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Schizophrenia is a serious and lifelong psychotic iliness that affects all
aspects of cognitive and affective function and whose etiology and brain
mechanisms remain elusive. Schizophrenia affects not only those who express the
condition, but also their family members, friends, and society as a whole. There is a
worldwide prevalence of 1%, and the illness in 2012 alone, cost the USA an
estimated $62.7 billion in medical care cost and lost wages. Schizophrenia is an
extremely complex disease with a heterogeneous mixture of symptoms, including
cognitive dysfunction, mood dysfunction, negative symptoms, and the defining
symptom set, positive psychotic symptoms. The antipsychotic effects of dopamine
receptor antagonists led people to hypothesize that schizophrenia is a disorder of
dopamine hyperfunction, but considerable research has generated no strong
evidence to support such a simple mechanistic hypothesis. Most recently, the
glutamate system has become an etiologic focus in schizophrenia research and its
research is proving more promising. We have studied the molecular basis of
psychosis in human post mortem hippocampus in schizophrenia, and its related
proteins important for learning and memory, especially the n-methyl-d-aspartate
(NMDA) glutamate receptor system. Based on our findings we have developed a
testable hypothesis of psychosis, formulated as a learning and memory disorder. In
order to fully test this hypothesis we first needed to create a dynamic animal model
based on our tissue findings that could be manipulated and probed. We found that

knocking out the obligate subunit (GIuN1) of the NMDA receptor selectively in the
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dentate gyrus paradoxically led to an increase in neuronal activity in the CAz and
several behavioral changes parallel to those we observe in schizophrenia.
Furthermore we combined a pharmacological risk factor (phencyclidine) and a
genetic risk factor (DISC1) with the knockout mouse that we believed would have the
highest probability of interacting in a manner reminiscent of schizophrenia. These
particular combinations did not exacerbate the symptoms of the dentate gyrus-
specific GIuN1 knockout mouse. Now we plan to use this dynamic mouse
preparation to study the mechanisms whereby the reduction in GluN1 protein in
dentate gyrus sensitizes and stimulates neuronal activity downstream within the

hippocampus to better understand psychosis processes.
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CHAPTER ONE
Introduction

Schizophrenia

Schizophrenia is a chronic psychotic illness that exhibits complex
manifestations of cognitive dysfunction, depression, and negative symptoms in
addition to the phenomenon of psychosis (Carpenter and Buchanan, 1994;
Tamminga and Holcomb, 2004). An initiative to understand the specific and
independent targets within this complex disease—the MATRIC initiative—
conceptualized the iliness as a syndrome with distinguishable symptom dimensions.
(Green et al., 2004; Nuechterlein et al., 2005; Stover et al., 2007). MATRICS
formulated these symptom dimensions (speed of processing, attention/vigilance,
working memory, verbal learning and memory, visual learning and memory, and
reasoning and problem solving) as independent from each other with respect to
etiology, course, and biology, based on the symptom’s course, specific content, and
pharmacology of each of these symptom dimensions.

Our understanding of schizophrenia is based predominantly on observations
of disease phenomenology; the phenomenological characteristics (ie auditory and
visual hallucinations) are extensive and have been honed for many decades, even
millennia (Tamminga, 1994). Nonetheless, confirmed molecular markers of
diagnosis, much less pathophysiology, are simply not available (Nestler and Hyman,

2010). Psychiatric disease definitions as currently available were created to organize
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phenomenology, not with an eye to discovering neural mechanisms, but primarily to

generate clinical consistency (Keller et al., 2011). Now is the time, while we pursue
disease and dimension definitions, to keep a focus on how to organize disease
manifestations based on hypotheses of neural organization (Hyman and Fenton,
2003; O’Tuathaigh and Waddington, 2010; Cuthbert and Insel, 2010). To do this, one
of the greatest needs in the field of functional brain disease is to identify the
pathophysiology of our psychiatric behavioral dimensions; this will provide a
molecular basis for disease understanding, diagnosis, and treatment development
and guide us toward finding direct and spontaneous measures of psychosis or

cognitive dysfunction—in a much more predictive manner.

Hippocampus

The hippocampus (HC) lies within the medial temporal lobe (MTL). As a limbic
system structure, the HC is known to be critical for learning, memory, consolidation
and spatial navigation. The MTL includes the HC proper: dentate gyrus (DG) and
cornu ammonis (CA) regions, pararhinal/parahippocampal and entorhinal cortex
(EC), and subiculum (Figure 1-1). With the perirhinal and parahippocampal cortices,
the hippocampal formation is functionally specialized to contribute to declarative
memory (memory of facts and events) processing using glutamate-mediated
signaling, a function demonstrated to be dysfunctional in SZ (Tamminga, Southcott

et al., 2012). The HC proper is comprised of several subfields with distinct memory
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functions that receive input from and send out signals to several areas of the brain.

In rodents the HC is functionally differentiated along its dorsoventral axis. The dorsal
HC in rodents corresponds to the posterior HC in primates and is used primarily for
cognitive functions, memory, precise spatial navigation or spatial relational
information. The ventral HC of rodents corresponds to the anterior HC in primates
and this region relates to stress, emotion and affect, and anxiety related behaviors
(Fanselow and Dong, 2010; Clark and Squire, 2013; Nadel et al., 2013; Satpute et
al., 2012; Strange et al. 2014).

The neural microcircuit of the HC is largely one-way and excitatory. This
microcircuit is known as the trisynaptic pathway and it is mediated by excitatory
glutamatergic mechanisms and is distinguished by its cheifly one-way information
flow. This flow of excitation runs from 1) EC to DG granule cells (perforant path), to
2) CAz pyramidal cells (mossy fiber path), to 3) CA pyramidal cells (Schaffer
collaterals), and onto the subiculum (Figure 1-2), a microcircuit that plays a
distinctive role in specialized declarative memory functions. Although the HC has
other connections within (ie EC to CAs and the CA3 recurrent collaterals, see Figure
1-2), the trisynaptic pathway described above is our focus. This pathway (Anderson,
1975) is functionally important for pattern separation, and pattern completion (CA3)
(Kesner et al., 2004; Tamminga, Southcott et al., 2012). The DG is important for
pattern separation and keeps memories distinct and resistant to confusion, it allows

for discrimination among similar experiences, and renders stored memory patterns
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distinct from one another, especially the temporal and spatial relationships

comprising events. The CAs is important for pattern completion, or the association
between spatial location and object and completing a memory in recall. Pattern
completion can also be thought of as the recovery of a full or more complete memory
from a partial clue.

Due to many replicable changes (decreased volume, loss of interneurons,
abnormal architecture, etc.) observed in the HC, and HC-based behaviors in SZ that
correlate with psychosis, the HC structure has become the focus in many

laboratories.

Learning and Memory

Over the years, scientists have segmented learning and memory into different
functions such as motor memory, habit memory, and declarative memory. A type of
memory that is supported by the hippocampus is declarative memory. Declarative
memory is that of facts and events and their relationships to each other and they are
to inform decisions and perspectives in the future. We have garnered much of our
understanding about declarative memory from a patient known as H.M. (Dossani et
al., 2015). Henry Molaison underwent surgery for a bilateral MTL resection and
removal of the hippocampus in order to cure intractable seizures. Upon completion
and recovery from surgery it was discovered that H.M. had developed anterograde
amnesia and could no longer form nor recall new declarative memories. H.M. was

able to develop new motor skills and habits therefore observers concluded that
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different types of memories are created and consolidated in different areas of the

brain.

The molecular mechanisms of learning and memory involve dynamic
alterations of synapses and resultant postsynaptic molecular and cellular changes,
believed to encode and store memory. The current understanding of what underlies
learning and memory are modifications in the strength of previously existing synaptic
connections between numerous excitatory and inhibitory neurons, which create
patterns of new cell firing presumably tied to specific memories. These modifications
occur through regulation of the properties of different membrane channels, such as
the ionic glutamatergic receptor channels. The opening of the NMDA receptor (the
most well characterized glutamatergic receptor implicated in learning and memory
processes) after a sensitizing signal [(100-200 pulses, 1-2 Hz) with a depolarizing
voltage-clamp pulse (1-3 min duration)] causes the subsequent release of
neurotransmitter into the synaptic cleft, which upon binding to the receptors on the
post synaptic membrane increases the amount of calcium that enters the post
synaptic density (Bliss and Collingridge, 1993; Eccles, 1983). This process
increases the number of receptors available at the surface of the post synaptic
membrane and leads to the modulation of additional neuronal membrane channels,
increasing the excitability of the neuron and enhancing the number of action
potentials elicited by a stimulus and magnifying its impact on neighboring cells (Bliss

and Collingridge, 1993). This also leads to structural alterations, such as increases
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in the number or size of spines on the dendrites, representing an increased number

of excitatory synapses per neuron (Moser et al., 1994; Van Reempts et al., 1992;
O’Malley et al., 2000; Geinisman et al., 2001). Learning also involves secondary
messenger systems, phosphorylation of intracellular proteins, changes in protein
synthesis, changes in gene regulation, and structural modifications of dendrites

(Nguyen and Kandel, 1996, Rubio et al., 2012, Hou et al. 2013, Salter and Kalia,

2004, Lattal and Wood, 2013).

Hebbian and Metaplasticity

Learning and memory can be understood in the context of plasticity, changes
of the excitatory properties of the cells in response to changes in environment and
modifications by experience. In 1949 Dr. Hebb introduced a pivotal concept in his
book The Organization of Behavior. Hebbian theory concerns the form and function
of cell assemblies. Dr. Hebb postulated how neurons might connect themselves
together to become neural networks. Hebbian plasticity describes a basic
mechanism for synaptic change due to activity dependent signaling and attempts to
explain associative learning, in which simultaneous activation of cells, presynaptic
activity that correlates with postsynaptic firing, leads to pronounced increases in
synaptic strength and connection between them (Bear, 2003). It describes an
explanation for the adaptation of neurons during learning, which was used in the

laboratory of the Nobel Prize winning Dr. Kandel using siphon withdrawl reflex of
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Aplysia californica (a marine gastropod) (Bailey et al., 1979). Simply stated, Hebbian

plasticity is the concept that explains the weighted increase between two neurons
that activate simultaneously and will tend to become associated, and facilitative. It
also explains the weight reduction if they are activated separately. Experienced
based, lasting cellular changes that add to the stability of the system are the basis of
synaptic plasticity and long term potentiation (LTP) that are needed for learning and
memory (Citri and Malenka, 2008; Huginair and Nicoll, 2013; Vitureira and Goda,
2013; Nabavi et al., 2014; Fernandes and Carvalho, 2016).

Principles of Hebbian plasticity govern synaptic encoding of memory signals.
These precise connections are thought to be fundamental for memory storage. An
increase in synaptic efficacy arises from the presynaptic cell’s persistent stimulation
of the postsynaptic cell that leads to some growth process or metabolic changes in
both cells and strengthens the synapse. The presynaptic cell must respond to action
potentials and influx of calcium, with the release of vesicles filled with
neurotransmitters. Hebbian plasticity governs that the probability of this vesicle
release will depend on the previous activation of this cell. The amount of
neurotransmitter released affects the postsynaptic cell based on how many
receptors they activate, which in turn changes the membrane potential. Retrograde
signals can also be sent by the postsynaptic cell to the presynaptic cell in order to
modulate the synapse. Once the synapse is potentiated by this event the cell can

then be further activated with greater ease, leaving it prone to hyper-excitability
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(Citra and Malenka, 2008; Vitureira and Goda, 2013; Nabavi et al., 2014). Evidence

of deficits in neuronal plasticity can be seen in psychiatric diseases such as SZ
(Haracz, 1985; Steven et al., 2006; Daskalakis et al., 2008; Stephan et al., 2009;
Voineskos et al., 2013).

Two mechanisms of synaptic plasticity, thought to contribute to the activity-
dependent refinement of neural circuitry during development and with adult learning,
are LTP and long-term depression (LTD). Both of these mechanisms depend on the
amount of calcium influx as a result of an action potential, the number of vesicles in
the presynaptic cell, and the detection of activity through NMDARs (Bear, 2003).
Rapid adjustments in the strengths of individual synapses are made in response to
specific patterns of correlated pre- and postsynaptic activity. LTP is associated with
synaptic strengthening due to a prolonged period of coordinated activity between the
pre- and post-synaptic neurons (Purves et al., 2001 and Bear, 2003). LTD is induced
based on a lack of depolarization coincidence. Much of the work done to elucidate
the learning and memory mechanism, LTP and LTD, has been done in the
hippocampus. The Schaffer collateral are easily visualized and stimulated, and the
generated excitatory post-synaptic potentials are easily recorded from the CA;
pyramidal cells. In mice, lesions of the hippocampus have prevented memories from
forming. As well, the human hippocampus can be imaged during memory tasks and
activation can be measured.

Modulating synaptic plasticity in response to the previous activity state of the
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synapse, while preserving the Hebbian-directed memory signals, can be explained

by various homeostatic plasticity mechanisms, like synaptic scaling, intrinsic
plasticity, and metaplasticity.

In 1996, Abraham and Bear described the plasticity of synaptic plasticity.
They dubbed this plasticity metaplasiticity and based it on bidirectional synaptic
plasticity and the sliding modification threshold for the post synaptic cell’s ability to
elicit LTP or LTD. This threshold for the ability to elicit potentiation or depression
they found varies with the cells history of activity (Abraham and Bear, 1996 and
Abraham and Bear, 2003). Metaplasticity is this dynamic process that modulates
the sensitivity of a population of synapses. This modulation is in response to afferent
stimulation and relies on changes in NMDA and AMPA receptors and their trafficking
to effect synaptic sensitivity changes.

Metaplasticity refers to activity dependent tuning of neuronal function that
modulates subsequent synaptic plasticity. In other words a synapse’s previous
history of activity determines its current and future plasticity. The mechanism of
metaplasticity depends of also by the extrinsic influences, i.e. neurotransmitters,
neurotrophic factors and hormones. Because Hebbian plasticity in theory, could lead
to positive feed-forward excitation that would result in hyperactivation of neurons,
metaplasticity ensures the overall stability of the neuronal circuits, via homeostatic
mechanisms that are still being uncovered. Disruptions in plasticity mechanisms

could lead to altered neuronal activation patterns throughout the brain (Abraham and
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Bear, 2009; Yger and Gilson, 2015; Sweatt, 2016) and in turn lead to mental

illnesses, such as SZ.

Glutamate and the synapse

Glutamate is the most abundant excitatory neurotransmitter in the brain.
Glutamate signaling impacts a majority of neurons in mammalian brain, supporting
activity-dependent signaling, neuronal growth, and synaptic plasticity. The glutamate
system in brain is highly complex and includes multiple interacting receptors,
modulating co-transmitters and multisystem synapses. Presynaptic, postsynaptic,
and astrocytic mechanisms are important to overall excitatory signaling and to
unique plasticity mechanisms which are associated with glutamate transmission; the
3 compartments (pre-, postsynaptic, and astrocytic) are all candidate systems for
pathology in glutamate-related brain diseases (Tamminga, Southcott et al., 2012).

Glutamate is stored pre-synaptically in vesicles that are released upon
depolarization of the cell due to an action potential reaching, and surpassing,
threshold. Once released glutamate then binds to its post-synaptic ionotropic and
metabotropic receptors causing activation and galvanizing signaling mechanisms
(Collingridge et al., 1992; Kandel, et al., 2000).

Metabotropic receptors do not characteristically have a channel that opens
but are linked to cytoplasmic G-proteins that, upon conformational change of the

receptor due to binding with a ligand, will be released and functions as a secondary
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messenger. A much faster mechanism of action upon the cell is mediated by the

ionotropic receptors. These receptors are permeable to Na* (flow into the cell) and
K* (flow out of the cell), but upon binding of ligands these receptors then open their
channels to let ions (Ca®*, Na*, K*, or CI') pass (Zarei and Dani, 1994; Alberts et al.,
2002; Purves et al., 2008).

This action of glutamate on NMDA and- a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors is especially important in learning and
memory (Konrida and Heckers, 2003, Ctri and Malenka, 2003; Mitsushima et al,
2011; Sanders et al., 2008; Wang and Peng, 2016). It is the ratio of the different
receptor types and the number of receptors at the surface of post-synaptic cells and
the composition of the subunits of each receptor that determines the effectiveness
and action of the transmitter on the cell. The number of receptors and the ratio of
these receptors are determined by the prior action upon the cell (Collingridge et al.,
1992; Cull-Candy et al., 2001; Abraham and Bear, 2009; Savtchouk et al., 2016).

AMPA receptors mediate the fast synaptic transmission and flow of Na+ and
Ca®* into the postsynaptic cells. They generate the large early part of the evoked
post-synaptic potential (EPSP). Which scaffolding protein the tetramer, that is the
complete receptor, interacts with depends on the combination of the different
subunits: GluA1, GIuA2, GluA3, and/or GluA4 (Bennett et al., 1996).

Phosphorylation of the receptor at different amino acids regulates localization,
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channel conductance and ion permeable pore open probability (Malenka and Nicoll,

1993; Konradi and Heckers, 2003; Wang et al., 2005; Wyllie et al., 2013).

The receptor of great importance for the study of learning and memory is the
NMDA receptor (Li and Tsien, 2009). These glutamate receptors are slower acting
compared to AMPA receptors and have Mg®* ions in the channel pore, blocking the
flow of most ions at resting membrane potential. NMDA receptors are considered
voltage gated channels because they require a higher voltage to dislodge this Mg®*
ion and enable the channel to open. The NMDA receptors are unique in that they
need a co-agonist, glycine (Wood, 1995) or D-serine (Mothet et al., 2000; Shleper et
al., 2005; D’Ascenzo et al., 2014). Once open, these receptors allow Ca**ions to
flow in. The Ca®* that enters the cell through the receptors then acts as a secondary
messenger to increase the AMPA receptor permeability (those that are at the
membrane surface) and triggers the trafficking of AMPA receptors to the membrane
(Henley, 2013; Anggono and Huganir, 2012; Malinow et al. 2002) as well as dendritic
spine plasticity (Chen et al., 2015; Hunt and Castillo, 2012) in order to change
functional organization so that the circuitry is more efficient.

These NMDA receptors are heterotetramers made of different combinations
of subunits: GIuN1, GIuN2A, GIuN2B, GIuN2C, GIluN2D, GIuN3A, and GIuNS3B.
These subunits give the receptor its properties, form and function (Monyer et al.,

1994; Cull-Candy et al., 2001; Konradi and Heckers, 2003; Paoletti et al., 2013;).
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The subunit composition of the NMDA receptor determines the permeability of Ca®*

(Evans et al., 2012; Siegler Retchless et al. 2012; Paoletti et al., 2013).

Of the different NMDA receptor subunits GIuN1, GIuN2A and GIuN2B are the
most widely expressed in brain and extensively studied for their role in the induction
and maintenance of LTP. They are furthermore the predominant subunits in the CA4
and CA; pyramidal cells (Shipton and Paulsen, 2013).

GluN1 is the obligate subunit of the NMDA receptor and is ubiquitously expressed
throughout the brain (Cull-Candy et al., 2001; Wenzel et al., 1997; Law et al., 2003).
Without the GIuN1 subunit the NMDA receptor does not function. The binding site for
glycine is contained in the GIuN1 subunit. The combination of different subunits with
GluN1 leads to variability in function and pharmacological properties (Nakanishi,
1992), such as affinity for and binding kinetics of glutamate, channel open probability
and deactivation rates, and interactions with intracellular proteins (Sanders et al.,
2013). For instance, NMDA receptors that form with GIuN2A subunits have a higher
probability of opening compared to those composed with the GIuN2B subunit. NMDA
receptors containing GIUN2A are important for rapid information processing and
allow for LTP to be induced more easily due to their fast activation and deactivation
(Paoletti et al., 2013; Monyer et al., 1994). In contrast when the predominant subunit
in the NMDA receptor is GIuUN2B LTP in the HC is more difficult to induce. However,
when LTP is induced by the NMDA receptors with GIuN2B it is larger in magnitude

because these receptors carry more Ca®* per unit of current (Sobczyk et al., 2005).
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As well, GIuN2B is important because it interacts with and anchors the

calcium/calmodulin-dependent protein kinase |l (CaMKII) at the postsynaptic density.
The anchoring of CaMKII enables activation of downstream signaling cascades that
mediate synaptic strength. Thusly, NMDA receptors with GIuN2B subunits may be
important for learning and memory when information needs retention for a delayed
time or there is incremental task acquisition over days (Shipton and Paulsen, 2014).
GIuN2B has higher calcium influx compared to GIuN2A, it has a lower open
probability and peak current, as well as a slower deactivation supporting twice as
much charge transfer, slower rise and slower decay. It also has a lower Mgz"
sensitivity and lower conductance (Shipton and Paulson, 2014).

These subunits also differ in abundance during development of the brain.
GIuN2B is considered the immature subunit of NMDA receptors, as it is the
predominant subunit in early development present prior to birth and decreases in
abundance until adulthood, while the opposite is true for the GIuUN2A subunit that
becomes the predominant subunit in mature brain (Williams et al., 1993; Wenzel et
al., 1997; Cull-Candy et al., 2001; Law et al., 2003; Shipton and Paulson, 2014) and
is likely the reason for changes in activity-dependent synaptic plasticity late in
development. The insertion of AMPA into the post-synaptic membrane is facilitated
with this developmental switch as well (Hall et al., 2007; Elias et al., 2008; Adesnik
et al., 2008) and LTP is elicited at lower frequencies (Dumas, 2012; Tse et al., 2012;

Araki et al., 2015).
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Glutamate in Schizophrenia

In the 1950s when antipsychotics were first discovered many hypotheses in
the field of SZ research focused on a dysfunctional dopamine system because
antipsychotics are dopamine receptor antagonists (Lieberman et al., 1987; Seeman
et al., 1990; Davis et al., 1991; Lieberman, 2004; Ramachandraiah et al., 2009).
Since then this idea has been worked on extensively with little evidence so far that
dopamine dysfunction alone causes psychosis (Mailmon et al., 1981; Meltzer, 1987;
Martinot et al., 1990; Javitt and Zukin, 1991; Jentsch and Roth, 1999; Goff and
Coyle, 2001; Patil et al., 2007; Seeman, 2009). Perhaps the involvement of the
dopamine system in SZ is a secondary perturbance due to a primary dysfunction in
another related cerebral system, such as the glutamate system in the HC (Javitt,
2007).

Synaptic glutamate signaling in brain is highly complex and includes multiple
interacting receptors, modulating co-transmitters and distinct regional dynamics. It
was when the NMDA receptor antagonist phencyclidine (PCP), a potent
psychotomimetic, was tested as an anesthetic that the focus of SZ research
changed to the glutamate system (Tamminga, 1998). When PCP was tested as an
anesthetic, volunteers reported hallucinations and delusions. The NMDA receptor is
the site of action of psychotomimetics such as PCP and related anesthetics, which
can mimic schizophrenia symptomology (Tamminga, 1998; Coyle, 2012): cognitive,

negative symptoms and positive symptoms. Furthermore, PCP taken by SZ patients
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exacerbates their symptoms (Malhotra et al., 1997; Lahti et al., 1995). Another line

of evidence that points toward the glutamate dysfunction hypothesis is agents that
stimulate NMDA receptor-mediated neurotransmission (ie. glycine-site agonists and
glycine transport inhibitors) have shown antipsychotic efficacy. Encouraging results
have been also been observed with metabotropic 2/3 agonists that alter resting
glutamate levels (Kantrowitz and Javitt, 2012).

Regional characteristics of synapse architecture, local circuitry, and
specialized signaling mechanisms suggest that important aspects of glutamate
regulation are local and dynamic. Even within anatomic regions, specificity of
function occurs on a microcircuit level with the same glutamatergic architecture
serving distinct functions. It is already known that hippocampus and the surrounding
MTL cortex is dependent on glutamate signaling to a greater extent than other
neocortical tissue, a feature that underlies its learning and memory functions
(Tamminga, Southcott et al., 2012).

MTL memory structures receive excitatory inputs from neocortical sensory
and associational projections: afferents from neocortex pass to parahippocampal
cortex, then to layers II/lll of entorhinal cortex, and then onto hippocampal subfields.
Principles of Hebbian plasticity govern synaptic encoding of memory signals, and
homeostatic plasticity processes influence the activity of the memory system as a
whole. Moreover, HC is one of the brain regions whose function is altered in SZ

(Heckers et al., 1998; Medoff et al., 2001; Schobel et al., 2013; Mathew et al., 2014;
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Samudra et al., 2015; Lui et al., 2015; Stan et al., 2015), suggesting the potential

relevance of glutamate transmission in this structure to psychosis pathophysiology.
The role of altered glutamate signaling in schizophrenia (i.e. decreased glutamate
activity in limbic brain structures, changes in subunit expression and binding sites in
schizophrenia appear to be specific to limbic, cortical and hippocampal brain
regions, and an increase of NMDA receptor binding was in the posterior cingulate
cortex) and the clinical and pharmacological basis (PCP and ketamine studies
demonstrating the ability of NMDA receptor antagonists to induce positive, negative
and cognitive symptoms in controls, as well as exacerbate psychosis in those with
SZ) for this formulation have already been amply reviewed (Konradi and Heckers,
2003; Tamminga, 2010; Tamminga, Southcott et al., 2012; Poels et al., 2014).
Hippocampal imaging studies in schizophrenia identified 2 alterations in MTL
(1) increases in baseline blood perfusion and (2) decreases in task-related
activation. These observations along with converging postsynaptic hippocampal
protein changes (detailed in next section) suggest that homeostatic plasticity
mechanisms might be altered in schizophrenia HC. For instance, if hippocampal
pattern separation is diminished due to partial DG failure (resulting in ‘spurious
associations') and also if pattern completion is accelerated and increasingly
inaccurate due to increased CAjz associational activity, then it is conceivable that
associations could be false and, especially if driven by anxiety or stress, could

generate psychotic content, with the mistaken associations being laid down in
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memory, despite their psychotic content, especially delusions and thought disorder

(Tamminga, Southcott, et al., 2012).

Evidence for SZ as a Learning and Memory Disorder

In disorders with psychotic manifestations, the details, ideas, content and
stability of psychotic phenomenon resemble human memories. When asked how he
could think his hallucinations are real, John Nash, the famous Nobel Prize winner,
has been quoted saying, “Because the ideas | had about supernatural beings came
to me the same way my mathematical ideas did” (Nasar, 1998). The content of
chronic psychosis is personal and enduring. Other evidence that psychosis is a
deficit of learning and memory is declarative memory perturbations (Stone and His,
2011; Preston et al., 2006); decreased capacity for associational memory
(Tamminga and Zukin, 2015). Many studies also show a reduction in HC activation
with memory task performance. Specifically, Das et al., (2014) showed that
performance of a pattern separation task, thought to be mediated by the DG, was
decreased compared to normal controls. Another form of evidence that points
towards a dysfunctional DG in SZ is a decrease in both protein and mRNA levels of
the necessary subunit of the NMDA receptor, GluN1 here (Figure 1-3)(Gao et al.,
2000; Stan et al., 2015).

There are some behavioral deficits observed in humans with SZ that can be

directly translated and studied in animal models that are directly related to
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hippocampal dysfunction. One example of this is spatial learning and memory

deficits seen in patients after the first episode of SZ, which was studied using a
virtual reality task (Fajnerova et al., 2014). In this task patients used reference
memory to find a stable goal position. This task was designed to test spatial
learning, much like the Morris water maze task in mice. The Morris water maze has
been demonstrated in mice to be a HC mediated task (Morris, 1981; Morris et al.,
1982; Morris, 1984, Morris et al., 1986). First episode SZ patients showed impaired
pointing to goal and flawed navigational accuracy after being trained to use cues to
find a target. In relation to this, NMDA receptors have been shown to be essential for
this type of memory. In the CAj3 they play a role in the rapid acquisition and
associative retrieval of spatial information. In mice, when NMDA receptors were
blocked it resulted in impairment in finding the hidden platform (Nakazawa et al.,
2004).

In the CAs our lab has shown that there is an increase in GIuN2B containing
NMDA receptors (Figure 1-3)(Li et al, 2015). While AMPA receptor activation leads
to depolarization via sodium influx, (fast and non voltage dependent), NMDA
receptor activation leads to depolarization via calcium and sodium influx. GIuUN2B is
critical for the functional maturation of glutamatergic synapses. GIuN2B is also
extremely important as it mediates the anchoring of the synaptic proteasome
responsible for fine-tuning AMPA receptors (Halt et al., 2012 and Shipton and

Paulsen, 2014).
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Another interesting finding in the CA3 of post mortem brain tissue in SZ is an

increase in brain derived neurotrophic factor (BDNF) mRNA (Figure 1-3) (Tamminga
et al., 2012). BDNF is a neurotrophic factor important for regulating and supporting
neuronal survival, neuronal differentiation and growth during brain development.
BDNF also has effects on neurogenesis and neuroplasticity. Importantly for our
studies, BDNF has activity-dependent effects of on neuronal transmission in HC.
BDNF can modulate NMDA receptors, by controlling the development and activity of
neurotransmitter systems and primarily through phosphorylation and activation of the
GIuN1 subunit, particularly the PKC Ser-897 site. Importantly, this neurotrophic
factor has been implicated in SZ. A few studies show altered BDNF mRNA in PFC of
SZ (Weickert et al., 2003; Wong et al., 2010; Ray et al., 2014), another finds that
blood levels are reduced in drug-naive and medicated SZ samples and difference
increases with age (Green et al., 2010), yet another finds C-281A polymorphism in
paranoid SZ (Suchanek et al., 2011). The most compelling and most widely studied
BDNF link to SZ is the Val66Met polymorphism in psychiatric disorders. In
independent studies and meta-analysis this single nucleotide polymorphism linked
this polymorphism to brain morphology, cognitive function, age of onset and
psychiatric symptoms in schizophrenia (Chao et al, 2008; Gratacos, et al, 2007;
Zhang et al., 2013; Rosa et al., 2006) and may even have a link to HC volume

(Szeszko et al., 2005).
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An additional significant finding that we suggest points toward hyperactivity of

the CA; is elevated levels of PSD-95 in SZ compared with matched normal controls
(Figure 1-3). Post-synaptic density protein 95 is a membrane associated guanylate
kinase (MAGUK). This MAGUK is a major scaffolding protein in the excitatory
postsynaptic density and a potent regulator of synaptic strength (Chen et al., 2011).
It requlates synapse strength by spatially localizing aggregates, or clusters, of
receptors by direct interactions with its PDZ domain (Gomperts, 1996; Ehlers et al.,
1996;0’Brien et al., 1998). PSD-95 anchors receptors to the cytoskeleton so that
they are in the correct location for precise and maximum utilization. PSD-95 is also
important for helping to maintain the balance between excitation and inhibition in
neuronal circuits via synaptic scaling, modulating synapse morphology, and AMPA
receptor trafficking (Keith and El-Husseini, 2008). Importantly, PSD-95 has been
implicated in SZ, in studies that show mRNA to be reduced in the PFC of those with
SZ, gene polymorphisms, altered levels in HC and thalamus in SZ, and its
modulation by antipsychotics (Ohnuma et al., 2000; Lasevoli et al., 2014; de
Bartolomeis et al., 2014).

In our lab, Golgi staining was used to examine the morphologic correlates of
molecular changes on the pyramidal cell architecture. Both the proximal apical and
basal dendrites corresponding to the CAgs stratum radiatum and CAs stratum oriens
substrata, respectively were examined. There is a clear increase in spine density

limited to stratum radiatum, at the apical trunk of pyramidal CAs neurons (Figure 1-
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3)(Li et al., 2015). An increase was detected in the number of mossy fiber receptive

sites, the thorny excrescences, as well (data not shown). The presence of greater
spine density is compatible with findings of elevated PSD-95, as overexpression of
this protein has been shown to elevate spine density in hippocampal cultures (El-
Husseini et al., 2000). Increased spine number is regularly observed following LTP-
mediated increases in synaptic strength at excitatory synapses (Maletic-Savatic et
al., 1999; Engert and Bonhoeffer, 1999). The reduced input from the MF could lead
to increased excitability and strength of the CAs apical dendrites through
metaplasticity mechanisms.

This increase in spine density in CAs could also represent the morphologic
manifestation of increased GluN2B-containing NMDA receptors in CAz in SZ,
particularly as the GIuN2B subunit advantages long term potentiation (Barria and
Malinow, 2005; Zhao and Constantine-Paton 2007). This increase in GIuN2B
containing NMDA receptors could be an increase in silent synapses within CAg, this
being a condition which would prime the synapse for an increase in experience-
dependent plasticity with synaptic ‘un-silencing’/input of AMPA receptors into the
postsynaptic membrane (Konrida and Huang et al., 2009). Silent synapses are those
that contain only NMDA receptors and, at resting potential, lack electrophysiological
responses (Konrida and Hekers, 2003). This un-silencing could be interpreted as
consistent with the presentation of psychosis in humans, in that most SZ individuals

with schizophrenic psychosis retain a psychosis propensity after an initial psychotic
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episode and many show a cyclic recurrence of psychotic manifestations. The

alteration in CA3 plasticity conditions with an initial psychotic episode could create a
vulnerability to new excitatory inputs after a florid psychosis, which could generate
‘run away’ activity within the recurrent collateral that would diminish prediction error
mechanisms, increase associations and allow false memory formation with psychotic
content. The CA3 subfield changes may also provide the molecular and cellular
substrate supporting hippocampal hyperactivity in vivo, hyperactivity represented by
increased hippocampal cerebral blood flow (Medoff et al., 2001; Heckers et al.,
2002) and blood volume (Schobel et al., 2013) well described in schizophrenia

patients (Li et al, 2015).

Animal Models

Psychosis is described as a loss of contact with reality, marked by
hallucinations or delusional beliefs with an aberrant perception or evaluation of the
salience of environmental stimuli. The multifactorial, polygenetic and pleomorphic
characteristics of schizophrenia have made this disease extremely difficult to study.
Cellular and molecular mechanisms of SZ are still a mystery, although clues exist.
Postmortem studies have allowed for a level of molecular analysis not yet available
with imaging research, nonetheless confounding variables (alcohol, illicit drug and
tobacco use, treatment with different combinations of neuroleptics over various
amounts of time, hospitalization, etc.) hamper crucial discoveries. Human studies

assessing SZ brain are limited to in vivo imaging and post mortem pathology. These
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in vivo studies are complementary nonetheless they are still insufficient to determine

pathways and key players in the emergence of psychosis (Harrison, 2000; Perlman
et al., 2004).

Achieving animal models of schizophrenia that are representative of clear
pathology in the iliness is critical to understanding full pathophysiology and
developing novel treatments for the complex syndrome. However, as Nestler and
Hyman (2010) point out, even this line of study (study of animals models) has its
caveats such as weak validation and poor predictive power for drug efficacy. As well,
the phenomenology used to diagnose psychiatric ilinesses is uniquely human (i.e.
hallucinations and delusions verbally expressed to clinicians). Discoveries of the
mechanisms underlying SZ have come largely from animal models based on risk
genes and from studying the action of psychotomimetic drug. Now it is becoming
possible to develop animal models through reverse translation, mimicking the
biology of the human condition, in addition to genetic candidates, and
pharmacological manipulations. Animal models for psychosis have been inadequate
because the cellular and molecular characteristics of the condition itself have been
obscure (Yanagi, Southcott et al., 2012, Flores et al., 2016). As well, the group of
psychotic disorders is characterized by considerable heterogeneity and a complex
clinical course that reflects many factors that cannot be reproduced readily in
animals. Symptomatic manifestations reflect temporally and spatially integrated

outputs from dysfunctional circuits and complex genetic architecture. Any previously
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established model is unlikely to reflect the full extent of this neuropsychiatric

disorder. It is for this reason that we must focus on specific symptoms, or
dimensions, rather than syndromes, or diagnosis. Using experimentally manipulated
animals, or animal models, we can apply the invasive experimental designs that are
invaluable for investigating and establish underlying pathophysiology and
psychological processes that bring about the behavior observed in humans (Geyer
and Moghaddam, 2002; Nestler and Hyman, 2010; Fernando and Robbins, 2011).
There are three symptom domains which scientists seek to replicate in animals
models: negative, cognitive, and positive. With each domain we look to model
behavioral correlates. The focus of negative symptom studies is largely on decrease
sociability and this overlaps with depression and autism symptoms. Cognitive
symptoms, such as decreased executive function, also largely overlap with autism
and bipolar disorder. The most challenging domain to replicate in animals is that of
positive symptoms. Primate models of mental processes, particularly in the domains
of higher cognitive thinking, auditory and visual image processing have proved
invaluable in the study of psychiatry (Simen et al., 2009). These models further the
understanding of complex neurocognitive processes due to the similar complexities
of the adult human and monkey brains. Primates have the advantage of expanded
associative cortices, and increase complexity of PFC neurons compared to rodents
(Simen, 2010). The most prominent modality among the non-human primate models

are psychostimulant-induced psychosis and amphetamine sensitization paradigms
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(Castner and Williams, 2007). The primates exhibit positive symptoms of SZ and

persistent cognitive deficits (i.e. altered working memory and social deficits).
Similarly, the model successfully predicts the therapeutic efficacies of conventional
and novel antipsychotic treatment (Nelson and Winslow, 2009). However, primates
are expensive to recruit, care for, and house. Another caveat of working with
primates is the difficulty to handle them safely. Primates are highly labor intensive
and when dealing with neurodevelopment, primates are not ideal as they have
prolonged period of maturation.

It is the relatively short maturation time and established behavior paradigms
with similar circuitry of rats and mice that make rodents the most established
mammalian model. As well, rats and mice give birth to multiple offspring at one time
giving to large numbers to study. Rats and mice are relatively inexpensive to
maintain colonies and they are easy to manipulate both molecularly and genetically
(National Institute of Health).

There is even a possibility to use zebrafish and Drosophila to study SZ
(Sawa, 2009). No matter the chosen animal used to model disease, they are meant
to be validated on the basis of how well their performance in a given test that would
predict the performance of humans with SZ and on whether the model provides a
sound theoretical rationale; models should display predictive and construct validity
(Marcotte et al., 2001; Nestler and Hyman, 2010).

The Schizophrenia Research Forum (SRF) has listed 150 putative rodent
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models for aspects of schizophrenia (www.schizophreniaforum.org). These models

can be broken down into 5 main categories: developmental, genetic,
pharmacological, lesion-based and environmental. However, these appear to fall
short; gene manipulations are not 100% penetrant and are only weakly associated
with the iliness and we are unsure of when their maximal impact occurs (during
development, or in adulthood); pharmacological models do not address the
mechanism, disrupt the whole neuronal system, and have off target affects; lesion
models do not have construct validity; we don’t know the mechanism of
developmental models such as Methyl-azoxy-methanol (MAM) or maternal infection
resulting in developmental abnormalities in offspring, and environmental models
have only weak results. Informative animal models/preparations that allow us to
understand SZ (the most severe of the psychosis) are needed in order to further its
study. New models have to be categorically different. We need putative mechanistic
approaches that are more proximal to disease pathology to foster novel drug

discovery.

Hypothesis

Using correlative evidence that our lab has collected from human post mortem
tissue (Figure 1-3), we have formulated a testable hypothesis of psychosis as a
learning and memory disorder with the HC as harboring the core pathology. We

hypothesize that a reduction of the obligate subunit, GIuN1, in the DG leads to
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increased activity of the CA3 seen in post mortem tissue as an increase in post-

synaptic plasticity markers, such as increased GluN2B-containing NMDA receptors,
PSD-95 and spines on apical dendrites of pyramidal neurons (Figure 1-3). We
suggest that the decreased activity in the DG is manifested as poor pattern
separation and that this decrease is associated with down stream hyperactivity in
CA; manifested as exaggerated pattern completion or mistakes of memory, which
combined would result in disorganized declarative memory (Figure 1-3) as observed
clinically in people with SZ. In order to test this hypothesis we will knockout the
GluN1 subunit in the DG of mice to mimic the human biology and test the behavioral
outcomes as well as observe protein or morphological changes in CAs. Our objective
is to develop a relevant animal model of the HC disease pathophysiology of SZ
psychosis in order to study its development and its impact on other regions of the

brain and in order to eventually develop new and novel antipsychotic drug targets.
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Figure 1-3. Model of learning and memory dysfunction in SZ psychosis.
Reduced GIuN1 in the dentate gyrus could result in poor pattern separation. This
decrease in activity in the dentate gyrus could lead to a compensatory upregulation
of excitatory mechanisms (increased GIuN2B/GluN1, increased BDNF, increased
PSD-95 and increased spines) in the CAg that could result in exaggerated pattern
completion. The combination of the decrease activity in dentate gyrus and the
increase in activity of the CAs could then lead to disorganized declarative memo




CHAPTER TWO
Reduced GluN1 in mouse dentate gyrus is associated with CA3
hyperactivity and psychosis behaviors

Our lab has extensively studied high quality, human, post mortem HC tissue.
This tissue is dissected by subfield and examined for proteins related to excitatory
and inhibitory signaling as well as synaptic plasticity. In the DG tissue we discovered
decreased GluN1. In the CAs; we found increased BDNF mRNA, increased GIuN2B-
containing NMDA receptors, increased PSD-95 protein and increased numbers and
size of dendritic spines on apical dendrites. The increases in GluN2B-containing
receptors, the early developmental variant of the NMDA receptor, and in PSD-95
protein in SZ, occur without indication of AMPA receptor subunit alterations in SZ.
The GIuN2B/GluN1 increase in CAz was present in the entire SZ cohort, without any
difference between cases on- and off-antipsychotic medication, indicating that this is
a disease effect and not a chronic medication effect (Li et al., 2015).

In clinical studies of psychosis in schizophrenia, we show whole hippocampal
hyperactivity and hyperperfusion of Cas/CA+, GIuN1 protein reduction, particularly in
dentate gyrus (DG) and synaptic strengthening at the NMDA receptor in CAz along
with alterations in relational memory capacity in the illness (Tamminga, et al., 2010
and 2012; Li, et al., 2012); these are the molecular and behavioral targets we

modeled in the animal preparation of psychosis.

45
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Introduction

Observations from human brain imaging and postmortem tissue analysis in
schizophrenia implicate the hippocampal formation in psychosis along with
alterations in declarative memory functions, as previously presented. Whereas the
prefrontal cortext (PFC) (commonly targeted in schizophrenia) is thought to be
critically involved in cognitive dysfunction in the iliness, the hippocampus is thought
to be involved in psychotic manifestations and in declarative memory dysfunction.
Observations from in vivo imaging studies in schizophrenia show increased
perfusion in HC (Medoff et al., 2001; Heckers et al., 1998; Schobel et al., 2009) and
observations from postmortem schizophrenia tissue studies show decreased GluN1
MRNA and protein in hippocampal subfields, particularly in DG (Gao et al., 2000;
Deicken et al., 1999). These are seemingly paradoxical observations, which,
however, converge to suggest homeostatic plasticity alterations in schizophrenia
hippocampal CA3 subfield as a mechanism for psychosis. The preliminary increases
in homeostatic plasticity markers that we have already identified within CA3
underscore the feasibility of this formulation and testing.

It is the functional effect that this reduced glutamate signaling in DG has on
CA; that could be of interest for psychosis. CAg is the projection target of DG in the
trisynaptic pathway through the mossy fiber projection. Currently, the human

construct suggests that the decrease in activity-dependent signaling within DG
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projected through the mossy fiber pathway sensitizes its target tissue to incoming

stimuli and through metaplastic mechanisms, generates a lower LTP threshold and
increased cellular sensitivity (Abraham and Bear, 1996; Malenka and Bear, 2004),
thus generating higher levels of neuronal activity in CAs (Tamminga et al., 2010;
Medoff et al., 2001; Gur 1978; Malaspina et al., 2004; Honea et al., 2005). The
literature supports this model, with findings by Kolomeets et al. (2005) showing a
reduction in mossy fiber synapses in CA; and a Reif study (Reif et al., 2006)
showing reduced neurogenesis in DG, each in SZ tissue. This would also lead to
increased associational function, especially within the system of CAz recurrent
collateral synapses, a unique feature of CAs innervation (Amaral and Insausti, 1990;
Suzuki and Amaral, 2003; Lavenex et al., 2007). The mossy fiber innervations in CAs
contact both the excitatory pyramidal neurons at thorny excrescences and inhibitory
interneurons by way of en passant (‘passing through’) synapses, and these
innervations have opposing effects on CAs excitation (McBain, 2008). Thus,
strengthened transmission at the pyramidal cell and reduced inhibitory control onto
local interneurons occur together, augmenting CAs pyramidal cell excitation from two
sites, advantaging feed-forward excitation (Lawrence and McBain, 2003).
Uncontrolled feed-forward excitation might be the cerebral process that fuels hyper-
association, false memories and psychotic mental events.

Based on this glutamate-mediated metaplasticity model (Tamminga et al.,

2010) we predict an increase in markers of plasticity in CAs, such as an increase in



48
NR2B-containing NMDA receptors (augmenting the sensitivity of NMDA receptors),

increases in PSD-95 (indicating increased synapse strength and possibly number)
and increases in BDNF activity in CAz in SZ. It is a speculation, albeit with increasing
support (Hoffman et al., 2011), that increases in CA3 associational function could
generate false associations some with psychotic content, which would then be laid
down in memory as psychotic thoughts and memories. This idea could explain both
the observed reduction in glutamate signaling in DG (represented by GIuN1 protein
reduction) and the increase in HC perfusion that we detect overall in HC with rCBF
measures (Tamminga, et al., 2010) and our finding that BDNF is increased regionally
in CAs in SZ tissue (Ghose et al., 2006).

While GluN1-null mice do not survive (Forrest et al., 1994; Li et al., 1994),
genetically engineered mice with reduced but not absent (5—10% of normal) GluN1
protein can survive to adulthood (Young et al., 2010). These GIuN1 knockdown mice
can show PCP-like behavioral changes mimicking SZ, including increased locomotor
activity, stereotypy, and impaired social interaction, each reversible with
antipsychotic medications (Gao et al., 2009). As well, a selective knockout of GIuN1
in DG already exists in a mouse; a POMC-Cre recombinase driver mouse is crossed
with a GIuN1-LoxP mouse to create a mutant mouse with DG-specific GIuN1 protein
reduction and with behavioral and anatomic features reminiscent of SZ. In the
POMC-Cre recombinase line, Cre expression was strong and dense within the

granule cells of the DG, while expression was less dense in the hypothalamus
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(arcuate nucleus) and the habenula. The DG-specific GIuN1 knockout mouse,

displays a decrease in GIuN1 mRNA expression in DG granule cells starting at
postnatal days 10-21 and progresses to completion by 16 weeks, with normal
hippocampal architecture. McHugh et al. showed that the DG NR1 knockout mouse
has impaired pattern separation which they demonstrated using a fear conditioning
paradigm with two similar, but different contexts. They were also able to demonstrate
an alteration in CAgz place cell firing in these different contexts, but with normal CA4

LTP (McHugh et al., 2007).

Materials and Methods

Mice

All experiments and procedures in this study were carried out in accordance
with institutional guidelines, conformed to the Guide for the Care and Use of
Laboratory Animals and were approved by The Institutional Animal Care and Use
Committee at UTSW Medical Center. Mice were kept in the animal vivarium
accredited by the Association for Assessment and Accreditation of Laboratory and
Animal Care at UT Southwestern Medical Center. Mice were group housed in
temperature-controlled rooms on a constant 12 h light/dark cycle with ad libitum
access to food and water. Experiments were conducted at approximately the same
time each day. All experiments were conducted during the light cycle. Animals

between the ages of 16 and 24 wks were used for all experiments, as this is when
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GIuN1 RNA is shown to be at its lowest levels in this mouse preparation (McHugh et

al., 2007). For behavioral testing, separate cohorts of mice were used in each
experimental task such that animals were not retested in a behavioral paradigm.
Scientists who were blind to the genotypes of the animals conducted all behavioral
tests. Behavioural equipment was wiped with disinfectant (NPD) and dried between

each use.

Breeding and Genotyping

In order to generate the DG granule cell layer specific-GIuN1 knockout mice
we crossed a mouse that restricted Cre-recombinase expression to pro-
opiomelanocortin (POMC) cells to mice with loxP sites flanking about 12 kb of
NMDART1 gene exon 19 that corresponds to the trans-membrane domain and the C-
terminal region (Tsein, et al., 1996). The POMC-Cre mice originally developed by Dr.
Joel EImquist were kindly given to us by Dr. Jeffrey Zigman (UT Southwestern
Medical Center). The floxed GIuN1 mice were originally developed in the Tonegawa

lab (MIT) and were purchased from Jackson Laboratory (http://jaxmice.jax.org

/strain/005246.html). McHugh (2007) previously established this method of

generating tissue specific KO of GluN1 protein in the DG.
The genotyping of Cre detection was performed as in the published paper
McHugh et al. (2007), and the protocol from the Jackson Laboratory was used for

genotyping floxed-GluN1. The offspring were genotyped for both the POMC-Cre and
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floxed-P site gene via PCR amplification followed by separation and visualization on

an agarose gel (1.5%). Mice homozygous for LoxP-GluN1 and heterozygous for
POMC-Cre were crossed with mice homozygous for LoxP-GluN1. Resultant
offspring were all homozygous for LoxP-GluN1, while approximately half were
homozygous for POMC-Cre (KO) and half did not contain the POMC-Cre allele (cnt).
We used REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich) to extract and
amplify DNA from a small snippet of each mouse’s tail. For amplification we mixed
10 yL REDExtract -N-Amp PCR reaction mix, 0.5-1 pyL forward oligonucleotide
(supplemental Table 1) and 0.5-1 pL reverse oligoneucleotide (supplemental Table

1), 6 uL water and 2 yL DNA extract.

Behavioral Experiments
Locomotion

Individual mice were placed into clean home cages with a small amount of
fresh bedding. Locomotor activity was collected in 5-min bins by horizontal photocell
beams linked to computer data acquisition (San Diego Instruments, San Diego, CA,

USA) for 120 min period.

Pre-Pulse Inhibition (PPI)
Startle response was measured using a San Diego Instruments SR-Lab

Startle Response System (San Diego, CA). Following a 5-minute acclimation period
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testing of mice consisted of 40-startle stimuli preceded (100 msec) by a

pseudorandom order of pre-pulse stimulus (20 msec). Pre-pulse intensities were 0,
2, 4, 8 or 12dB above the background noise and presented with an average inter-
stimulus interval of 15 sec (range 7-23 sec). Outcomes were analyzed using two-
way ANOVA and represented as a percentage of the startle response. N=20 (cnt)
and 18 (KO). PPl is expressed as percentage for each prepulse intensity:
%PPI=100x[(startle stimulus reactivity-startle stimulus reactivity in the presence of

prepulse)/(startle stimulus reactivity)].

Passive Avoidance (PA)

KO and cnt mice were trained in a computerized one-trial-passive avoidance
apparatus (Med Associates, Inc, St. Albans, VT). The apparatus consists of two
chambers separated by a motorized door and a grid floor. One chamber is brightly
lit, while the other is completely dark. The latency to enter the dark chamber from the
lit was measured once the door between them was lifted. Once in the dark chamber
the door lowered. On the training day the animals received two 1 s, 0.5 mA foot-
shocks in the dark chamber. After 24 hrs retention of the memory of being shocked
in the dark chamber was measured as the increased latency to enter this
compartment upon the raising of the door that separated the 2 chambers. Outcomes

were test using unpaired t-test.
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Fear Conditioning (FC)

Fear Conditioning was measured in boxes equipped with a metal grid floor
connected to a scrambled shock generator (Med Associates, St. Albans, VT, USA)
as previously reported (Ruediger S, 2011). We employed a paradigm from Pattwell
et al. (2012). In short, after 2 min of acclimation, mice received five presentations of
80 dB white noise for 10 s with the last 1 s of each tone terminating with a 1s 0.5 mA
foot shock. The inter-stimulus interval was 30 seconds. Measuring freezing with mice
in the same chamber 24 hours later without tones and foot shock tested contextual
fear. Cued fear conditioning was measured 48 hours after training, with mice in the
chamber but with modified environmental stimuli (vanilla scent, decreased light level,
white plastic floor to cover the bars, and black plastic tent structure). Tones were
presented without shock and freezing measured. Med Associates software scored

the freezing behavior.

Morris Water Maze (MWM)

Mice were trained to find a fixed submerged platform in a pool of opaque
water (144 cm, diameter) with 4 training trials/day (inter-trial interval of 30—45 min)
for 12 days as previously described (Petrik, 2012). In all trials mice were released
from pseudo-random assigned start locations and were allowed to swim until they
stopped for 2 sec on the platform or 60 sec elapsed. They were manually guided to

the platform in the case of failure. To assess spatial learning ability, distinct distal
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cues were placed on the surrounding walls. On days 7 and 14, a probe test was

conducted in the morning with the platform removed. The mice were allowed to swim
for 60 sec.

The percentage of time in each quadrant and number of times crossing a
particular area were measured (along with distance moved, thigmotaxis, swim speed
and path) with Ethovision software (Noldus Information Technology, Leesburg VA).
For each group of mice, relative radial-quadrant occupancy time (%) was compared
to that in all other quadrants; and, the platform crossings in the target quadrant were

compared to other quadrants.

Molecular and Cellular Experiments
Immunoblotting

The hippocampus from both hemispheres of the mouse brain were removed
and chopped into 500 pym slices via a Mcllwain Tissue Chopper. Once chopped the
slices were micro-dissected under low magnification into three sections: DG, CA3
and CA1. We mixed right and left hippocampus, but separated the anterior and
posterior (down the middle for an equal number of slices for each region) for
separate analysis. For this experiment we only analyzed the dorsal region.

Tissue was then flash frozen in tubes on dry ice and placed into -80°C freezer
until use. Western blots were carried out on micro-dissected hippocampal subfield

tissue to analyze subfield specific molecular markers in mice.
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Tissue was homogenized in radioimmunopreciation assay (RIPA) buffer

containing: 1:100 dilution PMSF/mI buffer, Sodium Orthovanadate/ml buffer and 1:50
dulution protease Inhibitor/mL buffer (Santa Cruz biotechnology, Inc). Immediately
prior to use 1:100 diluted Protease cocktail A and Protease cocktail B (Millipore)
were added. Total protein concentration was determined using a bicinchoninic acid
(BCA) assay (Pierce). Samples were resolved by SDS-PAGE, transferred onto
nitrocellulose, and probed with commercially obtained antibodies: GIuUN2A and
GIuN2B (Millipore, CA), GIuN1 (R&D systems, MN), GluA1, GluA1 p-831 and GIuA1
p-845 (Thermoscientific, IL) and PSD-95 (CA3 tissue only, Cellular Signaling
Technology, Inc., MA). B-Tubulin (Thermoscientific, IL) immunoreactivity was used
as a loading control. After washing with TBST, membranes were incubated with
peroxidase-conjugated secondary antibody (1:10, 000) and were visualized by
enhanced chemiluminescence (Amersham NJ). Film-based images of
immunoreactive bands were captured using Color Video Camera 3CCD Exwave
HAD (SONY) and band intensities were analyzed by densitometry using Scion
image software (version 1.62c). All the measurements were done in replicate (2 gels

with samples in the same order).

Immunohistochemistry
To perform c-Fos immunohistochemistry, fresh perfused (4% PFA) mouse

brain was collected, cryoprotected in 30% sucrose in 0.1M PBS, and sectioned (40
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pm) on a freezing microtome (Leica SM2000R). Every 9™ 40-um coronal section of

hippocampus was mounted on superfrost plus slides, dried at room temperature
overnight, subjected to microwave antigen retrieval (citra solution, BioGenex; 95°C
for 10 min), quenched free of endogenous peroxidases in 0.3% H>0,, and blocked in
3% normal donkey serum, prior to overnight incubation of rabbit anti-c-Fos
polyclonal antibody (Thermo Scientific, MA). Primary antibody was detected by
sequential incubation with biotinylated donkey anti-rabbit IgG (Jackson
ImmunoResearch, PA) and avidin-biotin complex (Vector Laboratories, CA).
Diaminobenzidine chromogen was used to detect the immunoperoxidase signal.

Quantification of c-Fos immunoreactive cells was performed with an Olympus
CH30 microscope. c-Fos positive cell nuclei were counted (blind to mouse
genotype) in hippocampal subregions bilaterally, at each stained coronal section
from rostral (dorsal)-to-caudal (ventral) (-1.46 mm to -2.92 mm from bregma). The
total number of c-Fos positive nuclei was calculated by (9x) the sum of c-Fos

positive nuclei on all stained coronal sections.

Electrophyisiology

Transverse hippocampal slices (350 um) from cnt and DG GluN1 KO mice (4-
5 months old) were obtained by cutting tangentially to the longitudinal axis of the HC.
Slices recovered in a holding chamber for at least 1 h before use. During slicing (O-

2°C) and recordings (at 24.5-25.5°C), slices were superfused with artificial cerebral
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spinal fluid (ACSF) saturated with 95% 0O2/5% CO2 and containing (in mM): 119

NaCl, 2.5 KCI, 1.0 NaH>PO4, 4 MgSO4, 4 CaCl,, 26.2 NaHCOs, and 11 glucose.
High Ca®* and Mg®* concentrations (4 mM) for extracellular solution was used to
reduce cellular excitability and thus to inhibit the epileptiform activity to which the
CA; region is especially prone. It also allows us to better isolate the MF-CA3
excitatory post-synaptic current (EPSC) from recurrent associational/commissural
(i.e., polysynaptic) EPSCs. For most of the experiments, LY-354740 1uM, a highly
selective and potent agonist of group Il mGlu (metabotropic glutamate) receptors,
was also applied at the end of the experiments to verify that evoked EPSCs were
mediated by glutamate release from mossy fibers. Kynurenic acid (2 mM) was used
to block glutamatergic transmission during slicing, and thereby limit excitotoxic
processes. Pyramidal cells in the CAj3 field were visualized using infrared-differential
interference contrast optics. Synaptically evoked EPSCs were measured a holding
potential of -70 mV for AMPAR-mediated transmission and at +40 mV for NMDAR-
mediated transmission using a Multiclamp 700B amplifier (Molecular Devices, Foster
City, CA). During recordings, ACSF containing picrotoxin (100 uM) was used to
block y-aminobutyric acid A (GABAx) receptor-mediated inhibitory postsynaptic
potentials and CNQX (10 uM) to block AMPARs when recording NMDAR-mediated
transmission. Recording electrodes (3—5 MQ) contained (in mM): 120 Cs-gluconate,
20 KCI, 10 HEPES, 0.2 EGTA, 2 MgCl,, 4 MgATP, and 0.3 NaGTP. Afferents were

stimulated at 0.05 Hz by a glass monopolar microelectrode filled with ACSF that was
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always positioned in the granular cell layer of the DG or in the DG hilus. Data were

filtered at 2 kHz, digitized at 10 kHz, and collected and analyzed using Clampex 10.3
software (Clampex 10.3.0.2, Molecular Devices). Membrane potentials of CA;
neurons ranged between -70 and -55 mV. Series resistances ranged from 10 to 20
MQ and input resistances (Ri) were monitored on-line with a 40 pA/150 msec current
injection given before every stimulus. Only cells with a stable Rs (A < 10%) for the

duration of the recording were kept for analysis (Segev et al., submitted).

Statistical Analysis

All statistical analyses were conducted using GraphPad Prism software (San
Diego, CA, USA). Significance was set as p<0.05 for all experiments. Outcomes for
locomotion were tested using a two-way ANOVA (genotype x time) and an unpaired
t-test. Two-way ANOVAs were also used to assess differences in PPI (decibel x
genotype), FC (situation x genotype), c-Fos positive nuclei along the sequential
coronal sections (Bregma co-ordinants x genotype), AMPA and NMDA receptor
EPSCs (stimulus intensity x amplitude), and paired pulse ratio (PPR X interstimulus
interval). Either an un-corrected Fisher least significant difference, Bonferroni’s
multiple comparison or Sidak's multiple comparisons post hoc test were performed
when significance was found with ANOVAs. An unpaired t-test was used to test
group difference (PA, MWM average vs target platform crossing, western blots, total

c-Fos, and the 30 ms time point of the PPR). In the probe MWM test, one-way



59
ANOVA followed by Dunnett’s post hoc test (comparing the means of the other

areas to the target/control mean) was used to assess target area recognition. One-
way ANOVAs were also used for electrophysiological analysis. Full statistical

outcomes are included with the figure legends.

Results

DG GluN1 knockout mice display normal Locomotor activity

Locomotor activity differences between GIuN1 KO mice and the cnt
littermates could affect the results of subsequent behavior tests. Therefore it was
important that we observed and measure the spontaneous activity of these mice for
120 mins. The KO mice did not display any differences in locomotor activity
compared to the cnt mice (Figure 2-1).
DG GIuN1 knockout mice display reduced PPI

Pre-pulse inhibition (PPI) is considered a measure of sensorimotor gating and
it appears be disrupted in SZ (Neal et al., 2006; Braff et al., 1978). This physical
reaction to a startle can be measured as well as the normal reduction in a startle
response that occurs when the startling stimulus is preceded by a weak lead
stimulus. When DG GLUN1 mice were compared to their cnt littermates we found a
significant interaction between decibel level and genotype. The GIuN1 mouse has
reduced sensory motor gating (Figure 2-2).

DG GIuN1 knockout mice display increased fear memory
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Contextual fear conditioning is known to involve the hippocampus while cued

fear conditioning is thought to rely more on the amygdala, but still involves the
hippocampus (Anagnostaras et al. 2001; Phillips and LeDoux, 1992). The
behavioral response of the mouse to fear is freezing. When tested in both a
contextual and cued paradigm (before and after tone), GIuN1 mice showed a
significant increase in freezing behavior compared to their cnt littermates (Figure 2-
3). Another test to confirm this increase fear phenotype was the passive avoidance
paradigm. DG GIluN1 knockout mice display increased latency to enter the dark
compartment 24 hrs after training indicating that they had a stronger memory of the
shock they received in the dark compartment the previous day (Figure 2-4).
DG GIuN1 knockout mice display a deficit in visual spatial memory

The Morris water maze is a paradigm used to assess spatial memory and
relies on the HC and NMDA receptor function (Vorhees and Williams, 2006). The
mice must use distal cues surrounding a pool of water (Figure 2-5a) in order to find a
hidden platform after many days of training. Both the KO mice and their cnt
littermates spent significantly more time in the target quadrant in the water maze
than in other quadrants on the final test day (Day 14-Figure 2-5b). In this probe test,
cnt mice crossed the platform area significantly more times than the parallel areas in
other quadrants, while the KO mice did not show a significant increase in crossing at

the platform area (Figure 2-5c).
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DG GluN1 knockout mice show reduced levels of NMDA receptor subunits in

DG only.

Using western blot techniques employing subfield micro-dissected bilateral
hippocampi a decrease in GIuN1 protein in the KO mouse compared with its
littermate cnt was confirmed. This protein reduction was confined to DG and not
present in CAs (nor the CA+, data not shown) (Figure 2-6 and 2-7). In DG, reductions
in related NMDA receptor subunits (GIuN2A and GIuN2B) were also found, (Figure
2-6), but not the AMPA receptor GluA1, nor two of its phosphorylation sites important
for receptor trafficking (p-831 and p-845). There were no observable significant
differences in protein concentrations shown between the cnt and the GIuN1 KO mice
CA; hippocampal tissue (Firgure 2-7). Other proteins examined include CREB, p-
CREB, VCP, GAD-65 and 67 and found no differences (data not shown).

DG GIuN1 knockout mice have decreased activity in the DG and increased
activity in the CA; compared to their littermate controls. Performed by Dr.
Chunfeng Tan.

To examine overall cellular activity in DG and CAs, we examined c-Fos
positive nuclei in hippocampal pyramidal neurons using immunohistochemistry. We
counted c-Fos positive nuclei, a marker of cellular activation/neuronal depolarization
(Cruz et al., 2013; Bullitt, 1990; Dragunow and Faull, 1989) throughout the subfields
along the anterior/posterior axis in the KO and cnt animals. We did not find a change

in c-Fos containing granule cells in DG but we did find a significant increase in the
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number of c-Fos positive pyramidal neurons in CAz in the KO compared with the cnt

mouse, as well as an elevated number of c-Fos positive nuclei in pyramidal neurons
in mouse KO CA;, albeit quantitatively lower in CA4 than in CAs (Figure 2-8). We
examined the number of c-Fos positive nuclei in pyramidal neurons along the
anterior-posterior axis in hippocampus and find a significant increase posteriorly
located in ventral CAz and in CA4. The human anterior HC corresponds to the dorsal
HC in mice and the posterior human HC corresponds to the mouse ventral HC.

DG GIuN1 knockout mice have decreased NMDA/AMPA receptor ratio in DG
granular cells at 2 and 4 months, but CA; is not changed. Performed by Dr.
Amir Segev.

Using whole-cell patch clamp recording of granule cells in freshly dissected
hippocampal slices is a stringent assay for assessing synaptic transmission with
high neuroanatomical resolution. Specifically, the NMDAR/AMPAR ratio (NAR) was
measured in DG granular cells at two time points during developmental, 80-90 and
>120 days of age. Both biophysical and pharmacological (Figure 2-9a) approaches
show that NMDAR-mediated current in granule cells of the DG-GIuN1 KO mouse
decreases during the first few months of development and is totally eliminated by
four months of age. These observations are consistent with the loss of GluN1
mMRNA and protein in the DG granule cell. We find that DG granule cells in GIuN1
DG-KO mice do not exhibit any NMDAR-mediated current (Figure 2-9a). The

NMDA/AMPA ratio (NAR) decrease observed at 80 d is driven by 3/8 cells that were
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not exhibiting any NMDAR-mediated current. Using a pharmacological approach, D-

APV at 50 uM did not have any effect on evoked EPSC in DG-GIuN1 KO and CNQX
at 10 uM almost eliminated evoked EPSC. DG-GluN1 KO EPSC is mainly mediated
by AMPAR. We find that DG granule cells in GluN1 DG-KO mice do not exhibit any
NMDAR-mediated current.

Using whole-cell patch-clamp recordings and focusing within CAz, we
assessed whether excitatory glutamate transmission is augmented in CAs, a finding
that would support overall hippocampal hyperactivity in the KO mouse. Using both
biophysical and pharmacological approaches, we find no change in NAR in DG-
GIuN1 KO mice when compared to cnt (data not shown); however, when both
receptor-mediated currents were assessed separately, a significant increase in both
AMPAR- and NMDA receptor-mediated EPSCs (Figure 2-9b) was unveiled (Segev
et al., submitted).

DG GIuN1 knockout mice have an enhanced paired-pulse ratio and release
probability. Performed by Dr. Amir Segev.

To determine whether this genetic manipulation altered the capability for
granule cells to convey information, we measured the responses to paired-pulse
stimulation, a standard paradigm to test for changes in glutamate release probability
(pr). We find that granule cells from DG-GIuN1 KO exhibit an enhanced PPR at
short inter-stimulus intervals (50 ms) (Figure 2-10a), indicating a decrease in p.. PPR

is also increased at 30 ms ISI (Figure 2-10b) (Segev et al., submitted).
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Discussion

In these experiments, we examined the characteristics of a mouse with a DG
specific GIuN1 KO as a model for maladaptive, metaplastic, neuro-modifications that
are observed in human brain tissue from SZ. Whole-cell recording of granule cells,
an approach that provides high neuronal specificity, show that NMDA receptor-
mediated current is totally eliminated in recorded DG cells. Consistent with the
abatement of the GIuN1 subunit, the essential subunit of the NMDA receptor, we find
that GIUN2A and GIuN2B are reduced in the DG as well. The NMDA receptor
functions as a heteromeric complex with an essential GIuN1 subunit (Kutsuwada et
al., 1992; Monyer et al., 1992), it is therefore more than conceivable that the
depletion of GIuN1 attenuates NMDA receptor formation, and, consequently, is
associated with a decreased efferent excitatory activity from DG. This genetic
manipulation is also associated with enhanced AMPA receptor- and NMDA receptor-
mediated currents in CAs. This enhanced postsynaptic excitability at the mossy
fibers- CA3 synapses translated into increases pyramidal cell activity in CAz and CA;
(data not shown) as shown by the increase in the number of nuclear protooncogene
metabolic marker, c-Fos, positive pyramidal cell nuclei in the KO mouse and are
associated with increased glutamatergic synaptic strength at the mossy fibers- CA3
synapses. c-Fos is greatly influenced by past history of activation and in order for c-

Fos to be induced the neuron must be strongly activated (ie bursting of DG granule
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cells), so we can be assured that this immunohistological marker does indeed

represent the increased activation we hypothesize to occur in the CAs.

These characteristics parallel and extend the findings reported from human
SZ tissue, suggesting DG granule cell activity reduction induces changes in CAs
pyramidal cell activation in SZ. The speculative link between hippocampal
hyperactivity [consistently reported in schizophrenic psychosis (Medoff et al., 2001;
Schobel et al., 2013; Talati et al., 2015; McHugo et al., 2015)] and psychosis
manifestations, is the plausible scenario that hippocampal hyperactivity causes
mistakes of association, false memories and memories with psychotic content,
accounting for positive symptoms in schizophrenia (Tamminga et al., 2010) and
behavioral changes, such as increased fear and impaired PPI, in the DG GluN1
mice. The cellular mechanisms through which GluN1 KO in the DG lead to enhanced
CA3/CA; activity is unclear, however, one might speculate that decreased granular
cell activity triggers a homeostatic adaptation in CAs pyramidal cells that aim to
normalize mossy fibers-CAz excitatory transmission (reviewed in Tamminga et al.,
2010). Interestingly, DG granular cells in DG-GIuN1 KO mouse exhibit a decreased
pr. Whether this led to maladaptive CA3 pyramidal neuron hyperexcitability, i.e., a
network-wide homeostatic adaptation that aims to normalize transmission is yet to
be tested. However, these findings are reminiscent of what has been observed in
SZ psychosis patients.

In order to demonstrate translational relevance mouse behaviors that are
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abnormal in humans with psychosis (PPI, MWM) were assessed in the KO vs cnt

mouse as well as behaviors known to index direct learning and memory performance
in mice (FC and PA)(Wickelgren, 1962; Winocur, 1985; Anagnostaras et al., 2001;
Kim and Jung, 2006; Isaacson and Broussard et al., 2016). All of the paradigms
used behaviors with varying degrees of involvement of hippocampally-mediated
processes. The behavioral characteristics established here for this DG-specific
GIuN1 KO mouse, previously shown to have reduced pattern separation
performance (McHugh et al., 2007), extend and focus the behavioral profile onto
psychosis and CAs hyperfunction. The impaired PPl and MWM performance are
both characteristics of mouse models of psychosis reflecting cognitive impairments
also found in human SZ (Grillon et al., 1992; Karper et al., 1996; de Hoz et al., 2003;
Bast and Feldon, 2003; Ludewig et al., 2002; Fajnerova et al., 2014; Wong and
Josselyn, 2016) . In addition the animals show an increase in fear conditioning and
passive avoidance behavior, with locomotor activity remaining intact, both seemingly
reflecting CAs neuronal hyperactivity/hyperassociation.

The literature already shows that CAs-lesioned rats have reduced contextual
and cued fear conditioning (Hunsaker and Kesner, 2008; Hunsaker et al., 2009).
Moreover, the CAs-specific GIuN1 KO mouse shows reduced freezing in contextual
fear conditioning (McHugh et al., 2007) and impaired rapid associative memory in a

modified passive avoidance test (Cravens et al., 2006).
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Although less well tested, the increase in fear learning suggests that in critical

areas of cognition, where learning is driven by fear and anxiety, a more persistent or
concrete kind of memory is obtained and focused in SZ psychosis and may manifest
itself as hallucinations and delusions with paranoia. These findings are consistent
with the overall model of psychosis as a learning and memory disorder with deficient
DG function and increased CAgz associative function (Tamminga et al., 2010;
Tamminga, Southcott et al., 2012; Hunsaker and Kesner, 2008; Hunsaker et al.,
2009).

Combined with previous reports that CAg is a critical region in the formation of
associative memory, these results are consistent with increased/overly-increased
CAs-mediated associative memory function in the KO. Furthermore, mouse studies
indicating that modulating mossy fiber pathway transmission compromises
contextual fear memory (Ceccom et al., 2013; Daumas et al., 2004; Ceccom et al.,
2014; Yanagi, Southcott et al., 2012) implicate abnormal fear memory with mossy
fiber pathway pathology.

In consideration of the evidence that DG is a principal region in pattern
separation function (Schmidt et al., 2012; Kesner, 2007; Kesner, 2013) we interpret
the lack of memory accuracy seen in MWM and the impaired pattern separation
seen in the modified fear conditioning paradigm (freezing in both the trained and

untrained context) as secondary to GIuN1 depletion in DG in the KO mice.
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These outcomes establish the association of reduced excitatory pathology in

the DG and increased pyramidal cell activity in CA3 as a potential explanation for
overall hippocampal and CA+ hyperactivity, which has become established in
schizophrenic psychosis (Tregellas et al., 2014). An argument for this being a causal
association between reduced excitatory drive in DG and an increase in CAs
pyramidal cell activity will be dependent on future studies, testing causality.
Moreover, in order to show more direct relevance to human psychosis, the action of
known antipsychotic drugs on these molecular, cellular and electrophysiological
outcomes will become essential. This would include tests of first (i.e. Haldol) and
second (i.e. clozapine) generation antipsychotics. Whether known risk factors for
psychosis, like exogenous psychotogens (i.e. Phencyclidine or amphetamine) or risk
genes (i.e. DISC1 or NRG1) enhance these neural deficits will also be important to
consider. If demonstrated, the availability of an animal preparation which would be
informative for the behavior of a human neural microcircuit in hippocampus believed
to be important in a brain disorder like SZ (Nestler et al., 2010; Jones et al., 2011)
will be a significant advantage for studying psychosis in schizophrenia. These
findings support the further testing of the DG-GIuN1 KO as an animal preparation
informative about psychosis in schizophrenia.

PPI of the acoustic startle response is used to measure sensorimotor gating
mechanisms protecting neuronal information processing, in other words precognitive

processing. It has been show many times over that PPI is reduced in SZ, and is the
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most translatable and easily demonstrable task when it comes to animal models

(Swerdlow et al., 2006; reviewed in Swerdlow and Geyer, 1998). People with SZ
may have reduced startle response due to constant stimulation. We also know that
the HC is involved with PPI. Chemical stimulation of the ventral hippocampus
reduces PPI. The same effect occurs with ventral or dorsal infusions of GABAA
agonist, muscimol. Furthermore, this affect is also produced when a Na?* channel
blocker, TTX is applied to either of these regions. The decrease in PPl in people with
SZ is thought to be a reflection of constant stimulation and the inability to distinguish
salient stimuli. PPl may be mediated by HC projections to the amygdala or the bed
nucleus of the stria terminalis which both have access the brain stem startle circuit.
The decrease in activity induced either by muscimol, TTX, or our GIuN1 decrease in
the DG, may change the neuronal activity in the AMG, PFC or NucAC, which all
have strong HC projections (Zhang et al., 2002).

Perturbance in associative learning in drug-naive first episode SZ was
demonstrated using a within-subject learned irrelevance paradigm (Orosz et al.,
2008). A retardation of associative learning occurred in this experiment, if the
conditioned stimulus and the unconditioned stimulus are pre-exposed in an unpaired
manner prior to the establishment of the association and is not restored over time. In
other words people with SZ demonstrate a deficit in learning associations. It is
thought that this also demonstrates an inability to filter out irrelevant environmental

clues or an inability to ignore inconsequential stimuli, as in the PPI paradigm. This
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may explain the findings of the GIuN1 KO mice in the FC paradigm both in our hands

where these mice freeze more in both the contextual and cued test compared to
their cnt littermates, and in the Tonegawa lab (McHugh et al, 2007) where they
freeze to a similar level in similar contexts. Maybe the increase in activity in the CAs
increases generalization or decreases association, and therefore the result in the
mice displaying increased fear behavior (freezing) in both the same and a different
context, as well as with and without a tone after training. FC is a memory task that
involves the MTL that encompasses elements of the HC and the AMG. It is quite
possible that the increased freezing behavior in the cued condition is a result of
increased activity in the AMG, due to compensatory mechanisms (Bremner, 2006),
such as in models of post-tramatic stress disorder (Bremmer et al., 1995; Rouch et
al., 1998; Rouch et al., 2006; Bremner, 2006; Bremmer et al., 2008). This increase in
activity in the AMG would also project back to the HC (Pikkarainen and Pitkanen,
2001; Felix-Ortiz et al., 2013; Beyeler et al., 2016) adding to the increase in activity
in the CAs. Indeed, we have observed increased c-Fos activation in AMG in the KO
animals (data not shown). The generalized fear behavior displayed in the GIuN1 KO
mice could also be a demonstration of the dysfunctional threat perception in SZ
(Henry et al., 2010), or a parallel to paranoia often associated with SZ.

With a different task involving the HC, the MWM, we found decreases in
accuracy to find the target platform. This can again be attributed to over

generalization, or lack of association between the distal cues and the target. This
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task is also more complicated and taxing as the learning occurs over many days,

and involves physical exertion (swimming).

We observed behavioral changes that mimic behavioral attributes of SZ, so
we next looked molecularly at the DG and CAs. Using immunohistochemisty
techniques we found significant increases of the immediate early gene c-Fos positive
nuclei in the CA3 of KO mice. This finding indicates that these c-Fos positive neurons
were recently activated and the fact that they are increased more so in the KO mice
denotes that the CAs has an increase in baseline neuronal activity in this subfield. A
more physiologically relevant way to look at this is to use electrophysiology to
discover electrical property changes and functions. By stimulating the granular cells
of the DG and looking upstream at the effect on the CAs pyramidal neurons we
showed that there is an increase in EPSCs for both the AMPA and NMDA receptors.
This leads us to the conclusion that there is an increase of glutamate transmission at
the mossy fiber to CAs synapses. Whether this is due to a presynaptic phenomenon
(increased number of vesicles releasing or an increase in size of presynaptic
vesicles) or a postsynaptic modulation or refinement (increased number of glutamate
receptors or increased sensitivity) is yet to be determined. The lack of changes in
postsynaptic proteins in the CAs (Figure 2-6) and the differences in PPR indicate to
us that this is a presynaptic event and gives us some insight into the mechanism of

hyperactivity in the CAs.
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Figures 2-1 GluN1 KO mice display no differences in locomotor behavior.
GluN1 KO mice and the cnt littermates were tested for differences in locomotion over
2 hrs. N=7-9. a) There is no interaction nor is there a significant difference in
genotype when assessing locomotion over 2 hrs (two-way ANOVA genotype x time,
Interaction: F(23, 322) = 0.5589, p=0.9517; Time: F(23, 322) = 24.8, p<0.0001;
Genotype: F(1, 14) = 1.41, p=0.2547 b) There are no differences in total movement

over 2 hours (t-test t=0.64, df; 36, p=0.53).
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Figures 2-2 GluN1 KO mice display reduced sensory motor gating. Both GIuN1
KO and the cnt littermates were tested for response to a startle. Two-way ANOVA
(genotype x dB level): Interaction: F (3,108)=3.299, * p=0.0232; Decibel level: F (3,
108)=55.15, p<0.0001; Genotype: F (3,108) 2.127, p=0.1534. post hoc 78 dB
*p=0.039, and a trend towards significance at 76 dB  p=0.066



74

a)

Il cnt
B KO

Qo
* £
S £
* ﬂ m
<
Qo
o C
c
e 25
| -
% bt o -
m o
9, o
S O e S | % 28888888883
© o < N N\l -
awiy Buizaauy o, (spuodas) awi]

b)



75

Figures 2-3 GluN1 display increased fear memory. GluN1 and the cnt littermates
were tested for contextual memory retention as well as cued memory. a) Two-way
ANOVA (genotype x situation): Interaction: F(2,28)=0.4838, p=0.6215, Situation:
(2,28)=34.43, ****p<0.0001, Genotype: F(1,14)=20, *p=0.0005, [post hoc contextual
test (*p=0.0160) and the cue test (*p=0.0147)], but no significant difference in fear
memory in the new context (p=0.1792). After training in the PA paradigm b) the
GIuN1 KO mice also displayed an increased latency to enter the dark compartment
where they had previously been shocked. N=19/group t-test before training p=0.44,
after training *p=0.01.
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Figure 2-4 GluN1 KO mice display a deficit in precise spatial memory.

a) A cartoon schematic of the MWM pool with surrounding distal cues. N= 18-20 b)
After 13 days of training the control mice were able to remember where the platform
had been, whereas the KO mice did not. The average of the other quadrant
crossings and number of crossings of the target, t-test cnt: 1=3.554 df=19
**p=0.0021, KO: t=1.808 df=17, p=0.0883 c) The exact number of crossings of the
target to parallel places in the other quadrants. One-way ANOVA cnt: F(3,76)=7.342
****p<0.0001, post hoc comparison: Target vs right p="***0.0001, Target vs
Opposite ****0.0001, Target vs left **p=0.034; KO: F(3,68)="*0.0027, post hoc
comparison: Target vs right p=0.0566, Target vs opposite **p=0.0032, Target vs left
p=0.9595.
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Figure 2-5 GluN1 mice have decreased GluN1, GIuN2B containing NMDA
receptors in the DG and phosphoGluA1-831, but not GluA1, phosphoGluA1-
845 nor GIuN2A containing receptors. Western blots were performed utilizing
micro-dissected DG tissue from cnt mice and GIuN1 KOs. Densitometric analysis of
GIuN1, GIuN2B, GIuN2A, GluA1 and 2 specific phosphorylated sites on GluA1 that
are important for receptor trafficking (normalized to B-Tubulin). N= 7. Unpaired t-
test, GIuN1: (t=0.06, df 1 12,) ***p<0.0001; GIUN2A: (t=0.15, df 1 12,) *** p<0.0001;
GIuN2B: (1=0.14, df 1,12,) *** p<0.0001; GIuN2A/GIuN1: (t=0.10, df 1,12,) p=0.1401;
GIuN2B/GIuN1: (t=0.10, df 1 12,) *p=0.0162; GluA1: (1=0.11, df 1 12,) p=0.1087; GIuA1
p-831:(t=0.13, df 1 12,) *p=0.0154; GluA1 p-485: (1=0.12, df 1 12,) p=0>0.9975.
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Figure 2-6 Representative Western Blot Figures from DG. Cnt and KO mice
GluN proteins and GluA1 proteins. B-tubulin is used as the loading control.
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Figures 2-7 GluN1 mice have no changes in post synaptic proteins in the CAs.
Western blots were performed utilizing micro-dissected CAs tissue from cnt mice and
GIuN1 KOs. We probed for GIuN1, GIuN2B, GIuN2A, GluA1, 2 specific
phosphorylated sites on GluA1 and PSD-95 since we had seen an increase in this
subregion in SZ. Densitometric analysis of these proteins resulted in no significant
differences. Unpaired t-test, GIuN1: (t=0.84, df 1 12,) p=0.4175,; GIuN2A: (1=0.62, df
1,12,) p=05461, GIuN2B: (t=1 .41, df 1,12,) p=01813, GIuN2A/GIluN1: (t=0.73, df 1,12,)
p=0.4773; GIuN2B/GIuN1: (t=0.55, df 1,12,) p=0.5908; GluA1: (t=0.54, df 112,)
p=0.6018; GIuA1 p-831: (t=1.86, df 1,12,) p=0.0877; GIuA1 p-845: (t=1.38, df 112,)
p=0.1935; PSD-95: (t=0.16, df 1 12,) p=0.8743.
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Figure 2-8. Western Blot Figures from CA3. Cnt and KO mice
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Figures 2-9 GluN1 mice have decreased levels of c-Fos activated neurons on
the DG and increased c-Fos activated neurons in the CA3. The number of c-Fos
positive neuronal nuclei is decreased in hippocampal DG (a-c). N=5 a)
Representative images of c-Fos immunohistochemistry illustrate decreased c-Fos
positive nuclei in DG (upper image) in the GluN1 KO mouse tissue. b) The total
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number of c-Fos positive nuclei was not significantly decreased in DG (t-test: 1(8),
p=0.1099) c) The number of c-Fos positive nuclei along the dorsal-to-ventral
hippocampus distance from bregma. Two-way ANOVA statistical analyses show no
significant differences with genotype x rostral-caudal axis: Interaction: F(6,
56)=0.8588, p=0.5308; Genotype: F(6, 56)=0.748, p=0.6135; Hippocampal rostral-
caudal axis: F(1, 56)=16.07, ***p=0.0002. The number of c-Fos positive neuronal
nuclei is increased in hippocampal CAs (d-f). d) Representative images of c-Fos
immunohistochemistry illustrate increased c-Fos-positive nuclei in CAs (lower image)
in the GluN1 KO mouse. e) The total number of c-Fos positive nuclei was
significantly increased in CAg (t-test: t(8)=2.665, *p=0.02). The numbers of c-Fos
positive nuclei over the rostral (dorsal) —caudal (ventral) axis (-1.46 to -2.92 mm
bregma) were compared between cnt and KO. Two-way ANOVA statistical analyses
show significant interaction between the factors, genotype, and hippocampal rostral-
caudal axis interaction in CA3; Interaction: F(6, 56)=2.634, * p=0.0254; Genotype:
F(6, 56)=4.635, *** p=0.0007; Rostral-caudal axis: F(1, 56)=24.53, **** p<0.0001 f) A
significant increase in the number of c-Fos positive nuclei was detected in the caudal
(ventral) CAs post hoc *p=0.01 at -2.70mm from bregma, ****p<0.0001 at -2.92mm

from bregma).
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Figures 2-10 In DG GluN1 KO mice have reduced NMDAR/AMPAR ratio at 80d
and 160 day due to the elimination of NMDA receptor EPSC. a) NMDAR/AMPAR
ratio (NAR) in cnt (N = 7 cells, 5 mice) and DG-GIuN1 KO (N= 8 cells, 6 mice).
AMPAR- and NMDAR-EPSC amplitudes are extracted from the dual component
obtained at +40 mV, at 10 and 50 ms post-stimulus respectively. Biophysical
analysis of the dual component at +40 mV showed that NMDAR-mediated current in
DG granular cells (dash line) is absent in DG-GIuN1 KO (4-5 months-old). Note that
the NAR decrease observed at 80-90 days is driven by 3/8 cells that were not
exhibiting any NMDAR-mediated current (measured at 50 ms, dash line). Hash
marks indicate group means + SEM. (One-way ANOVA: F (2,19) = 18.41: p*™** <
0.0001; post hoc test: *p < 0.05; **p < 0.01). b) Pharmacological approach: D-APV at
50 uM did not have any effect on evoked EPSC in DG-GIuN1 KO. CNQX at 10 uM
almost eliminated evoked EPSC. AMPAR- and NMDAR-mediated transmission at
MF-CA3 synapses is increased. AMPAR-mediated transmission was assessed at -
70 mV. c)AMPAR- mediated transmission at MF-CAz synapses are increased
(assessed at -70 mV) d) NMDAR-mediated transmission at MF-CA3 synapses are
increased (elicited at +40 mV). Right panels for ¢ and d: Example of AMPAR-
(Calibration: 50 pA, 10 ms) and NMDAR-EPSCs traces (Calibration: 20 pA, 50 ms)
from a cnt and a DG-GIuN1 KO neuron over the stimulus range 0, 20, 40, 60, 80,
and 100 pA. cnt, n =10 cells, 4 mice; DG-GIUN1 KO, n = 16 cells, 4 mice. Two-way
ANOVA statistical analyses showed significant genotype and genotype x stimulation
interaction effects for both AMPAR- (Genotype effect: F(1, 24) = 4.312, *p = 0.048,
and interaction effect: F(4, 96) = 3.850, **p = 0.006) and NMDAR-EPSCs (Genotype
effect: F(1, 17) = 5.336, *p = 0.033, and interaction effect: F(8,136) = 6.160, ***p <
0.0001). Data are represented as means + SEM.
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Figures 2-11 Paired Pulse Ratio and Probability of release in DG GIuN1 KO
mice. The responses to paired-pulse stimulation was measured. a) Granule cells
from DG-GIuN1 KO exhibit an enhanced paired-pulse ratio (PPR) at short
interstimulus intervals (50 ms) (Two-way ANOVA PPR X interstimulus interval:
Interaction: F(4,120) = 6.328; ***p = 0.0001; post hoc test at 30 ms: ***p < 0.01). b)
PPR is also increased at 30 ms interstimulus interval (t-test: t(14)=2.294, *p < 0.05).
Error bars represent SEM.



CHAPTER THREE
Chronic phencyclidine administration alters, but does not enhance, behavioral
deficits of the DG-GIuN1 KO mouse psychosis preparation

Several pharmacological drugs have psychotomimetic actions, some more
potent than others. These are drugs that cause psychotic symptoms in humans, the
most reliable ones often induce SZ-like symptoms and tend to exacerbate the
psychotic manifestations in people with SZ; PCP appears the most genuine
psychotomimetic in this regard. An understanding of the mechanism(s) of these
psychosis-inducing actions might contribute to our fundamental understanding of the
illness. These drugs have been administered to animals both for disease
pathophysiology studies, but even more importantly, in order to model
pharmacological antagonist approaches as treatments (Yanagi, Southcott et al.,
2012). When PCP was administered to the DG GIuN1 KO mouse over the course of
one month, we found that PCP reduces sensory motor gating at lower decibels.
However, this combination of psychotomimetic and KO of GIuN1 in the DG did not

alter other behaviors that were tested, nor the post-synaptic proteins that were

probed in the CAs.

Introduction

Phencyclidine (PCP) is a reversible, noncompetitive antagonist that has high
affinity for the open state of the voltage-gated NMDA ionophore. On its own, PCP

83



84
acts to decrease glutamate signaling by blocking the NMDA receptor channel

(Monaghan and Jane, 2009). This NMDA receptor antagonist was originally
developed as a safe anesthetic agent; however, its use was discontinued because of
serious psychotomimetic side effects, despite its other safety characteristics.
Inevitably, PCP causes mental status changes in normal humans, which are SZ-like
and resemble the cognitive, positive and negative symptoms of the illness (Javitt and
Zukin, 1991; Lahti et al., 1995; Krystal et al., 2002; Moghaddam and Krystal, 2012).
The acute use of PCP leads to hallucinations, delusions and mania. Users may feel
estranged from their surroundings, or dissociation from reality. Auditory
hallucinations, image distortion, severe mood disorders, and amnesia may also
occur. It has also been shown to cause anxiety in some and in others, paranoia and
violent hostility (Luisada, 1978), indistinguishable from SZ.

Based on the observations that PCP generates SZ-like psychosis in humans,
the PCP-exposed animal has been one of the most widely used models for studying
SZ and has been repeatedly examined. Acute PCP-treated animals show an
increase in locomotor activity and stereotyped movements, a decrease in social
interaction, alterations in memory and spatial function, and impairments in PPI,
mimicking this same change seen in SZ (Perrin et al., 2010).

The psychotomimetic behavioral manifestations of PCP were known before
PCP was identified as an NMDA receptor antagonist. Therefore, when PCP was

identified as an NMDA receptor antagonist (Aanosen and Wilcox, 1986; Snell and
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Johnson, 1986; Coan and Collingridge, 1987), this observation implicated glutamate

system dysfunction in SZ; then, the glutamate hypofunction hypothesis of SZ was
articulated and has been pursued, thereafter, generating evidence of glutamate
dysfunction in brain tissue from individuals with SZ (Tamminga, 1998; Coyle, 2006).
This sequence of discovery has suggested both NMDA insufficiency in SZ and a
therapeutic action of NMDA receptor enhancement for psychosis and cognition.
Therefore, PCP has been pursued as a model of SZ, both for hypothesis-driven
reasons and phenomenological ones. The idea that glutamate dysfunction might be
regional and not necessarily present at all glutamatergic synapses has been more
recently understood (Tamminga et al., 2010). However, the clear observations of
glutamate hypofunction in schizophrenia itself have made this modeling approach a
direction with strong construct validity. These lines of evidence suggest the NMDA
antagonists model—administration of PCP, ketamine, or MK801 (all direct
antagonists of the NMDAR and congeners of PCP)—as a solidly supported construct
to translate to animals with behavioral assessment (Yanagi, Southcott et al., 2012).
Although acute injections of PCP have been used in research to mimic
behaviors and to understand the pathophysiology of SZ we know that SZ is a chronic
condition and that it develops and manifests symptoms over time. It is for this reason
that long term, chronic or subchronic PCP administration mimicking a glutamate
transmission dysfunction, may be a superior dosing paradigm compared with acute

administration (Balla et al., 2001; Morris et al., 2005; Cochran et al., 2003; Jentsch
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and Roth, 1999; Guidali et al., 2011). Disinhibitory activation on pyramidal cells can

be produced by PCP’s inhibition of tonic, fast spiking, GABA inputs which contain
open NMDARs (Greene, 2001). This would have a faster and greater effect than the
slow spiking, pyramidal cells which respond mostly to AMPA agonists. This change
in activation can have long lasting effects (Suzuki et al, 2002) and may lead to
plasticty changes as we have hypothesised occurs in the HC in SZ. As well, the
chronic administration of PCP is important because this induces changes over time,
which would be necessary to resemble the developmental aspects of schizophrenia,
and to induce changes that are stable over time (Jones et al., 2011).

With our DG-GIuN1 mouse preparation we found behaviors that are reflective
of SZ, but failed to find the relevant protein changes we were pursuing in the CAs.
With the solid evidence that PCP produces pertinent characteristic changes both in
humans and mice, as well as exacerbating symptoms in SZ, we hypothesized that
this pharmacological agent would do the same with our DG-GIuN1 KO mouse. We
speculated that PCP would drive the HC system further, amplifying the CAs
hyperactivity and producing the activity marker changes we see in post-mortem

tissue.
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Materials and Methods

Breeding and Genotyping

All experiments in this study were carried out in accordance with institutional
guidelines, and were approved by The Institutional Animal Care and Use Committee
at UTSW Medical Center. We utilized DG-GIuN1 KO mice and their cnt littermates
that were previously generated in our lab (see Chapter 2). In brief, POMC-Cre mice
were crossed with floxed-GIuN1 mice following the method previously established
(McHugh TJ et al., 2007). Mice were housed at UTSW in a vivarium accredited by
the Association for Assessment and Accreditation of Laboratory Animal Care. Mice
were group housed in temperature-controlled rooms on a constant 12 h light/dark
cycle. Animals had food and water available ad libitum. Experiments were conducted
during the light cycle. Animals between the ages of 16 and 18 wks were used for all
experiments, as this is when the GIuN1 protein is maximally depleted (no mRNA) in

DG (McHugh et al., 2007).

PCP administration

Phencyclidine (PCP) was dissolved in a 0.9% saline solution to make a
0.3mg/ml solution and kept at 4°C. Intraperitoneal (i.p.) injections of 3mg/kg PCP
solution or 0.9% saline solution were administered every other day, 3 days a week.

On days when behavior testing occurred, the injections were administered at least 2
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hrs after the behavioral testing in order to ensure that drug effects represented the

chronic administration of treatment, and not an acute drug effect which typically
occurs within one hour post injection (Sturgeon et al., 1979; Matsuzaki and Dowling,

1985; Bay and Patel, 2007).

Behavioral Experiments
Each mouse was tested in all behavior paradigms. The testing was conducted

in a fixed order from least to most stressful paradigm (Figure 3-1).

Elevated Plus Maze

A plus shaped apparatus with four arms (two open and two enclosed with
open tops) was used to test anxiety. This test relies upon rodents' proclivity toward
dark, enclosed spaces and aversion of heights and open spaces. The maze was
elevated 99 cm from the floor. Time spent in the open arms was compared among
genotype and treatment. Mice were placed in the intersection of the four arms and
their behavior is recorded for 5 min. during a single testing session (Walf and Frye,
2007). In a dim room these sessions were recorded with Ethovision software (Noldus
Information Technology, Leesburg VA) and a digital video camera mounted
overhead.
Locomotor activity

See Chapter One.
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PPI

See Chapter One.
FC

Mice were trained and tested for fear conditioning in boxes equipped with a
metal grid floor connected to a scrambled shock generator (Med Associates, St.
Albans, VT, USA). For training, mice were individually placed in the chamber to
freely explore for 2 min; then each received 3 presentations of conditioned stimulus
(80 dB white noise for 30 sec) and the last 1 s of each tone was paired with the
unconditioned stimulus (foot shock, 0.5mA) with an inter-tone interval of 60 seconds.
To test for contextual fear conditioning 24 hours after training, mice were placed into
the same chamber for 5 min without a tone played and without receiving any foot
shocks. 48 hours after training, mice were placed in the training chamber with
modified environmental stimuli (eg. vanilla scent, white plastic floor over the grid
bars, and a black triangle roof). Mice explored for 3min, followed by 3 min tone
presentations to test for cued fear conditioning. Med Associates software

automatically scored freezing behavior (every 0.5 sec) during all conditions.

Molecular Experiments
Immunoblotting
See Chapter Two

GIuN2A, GIuN2B, GIuN1, GAD-67, and PSD-95 were used, and only for CAS.
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B-Tubulin (Thermoscientific, IL) immunoreactivity was used as a loading control.

Statistical Analysis

All statistical analyses were conducted using GraphPad Prism software (San
Diego, CA, USA). Significance was set as p<0.05 for all experiments. Outcomes for
locomotion were tested using a two-way ANOVA (genotype x time) and an unpaired
t-test. Two-way ANOVAs were also used to assess differences in EPM (genotype x
treatment), PPI (decibel x genotype), FC (situation x genotype) and western blots
(genotype x treatment). An un-corrected Fisher least significant difference post hoc
test was performed when significant differences were found. We hypothesized a
priori that the best comparison for this model would be between the cnt+saline and
KO+PCP, therefore we preformed post hoc tests even when significance wasn’t
apparent from ANOVAs and reported significant findings. Full statistical outcomes

are included with the figure legends.

Results

DG GIuN1 knockout with and without chronic PCP mice do not display anxiety
EPM is a test designed to use mice’s innate fear of open and bright spaces to

test for anxiety like phenotypes. In the EPM there is no significant differences of time

spent in the open arm or in the dark arm (Figure 3-2). This indicates that the GluN1

KO mice do not have an anxiety phenotype, which would have been evident by them
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spending more time in the dark arms than their cnt littermates. We show also, that

chronic PCP is not anxiogenic.
DG GIuN1 knockout mice with and without PCP do not display
hyperlocomotion

The number of beam breaks in 5 minute bins collected for 2 hours. Over the 2
hr time period all mice decreased their movement at about the same rate. All of the
mice started at a similar level of movement. There was no significant difference in
locomotion between the Cnt and GluN1 KO animals. When looking at individual time
points over 2 hrs we only saw a difference at 90 minutes, and the difference was
between cnt+saline and GluN1 KO + PCP (Figure 3-3a). The difference in
locomotion at this time did not affect the overall difference in motion (Figure 3-3b)
based on the evaluation of the accumulative number of beam breaks, which
represents total movement, over the period of 2 hrs.
Chronic PCP treatment reduces sensory motor gating at low decibels

Inhibition of startle response to a pre-pulse was observed at 72, 74, 78 and
82 dB (Figure 3-4). There was a significant difference of treatment and a trend for a
difference of genotype, but an interaction at 72 dB was not observed. The difference
was specifically seen between cnt+saline vs KO+PCP. At 74 dB there was a strong
trend toward a difference of treatment, but there was neither difference for genotype

nor an interaction. At 78 dB the only difference that was found was between
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cnt+saline vs KO+PCP. As well, there was no interaction seen at 82 dB, nor an

effect of genotype, nor treatment.

DG GIuN1 knockout mice with and without chronic PCP do not display fear
behavior

Mice were tested for both contextual and cued fear conditioning. We found no
significant difference in freezing in any paradigm (Figure 3-5).
DG GIuN1 knockout mice with chronic PCP do not change the protein profile
of the CA3 in hippocampus

Hippocampal subfield dissections were performed and run on an SDS-PAGE
gel in order to look for differences in protein concentrations. We tested 5 proteins: 3
NMDA receptor subunits (GIuN1, GIuUN2A, and GIuN2B), 1 postsynaptic marker
(PSD-95) and 1 interneuronal marker (GAD-67). Proteins that were measured were
normalized to B-tubulin (Figure 3-6). No effect of PCP on GluN1 KO and cnt mice

was demonstrated with any of the proteins we measured.

Discussion

Disruption of the glutamate system is a major detriment to the human brain. In
schizophrenia the disruptions in the glutamate system lead to multiple symptoms of
the disease. In particular disruption of the glutamate system in the hippocampus can
lead to multiple behaviors that resemble psychosis. We have previously shown that

by eliminating the obligate subunit of the NMDA receptor, GluN1, in the DG a
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phenotype of reduced PPI, increased freezing in fear conditioning and increased

avoidance of a safe environment, and reduced spatial memory will emerge (Segev et
al., submitted).

PCP is the most widely used drug employed to mimic schizophrenia in
rodents and we chose to use chronic PCP with the hypothesis that this drug would
have a high probability of interaction with the DG dysfunction/deficit and would
therefore enhance the DG GluN1 deficits we saw previously, and galvanize the feed
forward excitation in the CA3, therefore eliciting changes in the CA3 that would be
reminiscent of SZ post mortem tissue findings.

Interestingly we found a very minimal divergence of behavior observed with
chronic administration of PCP. The PPI paradigm was the only test for psychosis-
relatable behavior where we saw significant difference between groups. The
differences solicited at the lower decibel levels, 72 and 74, however were due to an
effect of the PCP, and not a significant augmentation of the DG GluN1 phenotype.

There were no differences seen in the EPM. We tested this to determine
whether our previous finding of high freezing in FC and PA was due to an anxiety
phenotype.

Neither the cnt mice with PCP, nor the KO mice with and without PCP
showed any significant differences in the contextual and cued fear conditioning
paradigm. Previously we have found that the DG-GIuN1 KO mice have an increased

fear response (Segev et al., submitted). There are several possible explanations for
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this discrepancy, a finding that could reflect the increase in CA3 neuronal activity in

the KO mice (see Charpter 2). First, the KO mice may not show a difference in
freezing because we used a different paradigm (5 tones paired with shock
previously, and three tones paired with shock here). They also may not display a
significance difference in freezing due to an increase in the freezing of our cnt
animals. Our control animals froze at an unusually high rate. Normally, wild type
animals freeze about 40% in the same context after training, 0% in the new context,
and 20% with the cue (personal communication, Dr. Birnbaum). Our cnt animals
have a higher baseline-freezing-rate and now it is difficult to see a robust change in
freezing rate of the KO from this. The effect, or lack there of, may also be due to the
stress of handling and injections (whether saline or PCP) over the one month chronic
treatment period (Ben-Menachem-Zidon et al., 2008; Yun et al., 2010). Stress has
been demonstrated to regulate NMDA receptor function (Tse et al., 2012). Lastly, the
lack of differences may also come from desensitization (Gadek-Michalska and
Bugajski, 2003). To elucidate whether this change in behavior is due to stress,
desensitization, or a change in paradigm, FC could be repeated but with different
variables. First we would use mice that are not handled parallel with those that are
and if this would tell us if it was the paradigm change from 5 to 3 shocks that
produced the differences in freezing. Next we could look at stress markers such as
corticosterone levels to elucidate the effect of handling and injections over time, and

whether this is influencing the differences in behavioral outcomes. McHugh et al.,
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(2007) reported that KO mice performed normally in the same context in which they

were trained, using a one shock and tone pairing. When comparing the DG-GIuN1
KO mice and the littermates, at a cellular level, differences were seen in place cells
(cells that fire in certain locations and are thought to provide a cognitive map) in the
CA; of the HC. We may choose to do this, because it is difficult to assess these
place cells, cellular level changes or lack thereof, in a behavioral paradigm. We may
choose to do this, because it is difficult to assess these place cells, cellular level
changes or lack thereof, in a behavioral paradigm.

As well, the protein data for CA3 showed no significant differences in GAD-
67, GIuN1, GIuN2A, GluN2B or PSD-95 when the cnt mice with and without PCP
were compared to the KO mice with and without PCP. Perhaps the PCP binds to PV
interneurons as suggested by Greene (2001) allowing for disinhibition, and therefore
increased DG activity through the AMPA receptors, looking like amelioration of the
DG lesion, and hyperactivity of the CAs as seen in SZ. Because of the lack of the DG
GluN1 receptor subunits we are eliminating any direct effect of PCP. As well, we
know that PCP is not a selective inhibitor or NMDA receptors alone. Therefore it is
not above speculation that PCP produces a direct and/or indirect multisystem
neurochemical perturbation (Kapur and Seeman, 2002). Jodo (2013) suggests that
PCP’s action may be through the ventral hippocampus to the medial prefrontal
cortex (mPFC). Therefore if we render the hippocampus unable to function properly

due to the GIluN1 knockout in the DG of the hippocampus, the signal may not be able
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to be sent to the PFC to influence the behavioural changes. Studies of the actions of

PCP also suggest that NMDA dysfunction may lead to secondary dopaminergic
dysregulation in striatal and prefrontal brain regions (Javitt, 2007 and Poels et al.,
2014). This “dirty drug” can increase DA efflux, as well as increases in extracellular
concentrations of other major neurotransmistters (i.e. acetylcholine and seretonin) in
several brain regions, which can be blocked by administration of antipsychotics (DA
receptor antagonists). Also, Benneyworth et al., (2010) found that mice with altered
NMDA receptor function had discordant behavioral effects with PCP; specifically,
PPI disruption by PCP was unaffected in mice with either serine racemase
underexpression and in mice with reduced glycine modulatory site activity. In other
words we may have off target actions, PCPs actions may be blocked by a lack of
NMDA receptors in the DG, or we may not be able to further perturb an already

disrupted system.
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Figure 3-1 Timeline of experiments. Red carrots represent injections (either saline
or PCP). The first vertical line represents birth. The last vertical line represents the
day we performed dissections. The time between two vertical lines represent a day
(24hrs).
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Figure 3-2 GluN1 KO mice do not display anxiety in EPM

Time spent in the center, the closed arms and the open arms. Two-way ANOVA
genotype x treatment: Open arm [Interaction: F(1,48)=1.096, p=0.3005; Genotype:
F(1,48)=1.445, p=0.2352; Treatment: F(1,48)=1.097, p=0.3002], closed arm
[Interaction: F(1,48=0.778, p=0.3823; Genotype F(1,48)=1.568, p=0.2166;
Treatment: F(1,48)=0.404, p=0.5282], and center [Interaction: F(1,48)=0.1895,
p=0.6653; Genotype: F(1,48)=0.2358, p=0.6295; Treatment: F(1,48)=0.1267,
p=0.7234).
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Figure 3-3 GluN1 KO mice display no differences in locomotor behavior. GluN1
KO mice and the cnt littermates were tested for differences in locomotion, both with
saline and with PCP. a) Over the 2 hr time period all mice decreased their movement
at a similar rate. All of the mice started at a similar level of movement. Only the cnt
mice given saline and the KO mice given PCP differed in movement, and only at the
90 min time point, *p=0.0170. The filled black circle represents cnt mice given saline,
the filled grey square represents cnt mice given PCP injections, the red filled triangle
represents the GIuN1 KO mice given saline, and the upside down filled pink triangle
represents the GIuN1 KO mice given PCP injections. There are no significant
differences in locomotion over 2 hrs [Two-way ANOVA Genotype+treatment x time:
Interaction: F(69, 1104) = 0.7555, p=0.9307; Time: F(23, 1104)=62.12, p<0.0001;
Genotype+treatment: F(3,48)=2.605, p=0.0626] b) The accumulative humber of
beam breaks over 2 hrs [Two-way ANOVA genotype x treatment: Interaction:
F(1,48)=1.355, p=0.2502; Genotype: F(1,48)=3.082, p=0.0.0855; Treatment
F(1,48)=2.831, p= 0.0990]
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Figure 3-4 PPI. There was a significant difference of treatment (Two-way ANOVA:
F(1,48)=5.147,"p=0.0278), and a trend for a difference of genotype (F(1,48)=3.559,
Tp=0.0653), but an interaction (F(1,48)=0.096, p=0.7581) at 72 dB was not
observed. The difference was specifically seen between cnt-saline vs KO-PCP (post
hoc, *p=0.018). At 74 dB there was a strong trend toward a difference of treatment
(F(1,48)=3.936, tp=0.0530), but there was neither a difference for genotype
(F(1,48)=0.0012, p=0.9722) nor an interaction (F(1,48)=0.0416, p=0.8392). At 78
dB the only difference that was found was between wt+saline vs KO+PCP (post hoc,
*p=0.0411, Interaction: F=(1,48)=0.267, p=0.6077; Genotype: F(1,48)=1.626,
p=0.2085; Treatment: F(1,48)=2.3, p=0.1359). As well, there was no interaction seen
at 82 dB, (F(1,48)=0.9707, p=0.3294), nor an effect of genotype (F(1,48)=0.944,
p=0.3361), nor of treatment (F(1,48)=1.714, p=0.1968).
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Figure 3-5 FC. No significant difference in freezing, neither due to genotype nor
treatment (Two-way ANOVA: interaction F(1,43)=0.0613, p=0.8055, genotype
F(1,48)=1.692. F(1,48)=0.0036, p=0.1995, treatment p=0.9524). When the mice
were placed in a new context, we also found no significant differences in freezing
behavior (interaction F(1,48)=0.5222, p=0.4735, genotype F(1,48)=0.5920,
p=0.0.4455, treatment F(1,48)=0.8320, p=0.3663, cue). As well, when the tone that
was paired with the shock during training was played in this new context, the mice all
froze at similar levels, and there was no significant difference found in freezing rate
(interaction F(1,48)=0.5136, p=0.4771, genotype F(1,48)=0.2234, p=0.4455,
treatment F(1,48)=0.5905, p=0.3663).
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Figure 3-6 Immunoblotting of CA; post synaptic proteins.
A two-way testing effect of PCP on GluN1 KO and cnt mice showed no significant
difference with any of the proteins we measured in CAs.
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Table 1.
GluN1 GIuN2A GIuN2B PSD-95 GAD-67
Interaction F(1,47) =0.18, F(1,47) =0.29, F(1,47) =0.15, F(1,47) =1.82, F(1,47)=21,p
p =0.6720 p = 0.5902 p= 0.6975 p =0.1837 =0.1532
Genotype F(1,47) = 0.0004, F(1,47) =0.27, F(1,47) =0.12, F(1,47) =0.09, F(1,47) =0.02,
p = 0.9842 p = 0.6087 p = 0.7398 p =0.7643 p = 0.8889
Treatment F(1,47) =0.14, F(1,47) =0.08, F(1,47) =0.0002, | F(1,47) =0.004, | F(1,47) =0.03,
p = 0.7099 p=0.7722 p = 0.9897 p = 0.9485 p = 0.8582
Table 2.
GIuN2A/GluN1 GIluN2B/GluN1
Interaction F(1,47) =0.02, p = 0.8877 F(1,47) =0.05, p =0.8217
Genotype F(1,47) =0.30, p = 0.5844 F(1,47)=0.14,p =0.7125
Treatment F(1,47) =0.24, p = 0.6265 F(1,47) =0.02, p = 0.8953




CHAPTER FOUR
Schizophrenia risk gene DISC1 does not enhance the psychosis mouse
preparation DG-GluN1 KO

The Disrupted-in-Schizophrenia-1 (DISC1) gene was discovered in a large
Scottish family, by its segregation with the diagnoses of SZ, depression, and mania.
This gene is disrupted in a t(1;11)(g42.1;q14.3) translocation. Alternate
transcriptional splice variants, encoding different isoforms, have also been
characterized. Since its discovery in the 1970s it has also been found in a Finnish, a
Chinese Han, and a European American population (Callicot et al., 2005).

The DISC1 protein is predicted to contain multiple blocks of coiled-coil motifs
and two leucine zippers at the C-terminal domains, domains that may mediate
critical protein—protein interactions (Taylor et al., 2003; Callicot et al., 2005).). The N-
terminal protein contains a globular domain and two putative nuclear localization
signals. Disruption of the protein-coding gene on chromosome 1 is believed to lead
to the C-terminal truncation of the DISC1 gene and is predicted to result in a
dominant negative form of its translated protein throughout the brain and renders
those with this translocation or single nucleotide polymorphisms (SNPs) in this gene

vulnerable to several psychiatric disorders.
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Introduction

Endogenous DISC1 is preferentially expressed in the pyramidal neurons of
the cortex and HC (Hikida et al., 2007) and is present in the brain throughout
development (Jaaro-Peled H, 2009). When properly translated this protein can be
found in the cytoplasm, the mitochondria and the nucleus of the neuron.
Mitochondria are the primary site of DISC1 expression, but it has also been found to
locate to the centrosome, axons, and synapses. DISC1's role is highly diverse and
its functions seem to depend on its cellular location. DISC1 in mitochondria have a
role in oxidative phosphorylation, calcium homeostasis, and apoptosis, which may
be relevant for the neuronal mechanisms believed to be involved in SZ. In addition,
DISC1 is associated with cytoskeleton protein ie NUDEL) and microtubule function,
and with the membrane trafficking of receptors (Millar et al., 2003). The DISCA1
protein regulates morphogenesis, maturation, migration, and synaptic integration of
neurons. It also regulates the proliferation of progenitor cells, specifically the rate of
neurogenesis at the point where progenitor cells mature into neurons. Additionally,
DISC1 interacts with membrane associated and signal transduction proteins
(Callicott, et al., 2005). For example, DISC1 participates in neurite outgrowth when it
interacts with its binding partner NUDEL. However, there is an isoform that results in
DISC1 truncation at the open reading frame and prevents this interaction with

NUDEL. DISC1 (as well as interactions with ATF4 and 5) overall levels are not
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decreased, but this shorter version’s location is highly nuclear (Sawamura, et al.,

2005). Also, there are several single nucleotide polymorphisms (SNPs) identified
and these variations, particularly Ser704Cys, have been shown to be important for
the structure and therefore function of the HC, even in those without schizophrenia;
normal controls with Ser/Ser have decreased HC grey matter volume (Callicott, et
al., 2005).

Many studies have shown correlations between DISC1 and quantitative traits
in psychiatric disorders, including SZ, including abnormalities in HC structure and
functions (Johnstone et al., 2011; Opmeer et al., 2014). Seven different transgenic
mouse strains of the DISC1 gene have been characterized (Jones et al., 2011).
These mice exhibit enlarged lateral ventricles and reduced cortical thickness and
brain volume, mimicking some characteristics of SZ. Some mutant mice have
reduced parvalbumin in the PFC and HC. Other mutants display reductions in
hippocampal dendritic complexity, structure, and density. Some DISC1 mice have
PPI deficits that are attenuated with antipsychotics (haloperidol and clozapine).
Other behavioral abnormalities seen in some mutants are hyperactivity, reduced
sociability, working memory, and executive function impairments, all which can be
seen in the human iliness. Talbot et al. (2004) has suggested that an abnormality in
the DISC1 gene could negatively impact cognition and working memory processes,
possibly through altering the PFC and HC molecular environment during

development. DISC1 polymorphisms are associated with reduced hippocampal grey
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matter volume and the N-acetylaspartic acid signal and abnormal engagement of the

HC during several cognitive tasks. The mechanisms may therefore involve HC
development and ensuing function (Harrison, 2004). While the use of DISC1 mice
has proven useful as an animal model of mental iliness to identify a range of
potential cellular mechanisms related to several psychiatric disorders, such as
depression and SZ, the use of DISC1 mutants has not contributed to an identification
of affected systems and proteins which define a psychosis mechanism.

The 93.6 kDa protein is moderately conserved across species. In 2002, Ma,
et al., cloned the mouse ortholog of this SZ risk gene, facilitating the study of
DISC1’s role in the brain and how its malfunction participates in mental illness. In
situ hybridization displayed an expression pattern in the HC, with highest levels
being found in the dentate gyrus (DG) and this is one of the reasons we have
become interested in this particular genetic risk gene. Genetic models with DISC1
have diverse phenotypes, many of which resemble characteristics of human SZ (ie.
decreased PPI, enlarged lateral and 3" ventricles, reduced PV staining in PFC, etc)
(Johnstone et al., 2011). However, it is known that not everyone who carries this
translocation develops SZ/psychosis, or even major mental iliness. Therefore
genetic deficiency may need to be expressed in the context of another risk factor in
order to manifest mental illness/psychosis. As stated before, we found relevant
behavioral changes in our DG-GIuN1 KO mouse preparation for psychosis, but fell

short of producing protein changes in the CA3 that are reminiscent of those reported
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in post mortem SZ tissue. Ergo, we combined the DG-GIuN1 mouse preparation with

the mouse the expresses the human translocation DISC1 (DISC1'®) (Hikida et al.,
20007) and hypothesize that this genetic burden will affect the vulnerable HC system
further, amplifying the CAs hyperactivity and producing the activity marker changes
we see in post-mortem tissue and intensify the behavioral phenotypes seen in either
of these SZ mouse preparations alone. By assessing sensory motor gating and
hippocampally mediate tasks we will test whether the DISC1 translocation enhances
hippocampal pathology in the DG-GIuN1 KO mouse and assess how this translates

into the clinical manifestations of the disorder.

Materials and Methods

Mice breeding and genotyping

In order to generate the DG granule cell layer specific-GIuN1 knockout mice
we crossed POMC-Cre mice with floxed GIuN1 mice (see chapter 2) using a
technique previously described by McHugh et al. (2007). We next crossed these DG
specific GIuN1 KO mice with DISC1"® mice that were kindly given to us from the
Sawa lab at John Hopkins University.

The genotyping of Cre detection was performed as in the published paper
McHugh et al. (2007), and the protocol from the Sawa lab was used for genotyping

DISC1™@ (Appendix A and B). The offspring were genotyped for both the POMC-Cre
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and DISC1'¢ via PCR amplification followed by separation and visualization on an

agarose gel (1.5%). All male mice were used in behavior experiments. The groups

that were compared were cnt (no DISC1™®

and no Cre detected), KO (Cre positive,
DISC17® negative), Disc 17® (DISC17€ positive, but Cre negative), and double
mutant DISC1"®GIluN1 KO (both Cre positive and DISC1'¢ positive).

We used REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich) to extract and
amplify DNA from a small snippet of each mouse’s tail. For amplification we mixed
10 pyL REDExtract -N-Amp PCR reaction mix, 1 pyL forward oligonucleotide

(supplemental Table 1) and 1 L reverse oligoneucleotide (supplemental Table 1) 6

yL water and 2 pyL DNA extract.

Behavioral Experiments

Each mouse was tested in all behavior paradigms. The testing was conducted
in a fixed order from least to most stressful paradigm (Figure 4-1). These
experiments were always evaluated with all four groups, then cnt and the double
mutant were pulled and tested separately against each other since we hypothesize
this to be the preparation for psychosis.
EPM

See Chapter Three.
Locomotor activity

See Chapter Two.
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PPI

See Chapter Two.
MWM
FC

See Chapter Three.

Molecular Experiments

See Chapter Two. All subfields were collected, but only CA3 protein levels
were assessed. For this experiment only GIuN2B, GIuN1, GAD-67 and PSD-95 were
used and B-Tubulin was used as a loading control.
Statistical Analysis

All statistical analyses were conducted using GraphPad Prism software (San
Diego, CA, USA). Significance was set as p<0.05 for all experiments. Outcomes for
locomotion were tested using a two-way ANOVA (genotype x time) and a one-way
ANOVA comparing the results from the different genotypes. One-way ANOVAs were
also used to assess differences in EPM, average movement over 2 hrs, PPI, and
FC. We used a two-way ANOVA to assess differences in western blots. Tukey’s
multiple comparison post hoc test was performed when significant differences were
found. One-way ANOVA was also used to assess differences in MWM, and
Dunnette’s multiple comparison post hoc test was used so that we could compare

the means to the target mean. We hypothesized a priori that the best comparison for
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this model would be between the cnt and the double mutant (DISC17¢ x GIuN1 KO),

therefore we preformed post hoc tests even when significance wasn’t apparent from

ANOVAs. Full statistical outcomes are included with the figure legends.

Results

DISC1™®GIluN1 knockout mice do not display anxiety

EPM is a test designed to use mice’s innate fear of open and bright spaces to
test for anxiety like phenotypes. In this behavioral paradigm DISC1"®GIuN1 mice do
not display significant differences of time spent in the open arm or in the dark arm
compared to their littermates (Figure 4-2).
DISC1™®GIluN1 knockout mice do not display hyperlocomotion

The number of beam breaks in 5 minute bins collected for 2 hours. Over the 2
hr time period all mice decreased their movement at about the same rate. All of the
mice started at a similar level of movement. There was no significant difference in
locomotion between any of the 4 genotypes we tested (Figure 4-3a). Overall
difference in motion based on the evaluation of the accumulative number of beam
breaks, which represents total movement, over the period of 2 hrs was not
significantly different (Figure 4-3b).

DISC1™®GIuN1 knockout mice do not show sensory motor gating deficits.
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Inhibition of startle response to a pre-pulse was observed at 72, 74, 78 and

82 dB (Figure 4-4). There were no significant differences among or between the 4
different genotypes that were tested at any pre-pulse decibel level. All groups had
similar reactivity.
DISC1™°GIuN1 knockout display a deficit in visual spatial memory

Using distal cues surrounding a pool of water in order to find a hidden
platform after many days of training is known as the Morris water maze. This
paradigm is used to assess spatial memory and relies on the hippocampus and
NMDA receptor function (Vorhees and Williams, 2006). On test day, when the

platform was removed, cnt and DISC1™®

crossed the platform area significantly more
times than the parallel areas in other quadrants; while the DISC1"™GIuN1 KO and
GluN1 KO mice did not show a significant increase in crossing at the platform area
(Figure 4-5).
DISC1™®GIuN1 knockout mice display a deficit in contextual fear memory
DISC1"@GIuN1 KO mice and their littermates were tested for contextual
memory retention as well as cued memory. DISC1"®GIuN1 KO mice freeze
significantly less in the contextual test, but showed no differences in freezing in the
new context nor with the cue presented (Figure 4-6).

DISC1™GIuN1 knockout mice do not change the protein profile of the CA3 in

hippocampus



111
Hippocampal subfield dissections were performed and run on an SDS-PAGE

gel in order to look for differences in protein concentrations. We tested 4 proteins: 2
NMDA receptor subunits (GIuN1, and GIuN2B), 1 postsynaptic marker (PSD-95) and
1 interneuronal marker (GAD-67). Proteins that were measured were normalized to
B-tubulin (Figure 4-7). There was no effect of DISC1'® on GIuN1 KO and cnt mice

demonstrated with any of the proteins we measured.

Discussion

A significant impact of this study is that it took a promising genetic lead that
we hypothesized would have a high probability of interaction and provided insight
into its function in the subfields of the hippocampus. Although DISC1 has statistical
relevance to SZ, its psychiatric vulnerability has encouraged its non-selectivity to be
overlooked. This study emphasizes the pleiotropy of genetic models and
demonstrates the variety of phenotypes that are expressed when this protein is
truncated.

A genetic risk factor for SZ, DISC1 translocation, has been revealed to be
important in hippocampal development, structure and function (Austin et al. 2004;
Callicot et al., 2005; Pletnikov et al., 2008, Brandon et al., 2009). It is for these
reasons that we decided to combine this genetic risk model with our GIuN1 knockout
psychosis mouse preparation. In this study we compared littermates; mice that had
GIuN1 knockout out, the human DISC1 transgene, the combination of the two, and

neither (cnt). We initiated this study by observing locomotor behavior as performed
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previously. We found no differences in locomotion over two hours. With this

information we can say with confidence that the outcome of behavioral differences
we found were not affected by hyper or hypo-locomotion. Although we found no
evidence of an anxiety phenotype with the GIuN1 cohorts given saline or PCP (see
chapter 3), we chose to evaluate the behavior of the mice in the elevated plus maze.
There were no significant differences in anxiety levels among the 4 genotypes in this
task. Next we looked at PPI and found no significant differences at any of the decibel
levels tested. We found diminished PPI in the GluN1 KO mouse (Figure 2-2) and
diminished PPI at low decibels due to chronic PCP administration (Figure 3-4). The
DISC1 transgenic mouse was tested (Hikida et al., 2007) and only had a reduction of
PPl at 74 dB, so it was not surprising to not find a difference between this mouse

17¢ x GIuN1 KO mouse also

and their control littermates. It is possible that the DISC
did not show a significant reduction in PPI due to a disruption of the whole
hippocampus, which was show to have no effect on PPl (Zhang et al., 2002). It is
curious though why we did not see a reduction in PPI with the GIluN1 KO alone
compared to their littermates.

We next assessed fear conditioning memory. We found a significant

17¢ x GIuN1 KO mouse. Because

decrease in context specific memory in the DISC
we found no difference between the other genotypes, this would indicate that the
burden of the DG specific GIuN1 KO in the DISC1™® mouse severely affects

contextual memory, but not DISC1" alone, nor the DG specific KO itself. This is

important, as it shows that a combination of factors (proteomic and genetic) is
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needed to elicit a phenotypic change in a SZ mouse model, and may be so in

humans. There were no significant differences in behavior in the tone fear
conditioning test for amygdala based cue memory.

We then moved to a spatial memory task and asked if we could observe any
differences in learning or memory in the Morris Water Maze task. In this
hippocampally mediated task the double mutant mice did not show a significant
difference in platform crossings in all areas of the pool, indicating that these mice
were unable to remember where the target was based on the surrounding cues that
they were trained with. However, this difference was not altered any more so than
the GIuN1 knockout mice. Time to platform did not significantly differ between
genotype over the training days (Supplemental Fig 3). This lack of difference
indicates that the different genotypes learn the Morris water maze task at the same
rate, demonstrates that the deficit that is seen is in memory. This indicates that
GIuN1 is necessary in the DG in order to mediate spatial recall.

An explanation for the lack of reduction in PPI in the GIuN1 KO mice could be
simply that the Cre-recombinase failed to reduce the levels of GIuN1 mRNA in the
DG of these mice. However, this is unlikely since we did see a combinatorial effect in
the elimination of contextual fear behavior and the retention of the spatial memory
deficit in the MWM.

We emphasize the GIuN1 KO mouse as a preparation to mimic the
hyperactivity of the CA3, but a preparation that may require an additional insult to

truly represent psychosis tissue changes. Therefore with this mouse preparation we
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next looked at post-synaptic protein changes there in CAs. Here we compared

protein levels of GluN1, GIuN2B, PSD-95 and GAD-67. When we dissected out the
CAs region of the hippocampus and ran the tissue out on a SDS-PAGE gel we found
an increase in the scaffolding protein PSD-95 in the double knockout when we did a
two-way ANOVA with Cre+ and DISC1 as the 2 factors, when GIluN1 is knocked out
of the DG in the DISC1™® mouse. This increase in PSD-95 in the CA; is one of the
signature protein changes seen in humans that we are attempting to replicate in our
mouse preparation.

The diversity of the findings in these studies only emphasizes the complexity

and heterogeneity of schizophrenia and its manifestations.

Figures and Tables

c
o
B
£
S9 -
4 months & 94& MWM FC
R N— p A \ A Dissections
L 111 | I I I I | 111 |
[ 11 FTTTTrTrTrrrrrTd 111 |
L W+ g
E £33
@ g5
- O

Figure 4-1 Timeline of experiments. The first vertical line represents birth. 4
months occurred before experiments began. The time between two vertical lines
represent a day (24hrs). The last vertical line represents the day we bilaterally
dissected HC for western blots.
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Figure 4-2 DISC1"®GluN1 KO mice do not display anxiety behavior. There were
no differences found between genotypes for time spent in open arm (one-way
ANOVA F(3,62)=0.0824, p=0.9694), the closed (one-way ANOVA F(3,62)=0.2118,
p=0.8879), nor the center (one-way F(3,62)=1.608, p=0.1752).
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Figure 4-3 DISC1"®GluN1 KO mice display no differences in locomotor
behavior. Over the 2 hr time period all four groups of mice decreased their
movement at about the same rate. a) The filled black circle represents the cnt
littermates, the filled pink square represents GluN1 KO mice, the dark green filled
triangle represents the DISC1™® mice, and the upside down light green triangle
represents the DISC1TGIuN1 KO mice. There are some differences in locomotion.
Two-way ANOVA, time x genotype: Interaction: F(69, 1488)=0.4446, p>0.9999;
Time: F(23,1488)=54.62, ***p<0.0001; Genotype: F(3, 1488)=5.865, ***p=0.0006,
post hoc test showed a significant difference at 5 mins between DISC1'¢ and
DISC1"®x KO, *p=0.0200. b) The average cumulative number of beam breaks over
120 mins (2hrs) (One-way ANOVA: F(3,62)=0.2633, p=0.8515).
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Figure 4-4 DISC1"®GIuN1 KO mice do not have reduced PPI. There were no
significant differences among or between the 4 different genotypes that were tested.
(One-way ANOVA 72dB: F(3,62)=1.172, p=0.3274; 74 dB: F(3,62)=1.224, p=0.3085;
78 dB: F(3,62)= 0.4241, p=0.7364; 82 dB: F(3,62)=0.6770, p=0.5694).
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b)

# platform crossings

Genotype
Figure 4-5 DISC1"®GluN1 KO reduced spatial memory, but similar to GIluN1 KO

alone. The control and DISC1'® were able to find the target platform when the

platform was removed. a) t-test between each average crossings of the other 3
areas that correspond to where the target would be if it was in those quadrants vs
the area corresponding to the target area where the mice were trained to go. Cnt:
t=3 df=15 **p=0.0090, GIuN1 KO: t=1.902 df=16 p=0.0753, DISC1"®: t=2.231 df=16
*p=0.0404, DISC1™®xGIuN1 KO: t=1.084 df=13 p=0.2982. b) One-way ANOVA to
compare the individual quadrant platform crossings, and Dunnette’s multiple
comparison post hoc tests: cnt: F=2.983(3,60), **p=0.0026, 1 vs target *p=0.0376
and 3 vs target ***p=0.0007; KO: F=4.274 (3,64), p=0.0759; DISC1: F=0.6928(3,64),
*p=0.0449, 2 vs target *p=0.0179; DISC1"®xGIuN1 KO: F=1.507 (3,52), p=0.1324.
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Figure 4-6 DISC1"®GluN1 KO reduced contextual memory. One day after fear
conditioning training a significant decrease was found in freezing in the context in
which the mice were trained (one-way ANOVA F(3,60)=4.082, *p=0.0105). DISC1™®
GluN1 KO mice froze significantly less than cnt, the GluN1 KO, and DISC1'¢@
(Tukey’s multiple comparison post hoc *p=0.0327, *p=0.0317, *p=0.0196). There
were no significant freezing differences in the new context, nor with the cue (one-
way ANOVA new context: F(3,60)=1.889, p=0.1407; new context+cue:
F(3,60)=1.131, p=0.3507).
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Figure 4-7 DISC1"®GIuN1 KO trends toward increased PSD-95 protein content.
Two-way ANOVAs for each protein with GIuUN1KO x DISC1'¢ as the factors. See
table 3 for statistical analysis.
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Table 3.
GluN1 GIluN2B/GIluN1 | PSD-95 GAD-67
Interaction F(1,56) =0.0049, F(1,58) =0.1034, | F(1,54) =0.2117, F(1,58) = 0.0014,
p = 0.9442 p = 0.7489 p = 0.6473 p = 0.9706
GIuN1KO F(1,56) =0.1633, | F(1,58) =0.1055, | F(1,54) =5.154, F(1,58) =2.574, p
p = 0.6877 p = 0.7465 *p = 0.0272 = 0.1140
Disc1'® F(1,56) = 0.8308, | F(1,58) =0.0015, | F(1,54)=0.0159, F(1,58) =0.0748,

p = 0.3660

p = 0.9697

p = 0.9002

p = 0.7854

cnt KO D DxKO

GIluN2B -180kDa
GIluN1-110 kDA

. PSD-95-95 kDA

GAD-67-67 kDA

- b-tubulin 51 kDA

Figure 4-8. Representative Western Blot Figures from CA3. Cnt, KO, DISC1'®
(D) and the double mutant (DxKO). GluN1 and 2B, PSD-95 and GAD-67 protine. B-
tubulin is used as the loading control.
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CHAPTER FIVE

Conclusions and Future Directions

The previous chapters in this dissertation describe the progress in generating
a reverse-translation animal preparation for schizophrenic psychosis that, once
verified, will be pivotal in contributing to our formulation of the molecular, cellular and
plasticity-based elements of human psychotic illnesses. The preceding chapters
emphasize the crucial need within the field of SZ research for a molecular
understanding of psychosis. This being said, fundamental molecular, genetic,
anatomic, and/or functional elements of SZ pathophysiology need to be identified in
affected human brain systems and replicated in the animal for dynamic studies and
understanding. Here | describe a novel, testable animal created in a reverse-
translational manner, based on human SZ HC subfield specific tissue pathology,
compelling in vivo imaging data of increased HC activity, as well as clinical findings
of declarative memory deficits in psychosis. We have provided evidence that a novel
molecular animal preparation generated to concretely parallel these human data in a
reverse-translation direction will be available for forward translation.

In the experiments put forth, DG human tissue molecular findings from
contrasting normal and schizophrenia cases were reproduced in a mouse. Based on
molecular and anatomic markers of synaptic plasticity within the CAz HC subfield in
humans with SZ we hypothesized that we would show evidence of altered plasticity

in this subfield in the mouse preparation. This rational was based on findings of
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increased GIuN2B-containing NMDA receptors, increased PSD-95 protein and an

increase in spine density in apical dendrites (Li et al., 2015). The interpretation we
made of these tissue findings is a dynamic one and not a formulation that can be
tested primarily in postmortem tissue. Therefore, we moved to create an animal that
would be useful in answering questions regarding psychosis pathology.

Using available human and animal experimental approaches this animal
preparation emerged as a speculative and testable construct of psychosis pathology
and behavior. Moreover, the translation of the human construct to an animal
preparation is direct and demonstrable, with the possibility of high construct validity.

Notwithstanding these data, the mechanism that propagates the increase in
activity in the CAs, seen as an increase in activated c-Fos positive neurons and
increased AMPA and NMDA receptor EPSCs, remains to be explored. The
compelling data leads us to determine that the decreased activity of the DG causes
the increase in activity in the CAz, but we need to demonstrate this in a more direct
manner. We fell short of finding an increase in GIuN2B containing NMDA receptors
in conjunction with PSD-95 increase, both findings which would further substantiate
the metaplastic change we hypothesized to occur in the HC of SZ psychosis. We
postulated that the reduction of GIuN1 in the DG would cause an increase in
neuronal activity markers, but failed to see these results with our chosen methods. It
is plausible that our methods were insufficient to detect functional molecular

changes. It is also conceivable that these findings in these different subfields are
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unrelated. We then speculated that we needed an additional risk factor for SZ to

augment the deficits we observed and to bring about the CA3 protein changes.
Neither the specific pharmacological agent, nor a genetic risk, was able to produce
the full range of changes we see in SZ human tissue.

In the first phase of developing a useful animal, we adopted the DG-specific
GluN1 KO mouse already developed in the Tonegawa laboratory. This was a logical
place to start because that mouse mimics as least one of the actual pathological
elements of the human schizophrenia tissue; low GluN1 limited in hippocampus to
dentate gyrus. Findings by McHugh et al., (2007), who were able to spatially restrict
the loss of the requisite subunit of the NMDA receptor, GIuN1, to the granule cells of
the DG and demonstrated that the DG is important for rapid discrimination between
two similar contexts with limited experience, inspired us to replicate the spatial
restriction loss of this subunit and ask if behavior and molecular changes would
parallel those of psychosis. McHugh et al (2007) report that in behaviors known to
involve the HC, MWM and contextual FC there are no significant differences
between DG-GIuN1 KO and their control littermates (MWM target quadrant memory
and one shock FC contextual memory). They do however go on to establish that
when testing contextual memory in a similar context, the GIuN1 mice (those that
retained the GIuN1 in DG) froze significantly more than their GIuN1 KO littermates.
Multi-tetrode recordings of place cells in CAz and CA1, an in vivo measurement, was

used to demonstrate this lack of discrimination when mice were allowed to explore
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two different contexts. In these two different contexts ensemble activity of firing

neurons was measured, first in a familiar/trained context and next in a new context.
When placed in a new situation the rate of remapping that place cells undergo is
measured. The new firing pattern is believed to represent the encoding of the new
context. They then compared the average firing rates in each context. An increase in
firing rate correlates with the formation of a new and distinct memory, suggesting the
representation of a different context. GluN1 KO mice display larger place cell fields
(% of sampled space) in CA1 and showed similar rate differences in CAz and CA;,
unlike the littermates, where CAs had larger rate differences than CA4. As well, the
rate difference was significantly lower in the CAs of GIuN1 KO mice compared to
their littermates. The Sawa group speculated that the loss of input from the DG to the
CA;z may have led to an increase of input from the entorhinal cortex, therefore
reducing the ability of the CAz to encode (detect, amplify and reflect subtle
differences). With this evidence they conclude that GIuN1 is important in the DG for
pattern separation.

Initially we tested the mice in several behavior paradigms that were known to
involve hippocampus to some degree. We tested PPI, FC, PA and MWM.
Secondarily, we looked for tissue markers of increase plasticity/activity in the CAg, by
western blot and immunohistochemistry. Lastly, we looked at a functional readout of

activity, electrophysiology.
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We propose that our findings strengthen the notion of subfield-specific

contribution to memory and learning. We demonstrated that with five-shock training,
contextual and cued fear conditioning was increased in the DG-GIuN1 KO mice. We
also attest to the memory for target quadrant (general area) in the MWM by both
GIuN1 KO mice and their littermates, but further demonstrate that the removal of
GluN1 protein in the DG inhibits mice from remembering the specific location of the
target. With this animal we were able to go even further to show that the activity of
pyramidal cells in the CAgs is increased, demonstrating associated activity-dependent
changes downstream in CAs and in CA4 with specific molecular, cellular and
electrophysiological characteristics, most consistent with the findings not only in
postmortem tissue but also SZ characteristics found in in vivo imaging (eg, hyper-
activity in hippocampus); we demonstrate this both by immediate early gene (c-Fos)
detection as well as the functional demonstration of increased EPSCs.

A caveat of this mouse preparation is the lack of understanding of the cellular
mechanisms through which removal of GIuN1 in the DG leads to enhanced CA3/CA;
activity. One might speculate that decreased granular cells activity triggers a
homeostatic adaptation in CAz pyramidal cells that aim to renormalize mossy fibers-
CA; excitatory transmission, but the mechanism remains elusive at this point.
Interestingly, DG granular cells in DG-GIuN1 KO mouse exhibit a decreased paired
pulse ratio. Whether this led to maladaptive CAz pyramidal neuron hyperexcitability,

i.e., a network-wide homeostatic adaptation that aim to re-normalize transmission is
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yet to be tested.

One of the major reasons we need an animal preparation of the psychosis
disease model is because the brain is dynamic and involves alterations in activity-
dependent signaling within the hippocampal trisynaptic circuit. Demonstration of the
feasibility of the disease model must include careful study of the response of each
hippocampal subfield to changes in DG activity and to the timing of those changes.
The relationships between CAs -CA; firing has been extensively studied in defining
metaplasticity principles (Bear and Malenka, 1994). The relationship between DG
and CABS firing has been less extensively studied, but detailed by McBain, et al
(2008) to show the primary excitability of CAs in response to alterations in DG
afferent signaling. Moreover, all of these principles are developmentally and
genetically influenced.

When we not detected no protein changes in the CA; that would point
towards increased activity (GIuN2B and PSD-95) we proposed that in order to induce
hippocampal changes after these first experiments, we needed to test the
hypotheses that adding risk factors for psychotic iliness, both a pharmacological
(PCP) and a genetic risk factor (human DISC1 translocation), would produce the
tissue changes of the GluN1 KO mouse to replicate those seen in human SZ.

We began by combining a pharmacological risk factor that is established as a
model for SZ, PCP, with the GluN1 KO mice. With this combination we again looked

at behaviors relevant to SZ and a deficit in HC learning and memory. We did not see
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any differences in anxiety-induced behavior, which we reasoned might explain the

increased freezing of the GluN1 KO mice in both the contextual and cued FC
paradigms. Surprisingly, we also did not observe any significant differences in FC. In
the PPI paradigm we found significant differences, but the effect was due to PCP
only and it wasn’t a combined effect. It was not surprising, however, after these
observations, that we did not find any differences in post-synaptic proteins in the
CAs. These findings are compelling evidence that the psychosis mechanism is
complex and multifaceted.

One caveat of this study is that the methodology of chronic PCP
administration is not widely established. It is important to establish the dose of PCP
given, the method of delivery, and the time line. Early studies of PCP as a model for
SZ focused on acute injections, and only recently have groups initiated chronic
administration as more ideal because it likely reflects the chronic changes in SZ
brain. Because PCP works in multiple brain areas and we were focused on the
hippocampus perhaps there is a compensatory mechanism that rectifies the deficits
we saw previously. There is evidence, at least in the pre-frontal cortex, that PCP-
induced abnormalities of acute systemic injection, such as hyperlocomotion and
stereotypies, are ameliorated by prior administration of the dissociative drug (Jodo,
2013). As well, there is the possibility that we failed to see an intensification of
deficits observed in the GIluN1 KO mouse because we have already perturbed the

system to maximum capacity. We hypothesize that we may have seen a rectification
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or normalization of behavior in the GluN1 KO animals with and without PCP because

of the amount of handling that they experienced, desensitizing fear behavior.
Perhaps the animals became accustomed to having repeated stressful experiences
(i.p. injections) over the course of a month. Conceivably, the animals had become
desensitized. In the future in order to see if this is the case we would want to implant
an infusion pump so that the animals are not being handled as much as in our
protocol. We could also infuse or inject PCP straight into the HC to get a regional,
localized effect that would be more relevant to our model of the HC being the locus
of psychosis.

There is compelling evidence that SZ is a polygenetic disorder and highly
heritable. A child with a parent who has SZ is 10 times more likely to develop the
disorder than those without. Based on meta-data analysis and twin studies the
heritability has been reported at around 80% (Gejman et al., 2010; Cardno and
Gottesman, 2000; Sullivan et al., 2003). Thus, we asked if a well-known genetic risk
factor for SZ, the human DISC1 translocation, in combination with our GluN1 KO
mouse preparation would perhaps enhance the psychosis features that were already
observed in these two animal models alone and would elicit the protein changes in
the CAg that are reminiscent of SZ post mortem tissue findings. Here we failed to
augment behavioral deficits seen with the GIluN1 KO mouse alone. PPl was not
significantly different for any genotype, at any decibel level so in fact we normalized

the PPI deficits previously seen. The double mutant mice displayed spatial memory
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loss in the MWM task, although it was not to an extent greater than the GIuN1 KO

alone. Importantly we found that GIuN1 and functional DISC1 interact and this
interaction is needed in the DG for contextual learning; in the absence of both GIuN1
protein in DG and the dysfunction of DISC1 we found the opposite behavioral
findings in contextual fear conditioning; a lack of freezing as oppose to an increase
in freezing. This loss of contextual fear memory in the double mutant is convincing
evidence that the interaction of GIuN1 and DISC1 are required in the DG for
contextual fear memory. With the inhibition of endogenous DISC1 protein and the
loss of the GIuN1 subunit of the NMDA receptor in the DG (the GIluN1 loss being
spatially restricted) the mice were less able to form a memory based on their
surroundings and therefore had reduced freezing in the test chamber compared to
their littermates.

The limitation of this experiment is the whole brain expression of the DISC1™®
protein. Although relevant because in SZ the expression of dysfunctional DISC1 isn’t
limited to a particular brain region (Millar et al., 2003; Austin et al., 2004, Shen et al.,
2008), when we postulate that psychosis is a learning and memory disorder of the
HC, having DISC1'® expression throughout the brain as a whole makes the changes
difficult to pin point effects that are part of the psychosis mechanism and the effects
from other areas of the brain. Perhaps, again, we have compensatory mechanisms
that mask the effect on psychosis behaviors and protein changes. The area we

focus on and hypothesize to be the mechanism of psychosis is that of the pathways
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and circuits in the HC. To explore this, in the future, we would need to limit the

DISC1™@ expression to the HC, or even individual subfields of the HC. Perhaps we
could use an AAV to deliver the transgene to the DG and look at the effects on
behavior and tissue changes that result. As well, maybe DISC1 is not the strongest
gene candidate for this preparation; perhaps 22g11 deletion mouse would be a
better combination to elicit the changes we see in SZ. Patients with this genetic risk
factor for SZ display changes in the HC [volume reduction (Debbané et al., 2006 and
Flanhault et al., 2011) and malrotation (Andrade et al., 2013)], a decrease in PPI
(Sobin et al., 2005; Paylor and Lindsay, 2006) and there is an extremely high risk of
development of SZ (Murphy et al., 1999; Bassett et al., 2003; Zinkstok and van
Amelsvoort, 2005; Gothelf et al., 2005 and 2007; Paylor and Lindsay, 2006;
Piskorowski et al., 2016; Ellegood et al., 2014; Ouchi et al., 2013; Drew et al., 2011).
This mouse model may also be a better candidate to match with the GIuN1 DG-
specific KO because it already shows a significant increase in volume of the 3™
ventricle [the most common brain structure abnormality found in SZ (Ellegood et al.,
2014)] an age dependent increase in hippocampal LTP (Earls et al., 2012),
decreased PPI (Gogos et al., 1999; Paylor et al., 2001; Paylor and Linsay, 2006),
and decreased contextual fear conditioning (Paylor et al., 2001; Paylor and Lindsay,
2006).

A different risk factor we can use that is both pharmacological, believed to be

genetically directed and whose action is developmentally restricted, is adolescent
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cannabis use; as cannabis use risk for psychosis is limited to early-mid adolescent

use (Semple et al., 2005 and French et al., 2015). This may be better to combine
with the DG specific KO mouse. The early adolescent cannabis-use risk is limited to
one of the COMT polymorphisms: Val158Met (Caspi et al., 2005; Henquet et al.,
2006, Zammit et al., 2007; Gutiérrez et al., 2009; O’Tuathaigh et al., 2010; Nieman
et al., 2016). The interplay of psychosis risk factors for brain diseases like psychosis
is complex, anatomically, molecularly and developmentally; exacerbating this illness
pathology will not be simple, albeit data regarding risk factors are informative,
whether they are positive or negative.

There is also the confound of epigenetics and epigenetic mechanisms
(Grayson et al., 2009; Peter and Akbarian, 2011) that are important in psychiatric
disorders and these changes can be based on parental experience, individual
experience and even environmental factors. Epigenetic alterations, such as histone
methylation, regulate gene expression and transcriptional regulation. This could also
explain the lack of consensus in neuropathology in SZ as well as explain the
heterogeneity of brain pathology see in this complex disorder. Dysregulated BDNF
gene transcription in general, rather than a certain gene, would compromise
neuronal circuitry and/or neurotransmission. The question of why neither risk factor
worked to exacerbate the behavioral phenotype seen in the GIuN1 KO mice, nor
appreciably extend or expand the hippocampal tissue pathology which we are trying

to establish to model psychosis in schizophrenia is a puzzle and suggests
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complexity of brain mechanisms for psychosis and that risks for SZ may not be

simple and perhaps there might be multiple neural circuits that support psychosis in
SZ (Johnstone et al., 2011; Pletnikov et al., 2008; Hikida et al., 2007; Shen et al.,
2008).

HC is involved in the mechanistic action of PCP, PCP is likely to generate
psychosis across different anatomic regions [ie PFC (Guidali et al., 2010 and Jodo,
2013), thalamus (Celada et al. 2013 and Troyano-Rodriguez et al., 2014), anterior
cingulate (Tamminga et al., 2003), as has been demonstrated by previous
pharmacological studies of PCP as a model for psychosis, rather than precisely
within these hippocampal subfields that we are examining. And the knowledge that
the DISCT translocation disturbs hippocampal anatomy and function might affect
some but not all of the pathology defined from human psychosis tissue. This latter
is not inconsistent with what we know of the DISC1 phenotype, since only a fraction
of the human DISC1 translocation carriers actually have schizophrenic psychosis per
se.

We understand and support the human data suggesting that it is the
interaction among primary neural circuits, especially circuits within the limbic cortex,
not an isolated regional alteration, which is the most likely basis for manifestations of
such a pervasive cognitive disturbance like psychosis. Our current formulation is
that the HC is the part of the limbic circuit that generates the psychotic ‘memory’

(analogous to the way that declarative memories themselves are generated), but is
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not the only brain region involved in its consolidation, storage, saliency or many

other characteristics. Moreover, memory itself is broader than declarative memory.
Therefore, this implicates the whole limbic psychosis circuit, including but not limited
to HC.

In order to directly inhibit or stimulate neurons in specific subfields we have
chosen to use Designer Receptor Activated by a Designer Drug (DREADD)
technology. We will use this DREADD technology in order to alter firing in DG and in
CAg;, to test the outcomes in an animal preparation of these kinds of dynamic
subfield changes on overall hippocampal activity and CAg firing. In the future, the
use of an inhibitory DREADD in DG granule cells (ie. dorsal or ventral or both) of
C57BI/6 mice with an examination of cellular activity in CAs will suggest whether a
simple change in excitatory transmission in the mossy fiber pathway can generate
hyperactivity in CAs [measured electrophysiologically and analyzing c-Fos activated
neurons, and possibly in vivo electrodes (Ferguson and Neumaier, 2012)] and
whether anything additional is necessary for inducing psychosis behaviors. Then,
also an excitatory DREADD in CA3; when activated should show overall hippocampal
hyperactivity and be associated with behaviors of psychosis in the mouse. This
DREADD technology will remove the developmental aspect of the Cre recombinase
system. This technology is also more direct and will allow us to spatially localized the
excitation or inhibition of neurons. We could also use this technology to look at

different developmental timelines to see if said activity is important at a specific time
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of maturation. We could also experiment with different protocols to observe the

differences between acute and chronic activation/inhibition of HC neurons.

We are in the process of gathering and analyzing specific data from the
human subfield transcriptomes in the schizophrenia vs healthy cases. Once this is
achieved additional genetically manipulated mice will be considered. Of the
important research to carry out in the future is a characterization of the
pharmacology of these animal preparations, including not only dopamine
antagonists, but also muscarinic agonists (Jones et al., 2012; Digby et al., 2012;
Byun, et al., 2014; Gibbons and Dean, 2016), all thought to influence neuronal
activity in HC and shown to alleviate psychotic symptoms.

We do not yet have an irrefutable understanding of how psychotic symptoms
are generated and what the complexity of dysfunctional gene, or combination of
genes, [i.e. their level of expression, location of expression (or lack there of), etc.] is
in relation to these psychotic symptoms and their manifestations. We also do not
know the possible drug (if not PCP, maybe ketamine), its dose and the duration of
use and at which developmental point to use it for maximal stimulation of the HC
with this animal preparation. It is possible that our beginning hypotheses were
extensively naive. Nonetheless, this animal preparation can now be further tested in
combination with SZ risk factors such as maternal deprivation, environmental stress
factors and genetic anomalies that potentially increase the risk for the development

of SZ. The availability of an animal preparation which will be informative for the
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behavior of a human neural microcircuit in HC believed to be important in a brain

disorder like SZ with psychosis will be a significant advantage for studying

psychosis.



APPENDIX A
Primers

Cre —M260 5-GGCCAGCTAAACATGCTTCATCGT-3’

M265 5’-TATCTTTAACCCTGATCCTGGCAA-3’

Floxed p - 0IMR3742 5-GTGAGCTGCACTTCCAGAAG-3’
0IMR3743 5-GACTTTCGGCATGTGAAATG-3’
0IMR6916 5-CTTGGGTGGAGAGGCTATTC-3’

0IMR6917 5~ AGGTGAGATGACAGGAGATC-3’

DISC1-DN-DISC1'® sense 1354-1373 5-GAA TGG AGC CGA GGC TGT TG-3’

Anti-sense alpha CaMKII-R 5’-CCC AGC CTA GAC CAC AAT GC-3’

135



APPENDIX B
Cycling Parameters for PCR

Cre: 1 cycle 94°C 4 min.
35 cycles 94°C 30 sec.

55°C 30 sec.

72°C 1 min.

1 cycle 72°C 10 min.
Hold 4°C

Flox p: 1 cycle  94°C 4 min.
40 cycles 94°C 45 sec.

61°C 45 sec.
72°C 1 min.
1cycle 72°C 7 min.
Hold 4°C

DISC1:1cycle 94°C 5 min.
40 cycles 94°C 45 sec.

58°C 45 sec.
72°C 1 min.
1cycle 72°C 7 min.
Hold 4°C
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Supplemental Figure 1. MWM learning pattern. Cnt and KO mice learned to find
the target platform at similar rates over 12 days.
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Supplemental Figure 2. MWM learning pattern. Cnt, KO, DISC1'® and the double
mutant learned to find the target platform at similar rates over 14 days.



REFERENCES

Aanosen LM and Wilcox GL. Phencyclidine selectively blocks a spinal action of N-
methyl-D-aspartate in mice. Neurosci Lett. 1986 Jun;67(2):191-7.

Abraham WC and Bear MF. Metaplasticity: the plasticity of synaptic plasticity.
Trends Neurosci. 1996 Apr;(4):126-30.

Adesnik H1, Li G, During MJ, Pleasure SJ, Nicoll RA. NMDA receptors inhibit
synapse unsilencing during brain development. Proc Natl Acad Sci U S A.
2008 Apr;105(14):5597-602.

Alberts B, Johnson A, Lewis J, et al. Molecular Biology of the Cell. 4th edition. lon
Channels and the Electrical Properties of Membranes. New York: Garland
Science; 2002.

Altar CA, Jurata LW, Charles V, Lemire A, Liu P, Bukhman Y, et al. Deficient
hippocampal neuron expression of proteasome, ubiquitin, and mitochondrial
genes in multiple schizophrenia cohorts. Biol Psychiatry. 2005;58:85—-96.

Amaral DG and Insausti R. Hippocampal formation. G. Paxinos (Ed.), The Human
Nervous System, Academic Press, San Diego.1990. 711-755.

Anagnostaras SG, Gale GD, Fanselow MS. Hippocampus and contextual fear
conditioning. Progressin Neurobiology. 2004;74(5):301-320.

Anagnostaras SG, Gale GD, Fanselow MS. Hippocampus and contextual fear
conditioning: recent controversies and advances. Hippocampus.
2001;11(1):8-17.

Anderson P. Organization of hippocampal neurons and their interconnections. In
R.L. Isaacson & K.H. Pribram (Eds.) The Hippocampus Vol. | (pp. 155-175),
New York, Plenum Press. 1975.

Andrade DM, Krings T, Chow EW, Hiehl TR, Bassett AS. Hippocampa malrotation is
associated with chromosome 22g11.2 microdeletion. Can J Neurol Sci. Sep
2013;40(5):652-6.

Anggono V and Huganir RL. Regulation of AMPA Receptor Trafficking and Synaptic
Plasticity. Curr Opin Neurobiol. 2012 Jun; 22(3): 461—-469.

Araki Y, Zeng M, Zhang M, Huganir RL. Rapid Dispersion of SynGAP from Synaptic

CXXxviil



CXXXIX

Spines Triggers AMPA Receptor Insertion and Spine Enlargement during
LTP. Neuron. 2015 Jan;85:173—189.

Austin CO, Ky B., Ma L, Morris JA, Shughrue PJ. Expression of disrupted-in-
schizophrenia-associated gene, is prominent in the mouse hippocampus
throughout brain development. Neurosci. 2004;124:3-10.

Bailey, C.H., Castellucci, V.F., Koester, J., and Kandel, E.R. Cellular studies of
peripheral neurons in siphon skin of Aplysia californica. J. Neurophysiol.
1979;42:530-557.

Balla A, Koneru R, Smiley J, Serchen H, Javitt. Continuous phencyclidine treatment
induces schizophrenia-like hyperreactivity of striatal dopamine release.
Neuropharmacology. 2001;25:157-164.

Barria A, Malinow R. NMDA receptor subunit composition controls synaptic plasticity
by regulating binding to CaMKII. Neuron. 2005;48(2):289-301.

Bast T and Feldon J. Hippocampal modulation of sensorimotor processes. Progress
in Neurobiology. 2003;70-319-345.

Bear MF. Bidirectional synaptic plasticity: from theory to reality. Philos Trans R Soc
Lond B Biol Sci. 2003 Apr;358(1432):649-55.

Bear MF, Malenka RC. Synaptic plasticity: LTP and LTD. Curr Opin Neurobiol. 1994
Jun;4(3):389-99.

Ben Menachem-Zidon O, Goshen |, Kreisel T, Ben Menahem Y, Reinhartz E, Ben
Hur T, Yirmiya R. Intrahippocampal transplantation of transgenic neural
precursor cells overexpressing interleukin-1 receptor antagonist blocks
chronic isolation-induced impairment in memory and neurogenesis.
Neuropsychopharmacology. 2008 Aug;33(9):2251-62.

Bennett MV, Pellegrini-Giampietro DE, Gorter JA, Aronica E, Connor JA, Zukin RS.
The GluR2 hypothesis: Ca(++)-permeable AMPA receptors in delayed
neurodegeneration. Cold Spring Harb Symp Quant Biol. 1996;61:373-84.

Benneyworth MA, Basu AC, Coyle JT. Discordant behavioral effects of
psychotomimetic drugs in mice with altered NMDA receptor function.
Psychopharmacology (Berl). 2011 Jan;213(1):143-53.

Bey T and Patel A. Phencyclidine Intoxication and Adverse Effects: A Clinical and



cxl

Pharmacological Review of an lllicit Drug. Cal J Emerg Med. 2007 Feb;8(1):
9-14.

Beyeler A, Namburi P, Glober GF, Simonnet C, Calhoon GG, Conyers GF, Luck R,
Wildes CP, Tye KM. Divergent Routing of Positive and Negative Information
from the Amygdala during Memory Retrieval. Neuron. 2016 Apr;90(2):348-61.

Bliss TVP, Collingridge GL. A synaptic model of memory: long-term potentiation in
the hippocampus. Nature. 1993;361:31-39.

Braff D, Stone C, Callaway E, Geyer M, Glick |, Bali L Prestimulus effects on human
startle reflex in normals and schizophrenics. Psychophysiology.1978;15:339-
343.

Brandon NJ, Millar JK, Korth C, Sive H, Singh KK, Sawa A. Understanding the role
of DISC1 in psychiatric Disease and during normal development. J Neurosci.
2009 Oct;29(41):12768-12775.

Bremner JD. Traumatic stress: effects on the brain. Dialogues Clin Neurosci. 2006
Dec;8(4): 445—-461.

Bremner JD, Elzinga B, Schmahl C, Vermetten E. Structural and functional plasticity
of the human brain in posttraumatic stress disorder. Prog Brain Res.
2008;167:171-86.

Bremner JD, Randall P, Scott TM, Bronen RA, Seibyl JP, Southwick SM, et al. MRI-
based measurement of hippocampal volume in patients with combat-related
posttraumatic stress disorder. Am J Psychiatry. 1995.152: 973—-981.

Broussard JI, Yang K, Levine AT, Tsetsenis T, Jenson D, Cao F, Garcia |, Arenkiel
BR, Zhou FM, De Biasi M, Dani JA. Dopamine Regulates Aversive Contextual
Learning and Associated In Vivo Synaptic Plasticity in the Hippocampus. Cell
Rep. 2016 Mar;14(8):1930-9.

Bullitt E. Expression of c-fos-like protein as a marker for neuronal activity following
noxious stimulation in the rat. J Comp Neurol. 1990 Jun;296(4):517-30.

Byun NE, Grannan M, Bubser M, Barry RL, Thompson A, Rosanelli J, Gowrishankar
R, Kelm ND, Damon S, Bridges TM, Melancon BJ, Tarr JC, Brogan JT,
Avison MJ, Deutch AY, Wess J, Wood MR, Lindsley CW, Gore JC, Conn PJ,
Jones CK. Antipsychotic drug-like effects of the selective M4 muscarinic
acetylcholine receptor positive allosteric modulator VU0152100.



cxli
Neuropsychopharmacology. 2014 Jun;39(7):1578-93.

Callicott JH, Straub RE, Pezawas L, Egan MF, Mattay VS, Hariri AR, Verchinski BA,
Meyer-Lindenberg A, Balkissoon R, Kolachana B, Goldberg TE and
Weinberger DR. Variation in DISC1 affects hippocampal structure and
function and increases risk for schizophrenia. Proc Natl Acad Sci U S A. 2005
Jun;102(24): 8627—-8632.

Cardno AG, Gottesman I. Twin studies of schizophrenia: From bow-and-arrow
concordances to Star Wars Mx and functional genomics. Am J Med Genet.
2000;97:12.

Carpenter WT and Buchanan RW. Schizophrenia. N Engl J Med. 1994;330:680-90.

Castner SA, Williams GV. From vice to virtue: insights from sensitization in the
nonhuman primate. Prog Neuropsychopharmacol Biol Psychiatry. 2007
Nov;31(8):1572-92.

Ceccom J, Bouhsira E, Halley H, Daumas S, Lassalle JM. Differential needs of zinc
in the CA3 area of dorsal hippocampus for the consolidation of contextual
fear and spatial memories. Learn . 2013 Jul;20(7):348-51.

Ceccom J, Halley H, Daumas S, Lassalle JM. A specific role for hippocampal mossy
fiber's zinc in rapid storage of emotional memories. Learn Mem. 2014
May;21(5):287-97.

Celada P, Llado-Pelfort L, Santana N, Karieman L, Troyano-Rodriguez E,
Riga MS et al. Disruption of thalamocortical activity in schizophrenia
models: Revelance to antipsychotic drug action. Int J
Neuropsychopharmacol. 2013;16:2145-2163.

Chao HM, Kao H and Porton B. BDNF Val66Met variant and age of onset in
schizophrenia. Am J Med Genet B Neuropsychiatr Genet. Jun
2008;147B94):505-506.

Chen LJ, Wang YJ, Chen JR, Tseng GF. NMDA receptor triggered molecular
cascade underlies compression-induced rapid dendritic spine plasticity in
cortical neurons. Exp Neurol. 2015 Apr;266:86-98.

Chen X, Nelson CD Li X, Winters CA, Azzam R, Sousa AA, Leapman RD, Gainer
H.The PSD-95 Is Required to Sustain the Molecular Organization of the
Postsynaptic Density. Journal of Neuroscience. 2011 April; 31(17): 6329-



cxlii
6338.

Citri A and Malenka RC. Synaptic Plasticity: Multiple Forms, Functions, and
Mechanisms. Neuropsychopharmacology. 2008;33:18—41.

Coan EJ, Collingridge GL. Effects of phencyclidine, SKF 10,047 and related
psychotomimetic agents on N-methyl-D-aspartate receptor mediated synaptic
responses in rat hippocampal slices. Br J Pharmacol. 1987 Jul;91(3):547-56.

Cochran SM, Kennedy M, McKerchar CE, Steward LJ, Pratt JA, Morris BJ. Induction
of metabolic hypofunction and neurochemical deficits after chronic intermittent
exposure to phencyclidine: differential modulation by antipsychotic drugs.
Neuropsychopharmacology. 2003 Feb;28(2):265-75.

Collingridge GL, Randall AD, Davies CH, Alford S. The synaptic activation of NMDA
receptors and Ca2+ signalling in neurons. Ciba Found Symp. 1992;164:162-
71; discussion 172-5.

Coyle JT. Glutamate and schizophrenia: beyond the dopamine hypothesis. Cell Mol
Neurobiol. 2006;26:365—-384.

Coyle JT. NMDA receptor and schizophrenia: a brief history.Schizophr Bull. 2012
Sep;38(5):920-6.

Cravens CJ, Vargas-Pinto N, Christian KM, Nakazawa K. CA3 NMDA receptors are
crucial for rapid and automatic representation of context memory. Eur J
Neurosci. 2006 Sep;24(6):1771-80.

Cruz FB, Koya E, Guez-Barber DH, Bossert JM, Lupica CR, Shaham Y, Hope BT.
New technologies for examining the role of neuronal ensembles in drug
addiction and fear. Nature Reviews Neuroscience. 2013;14:743—-754.

Cull-Candy S, Brickley S andFarrant M. NMDA receptor subunits: diversity
development and disease. Curr Opinion in Neurobiology. 2001;11:327-335.

Cuthbert BN and Insel TR. Toward new approaches to psychotic disorders: the
NIMH research domain criteria project. Schizophr Bull. 2010;36:1061-1062.

Das T, Ivleva El, Wagner AD, Stark CE, Tamminga CA. Loss of pattern separation
performance in schizophrenia suggests dentate gyrus dysfunction. Schizophr
Res. 2014;159(1):193-197.



cxliii
Daskalakis ZJ1, Christensen BK, Fitzgerald PB, Chen R. Dysfunctional neural

plasticity in patients with schizophrenia. Arch Gen Psychiatry. 2008
Apr;65(4):378-85.

Daumas S, Halley H, Lassalle JM. Disruption of hippocampal CA3 network: effects
on episodic-like memory processing in C57BL/6J mice. Eur J Neurosci 2004
Jul;20(2):597-600.

Davis KL, Kahn RS, Ko G, Davidson M. Dopamine in schizophrenia: a review and
reconceptualization. Am J Psychiatry. 1991 Nov;148(11):1474-86.

de Bartolomeis A, Latte G, Tomasetti C, lasevoli F. Glutamatergic postsynaptic
density protein dysfunctions in synaptic plasticity and dendritic spines
morphology: relevance to schizophrenia and other behavioral disorders
pathophysiology, and implications for novel therapeutic approaches. Mol
Neurobiol. 2014 Feb;49(1):484-511.

de Hoz L, Knox J, Morris RGM. Longitudinal axis of the hippocampus: both septal
and temporal poles of the hippocampus support water maze spatial learning
depending on the training protocol. Hippocampus. 2003;13:587-603.

Debbané M, Schaer M, Farhoumand R, Glaser B, Eliez S. Hippocampal volume
reduction in 22q11.2 delpetion syndrome. Neuropsychologia.
2006;44(12):2360-5.

Deicken RF, Pegues M, Amend D. Reduced hippocampal N-acetylaspartate without
volume loss in schizophrenia. Schizophr Res.1999;37:217-223.

Digby GJ, Noetzel MJ, Bubser M, Utley TJ, Walker AG, Byun NE, Lebois EP, Xiang
Z, Sheffler DJ, Cho HP, Davis AA, Nemirovsky NE, Mennenga SE, Camp BW,
Bimonte-Nelson HA, Bode J, Italiano K, Morrison R, Daniels JS, Niswender
CM, Olive MF, Lindsley CW, Jones CK, Conn PJ. Novel allosteric agonists of
M1 muscarinic acetylcholine receptors induce brain region-specific responses
that correspond with behavioral effects in animal models. J Neurosci. 2012
Jun;32(25):8532-44.

Dossani RH, Missios S, Nanda A. The legacy of Henry Molaison (1926-2008) and
the impact of his bilateral mesial temporal lobe surgery on the study of human
memory. World Neurosurg. 2015 Oct:84(4):1127-35.

Dragunow M and Faull R. The use of c-fos as a metabolic marker in neuronal
pathway tracing. J Neurosci Methods. 1989 Sep;29(3):261-5.



cxliv

Drew LJ, Stark KL, Fénelon K, Karayiorgou M, Macdermott AB, Gogos JA. Evidence
for altered hippocampal function in a mouse model of the human 22g11.2
microdeletion. Mol Cell Neurosci. 2011 Aug;47(4):293-305.

Dumas TC. Postnatal alterations in induction threshold and expression magnitude of
long-term potentiation and long-term depression at hippocampal synapses.
Hippocampus. 2012 Feb;22(2):188-99.

D’Ascenzo M, Podda MV, Grassi C. The role of D-serine as co-agonist of NMDA
receptors in the nucleus accumbens: relevance to cocaine addiction. Front
Synaptic Neurosci. 2014;6:16.

Earls LR, Fricke RG, Yu J, Berry RY, Baldwin LT, Zakharenko SS. Age-dependent
microRNA control of synaptic plasticity in 22g11 deletion syndrome and
schizophrenia. J Neurosci. 2012 Oct;32(41):14132-44.

Eccles JC. Calcium in long-term potentiation as a model of memory. Neuroscience.
1983 Dec;10(4):1071-81.

Ehlers MD, Mammen AL, Lau LF, Huganir RL. Synaptic targeting of glutamate
receptors. Curr Opin Cell Biol. 1996 Aug;8(4):484-9.

El-Husseini AE, Schnell E, Chetkovich DM, Nicoll RA, Bredt DS. PSD-95
involvement in maturation of excitatory synapses. Science.
2000;290(5495):1364—1368.

Elias GM1, Elias LA, Apostolides PF, Kriegstein AR, Nicoll RA. Differential trafficking
of AMPA and NMDA receptors by SAP102 and PSD-95 underlies synapse
development. Proc Natl Acad Sci U S A. 2008 Dec;105(52):20953-8.

Ellegood J, Markx S, Lerch JP, Steadman PE, Gen¢ C, Provenzano F, Kushner SA,
Henkelman RM, Karayiorgou M, Gogos JA. Neuroanatomical phenotypes in a
mouse model of the 22q11.2 microdeletion. Mol Psychiatry. 2014
Jan;19(1):99-107.

Engert F, Bonhoeffer T. Dendritic spine changes associated with hippocampal long-
term synaptic plasticity. Nature. 1999;399(6731):66—70.

Erreger K, Dravid SM, Banke TG, Wyllie DJ, Traynelis SF. Subunit-specific gating
controls rat NR1/NR2A and NR1/NR2B NMDA channel kinetics and synaptic
signaling profiles. J Physiol. 2005 Mar;563(Pt 2):345-58.



cxlv

Evans RC, Morera-Herreras T, Cui Y, Du K, Sheehan T, Kotaleski JH, Venance L,
Blackwell KT. The effects of NMDA subunit composition on calcium influx and
spike timing-dependent plasticity in striatal medium spiny neurons. PLoS
Comput Biol. 2012;8(4):e1002493.

Fajnerova |, Rodriguez M, Lev€ik D, Konradova L, Mikolas P, Brom C, Stuchlik A,
Vi¢ek K, Horacek J. A virtual reality task based on animal research-spatial
learning and memory in patients after the first episode of schizophrenia. Front
Behav Neurosci. 2014 May;8:157.

Fanselow MS and Dong H. Are The Dorsal and Ventral Hippocampus functionally
distinct structures? Neuron. 2010 Jan; 65(1): 7.

Felix-Ortiz AC, Beyeler A, Seo C, Leppla CA, Wildes CP, Tye KM. BLA to vHPC
inputs modulate anxiety-related behaviors. Neuron. 2013;79:658—664.

Ferguson SM and Neumairer JF. Grateful DREADDs: Engineered receptors reveal
how neural circuits regulate behavior. Neuropsychopharmacology. 2012
Jan;37(1):296-7.

Fernandes D, Carvalho AL. Mechanisms of homeostatic plasticity in the excitatory
synapse. J Neurochem. 2016 May. [Epub ahead of print]

Fernando ABP and Robbins TW. Animal Models of Neuropsychiatric Disorders.
Annu Rev Clin Psychol. 2011;7:39-61.

Flahault A. Schaer M, Ottet MC, Debbané M, Eliez S. Hippocampal volume reduction
in chromosome 22q11.2 deletion syndrome (22g11.2SD): a longitudinal study
of morphometry and symptomology. Psychiatry Res. Jul 2012;203(1):1-5.

Fletcher P. The missing link: a failure of fronto-hippocampal integration in
schizophrenia. News Views,1998; 1:266—-267.

Flores G, Morales-Medina JC, Diaz A. Neuronal and brain morphological changes in
animal models of schizophrenia. Behav Brain Res. 2016 Mar;301:190-203.

Forrest D, Yuzaki M, Soares HD, Ng L, Luk DC, Sheng M, et al. Targeted disruption
of NMDA receptor 1 gene abolishes NMDA response and results in neonatal
death. Neuron. 1994;13:325-338.

French L, Gray C, Leonard G, Perron M, Pike GB, Richer L, Séguin JR, Veillette S,



cxlvi

Evans CJ, Artiges E, Banaschewski T, Bokde AW, Bromberg U, Bruehl R,
Buchel C, Cattrell A, Conrod PJ, Flor H, Frouin V, Gallinat J, Garavan H,
Gowland P, Heinz A, Lemaitre H, Martinot JL, Nees F, Orfanos DP,
Pangelinan MM, Poustka L, Rietschel M, Smolka MN, Walter H, Whelan R,
Timpson NJ, Schumann G, Smith GD, Pausova Z, Paus T. Early Cannabis
Use, Polygenic Risk Score for Schizophrenia and Brain Maturation in
Adolescence. JAMA Psychiatry. 2015 Oct;72(10):1002-11.

Gadek-Michalska A and Bugajski J. Repeated handling, restraint, or chronic
crowding impair the hypothalamic-pituitary-adrenocortical response to acute
restraint stress. J Physiol Pharmacol. 2003 Sep;54(3):449-59.

Gao XM, Elmer Gl, Adams-Huet B, Tamminga CA. Social memory in mice:
disruption with an NMDA antagonist and attenuation with antipsychotic drugs.
Pharmacol Biochem Behav. 2009;92:236—242.

Gao XM, Sakai K, Roberts RC, Conley RR, Dean B, Tamminga CA. lonotropic
glutamate receptors and expression of N-methyl-D-aspartate receptor
subunits in subregions of human hippocampus: effects of schizophrenia. Am
J Psychiatry. 2000;157:1141-1149.

Geinisman Y, Berry RW, Disterhoft JF, Power JM, Van der Zee EA. Associative
learning elicits the formation of multiple-synapse boutons. J Neurosci. 2001
Aug;21(15):5568-73.

Gejman PV, Sanders AR, and Duan J. The Role of Genetics in the Etiology of
Schizophrenia. Psychiatr Clin North Am. 2010 Mar;33(1): 35—-66.

Geyer MA, and Moghaddam B. “Chapter 50: Animal models relevant to
schizophrenia disorders.” Psychopharmacology: The Fifth Generation of
Progress, American College of Neuropsychopharmacology. 2002;689-701.

Ghose S, Chin R, Lewis-Amezcua K, Frost DO, Roberts R, et al. Distinct gene
expression correlations in schizophrenia between NR1 and GADG67 in the
anterior hippocampus. Abstract, 36th Annual Meeting of the Society for
Neuroscience, Atlanta, GA (2006)

Gibbons A, Dean B. The Cholinergic System: An Emerging Drug Target for
Schizophrenia. Curr Pharm Des. 2016;22(14):2124-33.

Goff DC, Coyle JT. The emerging role of glutamate in the pathophysiology and
treatment of schizophrenia. Am J Psychiatry 2001;158:1367-77.



cxlvii

Gogos JA, Santha M, Takacs Z, Beck KD, Luine V, Lucas LR, et al. The gene
encoding proline dehydrogenase modulates sensorimotor gating in mice. Nat
Genet. 1999;21:434-4309.

Gomperts SN. Clustering membrane proteins: It's all coming together with the PSD-
95/SAP90 protein family. Cell. 1996 Mar;84(5):659-62.

Gothelf D, Eliez S, Thompson T, Hinard C, Penniman L, Feinstein C, Kwon H, Jin S,
Jo B, Antonarakis SE, Morris MA, Reiss AL. COMT genotype predicts
longitudinal cognitive decline and psychosis in 22q11.2 deletion
syndrome. Nat Neurosci. 2005;8:1500—-1502.

Gothelf D, Penniman L, Gu E, Eliez S, Reiss AL. Developmental trajectories of brain
structure in adolescents with 22g11.2 deletion syndrome: a longitudinal
study. Schizophr Res. 2007 Nov;96(103):72-81.

Gratacos M, Gonzalez JR, Mercader JM, de Cid R, Urretavizcaya M, Estivill X.
Brain-derived neurotrophic factor Val66Met and psychiatric disorders: meta-
analysis of case-control studies confirm association to substance-related
disorders, eating disorders, and schizophrenia.B iol Psychiatry. 2007
Apr;61(7):911-22.

Grayson DR, Chen Y, Dong E, Kundakovic M, Guidotti A. From trans-
methylation to cytosine methylation: evolution of the methylation
hypothesis of schizophrenia. Epigenetics. 2009 Apr;4(3):144-149.

Green MF, Nuechterlein KH, Gold JM, Barch DMCohen J, Essock S et
al. Approaching s consensus cognitive battery for clinical trials in
schizophrenia: the NIMH-MATRICS conference to select cognitive domains
and test criteria. Biol Psychiatry. 2004;56:301-307.

Green MJ, Matheson SL, Shepherd A, Weickert CS and Carr VJ. Brain-derived
neurotrophic factor levels in schizophrenia: a systematic review with meta-
analysis. Mol Psychiatry. 2011 Sep;16(9):960-72.

Greene R. Circuit analysis of NMDAR hypofunction in the hippocampus, in vitro, and
psychosis of schizophrenia. Hippocampus. 2001;11(5):569-77.

Grillon C, Ameli R, Charney DS, Krystal J, Braff D. Startle gating deficits occur
across prepulse intensities in schizophrenic patients. Biol Psychiatry. 1992



cxlviii
Nov;32(10):939-43.

Guidali C, Vigano d, Petrosin S, Zamberletti E, Realini N, Binelli G, Rubino T, Di
Marzo V, Parolaro D. Cannabinoid CB; receptor antagonism prevents
neurochemical and behavioral deficits induced by chronic phencyclidine. Int J
Neuropsychopharmacol. 2011 Feb;14(1):17-28.

Gur RE. Left hemisphere dysfunction and left hemisphere overactivation in
schizophrenia. J Abnorm Psychol. 1978;87: 226—238.

Hall BJ, Ripley B, Ghosh A. NR2B signaling regulates the development of synaptic
AMPA receptor current. J Neurosci. 2007 Dec;27(49):13446-56.

Halt AR, Dallapiazza RF, Zhou Y, Stein IS, Qian H, Juntti S, Wojcik S, Brose N, Silva
AJ, Hell JW. CaMKII binding to GIuN2B is critical during memory
consolidation. EMBO J. Mar 2012;31(5):1203-16.

Haracz JL. Neural plasticity in schizophrenia. Schizophr Bull. 1985;11(2):191-229.

Harrison PJ. The hippocampus in schizophrenia: a review of the neuropathological
evidence and its pathophysiological implications. Psychopharmacology (Berl).
2004;74:151-162.

Harrison PJ. Postmortem studies in schizophrenia. Dialogues Clin Neurosci. Dec
2000; 2(4): 349-357.

Heckers S, Rauch SL, Goff D, Savage CR, Schacter DLFAJ, Alpert NM. Impaired
recruitment of the hippocampus during conscious recollection in
schizophrenia. Nature. 1998;1:318-323.

Heckers S, Stone D, Walsh J, et al. Differential hippocampal expression of glutamic
acid decarboxylase 65 and 67 messenger RNA in bipolar disorder and
schizophrenia. Arch Gen Psychiatry. 2002;59:521-529.

Henley JM. AMPA receptor trafficking and the mechanisms underlying synaptic
plasticity and cognitive aging. Dialogues Clin Neurosci. 2013 Mar;15(1):11—
27.

Hikida T, Jaaro-Peled H, Seshardri S, Oishi K, Hookway C, Kong S, Wu D, Xue R,
Andradé M, Tankou S, Mori S, Gallagher M, Ishizuka K, Pletnikov M, Kida S,
and Sawa A. Dominant-negative DISC1 transgenic mice display
schizophrenia-associated phenotypes detected by measures translatable to



cxlix

humans. PNAS. 2007 Sept;104(36):14501-14506.

Ho VM, Lee JA, Martin KC. The cell biology of synaptic plasticity. Science.
2011;334(6056):623-628.

Hoffman RE, Grasemann U, Gueorguieva R, Quinlan D, Lane D, Miikkulainen R.
Using computational patients to evaluate illness mechanisms in
schizophrenia. Biol Psychiatry. 2011;69: 997-1005.

Honea R, Crow TJ, Passingham D, Mackay CE. Regional deficits in brain volume in
schizophrenia: a meta-analysis of voxel-based morphometry studies. Am J
Psychiatry. 2005;162: 2233—2245.

Hou H, SunL, Siddoway BA, Petralia RS, Yang H, Gu H, Nairn AC, and Xia H.
Synaptic NMDA receptor stimulation activates PP1 by inhibiting its
phosphorylation by Cdk5. J Cell Biol Nov 2013;203:521-535.

Huang YH, Lin Y, Lee BR, Brown TE, Wayman G, Marie H, Liu W, Yan Z, Sorg BA,
Schliter, Zukin RS, Dong Y. In vivo cocaine experience generates silent
synapses. Neuron. 2009 Jul;63(1):40-7.

Hunsaker MR, Kesner RP. Dissociations across the dorsal-ventral axis of CA3 and
CA1 for encoding and retrieval of contextual and auditory-cued fear. Neurobiol
Learn Mem 2008 Jan;89(1):61-9.

Hunsaker MR, Tran GT, Kesner RP. A behavioral analysis of the role of CA3 and
CA1 subcortical efferents during classical fear conditioning. Behav Neurosci
2009 Jun;123(3):624-30.

Hyman SE and Fenton WS. Medicine: what are the right targets for
psychopharmacology? Science. 2003;299:350-351.

lasevoli F, Tomasetti C, Buonaguro EF, de Bartolomeis A. The glutamatergic
aspects of schizophrenia molecular pathophysiology: role of the postsynaptic
density, and implications for treatment. Curr Neuropharmacol. 2014
May;12(3):219-38.

Isaacson RL and Wickelgren WO. Hippocampal ablation and passive avoidance.
Science. 1962 Dec;138(3545):1104-6.

Ivleva El, Morris DW, Moates AF, Suppes T, Thaker GK, Tamminga CA. Genetics
and intermediate phenotypes of the schizophrenia-bipolar disorder boundary.



cl
Neurosci Biobehav Rev. 2010;34:897-921.

Jaaro-Peled H. Gene models of schizophrenia: DISC1 mouse models. Prog Brain
Res. 2009;179:75-86.

Javitt DC. Glutamate and schizophrenia: phencyclidine, N-methyl-D-aspartate
receptors, and dopamine-glutamate interactions. Int Rev Neurobiol.
2007;78:69-108.

Javitt DC and Zukin SR. Recent advances in the phencyclidine model of
schizophrenia. Am J Psychiatry.1991;148:1301-1308.

Jentsch JD and Roth RH. The neuropsychopharmacology of phencyclidine: from
NMDA receptor hypofunction to the dopamine hypothesis of schizophrenia.
Neuropsychopharmacology. 1999 Mar;20(3):201-25.

Jodo E. The role of the hippocampo-prefrontal cortex system in phencyclidine-
induced psychosis: A model for schizophrenia. J Physiol Paris. 2013
Dec;107(6):434-40.

Johnstone M, Thomson PA, Hall J, McIintosh AM, Lawrie SM, Porteous DJ. DISC1 in
schizophrenia: genetic mouse models and human genomic imaging.
Schizophr Bull. 2011Jan;37(1):14-20.

Jones CK, Byun N, Bubser M. Muscarinic and nicotinic acetylchonline agonists and
allosteric modulators for the treatment of schizophrenia.
Neuropsychopharmacology. 2012 Jan;37(1):16-42.

Jones CA, Watson DJ, Fone K. Animal models of schizophrenia. Br J Pharmacol
2011 Oct;164(4): 1162—1194.

Kandel ER, Schwartz JH, Jessell TM. 2000. Principles of neural science 4" ed. New
York, St. Louis, San Francisco, Aukland, Bogota, Caracas, Lisbon, London,
Madrid, Mexico City, Milan, Montreal, New Delhi, San Juan, Singapore,
Sydney, Tokyo, Toronto: McGraw-Hill.

Kantrowitz J and Javitt DC. Glutamatergic transmission in schizophrenia: from basic
research to clinical practice. Current Opinion in Psychiatry. 2012 March;
25(2):96-102.

Kapur S and Seeman P. NMDA receptor antagonist ketamine and PCP have direct
effects on the dopamine D2 and serotonin 5-HT2 receptor-implications for



cli
models of schizophrenia Molecular Psychiatry. 2002;7(8):837-844.

Karper LP, Freeman GK, Grillon C, Morgan CA 3rd, Charney DS, Krystal JH.
Preliminary evidence of an association between sensorimotor gating and
distractibility in psychosis. J Neuropsychiatry Clin Neurosci. 1996;8(1):60-6.

Keeler JF and Robbins TW. Translating cognition from animals to humans. Biochem
Pharmacol. 2011;81:1356-1366.

Keith D1, El-Husseini A. Excitation Control: Balancing PSD-95 Function at the
Synapse. Front Mol Neurosci. 2008 Mar;28:1-4.

Kesner RP. An analysis of the dentate gyrus function. Behav Brain Res. 2013
Oct;254:1-7.

Kesner RP. Behavioral functions of the CA3 subregion of the hippocampus. Learn
Mem 2007 Nov;14(11):771-81.

Kesner RP, Lee |, Gilbert P. A behavioral assessment of hippocampal function
based on a subregional analysis. Rev Neurosci. 2004;15(5):333-51.

Kim JJ and Jung MW. Neural circuits and mechanisms involved in Pavlovian fear
conditioning: A critical review. Neurosci. Biobehav. Rev. 2006;30(2):188.

Knable MB, Barci BM, Webster MJ, Meador-Woodruff J, Torrey EF. Molecular
abnormalities of the hippocampus in severe psychiatric illness: postmortem
findings from the Stanley Neuropathology Consortium. Mol Psychiatry.
2004;9:609-620.

Konradi C and Heckers S. Molecular aspects of glutamate dysregulation:
implications for schizophrenia and its treatment. 2003 Feb;97(2):153-79.

Krystal JH, Anand A, Moghaddam B. Effects of NMDA receptor antagonists:
implications for the pathophysiology of schizophrenia. Arch Gen Psychiatry.
2002 Jul;59(7):663-4.

Kutsuwada T, Kashiwabuchi N, Mori H, Sakimura K, Kushiya E, Araki K, et al.
Molecular diversity of the NMDA receptor channel. Nature. 1992
Jul;358(6381):36-41.

Lahti AC, Koffel B, Laporte D, Tamminga CA. Subanesthetic doses of ketamine
stimulate psychosis in schizophrenia. Neuropsychopharmacology.1995;



clii
13(1):9-1910.

Lattal KM and Wood MA. Epigenetics and persistent memory: implications for
reconsolidation and silent extinction beyond the zero. Nature Neurosci. Oct
2013;16:124-129.

Lavenex P, Banta LP, Amaral DG. Postnatal development of the primate
hippocampal formation. Dev Neurosci. 2007; 29:179-192.

Law AJ, Weickert CS, Webster MJ, Herman MM, Kleinman JE, Harrison PJ.
Expression of NMDA receptor NR1, NR2A and NR2B subunit mRNAs during
development of the human hippocampal formation. Eur J Neurosci. 2003
Sep;18(5):1197-205.

Lawrence JJ, McBain CJ. Interneuron diversity series: containing the detonation—
feedforward inhibition in the CAs hippocampus. Trends Neurosci.
2003;26(11):631-640.

Lieberman JA. Dopamine partial agonist: a new class of antipsychotic. CNS Drugs.
2004;18(4):251-67.

Lieberman JA, Kane JM, Alvir J. Provocative tests with psychostimulant drugs in
schizophrenia. Psychopharmacology (Berl). 1987;91(4):415-33.

Levy DL, Sereno AB, Gooding DC, O’Driscoll GA. Eye tracking dysfunction in
schizophrenia: characterization and pathophysiology. Curr Top Behav
Neurosci. 2010; 4:311-347.

Li F and Tsien JZ. Memory and the NMDA receptors. N Engl. J. Med.
2009;361(3):302-3.

Li W, Ghose S, Gleason K, Begovic A, Perez J, Bartko J, Russo S, Wagner AD,
Selemon L, Tamminga CA. Synaptic proteins in the hippocampus indicative of
increased neuronal activity in CA3 in schizophrenia. Am J Psychiatry. 2015
Apr;172(4):373-82.

Li Y, Erzurumlu RS, Chen C, Jhaveri S, Tonegawa S. Whisker-related neuronal
patterns fail to develop in the trigeminal brainstem nuclei of NMDAR1
knockout mice. Cell. 1994;76:427-437.

Liddle PF, Friston KJ, Frith CD, Hirsch SR, Jones T, Frackowiak RS. Patterns of
cerebral blood flow in schizophrenia. Br J Psychiatry.1992;160:179—-186.



cliii

Ludewig K, Geyer MA, Etzensberger M, Vollenweider FX. Stability of the acoustic
startle reflex, prepulse inhibition, and habituation in schizophrenia. Schizophr
Res. 2002 May;55(1-2):129-37.

Lui S, Yao L, Xiao Y, Keedy SK, Reilly JL, Keefe RS, Tamminga CA, Keshavan MS,
Pearlson GD, Gong Q, Sweeney JA. Resting-state brain function in
schizophrenia and psychotic bipolar probands and their first-degree relatives.
Psychol Med. 2015 Jan;45(1):97-108.

Luisada, PV (1978). Petersen, RC; Stillman, RC, eds. "The phencyclidine
psychosis: phenomenology and treatment". Phencyclidine (PCP) abuse: an
appraisal (Rockville, Maryland: National Institute on Drug Abuse).

Ma L, Liu Y, Ky B, Shughrue PJ, Austin CP, Morris JA. Cloning and characterization
of DISC1 the mouse ortholog of DISC1 (Disrupted-in-Schizophrenia 1).
Genomics. 2002 Dec;80(6):662-72.

Mailman RB, Lewis MH, Kilts CD. Animal models related to developmental
disorders: theoretical and pharmacological analyses. Appl Res Ment Retard.
1981;2(1):1-12.

Malaspina D, Harkavy-Friedman J, Corcoran C, Mujica-Parodi L, Printz D, Gorman
JM, et al. Resting neural activity distinguishes subgroups of schizophrenia
patients. Biol Psychiatry. 2004;56:931-937.

Malenka RC and Bear MF. LTP and LTD: an embarrassment of riches. Neuron.
2004:;44:5-21.

Maletic-Savatic M, Malinow R, Svoboda K. Rapid dendritic morphogenesis in CA1
hippocampal dendrites induced by synaptic activity. Science.
1999;283(5409):1923-1927.

Malhotra AK, Pinals DA, Adler CM, Elman |, Clifton A, Pickar D, et al. Ketamine-
induced exacerbation of psychotic symptoms and cognitive impairment in
neuroleptic-free schizophrenics. Neuropsychopharmacology. 1997;17(3):141—
5010.

Marcotte ER, Pearson DM, Srivastava LK. Animal Models of schizophrenia: a critical
review. J Psychiatry Neurosci. 2001;26(5):395-410.



cliv
Martinot JL, Peron-Magnan P, Huret JD, Mazoyer B, Baron JC, Boulenger JP, Loc'h
C, Maziere B, Caillard V, Loo H, et al. Striatal D2 dopaminergic receptors
assessed with positron emission tomography and [76Br]bromospiperone in
untreated schizophrenic patients. Am J Psychiatry. 1990 Jan;147(1):44-50.

Mathew I, Gardin TM, Tandon N, Eack S, Francis AN, Seidman LJ, Clementz B,
Pearlson GD, Sweeney JA, Tamminga CA, Keshavan MS. Medial temporal
lobe structures and hippocampal subfields in psychotic disorders: findings
from the Bipolar-Schizophrenia Network on Intermediate Phenotypes (B-
SNIP) study. JAMA Psychiatry. 2014 Jul;71(7):769-77.

Matsuzaki M, Dowling KC. Phencyclidine (PCP): effects of acute and chronic
administration on EEG activities in the rhesus monkey. Electroencephalogr
Clin Neurophysiol. 1985 Apr;60(4):356-66.

McBain CJ. Differential mechanisms of transmission and plasticity at mossy fiber
synapses. Prog Brain Res. 2008;169:225-240.

McHugh TJ, Jones MW, Quinn JJ, Balthasar N, Coppari R, EImquist JK, Lowell BB,
Fanselow MS, Wilson MA, Tonegawa S. Dentate gyrus NMDA receptors
mediate rapid pattern separation in the hippocampal network. Science. 2007
Jul;317(5834):94-9.

McHugo M, Rogers BP, Talati P, Woodward ND, Heckers S. Increased Amplitude of
Low Frequency Fluctuations but Normal Hippocampal-Default Mode
Network Connectivity in Schizophrenia. Front Psychiatry. 2015;6:92.

Medoff DR, Holcomb HH, Lahti AC, Tamminga CA. Probing the human hippocampus
using rCBF: contrasts in schizophrenia. Hippocampus. 2001;11:543-550.

Malenka RC and Nicoll RA. NMDA-receptor-dependent synaptic plasticity: multiple
forms and mechanisms. Trends Neurosci. 1993 Dec;16(12):521-7.

Meltzer HY. Biological studies in schizophrenia. Schizophr Bull. 1987;13(1):77-111.
Mesholam-Gately RI, Giuliano AJ, Goff KP, Faraone SV, seidman LJ.
Neurocognition in first-episode schizophrenia: a meta-analytic review.

Neuropsychology. 2009;23:315-336.

Millar JK, Christie S, Porteous DJ. Yeast two-hybrid screens implicate DISC1 in
brain development and function. Biochem Biophys Res Commun. 2003;311:



clv
1019-1025.

Mitsushima D, Ishihara K, Sano A, Kessels HW, Takahashi T. Contextual learning
requires synaptic AMPA receptor delivery in the hippocampus. Proc Natl Acad
Sci U S A. 2011 Jul;108(30):12503-8.

Moghaddam B and Krystal JH. Capturing the angel in “angel dust”: twenty years of
translational neuroscience studies of NMDA receptor antagonists in animals
and humans. Schizophr Bull. 2012 Sep;38(5):942-9.

Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg P. Developmental and
regional expression in the rat brain and functional properties of four NMDA
receptors. Neuron. 1994 Mar:529-540.

Monyer H, Sprengel R, Schoepfer R, Herb A, Higuchi M, Lomeli H, et al.
Heteromeric NMDA receptors: molecular and functional distinction of
subtypes. Science. 1992 May;256(5060):1217-21.

Morris BJ, Cochran SM, Pratt JA. PCP: from pharmacology to modelling
schizophrenia. Curr Opin Pharmacol. 2005 Feb;5(1):101-6.

Morris RGM, Spatial localization does not require the presence of local cues. Learn
Motiv. 1981;12:239-260.

Morris RGM. Development of a water-maze procedure for studying spatial learning
in the rat. J Neurosci Methods. 1984;11:47-60.

Morris RGM, Anderson E, Lynch GS, Baudry M. Selective impairment of learning
and blockage of long-term potentiation by an n-methyl-d-aspartate receptor
antagonist. Nature. 1986;319:774-776.

Morris RGM, Garrud P, Rawlins JNP, O’Keefe J. Place navigation impaired in rats
with hippocampal lesions. Nature. 1982;297:681-683.

Moser MB, Trommald M, Anderson P. An increase in dendritic spine density on
hippocampal CA1 pyramidal cells following spatial learning in adult rats
suggests the formation of new synapses. Proc Natl Acad Sci U S A. 1994
Dec;91(26):12673-12675.

Mothet JP, Parent AT, Wolosker H, Brady RO Jr, Linden DJ, Ferris CD,
Rogawski MA, Snyder SH. D-serine is an endogenous ligand for the glycine
site of the N-methyl-D-aspartate receptor. Proc Natl Acad Sci U S A. 2000



clvi
Apr;97(9):4926-31.

Murphy KC, Jones LA, Owen MJ. High rates of schizophrenia in adults with velo-
cardio-facial syndrome. Arch Gen Psychiatry. 1999;56:940-5.

Nabavi S, Fox R, Proulx CD, Lin JY, Tsien RY, Malinow R. Engineering a memory
with LTD and LTP. Nature. Jul 2014;511(7509):348-52.

Nadel L, Hoscheidt S, Ryan LR. Spatial cognition and the hippocampus: the anterior-
posterior axis. J Cogn Neurosci. 2013 Jan;25(1):22-8.

Nakanishi S. Molecular diversity of glutamate receptorsand implications for brain
function. Science. 1992;258:597-603.

Nakazawa K, McHugh TJ, Wilson MA, Tonegawa S. NMDA receptors, place cells
and hippocampal spatial memory. Nat Rev Neurosci. 2004 May;5(5):361-72.

Nasar, S. (2011). A beautiful mind: The life of mathematical genius and Nobel
Laureate John Nash (1st Simon & Schuster trade pbk. ed.). New York: Simon
& Schuster Paperbacks.

Neal R. Swerdlow, MD, PhD; Gregory A. Light, PhD; Kristin S. Cadenhead, MD;
Joyce Sprock, BA; Ming H. Hsieh, MD; David L. Braff, MD. Startle Gating
Deficits in a Large Cohort of Patients With Schizophrenia Relationship to
Medications, Symptoms, Neurocognition, and Level of Function. Arch Gen
Psychiatry. 2006;63(12):1425-1435.

Nelson EE, and Winslow JT. Non-human primates: model animals for developmental
Psychopathology. Neuropsychopharmacology. 2007; 34(1):90-105.

Nestler EJ and Hyman SE. Animal models of neuropsychiatric disorders. Nat
Neurosci. 2010;13:1161-1169.

Nguyen PV and Kandel ER. A Macromolecular Synthesis-Dependent Late Phase of
Long-Term Potentiation Requiring cAMP in the Medial Perforant Pathway of
Rat Hippocampal Slices. The Journal of Neuroscience. 1996 May;16(10):
3189-3198.

Nordahl TE, Kusubov N, Carter C, Salamat S, Cummings AM, O'Shora-Celaya L, et
al. Temporal lobe metabolic differences in medication-free outpatients with
schizophrenia via the PET-600. Neuropsychopharmacology.1996;15: 541—
554.



clvii

Nuechterlein TW, Robbins TW, Einat H. Distiguishing separable domains of
cognition in human and animal studies: what separations are optimal for
targeting interventions? A summary of recommendations from break out
group 2 at the measurement and treatment research to improve cognition in
schizophrenia new approaches conference. Schizophr Bull. 2005;31:870-874.

O'Brien RJ, Lau LF, Huganir RL. Molecular mechanisms of glutamate receptor
clustering at excitatory synapses. Curr Opin Neurobiol. 1998 Jun;8(3):364-9.

O'Malley A, O'Connell C, Murphy KJ, Regan CM. Transient spine density increases
in the mid-molecular layer of hippocampal dentate gyrus accompany
consolidation of a spatial learning task in the rodent. Neuroscience.
2000;99(2):229-32.

Opmeer EM, van Tol MJ, Kortekaas R, van der Wee NJ, Woudstra S, van Buchem
MA, Penninx BW, Veltman DJ, Aleman A. DISC1 gene and affective
psychopathology: A combined structural and functional MRI study. J Psychiatr
Res. 2015 Feb;61:150-7.

O’Tuathaigh CM and Waddington JL. Mutant mouse models: phenotypic
relationships to domains of psychopathology and pathobiology in
schizophrenia. Schizophr Bull. 2010;36:243-245.

Ouchi Y, Banno Y, Shimizu Y, Ando S, Hasegawa H, Adachi K, lwamoto T. Reduced
adult hippocampal neurogenesis and working memory deficits in the Dgcr8-
deficient mouse model of 22q11.2 deletion-associated schizophrenia can be
rescued by IGF2. J Neurosci. 2013 May;33(22):9408-19.

Paoletti P, Bellone C, Zhou Q. NMDA receptor subunit diversity: impact on receptor
properties, synaptic plasticity and disease. Nat Rev Neurosci. 2013
Jun;14(6):383-400.

Patil ST, Zhang L, Martenyi F, Lowe SL, Jackson KA, Andreev BV, Avedisova AS,
Bardenstein LM, Gurovich IY, Morozova MA, Mosolov SN, Neznanov NG,
Reznik AM, Smulevich AB, Tochilov VA, Johnson BG, Monn JA, Schoepp DD.
Activation of mGlu2/3 receptors as a new approach to treat schizophrenia: a
randomized Phase 2 clinical trial. Nat Med. 2007 Sep;13(9):1102-7.

Pattwell SS, Duhoux S, Hartley CA, Johnson DC, Jing D, Elliot MD, Ruberry EJ,
Powers A, Mehta N, Yang RR, Soliman F, Glatt CE, Casey BJ, Ninan |, Lee
FS. Altered fear learning across development in both mouse and human. Proc



clviii
Natl Acad Sci U S A. 2012 Oct;109(40):16318-23.

Paylor R and Lindsay E. Mouse models of 22q11 deletion syndrome. Biol Psych.
2006 June;59(12):1172-1179.

Paylor R, Mcllwain KL, McAninch R, Nellis A, Yuva-Paylor LA, Baldini A, Lindsay
EA. Mice deleted for the DiGeorge/velocardiofacial syndrome region show
abnormal sensorimotor gating and learning and memory impairments. Hum
Mol Genet. 2001;10:2645—-2650.

Perlman WR1, Weickert CS, Akil M, Kleinman JE. Postmortem investigations of the
pathophysiology of schizophrenia: the role of susceptibility genes. J
Psychiatry Neurosci. 2004 Jul;29(4):287-93.

Perrin MA, Butler PD, DiCostanzo J, Forchelli G, Silipo G, Javitt DC. Spatial
localization deficits and auditory cortical dysfunction in schizophrenia.
Schizophr Res. 2010;124:161-168.

Peter CJ and Akbarian S. Balancing histone methylation activities in psychiatric
disorders. Trends Mol Med. 2011 Jul;17(7):372-9.

Petrik D, Jiang Y, Birnbaum SG, Powell CM, Kim MS, Hsieh J, Eisch AJ. Functional
and mechanistic exploration of an adult neurogenesis-promoting small
molecule. FASEB J. 2012 Aug;26(8):3148-62.

Phillips RG and LeDoux JE. Differential contribution of amygdala and hippocampus
to cued and contextual fear conditioning. Behav Neurosci. 1992
Apr;106(2):274-85.

Pikkarainen M, Pitkanen A. Projections from the lateral, basal and accessory basal
nuclei of the amygdala to the perirhinal and postrhinal cortices in rat. Cereb
Cortex. 2001 Nov;11(11):1064-82.

Pilowsky LS, Bressan RA, Stone JM, Erlandsson K, Mulligan RS, Krystal JH, et al.
First in vivo evidence of an NMDA receptor deficit in medication-free
schizophrenic patients. Mol Psychiatry. 2006;11:118—-119.

Piskorowski RA, Nasrallah K, Diamantopoulou A, Mukai J, Hassan SI, Siegelbaum
SA, Gogos JA, Chevaleyre V. Age-Dependent Specific Changes in Area CA2
of the Hippocampus and Social Memory Deficit in a Mouse Model of the
22911.2 Deletion Syndrome. Neuron. 2016 Jan;89(1):163-76.



clix
Pletnikov MV, Ayhan Y, Xu Y, et al. Enlargement of the lateral ventricles in mutant
DISC1 transgenic mice. Mol Psychiatry. 2008;13:115.

Poels EMP, Kegeles LS, Kantrowitz JT, Slifstein M, Javitt DC, Lieberman JA, Abi-
Dargham A and Girgis RR. Imaging glutamate in schizophrenia: review of
findings and implications for drug discovery. Molecular Psychiatry.
2014;19:20-29.

Preston AR, Shohamy D, Tamminga CA, Wagner AD. Hippocampal function,
declarative memory, and schizophrenia: anatomic and functional
neuroimaging considerations. Curr Neurol Neurosci Rep. 2005 Jul;5(4):249-
56.

Purves D, Augustine GJ, Fitzpatrick D, Hall WC, LaMantia AS, McNamara JO,
White LE. 2008. Neuroscience 4" ed. Sunderland, Massachusetts: Sinauer
Associates, Inc.

Ramachandraiah CT, Subramaniam N, and Tancer M. The story of antipsychotics:
Past and present. Indian J Psychiatry. 2009 Oct-Dec;51(4): 324—326.

Rauch SL, Shin LM, Phelps EA. Neurocircuitry models of posttraumatic stress
disorder and extinction: human neuroimaging research--past, present, and
future. Biol Psychiatry. 2006 Aug;60(4):376-82.

Rauch SL, Shin LM, Whalen PJ, Pitman RK. Neuroimaging and the neuroanatomy of
PTSD. CNS Spectr. 1998;3(suppl 2):30 — 41.

Ray MT, Shannon Weickert C, Webster MJ. Decreased BDNF and TrkB mRNA
expression in multiple cortical areas of patients with schizophrenia and mood
disorders. Transl Psychiatry. 2014 May;4:e389.

Reif A, Fritzen S, Finger M, Strobel A, Lauer M, Schmitt A, et al. Neural stem cell
proliferation is decreased in schizophrenia, but not in depression. Mol
Psychiatry. 2006;11:514-522.

Robert E. Clark and Larry R. Squire. Similarity in form and function of the
hippocampus in rodents, monkeys, and humans. Proc Natl Acad Sci U S A.
2013 June;110(Suppl 2): 10365—-10370.

Rosa A, Cuesta MJ, Fatj6-Vilas M, Peralta V, Zarzuela A, Fafianas L. The Val66Met
polymorphism of the brain-derived neurotrophic factor gene is associated with



clx

risk for psychosis: evidence from a family-based association study. Am J Med
Genet B Neuropsychiatr Genet. 2006 Mar;141B(2):135-8.

Rubio MD, Drummond JB, Meador-Woodruff JH. Glutamate receptor abnormalities
in schizophrenia: Implications for innovative treatments. Diomol Ther (Seoul).
2012 Jan;20(1):1-18.

Ruediger S, Vittori C, Bednarek E, Genoud C, Strata P, Sacchetti B, Caroni P.
Learning-related feedforward inhibitory connectivity growth required
for memory precision. Nature. 2011 May;473(7348):514-8.

Salter MW and Kalia LV. Src kinases: a hub for NMDA receptor regulation. Nature
Reviews Neurosci. April 2004;5:317-328.

Samudra N, Ivleva EI, Hubbard NA, Rypma B, Sweeney JA, Clementz BA,
Keshavan MS, Pearlson GD, Tamminga CA. Alterations in hippocampal
connectivity across the psychosis dimension.Psychiatry Res. 2015
Aug;233(2):148-57.

Sanderson DJ, Good MA, Seeburg PH, Sprengel R, Rawlins JN, Bannerman DM.
The role of the GIuR-A (GluR1) AMPA receptor subunit in learning and
memory. Prog Brain Res. 2008;169:159-78.

Sanders EM, Nguyen MA, Zhou KC, Hanks ME, Yusuf KA, Cox DN, Dumas TC.
Developmental Modification of Synaptic NMDAR Composition and Maturation
of Glutamatergic Synapses: Matching Postsynaptic Slots With Receptor Pegs.
The Biol Bulletin. 2013 Feb; 224(1): 1-13.

Satpute AB, Mumford JA, Naliboff BD, Poldrack RA. Human anterior and posterior
hippocampus respond distinctly to state and trait anxiety. Emotion.
2012;12(1):58-68.

Savtchouk I, Sun L, Bender CL, Yang Q, Szabd G, Gasparini S, Liu SJ. Topological
Regulation of Synaptic AMPA Receptor Expression by the RNA-Binding
Protein CPEB3. Cell Rep. 2016 Sep;17(1):86-103.

Sawa A. Genetic animal models for schizophrenia: advantages and limitations of
genetic manipulation in drosophila, zebrafish, rodents, and primates. Prog
Brain Res. 2009;179:3-6.

Sawamura N, Sawamura-Yamamoto T, Ozeki Y, Ross CA, Sawa A. A form of DISC1
enriched in nucleus: altered subcellular distribution in orbitofrontal cortex in



clxi

psychosis and substance/alcohol abuse. Proc Natl Acad Sci U S A. 2005
Jan;102(4):1187-92.

Scarr E, Sundram S, Keriakous D, Dean B. Altered hippocampal muscarinic M4, but
not M1, receptor expression from subjects with schizophrenia. Biol
Psychiatry. 2007;61:1161—1170.

Schmidt B, Marrone DF, Markus EJ. Disambiguating the similar: the dentate gyrus
and pattern separation. Behav Brain Res. 2012 Jan;226(1):56-65.

Schobel SA, Chaudhury NH, Khan UA, Paniagua B, Styner MA, Asllani |, et al.
Imaging patients with psychosis and a mouse model establishes a spreading
pattern of hippocampal dysfunction and implicates glutamate as a driver.
Neuron. 2013 Apr;78(1):81-98.

Schobel SA, Lewandowski NM, Corcoran CM, Moore H, Brown T, Malaspina D, et
al. Differential targeting of the CA1 subfield of the hippocampal formation by
schizophrenia and related psychotic disorders. Arch Gen Psychiatry. 2009;
66: 938—946.

Seeman P. Brain dopamine receptors. Pharmacol Rev. 1980 Sep;32(3):229-313.
J Psychiatry Neurosci. 2009 Mar; 34(2): 143—149.

Seeman P. Glutamate and dopamine components in schizophrenia. J Psychiatry
Neurosci. 2009 Mar; 34(2): 143—149.

Semple DM, Mclintosh AM, Lawrie SM. Cannabis as a risk factor for psychosis:
systematic review. J Psychopharmacol. 2005 Mar;19(2):187-94.

Shleper M, Kartvelishvily E, Wolosker H. D-serine is the dominant endogenous
coagonist for NMDA receptor neurotoxicity in organotypic hippocampal slices.
J Neurosci. 2005 Oct 12;25(41):9413-7.

Shen S, Lang B, Nakamoto C, et al. Schizophrenia-related neural and behavioural
phenotypes in transgenic mice expressing truncated DISC1. J Neurosci.
2008;28:10893-10904.

Shipton OA and Paulsen O. GluNa2 and GIuN2B subunit-containing NMDA
receptors in hippocampal plasticity. Phil. Trans. R. Soc. B.
2014;369:(1633):20130163.

Siegler Retchless B, Gao W, Johnson JW. A single GIuN2 subunit residue controls



clxii
NMDA receptor channel properties via intersubunit interaction. Nat Neurosci.
2012 Jan;15(3):406-13.

Simen AA, DiLeone R, and Arnsten AFT. Primate models of schizophrenia: future
possibilities. Prog Brain Res. Nov 2009;179:117-125.

Snell LD, Johnson KM. Characterization of the inhibition of excitatory amino acid-
induced neurotransmitter release in the rat striatum by phencyclidine-like
drugs. J Pharmacol Exp Ther. 1986 Sep;238(3):938-46.

Sobczyk A, Scheuss V, Svoboda K. NMDA Receptor Subunit-Dependent [Ca2+]
signaling in Individual Hippocampal Dendritic Spines. J Neurosci. 2005
Jun;25(26):6037-46.

Sobin C, Kiley-Brabeck K, Karayiorgou M. Lower prepulse inhibition in
children with the 22g11 deletion syndrome. J Psychiatry.
2005;162:1090-1099.

Stan AD, Ghose S, Zhao C, Hulsey K, Mihalakos P, Yanagi M, Morris SU, Bartko JJ,
Choi C, Tamminga CA. Magnetic resonance spectroscopy and tissue protein
concentrations together suggest lower glutamate signaling in dentate gyrus in
schizophrenia. Mol Psychiatry. 2015 Apr;20(4):433-9.

Stephan KE, Baldeweg T, and Friston KJ. Synaptic Plasticity and Dysconnection in
Schizophrenia. Biol Psychiatry. May 2006;59(10):929-39.

Stephan KE, Friston Kj, Frith CD. Dysconnection in Schizophrenia: From Abnormal
Synaptic Plasticity to Failures of Self-monitoring. Schizophr Bull. 2009 May;
35(3): 509-527.

Stone WS, Hsi X. Declarative memory deficits and schizophrenia: problems and
prospects. Neurobiol Learn Mem. 2011 Nov;96(4):544-52.

Stover EL, Brandy L, Marder SR. New paradigms for treatment development.
Schizophr Bull. 2007;33:1093-1099.

Strange BA, Witter MP, Lein ES, Moser EI. Functional organization of the
hippocampal longitudinal axis. Nat Rev Neurosci. 2014 Oct;15(10):655-69.

Sturgeon RD, Fessler RG, Meltzer HY. Behavioral rating scales for assessing
phencyclidine-induced locomotor activity, stereotyped behavior and ataxia in
rats. Eur J Pharmacol. 1979 Nov;59(3-4):169-79.



clxiii

Suchanek R, Owczarek A, Kowalski J. Association study between BDNF C-281A
polymorphism and paranoid schizophrenia in Polish population. J Mol
Neurosci. 2012 Jan;46(1):217-22.

Sullivan PF, Kendler KS, Neale MC. Schizophrenia as a complex trait: evidence from
a meta-analysis of twin studies. Arch Gen Psychiatry. 2003;60:1187.

Sur C, Mallorga PJ, Wittmann M, Jacobson MA, Pascarella D, Williams JB, Brandish
PE, Pettibone DJ, Scolnick EM, Conn PJ. N-desmethylclozapine, an allosteric
agonist at muscarinic 1 receptor, potentiates N-methyl-D-aspartate receptor
activity. Proc Natl Acad Sci U S A. 2003 Nov;100(23):13674-9.

Suzuki W, and Amaral DG. Perirhinal and parahippocampal cortices of the macaque
monkey: cytoarchitectonic and chemoarchitectonic organization. J Comp
Neurol. 2003;463:67-91.

Suzuki Y, Jodo E, Takeuchi S, Niwa S, Kayama Y. Acute administration of
phencyclidine induces tonic activation of medial prefrontal cortex neurons in
freely moving rats. Neuroscience. 2002;114(3):769-79.

Swerdlow NR and Geyer MA. Using an animal model of deficient sensorimotor
gating to study the pathophysiology and new treatments of schizophrenia.
Schiozophr Bull. 1998;24(2):285-301.

Swerdlow NR, Light GA, Cadenhead KS, Sprock J, Hsieh MH, Braff DL. Startle
Gating Deficits in a Large Cohort of Patients With Schizophrenia Relationship
to Medications, Symptoms, Neurocognition, and Level of Function. Arch Gen
Psychiatry. 2006;63(12):1325-1335.

Sweatt JD. Neural Plasticity & Behavior - Sixty Years of Conceptual Advances. J
Neurochem. 2016 Feb 14. [Epub ahead of print]

Szeszko PR, Lipsky R, Mentschel C, Robinson D, Gunduz-Bruce H, Sevy S, Ashtari
M, Napolitano B, Bilder RM, Kane JM, Goldman D, Malhotra AK. Brain-
derived neurotrophic factor val66met polymorphism and volume of the
hippocampal formation. Mol Psychiatry. 2005 Jul;10(7):631-6.

Talati P, Rane S, Skinner J, Gore J, Heckers S. Increased hippocampal blood
volume and normal blood flow in schizophrenia. Psychiatry Res 2015
Jun;232(3):219-25.



clxiv

Talbot K, Eidem WL, Tinsley CL, Benson MA, Thompson EW, Smith RJ, et al.
Dysbindin-1 is reduced in intrinsic, glutamatergic terminals of the hippocampal
formation in schizophrenia. J Clin Invest. 2004;113:1353-1363.

Tamminga CA. Development in somatic treatments: introduction. Am J Psychiatry.
1994;151:216-219.

Tamminga CA. Schizophrenia and glutamatergic transmission. Crit Rev Neurobiol.
1998;12:21-36.

Tamminga CA and Holcomb HH. Phenotype of schizophrenia: a review and
formulation. Mol. Psychiatry. 2004;10:27-39.

Tamminga CA, Southcott S, Sacco C, Wagner AD, Ghose S. Glutamate dysfunction
in hippocampus: relevance of dentate gyrus and CA3 signaling. Schizophr
Bull. 2012 Sep;38(5):927-35.

Tamminga CA, Stan AD, and Wagner AD. The Hippocampal formation in
schizophrenia. Am J Psychiatry. 2010;167:1178-1193.

Tamminga CA, Thaker GK, Buchanan R, Kirkpatrick B, Alphs LD, Chase TN, et al.
Limbic system abnormalities identified in schizophrenia using positron
emission tomography with fluorodeoxyglucose and neocortical alterations
with deficit syndrome. Arch Gen Psychiatry.1992;49:522-530.

Tamminga CA and Zukin RS. Schizophrenia: Evidence implicating hippocampal
GIuN2B protein and REST epigenetics in psychosis pathophysiology.
Neuroscience. 2015 Nov;309:233-42.

Taylor MS, Devon RS, Millar JK, Porteous DJ. Evolutionary constraints on the
disrupted in Schizophrenia locus. Genomics. 2003;81:67-77.

Torres-Pérez M, Tellez-Ballesteros R, Ortiz-Lopez L, Ichwan M, Vega-Rivera NM,
Castro-Garcia M, Gbmez-Sanchez A, Kempermann G, Ramirez-Rodriguez
GB. Resveratrol Enhances Neuroplastic Changes, Including Hippocampal
Neurogenesis, and Memory in Balb/C Mice at Six Months of Age. PLoS One.
2015 Dec;10(12):e0145687.

Tse YC, Bagot RC, Wong TP. Dynamic regulation of NMDAR function in the adult
brain by the stress hormone corticosterone. Frontiers in Cellular
Neuroscience. 2012 March;6:80-93.



clxv

Troyano-Rodriguez E, Lladé-Pelfort L, Santana N, Teruel-Marti V, Celada P, Artigas
F. Phencyclidine inhibits the activity of thalamic reticular gamma-aminobutyric
acidergic neurons in rat brain. Biol Psychiatry. 2014 Dec;76(12):937-45.

van Os J, Kenis G, Rutten BP. The environment and schizophrenia. Nature. 2010;
468: 203-212.

Van Reempts J, Dikova M, Werbrouck L, Clincke G, Borgers M. Synaptic plasticity in
rat hippocampus associated with learning. Behav Brain Res. 1992
Nov;51(2):179-83.

Vitureira N and Goda Y. The interplay between Hebbian and homeostatic synaptic
plasticity. J Cell Biol. 2013 Oct;203(2):175-186.

Voineskos D, Rogasch NC, Rajji TK, Fitzgerald PB, Daskalakis ZJ. A review of
evidence linking disrupted neural plasticity to schizophrenia. Can J
Psychiatry. 2013 Feb;58(2):86-92.

Vorhees CV and Williams MT. Morris water maze:procedures for assessing spatial
and related forms of learning and memory. Nat Protoc. 2006;1(2):848-58.

Wang JQ, Arora A, Yang L, Parelkar NK, Zhang G, Liu X, Choe ES, Mao L.
Phosphorylation of AMPA receptors: mechanisms and synaptic plasticity. Mol
Neurobiol. 2005 Dec;32(3):237-49.

Wang H and Peng R Basic roles of key molecules connected with NMDAR signaling
pathway on regulating learning and memory and synaptic plasticity. Mil Med
Res. 2016; 3(1): 26.

Walf AA, Frye CA. The use of the elevated plus maze as an assay of anxiety-related
behavior in rodents. Nat Protoc. 2007;2(2):322-8.

Watanabe M, Inoue Y, Sakimura K, Mishina M. Developmental changes in
distribution of NMDA receptor channel subunit mRNAs. Neuroreport. 1992
Dec;3(12):1138-40.

Weickert CS, Hyde TM, Lipska BK, Herman MM, Weinberger DR, Kleinman JE.
Reduced brain-derived neurotrophic factor in prefrontal cortex of patients with
schizophrenia. Mol Psychiatry. 2003 Jun;8(6):592-610.



clxvi

Williams K, Russell SL, Shen YM, and Molinoff PB. Developmental switch in the
expression of NMDA receptors occurs in vivo and in vitro. Neuron. 1993
Feb;10(2):267-78.

Winocur G. The hippocampus and thalamus: their roles in short- and long-term
memory and the effects of interference. Behav Brain Res. 1985 Aug;16(2-
3):135-52.

Wong AH, Josselyn SA. Caution When Diagnosing Your Mouse With Schizophrenia:
The Use and Misuse of Model Animals for Understanding Psychiatric
Disorders. Biol Psychiatry 2016 Jan;79(1):32-8.

Wong J, Hyde TM, Cassano HL, Deep-Soboslay A, Kleinman JE, Weickert CS.
Promoter specific alterations of brain-derived neurotrophic factor mRNA in
schizophrenia. Neuroscience. 2010 Sep;169(3):1071-84.

Wood PL. The co-agonist concept: is the NMDA-associated glycine receptor
saturated in vivo? Life Sci. 1995;57(4):301-10.

Yanagi M, Southcott S, Lister J, Tamminga CA. Animal models of schizophrenia
emphasizing construct validity. Prog Mol Biol Transl Sci. 2012;105:411-44.

Yger P and Gilson M. Models of Metaplasticity: A Review of Concepts. Front Comput
Neurosci. 2015 Nov;9:138.

Young JW, Zhou X, Geyer MA. Animal models of schizophrenia. Curr Top Behav
Neurosci. 2010. 4: 391-433.

Yun J, Koike H, Ibi D, Toth E, Mizoguchi H, Nitta A, Yoneyama M, Ogita K, Yoneda
Y, Nabeshima T, Nagai T, Yamada K. Chronic restraint stress impairs
neurogenesis and hippocampus-dependent fear memory in mice: possible
involvement of a brain-specific transcription factor Npas4. Neurochem. 2010
Sep;114(6):1840-51.

Wyllie DJ, Livesey MR, Hardingham GE. Influence of GIUN2 subunit identity on
NMDA receptor function. Neuropharmacology. 2013 Nov;74:4-17.

Zhang JP, Lencz T, Geisler S, DeRosse P, Bromet EJ, Malhotra AK. Genetic
variation in BDNF is associated with antipsychotic treatment resistance in
patients with schizophrenia. Schizophr Res. 2013 May;146(1-3):285-8.



clxvii

Zhang WN, Bast T, Feldon J. Prepulse inhibition in rats with temporary
inhibition/inactivation of ventral or dorsal hippocampus. Pharmacol Biochem
Behav. 2002 Nov;73(4):929-40.

Zhao JP, Constantine-Paton M. NR2A-/- mice lack long-term potentiation but retain
NMDA receptor and L-type Ca2+ channel-dependent long-term depression in
the juvenile superior colliculus. J Neurosci. 2007;27(50):13649—-13654.






