reduction in NMB&eptor activity is hypothesized
to be involved in the pathophysiology of schizopieso it is logical to determine if a
change in GABA receptors produces similar behavioral alteratiassa change in
NMDA receptors as it relates to this disorder. Safgaexperiments performed in our
laboratory investigating GAB#Areceptor function associated with CCF in adultreals
revealed impaired extinction of the learned assimriain baclofen administered adult

animals (Heaney et al., 2012). Therefore, it hasnbgemonstrated that ketamine and
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baclofen produce deficits in the trace cue feao@ason which relies on both the
amygdala and hippocampus (Bolton et al., 2012; Egast al., 2012). Since NMDA
antagonists induce a change in GABrceptor levels and both NMDA antagonists and
GABAg agonists produce deficits in fear learning, itingportant to investigate the
adulthood behavioral effects of postnatal alteratibthese neurotransmitter systems as it
relates to CCF. An interesting observation in thigent experiment is that the phaclofen
treated female group displayed a decrease in figeni the CS following the reminder
session compared to the controls (Figure 8a). Simee were no differences in freezing
before the reminder trial, this may indicate tha® phaclofen females did not exhibit
equivalent reinstatement of the fear associatianpared to controls. Reinstatement is
the recovery of the fear response following a @odtaction presentation of the CS-US
(Kim & Richardson, 2007). In neurobiological modeif extinction as well as studies
that demonstrate impaired extinction in rats witledmal prefrontal cortex (mMPFC)
lesions, it is theorized that the mPFC inhibits #maygdala by activating GABA
interneurons during the expression of extinctiorolfid, Goosens, & Maren, 2003;
Morgan, Schulkin, & LeDoux, 2003; Quirk et al., ZQ0Santini et al., 2004; Sotres-
Bayon, Cain, & LeDoux 2006). Adding to this, curremeurobiological models of
extinction maintain that the hippocampus moduldhes expression of learned fear or
extinction by inhibiting or exciting the mPFC (HobiGoosens, & Maren, 2003; Kim &
Richardson, 2007). The CS-US reminder triggers himpocampal inhibition of the
mPFC, preventing the mPFC from inhibiting the anatgdollowing extinction. From
this model, we can infer from the reinstatementaitebbserved in the phaclofen treated

females that disrupted GABA signaling within thepgwcampus-mPFC-amygdala
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network may have contributed to a reduction in seitement of the conditioned fear.
While this change is subtle, it does indicate @earation in Pavlovian learning as a result
of phaclofen administration in early life.

In order to examine if alterations in specific gias may be related to the
behavioral changes observed in the present expetsmeve performed SDS-PAGE
directed at multiple GABA, NMDA, and associatedgets in all groups. We also
investigated if any changes were observed in thigirkgrotein that is associated with
synapse formation and remodeling and has alsofoeed to be altered in schizophrenia.
Cortex samples were evaluated based on previosisatlire indicating alterations in
GABAergic function being related to deficits in laeforal tasks and patient post-mortem
tissue in this region (Fatemi, Folsom, Thuras, 2@didotti et al., 2000; Ishikawa et al.,
2005; Swerdlow et al., 2001; Woolley et al., 20IB)e GABAg receptor is composed
two distinct subunits, GAB& and GABAg,. Distinct GABAg; isoforms have been
determined to be specific to either the presynafdt&) or postsynaptic (1b) expression
(Steiger et al., 2004). The phaclofen treated femdlsplayed a significant increase in
the postsynaptic (1b) isoform of the GABAeceptor. Combined with the increased
expression in the GAB#y receptor subunit for the phaclofen treated femadlesse data
indicate there may be an overall increased expmmessi postsynaptic GABAreceptors.
This suggests that an increase in the expressiopostsynaptic GABA receptors
resulted from the brief antagonism of GABAeceptors during development. An increase
in postsynaptic receptors in the phaclofen trefethles may be related to the deficits
observed in the acoustic startle response and RPmualtiple intervals. The

neurotransmitter acetylcholine is necessary to yredhe startle response in both the
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acoustic startle and PPl and is regulated by itdmpicircuits (Swerdlow et al., 200,
Yeomans et al,. 2010). The decrease in PPI obséndechtes a lack of reduction in the
startle response in the presence of the prepulseseldata, coupled with the increase in
postsynaptic GABA receptors, may reflect diminished GABA tone thudaek of
inhibition on cholinergic neurons. However, theeamttto which this increase in protein
resulted in functional GABA receptors remains to be determined as well agitie
point at which this increase occurred (in developthadolescence, or adulthood).

We investigated other GABA related proteins thateheen implicated in PPI
and schizophrenia as well as those that may b&deta a change in GABA signaling.
GABA, was examined for protein differences between rimeat groups as a reduction
has been demonstrated following PPI deficits, simib the ones observed in this study
(Hauser et al., 2005). However, no differences vgern in the GABA,s receptor, which
indicates the early life treatment did not inducehange in all GABAergic signaling
targets.

Evidence suggests that increases in GADG67 levelstipely correlate with
GABA release. Although no differences existed betwé&eatment groups within each
gender, we examined if the treatment had diffea¢néiffects comparing genders.
Changes in GAD67 mRNA are influenced by steroichimres such as progesterone and
estrogen (McCarthy et al., 1995; Perrot-Sinal, BaWlcCarthy, 2001; Searles et al.,
2000). However, there are conflicting reports onO&X expression as either being
increased or decreased in the presence of estidEDarthy et al., 1995; Souza et al.,
2009). Based on the sexually dimorphic expressidBAD67, we examined whether the

effect of treatment may influence expression of fiotein between genders. The data
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indicated a significant increase in the females rwhermalized to males of the same
treatment, indicating a difference between genddhé ketamine and phaclofen treated
animals. Studies demonstrate that GABA exerts aathay feedback effect on the
expression of GAD6Tn vivo andin vitro and GADG7 is particularly sensitive to changes
in GABA (Rimvall & Martin, 1994). An increased exgssion in GAD67 protein may
indicate a reduction in GABA levels in the cort&ke increased expression of GAD67 in
the ketamine treated females compared to ketam@adetl males may explain the sex
differences observed in PPI with 100 ms ISI. SiB&BA is necessary for the inhibition
of this task, altered GABA levels as indicated bgreased GADG67 expression may
account for the deficit. In addition, expressiorGADG67 in the phaclofen treated females
(compared to the phaclofen treated males) wasaserke Based on data that indicate an
inverse relation between GADG67 protein expressiod &ABA levels as well as our
findings that GABA, and GABAs; protein levels are increased in phaclofen treated
females, these results may indicate decreased GleB@&ls in the prefrontal cortex of
these animals. Reduced GABA levels would explagnRP1 with 100 ms ISI deficits and
possibly the lack of reinstatement in CCF for theagofen treated females. The
expression of GAD67 was not changed between gerfderthe saline and baclofen
group which means the changes are specific to texlpfen and ketamine treated
groups. The data suggest that the blocking eitherGABAs or the NMDA receptor
during this developmental time point had a greatgract on the female developing
nervous system compared to the male.

As GABAg has been implicated in numerous processes undgrlgeuronal

migration and synapse formation (Ben-Ari et al.020Huang, Di Cristo, & Ango, 2007;
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Gaiarsa et al., 2011; Owens & Kriegstein, 2002; rBsp & Ben-Ari, 2005;), we also
investigated if changes in proteins associated sytimptogenesis and remodeling were
observed in the treatment groups. One protein micodar, kalirin, has been found to
serve a role in synapse formations and restrugu(Ma et al., 2008). Differential
expression of kalirin isoforms has also been olesem post-mortem analysis of patients
with schizophrenia. Some studies report an increasexpression (Deo et al., 2012)
while others report a decreased expression (Hillshimoto, Lewis, 2006; Penzes &
Remmers, 2012) in the prefrontal cortex. In our eexpent, the phaclofen treated
females displayed an increase in protein expreseioels for kalirin 5. An excess of
kalirin indicates that the mechanisms involved ymapse formation are dysregulated,
which may be associated with excessive attempbsiitd synapses (Penzes & Remmers,
2012). This may indicate a role for GABAeceptors in regulating synapse formation
during early brain development. This can also bated to the increased expression in
the other proteins examined (postsynaptic GAB&ceptors and GADG67) in that altered
function of GABAg receptors results in dysregulated synapse formalgading to
behavioral deficits in the female animals. Howevé#ris theory requires further
investigation.

The most apparent differences in the above stude weflected in the female
treatment groups. These findings were unexpectedwasdid not anticipate the
differences between the sexes. Few studies incfadales in both behavioral and
biochemical experimental conditions, especiallydss that focus on animal models of
schizophrenia. Most animal studies utilize exclaBivmale rodents as opposed to

females unless the researchers are interesteceimfliience of hormones (estrogens).
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Interestingly, estrogen has been demonstrated tamdugoprotective against cellular
dysfunction and damage, which has been showutro andin vivo (see Singh, Dykens,
Simpkins, 2006). Separately, studies by Woolley9{191998) reveal that chronic
administration of estradiol increase NMDA recep@xpression and sensitivity to
glutamate. During the proestrus phase of a rodg#nbes cycle, when estrogen levels are
at their peak, the number of synapses in the hgppas increased by 30% compared to
the estrous phase when estrogen levels are thestiduéarren and Juraska, 1997). The
drastic change in hippocampal morphology acrossrdigdent estrous cycle is further
complicated by the length of the cycle. The estroyde of a rodent is very short (four
days) and influences their behavior in multipleksaghcluding PPl (Koch, 1998) and
learning and memory tasks (for review, see Dohari602). Investigations using female
rodents include initial tests for phase in the@strcycle using a variety of methods. In
this experiment, estrous phase was not examinaslever, all females were housed in
the same colony room. Based on previously estaisitudies that mammalian females
synchronize their ovarian cycles while living irosé proximity (see McClintock, 1984),
we elected to not examine the phase of estrouseddswe pseudo randomized the pair-
housed cage assignments between treatment groups icolony room. If there were
differences in the phase of cycle between animedstried to minimize the effect it may
have had in one treatment group versus anothewurd-ugtudies performed in our
laboratory with females will incorporate estrousgh testing to ensure all animals are in
the same phase.

In this current experiment, the hormonal regulatotdrdevelopmental processes

may have played a larger role than we had initidiigpothesized. Estrogen and
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progesterone receptors are abundant in brain regioolved in reproduction but they
are also found in smaller concentrations in regisu€h as the basal forebrain,
hippocampus, and cortex. Estrogen and progestériodeng to these receptors affect the
rates at which proteins are synthesized (Dohar2€03). For example, estrogen and
progesterone secreted by the ovaries or exogenaashynistered can alter enzymes,
receptors, transporters, and other proteins agsdorath glutamate and GABA signaling
(Daniel & Dohanich, 2001). During development, #sradiol concentrations are the
same in neonatal male and female animals (Amateal,&004; McCarthy & Konkle,
2005; Nunez and McCarthy, 2008). Sexual differ¢iaiia appears during the first to
second week of life due to a perinatal testostesage in male rodents (Ravizza et al.,
2003; Galanopoulou, 2008As it relates to the NMDA and GABA signaling, tkex
dependent change that occurs during this earlpgen the rodent life is the differential
expression of the neuronal @xtruding K/CI" co-transporter (KCC2; promotes chloride
extrusion). As outlined, GABA in development is gatory when acting upon pyramidal
GABA receptors until after the end of first postnatakw of life in a rat (Ben-Ari et al.,
1989). These effects are due to the relatively hégpression of the N&K*/CI" co-
transporter 1 (NKCC1; promotes @htry into the cell) and the low expression of the
KCC2 which results in a high intracellular'@bncentration (Ben-Ari, 2002; Damborsy
& Winzer-Serhan, 2012; Payne, Stevenson, Donalds@®6; Rivera et al., 1999). After
the first postnatal week of life in a rat, NKCC1 downregulated and KCC2 is
upregulated, allowing Cto be expelled out of the cells which results shdt of GABA
binding GABA4 receptors to induce an inhibitory post synaptieeptal (Ben-Ari, 2002;

Rivera, 1999). This process is sex dependent @ciirs earlier in females compared to
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males (Damborsky & Winzer-Serhan, 2012; Galanopgu&®08; Nunez & McCarthy,
2007). Therefore, the differences observed betweales and females in the present
experiments may be due to the administration @nlds during the time this shift occurs
and the extended duration of GABA-mediated exatatin the multiple male brain
regions (Nunez and McCarthy, 2007; Galanopoulou)820 The administration of
GABAg and NMDA ligands during this postnatal time periagbuld then produce
differential effects in males and females. In therent investigation, we observed
multiple deficits in female animals following chasyin GABAs receptor function.
Given that the switch from excitatory to inhibitoogcurred during the same time frame
as when these drugs were administered in femalesthia switch happens earlier
compared to males), it is possible that alterationseceptor systems from the drug
administration presented substantial problems enféimales. This may also account for
the lack of deficits in the males as the drug adstriation occurred prior to this switch in
depolarizing effects of GABA on GABAreceptors. The increase in inhibition during
development as seen in the females during the abfagnistration period may represent a
critical period that, when disrupted, results fielong alterations. By blocking GABA
receptors in females, the inhibition by which tliely may have greater effects. This may
be a potential explanation for the deficits obsdriethis experiment and the changes in
protein expression of multiple GABA related markekgdministering GABAs ligands at
different developmental time points might furthducgdate the effects of GABA
receptors and this excitatory to inhibitory shiftdgarly brain develop.

These experiments were performed to determinariy éfe changes in NMDA or

GABAg receptors would produce alterations with relevatecechizophrenia. Despite a
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lack of a comprehensive demonstration of schizaphrdeficits in these animals, several
groups did exhibit deficits related to the disordesr the behavioral tasks, the phaclofen
and baclofen treated females as well as the ketatngated males exhibited deficits in
the PPI with 100 ms ISI and only the ketamine naalienals demonstrated subtle spatial
learning and memory deficits. Although there werereases in the protein expression of
multiple markers examined for the phaclofen tredésdales, our data do not agree with
the protein changes observed in the post-mortethestexcept for the increase in kalirin
5. Typically, the patient population exhibits a wetion in GABAg receptor proteins,
GABAA 5, GAD67, and NR2B (Fatemi, Folsom, Thuras, 2011jdG et al., 2000;
Hauser et al., 2005; Ishikawa et al., 2005; Mizuka?2®00, 2002; Zai et al., 2005)
whereas the differences observed in this study dstrated only increased expression in
a subset of these proteins. In addition, sex diffees exist in the schizophrenia patient
population. These include men exhibiting more negatymptoms compared to women
(see Leung & Chue, 2000). The results from ourystammparing males versus females
do not reflect what is seen in the patient popaoiati

Regardless of how these results relate to schieopdh the deficits between the
treatment groups are intriguing. A subtle alterated these receptor systems in early
brain development produced a lifelong behaviorainge as evidenced by deficits in PPI,
learning and memory, and changes in several prtgeeis. This study supports a role for
precise signaling of the GABAand NMDA receptors within specific time periods in
mammalian brain development. These neurotransm#gstems are involved in
establishing early neuronal networks (Komuro & Raki993; LoTurco, Blanton, &

Kriegstein, 1991; Uhlhaas et al., 2010), and sliglérations in GABA or NMDA
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receptor mediated signaling may be sufficient tonyamently alter connectivity that
persists into adulthood. Although other neurodgwelental studies administering
NMDA receptor antagonist produced similar and diffg deficits, most use more potent
drugs such as PCP and MK-801 and some studied thedrug for multiple consecutive
days (Andersen and Pouzet, 2004; Broberg et alQ;2darich, Gross, Bespalov, 2007,
Takahashi et al., 2006; Wang et al., 2001). Oulysiet out to examine subtle alterations
in the NMDA receptor in development rather tharolust reduction in its function. To
our knowledge, this study is the first to assessetfiects in adulthood on behavioral and
specific protein levels of early postnatal admiaigson of a GABAs receptor agonist and
antagonist. The deficits produced by both ligarstaldish the importance of the GABA
receptor and pave the way for future studies teh@&irelucidate the role of GABA
receptors in development and their possible invok®t in neurodevelopmental
disorders.

Additional investigations are required to eluceddhe mechanisms involved in
disruption the GABA and NMDA receptors in early brain development. faixang the
effects of several concentrations and multiple tpoents in development would aid in
the characterization of the role of these recegystems in development. Further protein
analysis of additional brain regions and proteirkaes may also provide insight into the
mechanisms involved. The data from this study mlewnly a glimpse of the importance

of normal function of the GABAand NMDA receptors in early brain development.
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