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Abstract

The ability of an organism to respond to its environment stems from synapses
and signaling in the post-synaptic density (PSD). Neurological disorders often occur at
the level of faulty signal transduction in the PSD. Here we describe the behavioral
characterization of Densin 180, a PSD-enriched scaffold protein. We also report on the
regulation of Ras guanine release factorl (RasGRF1), a guanine exchange factor that
promotes activation of Ras and thus the ERK pathway as part of an NMDA (N-methyl-D-
aspartate) receptor complex with CaMKII (Ca**/calmodulin-dependent kinase). The
Densin KO exhibits severe nest building deficits, elevated anxiety and aggressiveness,
impaired sensorimotor gating, hyperlocomotion to novel objects, and short-term
memory (hippocampal- and cortical- dependent) deficits. These behavioral
abnormalities resemble schizophrenia and autism. Decreases in the schizophrenia
susceptibility gene products, DISC1 and mGIuR5, are observed in the KO relative to the
WT and may be a result of a decrease in their common binding partner a-actinin. o-
actinin is known to regulate mGIuR5 surface levels. Cross-linking and stabilization of
PSD protein architecture by scaffold proteins like Densin may contribute to some of the
observed behavioral abnormalities. The Densin KO also has blunted activity-dependent
gene expression. Steady-state levels of the immediate early genes Arc and c-fos are
decreased in the hippocampus and cortex of brain sections. Levels of Arc induced in
response to stimulation by the neurotrophin BDNF is significantly decreased in the
Densin KO neurons after 8 hours of treatment. Impairments in BDNF signaling can lead

to affective and cognitive disorder and has a role in cortical inhibition. Dysfunction in



vii
BDNF signaling and DISC1 signaling have been previously implicated in autism. The
Densin KO also is susceptible to seizures, in particular when injected with Nembutal, a
GABA(A) agonist. One point of intersection between signaling pathways that involve
DISC1, mGIuR, and BDNF is at the level of ERK signaling, which if impaired may establish
a hypoglutamatergic state in the Densin KO.

In addition to characterizing the Densin KO, we studied possible interactions of
RasGRF1 and CaMKIl with the NR2B subunit tail of the NMDA receptor. CaMKII
phosphorylation sites on RasGRF1 were identified, including Ser916, by mass
spectrometry. Immunoprecipitation from HEK cells revealed that RasGRF1 enhances

CaMKIl association with NR2B.



Chapter 1
The Post-synaptic Density and Synaptic Plasticity

The ability to act, think, and feel originates at neuronal synapses where
transmission of information occurs between neurons at opposing pre- and post-synaptic
structures. The presynaptic terminal releases neurotransmitters that diffuse across the
synaptic cleft. A specialized cluster of proteins called the postsynaptic density (PSD) lies
near the membrane in the postsynapse and responds to the chemical traffic (Kennedy,
2000) and Fig. 1.1). As one can imagine, orchestrating the signals from billions of these
pre- and postsynaptic hubs into synchronized action potentials representing different
networks is no small task. Each synapse maintains homeostasis but is also flexible and
can modify the strength/efficacy of its connections. This “synaptic plasticity” is
ultimately what allows an organism to respond to its environment.

Signal transduction mechanisms enable synaptic plasticity in both excitatory and
inhibitory synapses. However, well-defined PSDs are only found in excitatory synapses.
Receptors embedded in the PSD bind neurotransmitters and relay this information to
signaling proteins intracellularly through protein-protein interactions, conformational
changes, or post-translational modifications. In addition to signaling proteins, the PSD is
comprised of layers of scaffolding proteins and cell adhesion complexes that collectively
respond to changes in synaptic activity to strengthen or weaken communication at the
synapse. Misregulation of the finely tuned, dynamic processes that occur in the PSD to
maintain homeostasis and to respond to stimuli can lead to diseases of the central
nervous system (Butler et al., 1995; Durand et al., 2007; Brandon et al., 2009; Yoshii and

Constantine-Paton, 2010). Mechanisms that contribute to schizophrenia, affective



disorders, autism, and cognitive defects often overlap at the level of faulty signal
transduction at excitatory and inhibitory synapses (Cohen and Greenberg, 2008;

Brandon et al., 2009; Yoshii and Constantine-Paton, 2010).

Changes in Spine Morphology in Synaptic Plasticity

Spines are small protrusions averaging approximately 1 micron long and 0.5
microns wide, emanating from dendritic branches of neurons. Postsynaptic contacts
and PSDs are usually situated near the tip of a spine. Spines assume different shapes,
volumes, and lengths that reflect their functional state regulated by integrated signals
coming through the PSD. Spines are categorized as mushroom, stubby, thin, or
filopodial, based on the ratio of their head diameter to neck length (Fiala et al., 2002;
Bourne and Harris, 2008). Mushroom spines are considered the most “mature.” They
have a bulbous head with a relatively large PSD and a thinner neck. Thin spines are
believed to be less mature, having smaller heads and PSDs. The head of the spine
undergoes large changes in size and shape as a result of synaptic plasticity (Bourne and
Harris, 2007; Tanaka et al., 2008). The neck is also plastic and helps to contain ion fluxes
and activated signaling cascades within the spine head, limiting spillover to the dendrite
and neighboring synapses. Ca’* transients, for instance, can reach higher concentrations
in thin and filopodial spines (Bourne and Harris, 2008). Aberrant spine morphology and
density is associated with disorders such as Fragile X (increase in filopodial spines), other
forms of mental retardation, schizophrenia (decreased density), and epilepsy (Swann et

al., 2000; Fiala et al., 2002; Ramakers, 2002). Longer spines, seen in the Densin KO, are



usually correlated with immaturity (Holly Carlisle, unpublished data). The Densin KO
also has more mushroom and fewer stubby shaped spines (Holly Carlisle and Andrew
Medina Marino, unpublished data), which is addressed further in Chapter 2 with

implications for psychiatric disorders.

Remodeling of spines occurs with long term potentiation (LTP) and long term
depression (LTD), two forms of synaptic plasticity that persistently increase and
decrease the efficiency in postsynaptic response, respectively. Electrophysiologically,
LTP is typically induced by high frequency stimulation (trains of 50-100 stimuli at 100 Hz
or more) and LTD with low frequency stimulation (0.5-5 Hz) (Dudek and Bear, 1992; Bliss
and Collingridge, 1993; Dudek and Bear, 1993; Malenka and Bear, 2004). During the
consolidation phase of LTP, thin spines enlarge and expand into mushroom spines.
Because thin spines are shorter lived and adjust more flexibly in response to changes,
they have been hypothesized to act as “learning spines” that are converted to the more
stable mushroom spines, which are considered to be “memory spines” (Bourne and
Harris, 2007). Single spines, when activated with high frequency photo-uncaging of
glutamate accompanied by postsynaptic spiking enlarge into mushroom spines within
seconds, after which the neck gradually decreases in diameter and shortens over a
period of ~1 hour (Tanaka et al., 2008). To adjust to its new functional state with
induction of LTP, lipid-bound vesicles (amorphous vesicular clumps and endsomes) and
polyribosomes are also transported into the spine from the shaft of the dendrite. The
vesicular clumps provide lipids to expand the spine membrane to a bulbous head,

whereas endsomes regulate trafficking of new proteins to the surface membrane, and



polyribosomes carry out local synthesis of new proteins (Park et al., 2006; Bourne and

Harris, 2007).

A redistribution of the sizes and shapes of spines is also seen during the
maturation of neurons. In particular, there is an increase in thin and mushroom spines
with perforated PSDs from postnatal day 15 to adulthood (Harris et al., 1992).
Perforations are “holes” in the PSD observed at the tips of spines during spine
maturation (Bourne and Harris, 2008). They are believed to reflect structural
reorganization that takes place as the synapse matures. Along with growth of spines,
pruning is also needed to prevent inappropriate synaptic connections. The process of
appropriate pruning may be affected in diseases like schizophrenia (McGlashan and
Hoffman, 2000). Shrinkage and retraction of spines is associated with LTD (Chen et al.,
2004; Nagerl et al., 2004; Zhou et al., 2004), which is thought to decrease the
transmission of information at the synapse and return the spine to a state that can be

potentiated in the future (Bourne and Harris, 2007).

The mice in which the Densin gene has been knocked out have significantly
longer spines than wild type (Holly Carlisle, unpublished data). Longer, thinner spines
are often associated with immaturity (Fiala et al., 2002; Bourne and Harris, 2007;
Bourne and Harris, 2008). The Densin KO also has a higher proportion of mushroom
spines and fewer stubby spines (Holly Carlisle and Andrew Medina Marino,
unpublished). The implications of these finding are addressed in Chapter 2 along with

the implications for psychiatric disorders.



Signal transduction in the post synaptic density in synaptic plasticity

The morphological alterations associated with changes in synaptic strength are
driven by rearrangements of PSD proteins and the actin cytoskeleton, as orchestrated
by signaling transduction pathways. The two classes of glutamate receptors in the PSD,
ionotropic and metabotropic, are distinguished by their mode of signaling, either by
ionic flux or by coupling to G proteins as second messengers, respectively. The AMPA
(a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate) and NMDA (N-methyl-D-aspartic
acid) receptors are the most important of the ionotropic receptors. During the
induction of LTP, the PSD expands along with the enlarging spine. This expansion is
associated with increased levels of NMDA and AMPA receptors (Harris et al., 1992;
Bourne and Harris, 2008), although AMPA receptor levels increase more dramatically
(Nusser, 2000). Signaling from the synaptic cleft is relayed intracellularly to signal
transduction molecules, many of which are clustered near the glutamate receptors.
Stimulation of NMDA receptors leads to Ca®" influx, which activates Ca**/calmodulin
dependent protein kinase Il (CaMKIl), a key mediator of LTP (Lisman et al., 2002; Merrill
et al., 2005). CaMKIl phosphorylates a number of substrates including AMPA receptors.
Phosphorylation of the AMPA receptor by CaMKIl modulates the size of the current
through the AMPA receptor (Soderling and Derkach, 2000). Phosphorylation of
additional substrates by CaMKII leads to upregulation of surface levels of AMPA
receptors on a time scale of several minutes, augmenting future responses to glutamate
stimulation (Hayashi et al., 2000; Lee et al., 2003). Induction of LTD leads to increased

removal of AMPA receptors by endocytosis (Malenka and Bear, 2004; Waung et al.,



2008). Thus, regulation of AMPA receptor trafficking to the membrane is a mechanism

used in induction of both LTP and LTD to encode changes in synaptic transmission.

In addition to CaMKIl, other Ca** sensors respond to stimulation of the NMDA
receptor, including RasGRF1 (which activates the Ras-Erk pathway (Krapivinsky et al.,
2003), adenylate cyclase (Chetkovich and Sweatt, 1993), calcineurin (Morishita et al.,
2005), and nitric oxide synthase (Brenman and Bredt, 1997). These sensors mediate a
variety of synaptic processes important in neuronal survival, maturation, and
differentiation. The interactions of RasGRF1 and CaMKIl with the NMDA receptor
complex are described in Chapter 5. Signal transduction mechanisms involving LIM
kinase (LIMK), cofilin and the ARP 2/3 complex control reorganization of the actin
cytoskeleton that underlies the structural plasticity of spines (Carlisle and Kennedy,
2005). oa-actinin, which is a binding partner of Densin, the NMDA receptor (NR2 and
NR2B subunits), and aCaMKIl, is thought to link the NMDA signaling machinery to the
actin cytoskeleton (Wyszynski et al., 1997; Wyszynski et al., 1998; Krupp et al., 1999;

Walikonis et al., 2001; Nakagawa et al., 2004).

Glutamate receptors and synaptic plasticity

In the Densin KO, induction of LTD is impaired and the amount of mGIuR5 in the
PSD is decreased (H. Carlisle, unpublished). These two findings may be linked because
one form of LTD is mediated by mGluR. In the following section, | review the role and

regulation of glutamate receptors in LTP and LTD.



The two major mechanisms for the regulation of AMPA receptors are
phosphorylation of the GluR1 and GluR2, subunits of the AMPA receptor, and trafficking
of the receptors into and out of the postsynaptic membrane. Phosphorylation of GIuR1
subunits on Ser 831 by CaMKIl and on Ser 845 by CaMKIl and PKA (Hayashi et al., 2000;
Lee et al., 2003) regulate the internalization of the receptor. Additional sites have been
seen to alter channel properties (Soderling and Derkach, 2000). Both the number of
AMPA receptors in the synaptic membrane and their channel properties influence the
strength of synaptic transmission. Insertion of the receptor occurs by exocytosis
chaperoned by stargazin-PSD-95 complexes (Schnell et al., 2002). Internalization of the
receptor occurs via clathyrin endocytosis complexes containing endophilin and dynamin,
a process that requires interaction with the immediate early gene, Arc (Chowdhury et

al., 2006).

In LTD, spine volume is reduced, concomitant with the dismantling of actin and
removal of AMPA receptors from the membrane surface. From a disease perspective,
one purpose of LTD is to prevent damage from excitotoxicity that may result if too many
synapses on a neuron are too highly potentiated for too long (Villmann and Becker,
2007). The two most studied forms of LTD are facilitated by two glutamate receptors:
the ionotropic NMDA receptor, which produces Ca*" influx that triggers LTD, and
metabotropic glutamate receptors, which are coupled to G proteins and increase Ca**
concentration by release from intracellular stores (Huber et al., 2001; Luscher and

Huber, 2010).



Overstimulation of the NMDA receptor can lead to excitotoxcity (Villmann and
Becker, 2007). However, a normal homeostatic mechanism results in synaptic
depression in response to prolonged NMDA receptor activation and thus prevents
excitotoxicity. This mechanism requires activation of calcineurin and protein
phosphatase 1 (Morishita et al., 2005). NMDA-dependent LTD involves the decrease of
surface AMPA receptors either through GluR1 dephosphorylation, or through increased
removal of GIuR2 from the synaptic membrane, the converse of what is seen in LTP,
which is mediated by the same receptor. Dephosphorylation of GluR1 AMPA receptor

at Ser 845, the PKA site, is correlated with LTD (reviewed in (Malenka and Bear, 2004)).

A second form of LTD that is distinct from that mediated by the NMDA receptor,
depends on signaling through metabotropic glutamate receptors (mGIuRs). In contrast
to ionotropic glutamate receptors, mGIuR receptors transmit signals through G-proteins
that activate hydrolysis of phosphotidylinositol 4,5 bisphosphate (PIP2) by
phospholipase C, yielding the messengers 1,4,5-trisphosphate (IP3) and diacylglycerol.
Metabotropic glutamate receptors are classified into three groups (1, Il, and Il), of which
Group | (which includes mGIuRs 1 and 5) is the only one located in the postsynaptic
density. Studies in the cerebellum and hippocampus have revealed that group | mGluRs
participate in LTP and LTD, which is regulated by the complex of proteins anchored to it
(Niswender and Conn, 2010). The immediate early gene and scaffold protein, Homer 1A
links mGIuRs to a meshwork of proteins linked to Shank’s modular domains. The linkage
produces a physical bridge that allows cross talk between Group | mGIuR and NMDA

receptors (Bertaso et al.; Ronesi and Huber, 2008). Moreover, a-actinin, a binding



partner of Densin, interacts directly with mGIuRs and is thought to regulate their surface

levels.

Scaffold proteins and synaptic plasticity

Scaffold proteins such as Densin and PSD-95 (discussed in Chapters 2, 3, 4, and
the Appendix) contribute to synaptic plasticity by helping to adapt the PSD architecture
to changes in synaptic strength. This can be accomplished by physically linking
receptors to downstream signaling molecules, regulating endocytosis, shaping dendritic
morphology, or creating an interface between the PSD and the actin cytoskeleton. PSD-
95 associates directly with the carboxyl terminal tails of the NR2 subunits of the NMDA
receptor (Kornau et al., 1995). Deletion of PSD-95 leads to alterations in the
configuration of signaling proteins associated with the NMDA receptor. PSD-95 also
regulates levels of AMPA receptors by playing a role in their trafficking through stargazin
(Chen et al., 2000; El-Husseini et al., 2000; Schnell et al., 2002). The Homer family of
proteins associates with mGluRs at the edges of the PSD and links them both to internal
Ca2+ stores and to the PSD itself through its interaction with Shank (Tu et al., 1999; Sala
et al., 2001). Shank is another prominent scaffold protein that forms bridges between
the NMDA, mGIluR, and AMPA receptor complexes through its modular domains
(including a PDZ domain, an SH3 domain, a SAM domain, and ankyrin-like repeats)

(Naisbitt et al., 1999).

Activity-dependent transcription and synaptic plasticity
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Information about recent activity at the synapse can be transmitted to the cell
body in order to direct long lasting adaptations by the neuron through increased
transcription (Cohen and Greenberg, 2008). Defects in activity-dependent transcription,
as may be present in the Densin KO (Chapter 2 and 3), can lead to neurological
dysregulation. The immediate early genes are defined in the nervous system as those
rapidly transcribed in response to neuronal stimulation. This family includes activity-
regulated cytoskeletal protein (Arc), c-fos, Jun, Homer 1A, etc. Ca® signaling in spines
and protein sensors in the PSD initiate signals that travel to the nucleus. One well-
studied example of a transcription factor regulated by synaptic activity is cyclic AMP
response element-binding protein (CREB). Several signaling pathways acting through at
least four protein kinases (PKA, RSK, CaMKIV, CaMKIl) converge on regulation of
phosphorylation of CREB at Ser 133 (reviewed in (Cohen and Greenberg, 2008)). CREB
helps to control the transcription of target genes, including many of the IEGs, by binding
to a CRE sequence within their promoter. Mutation of activity-dependent transcription
factors, or of any genes encoding proteins that contribute to activation of CREB, can
cause mental disorders. It is also believed that the loss of any of the IEGs or other
activity-dependent genes may result in some loss of cognitive ability (Cohen and
Greenberg, 2008). In addition to CREB, NF-kB and Npas4 are activity-dependent
transcription factors that respond to synaptic activity or membrane depolarization by
increasing expression of a certain sets of genes. For both transcription factors, this

group includes the gene encoding brain-derived neurotrophic factor (BDNF), which plays
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an important role in regulating dendritic growth and synaptic plasticity (Waterhouse and
Xu, 2009; Yoshii and Constantine-Paton, 2010).
Protein synthesis and synaptic plasticity

Although not always proportional, increased transcription often prompts
increased protein translation from these transcripts. Lasting changes in the strength of
the synapse, as in the consolidation of LTP and LTD, requires the synthesis of new
proteins, which is regulated temporally and spatially (Frey et al., 1988; Huber et al.,
2001). The administration of protein synthesis inhibitors (i.e. anisomycin) during and
shortly after the initiation of LTP blocks the enlargement of spines and consolidation of
late phase LTP (Frey et al., 1988; Tanaka et al., 2008). In addition to protein synthesis in
the soma, translation in dendrites plays a prominant role. For example, local translation
in activated dendrites has been proposed as a way for neurons to tag particular
synapses based on experience (Frey and Morris, 1997). Polyribosomes have been
observed by electron microscopy in dendrites near the base of spines (Steward and
Levy, 1982; Sutton and Schuman, 2006) and within spines following induction of LTP
(Ostroff et al., 2002).

Dendritic protein synthesis is important in encoding synaptic plasticity and
molecular memory, although its precise role in tagging is still unclear (Frey and Morris,
1997; Sutton and Schuman, 2006). Supporting data have come from the use of drugs to
block protein synthesis, studies with mutant mice, and study of synaptic transmission in
dendrites physically disconnected from the soma after stimulation (Frey et al., 1988;

Frey et al., 1989; Kang and Schuman, 1996; Sutton and Schuman, 2006). The list of
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confirmed locally translated proteins is likely not complete, but the most studied and
well known of them is CaMKIl (Ouyang et al., 1999; Miller et al., 2002; Sutton and
Schuman, 2006). Mice lacking the 3’ untranslated region (UTR) that is responsible for
directing nascent CaMKIl mRNA to the dendrite have deficits in hippocampal-dependent
and object recognition memory and in late phase LTP (Miller et al., 2002). The transcript
of Arc is upregulated in response to synaptic activity and transported into active
dendrites where it is translated and participates in synaptic regulation of AMPA receptor
trafficking and rearrangments in the actin cytoskeleton (Ying et al., 2002; Waung et al.,
2008). Neurotrophin induced plasticity, for example that induced by BDNF, is an
example in which synaptic plasticity is depends on production of new protein (Kang and
Schuman, 1996; Tanaka et al., 2008). Induction of LTP by BDNF in hippocampal
dendrites that have been physically disconnected from the soma is impaired without
local protein synthesis (Kang and Schuman 1996). It was later shown induction of
plasticity by BDNF also requires expression of Arc, as addressed more extensively in
Chapter 3 (Ying et al., 2002; Bramham et al., 2009).

LTD also requires protein translation, some of which occurs rapidly. Stimulation
of metabotropic GIuRs facilitates dendritic protein synthesis-dependent LTD that is
distinct from that induced by NMDA receptor activation (Huber et al., 2000; Huber et al.,
2001). mGluR-dependent LTD requires synthesis of Arc within 5 min. of stimulation, as
well as translation of other proteins (Huber et al., 2000; Waung et al., 2008).
Preincubation with anisomycin blocks LTD initated by the Group | mGIuR agonist, DHPG

(RS-3,5-dihydroxyphenylglycine) (Huber et al., 2000). mGluRs are thought to facilitate
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LTD by regulation of endocytosis of AMPARSs by a complex that includes Arc, dynamin,

and endophilin (Chowdhury et al., 2006; Waung et al., 2008).

Activity-dependent degradation of proteins is also integrally involved in
development, homeostasis, and synaptic plasticity. Protein degradation in the PSD
occurs primarily through the activity of E3 ubiquitin ligases, ubiquitin-activating E1
enzymes, and ubiquitin-conjugating E2 enzymes (Segref and Hoppe, 2009). Increased
degradation of Shank3, along with particular scaffold proteins, is stimulated by synaptic
activity (Ehlers, 2003). Ubiquitination of PSD-95, for example, leads indirectly to
decreases in levels of surface AMPA receptors and deficits in NMDA receptor-dependent
LTD (Colledge et al., 2003). Mono-ubiquitination of receptors can direct them to
lysosomes or recycling endosomes. Proteasomes have been observed in dendrites and
can be transported into the spine where they bind to active CaMKIl upon synaptic

stimulation (Bingol et al., 2010).

Balance of inhibitory and excitatory inputs in synaptic plasticity

While the processes discussed above occur mostly in excitatory synapses,
inhibitory synapses that use GABA (y-aminobutyric acid) as their transmitter also
contribute to brain plasticity. Within neuronal networks, inhibitory inputs refine the
neuron’s decision to fire or not. Unlike the PSDs of excitatory synapses, the
postsynaptic membranes of inhibitory synapses are not situated on the ends of spines.
In inhibitory synapses, the presynaptic bouton makes contact with the dendritic shaft.

The postsynaptic protein complex contains some but not all of the components of the
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PSD, and plasticity occurs by different mechanisms. Imbalance of inhibitory and
excitatory tone in the brain contributes to the etiology of seizure disorders, and possibly
in schizophrenia, autism, and mood disorders (Cline, 2005; Fritschy, 2008). This is

further discussed in Chapter 4.

Neuronal networks and behavior

The formation of appropriate synapses is necessary to establish well-functioning
neural circuits. Donald Hebb originally hypothesized that neurons that “fire together
wire together” (Hebb, 1949). Research over the last 50 years has largely confirmed this
prediction. Neurons become specialized for receiving inputs from other neurons after
repeatedly adjusting synaptic transmission (Hebb, 1949). Problems with connectivity,
sometimes resulting from miswiring during developmental, and over-excitability of
particular neuronal networks, have been implicated in autism, schizophrenia and
epilepsy. In schizophrenia, for instance, disruption in inhibitory tone in a subset of
inhibitory, fast spiking interneurons containing parvalbumin results in aberrant network
oscillation patterns (Belforte et al.; Jones 2010; Lodge et al., 2009). In epilepsy,
inappropriate mossy fiber growth with kindling contributes to asynchronous firing that
may occur by similar mechanisms that modulate synaptic plasticity (Morimoto et al.,

2004).

Networks of neurons from different parts of the brain collaborate to control
behavior. Behavioral studies of mouse models have established that either

inappropriate responses to normal synaptic activity or lack of necessary responses
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interferes with the ability of an organism to interact with its environment. While it is
difficult to correlate mouse behavioral phenotypes with mental disorders in humans,
many mouse behavioral abnormalities can be considered endophenotypes associated
with a disorder. Together, these endophenotypes may constitute a syndrome that is
representative of a particular disease (Takao et al., 2007). A disease model can also be
created by mutating or deleting a known susceptibility gene for a human disease, such
as the DISC1 (disrupted-in-schizophrenia) gene, arguably the leading genetic risk factor
for schizophrenia (Blackwood et al., 2001). Mutation of even such a highly predisposing
gene, however, can result in clinically heterogeneous symptoms that vary in severity
due to environmental and genetic variability between individuals. This was exemplified
by cases of recurring major depression, bipolar, and anxiety disorder seen with the
chromosomal translocation in the Scottish family where DISC1 was identified.
Increasingly, it appears that there is a biological continuum in the pathophysiology of
mental diseases. This may also be true in the Densin KO (Chapter 2, 3, and 4), which
exhibits schizophrenic-like endophenotypes compounded with anxiety and a
susceptibility to seizures, the latter of which is often a comorbidity in the human

schizophrenic population.

Summary of thesis

This thesis concerns the contributions to synaptic plasticity of the NMDA
receptor signal transduction complex and the scaffold proteins, Densin and PSD-95. The

behavioral characterization of the Densin KO mouse is described in Chapter 2. Possible
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molecular links to epilepsy, anxiety, and schizophrenia are discussed with respect to the
observed decrease in steady state levels of a-actinin, DISC1, mGIuR, and Arc.

Alterations in Arc and c-fos levels in the Densin KO are discussed in Chapter 3. Chapter
4 addresses the disruptions in the GABAergic system associated with the seizure
phenotype in the Densin KO. Chapter 5 concerns the interaction of RasGRF1, an
activator of Ras, with the NMDA receptor complex. Control of the ERK pathway via Ras
is important for neuronal maturation, gene transcription, neuronal survival, and
synaptic plasticity. Finally, the article in the Appendix contains the results of a
collaboration with Dmitry Korkin and members of Andre Salij’s lab that addressed
regulation of the scaffold protein, PSD-95, by intramolecular interactions. Biochemical
and mass spectrometry data were combined with computational “patch” analysis to

determine the domains that comprise the stable core of the PSD-95 protein.
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Figure 1.1. Key complexes surrounding ionic (AMPA and NMDA) and metabotropic
glutamate (mGlu) receptors in the PSD. Densin is shown as a putative transmembrane
protein and can a ternary interaction with a-actinin and CaMKII. Structures that contact
each other indicate an interaction. The NMDA receptor is a docking site for CaMKII.
PSD-95 serves to stabilize glutmate receptors in the PSD. Homer and Shank are major
scaffolding proteins that form a mesh like structure and an assembly platform for other
proteins. GKAP-guanylate kinase associated protein, GRIP = glutamate receptor
interacting protein NMDAR = N-methyl-D-aspartate receptor, AMPAR = a-amino-3-
hydroxyl-5-methyl-4-isoxazole-propionic acid receptor, CaMKIl = Ca?*/Calmodulin
dependent kinase Il, IP3 = Inositol triphosphate receptor, SynGAP = synaptic Ras
GTPase activating protein. Figure by Holly Carlisle, Andrew Medina-Marino and Mary
Kennedy.
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Chapter 2
Behavioral Characterization of the Densin Knockout Mouse

INTRODUCTION

Densin-180 is a 180 kDa scaffold protein that is highly enriched in the PSD
fraction; however relatively little is known about its functions. Hypotheses about the
role of Densin in the PSD are based on its domain structure and on the roles of its
binding partners in cell adhesion, bridging between receptor complexes, spine
morphology, and participation in Ca** signaling. In this chapter | describe the
characterization of motor, cognitive, sensorimotor, and affective behaviors of a mutant
mouse line lacking Densin that was created by deletion of exon 3 (Andrew Medina-
Marino’s thesis). These KO mice exhibit a syndrome of schizophrenia/autistic-like
behavior with anxiety, depression, and susceptibility to seizure as comorbidities
(Seizure-Chapter 4). These symptoms are correlated with decreases in levels of certain
PSD enriched proteins; including a-actinin, a direct binding partner of Densin, mGIuR5,
and DISC1. DISC1 and mGIuR5 both interact with a-actinin, and are both implicated in
schizophrenia, bipolar disorder, and depression (Blackwood et al., 2001; Brandon et al.,
2009; Luscher and Huber, 2010). Additionally, the steady-state level of the immediate
early gene arc (Chapter 3) is also decreased in brains of Densin KO mice. This may be
due to defective BDNF signaling, which is associated with affective disorders. Decreased
stimulation of the levels of Arc after treatment with BDNF, and a similar trend in levels

of cfos and phosphoCREB are observed in cortical neurons cultured from the Densin KO
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(Chapter 3). These molecular links offer clues about signal transduction pathways that
may be compromised in the absence of Densin and how those disruptions may lead to
behavioral abnormalities.
Densin Localization and Protein Domains

Densin is expressed in the forebrain, kidneys, testes, and pancreas (Apperson et
al., 1996; Ahola et al., 2003; Heikkila et al., 2007; Lassila et al., 2007; Rinta-Valkama et
al., 2007). In the forebrain, it is concentrated in the hippocampus at excitatory
(Apperson et al., 1996) and inhibitory synapses (see Chapter 4). There are numerous
splice variants that may be developmentally regulated (Strack et al., 2000b), but full
length Densin contains an N-terminal leucine rich repeat (LRR), followed by a mucin
homology domain, a putative transmembrane region and a C-terminal intracellular
domain that includes a PSD-95/DIg-A/Z0-1 (PDZ) domain (Apperson et al., 1996) (Fig.
2.1). Densin is membrane-associated and the LRR domains are targeted to the
membrane when they are expressed alone in MDCK-II cells (Quitsch et al., 2005).
However, there is not yet a consensus about whether Densin is a transmembrane
protein, completely intracellular, or can assume both of these localizations. On one
hand, biochemical evidence indicates that Densin is glycosylated and contains large
polysialic acid chains that are normally found only extracellularly (Apperson et al., 1996).
On the other hand, Thalhammer et al. found phosphorylated sites by mass
spectrometric analysis on the previously suggested transmembrane region of Densin

(Apperson et al., 1996; Thalhammer et al., 2009).
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Theories about Densin Function based on Domain Homology and Protein-Protein
Interactions
Structural homology

Densin has an arrangement of domains similar to other proteins that contain
both LRR and PDZ domains, including Scribble and LET-43. These proteins have been
christened LAP proteins (Santoni et al., 2002). Erbin, and Lano, Drosophila
melanogaster Scribble and Caenorhabditis elegans LET-413, have roles in specifying
apical-basal cell polarity and in regulating cell proliferation by maintaining an epithelial
cell layer (Legouis et al., 2003). Mutants of Scribble and LET-413 also exhibit cell-cell
junctions that are not properly aligned suggesting that Densin may be involved in
synapse connectivity (Bilder & Perrimon, 2000, Borg et al 2000, Legouis et al., 2000).
Densin also shares domain homology with the transmembrane protein GP1ba, a platelet
cell adhesion molecule that binds von Willebrand factor, and the LRR domain of Toll-like
receptors, implying it may mediate signal transduction by participating in cell-cell
interaction (Apperson et al., 1996).
Interactions with cell adhesion molecules

Through its putative membrane proximal domain (amino acids 1249-1495),
Densin is able to associate with directly with &§-catenin/NRAP, which is associated with
cell adherens junctions (Izawa et al., 2002). Densin can also be immunoprecipitated
with a nephrin-containing complex from the kidney (Ahola et al., 2003). The worm
homolog for nephrin is SYG-2, which mediates synaptogenesis and when mutated leads

to ectopic formation of synapses when mutated (Shen and Bargmann, 2003; Shen et al.,
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2004). Because the kidney filtration cellular junction mimics the synapse architecturally
in many surprising ways, it was also interesting to find that Densin is associated with -
catenin and N-cadherin in the kidney, but it is not known if these interactions are direct
(Heikkila et al., 2007). It is possible that Densin may bind these proteins indirectly via
delta catenin or a-actinin, which are also known to link these proteins to the
cytoskeleton. In addition to its role in cell adhesion, N-cadherin internalization has
repercussions for NMDA-induced synaptic plasticity (Tai et al., 2007; Mysore et al.,
2008). Delta-catenin has roles in mediating neuronal branching, and similar to beta-
catenin, can also act as a transcription factor. -catenin participates in neurogenesis by
enhancing transcription of target genes through a pathway in which its degradation is
regulated by GSK3B and DISC1.
Densin interactions with scaffolding proteins

Densin interacts directly with Shank and with PSD-95 indirectly through MAGUIN
(Ohtakara et al., 2002). Both are scaffold proteins that are largely responsible for the
mesh-like quality of the PSD. They help to adapt the architecture of the PSD to changes
in synaptic activity. Through binding to Densin’s PDZ domain, MAGUIN links Densin to
PSD-95, which has been suggested to stabilize the NMDA receptor in the PSD (Ohtakara
et al., 2002). Shank is composed of a string of modular protein binding domains (N-
terminal ankyrin repeats, SH3 and PDZ domains, conserved proline-rich clusters, and a
SAM (sterile alpha motif) domain at its C-terminus) that can multimerize with
themselves through SAM and helical regions (Naisbitt et al., 1999). Consequently, Shank

is able to connect multiple receptor complexes to each other by its staggered layering
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throughout the expanse of the PSD. Shank is linked to the mGIuR receptor through
Homer, indirectly to the NMDA receptor through GKAP, which in turn binds PSD-95, and
to the AMPA receptor via GRIP or via GKAP, PSD-95 and stargazin. This dense stack of
proteins is further connected to actin by Shank’s ability to interact with F-actin and
through a—actinin’s crosslinking to F-actin, mGIuR5, and Densin (Fig. 2.2). Many of
these scaffold proteins that bind and stabilize GIuR complexes are implicated in
schizophrenia-like phenotypes, including Homer, which associates with mGIuR receptors

(Szumlinski et al., 2005).

Homer is a scaffold protein in the post-synaptic density that interacts with
mGIuR5, inositol triphosphate receptors, and Shank. Homer binds to the tail of the
MGIuR5 receptor and to Shank through Homer’s N terminal EVH1 PDZ and C terminal
coiled-coiled domain, respectively (Kammermeier et al., 2000). A shorter splice variant,
Homer1A, is missing the C terminal coiled-coiled region and is able to interfere with
protein interactions of the long form, including the mGIuR5 receptor, in a dominant-
negative manner (Tu et al., 1999; Kammermeier et al., 2000). Together Shank and
Homer form a mesh-like structure and serve as an assembly platform for other
complexes in the PSD (Hayashi et al., 2009).

The SH3 domain of Shank also can bind the C-terminus of Densin directly
(Quitsch et al., 2005). The coexpression of Shank 1, 2, or 3 with Densin in HEK cells
drives Densin into intracellular clusters, suggesting that Shank can contribute to the
localization of Densin. Overexpression of Densin, particularly constructs including the

LRR domain, in cultured hippocampal neurons leads to excessive branching of
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hippocampal neurons and is hypothesized to be facilitated by delta-catenin. The
excessive branching is countered if Shank is co-expressed with a Densin construct that
contains the C-terminus (Quitsch et al., 2005). Because Shank interferes with binding of
delta catenin to Densin-180 in pull-down assays, it is thought that Shank may block
activation of Densin-180-dependent signaling pathways by delta-catenin. Delta-catenin
promotes branching and neurite formation (Quitsch et al., 2005). Dissociated
hippocampal neurons cultured from the Densin KO mouse appear to have normal
branching patterns (Holly Carlilse, unpublished data); however it is unknown how the
assembly of proteins surrounding Shank is altered in the absence of Densin.

Mutations in Shank 3 have been linked to both autism and schizophrenia
(Durand et al., 2007; Gauthier et al., 2009; Gauthier et al., 2010), and these disorders
share symptoms related to social and cognitive performance. De novo mutations
R1117X and R536W were found in Shank 3 in two different families with a high
incidence of schizophrenia (Gauthier et al., 2010). R1117X truncates Shank’s C-
terminus, which removes the Homer and cortactin binding sites. In zebrafish, this
mutation results in defective morphology (smaller head, eyes, trunk) and behavior
(inability to react to touch), and in defective neurite formation in cultured neurons. The
effects of the R536W mutation, at a site in the protein adjacent to the Densin-binding
SH3 domain, are more subtle (Gauthier et al., 2010).

Densin and Ca** Signaling
Densin may play a role in Ca®* signaling by interacting with CaMKII, a key player

in the induction of LTP and synaptic plasticity (Walikonis et al., 2001; Jenkins et al.,
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2010). Autophosphorylation of CaMKIl increases its affinity for Densin approximately
~100x (Walikonis et al., 2001). Densin colocalizes with CaMKIl in neurons (Apperson et
al., 1996) and may allow a subset of CaMKII molecules to dock near the mouth of the
NMDA receptor. The affinity of CaMKII for the NR2B subunit of the NMDA receptor (Kq=
150-250 nM) is similar to its affinity for Densin in vitro (Strack and Colbran, 1998; Strack
et al., 2000a; Strack et al., 2000b). A membrane-targeted minimized Densin peptide can
recruit CaMKIl to the membrane of HEK cells when the two proteins are cotransfected
(Strack et al., 2000a). Pull-down experiments defined amino acids ~1354-1380 of Densin
in the membrane-proximal region as being sufficient to bind CaMKIl, while flanking
regions potentiate Densin-CaMKIl interaction. Densin is the only protein known to bind
specifically to the association domain of CaMKII (Strack et al., 2000b; Walikonis et al.,
2001)

Because of the important implications of obliterating a docking site in the PSD
for a key facilitator of LTP, we assessed the localization of CaMKIl in the PSD in cultured
neurons from Densin KO and WT littermates (Carlisle and Medina-Marino, unpublished
data). Colocalization of CaMKIl with PSD-95 in immunostained hippocampal cultures
was not altered in the Densin KO, supporting the conclusion that Densin is not required
for CaMKII recruitment to the PSD. Furthermore, relative to the WT, the total amount
of CaMKIl in the Densin KO is unchanged in forebrain homogenates, and in
synaptosomal and PSD fractions. However, in neurons cultured from double KOs lacking

both NR1 and Densin, localization of CaMKIl in the PSD is severely disrupted compared
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to neurons from NR1 knockouts, indicating that the two molecules collaborate to
localize CaMKII to the PSD (Carlisle and Medina-Marino, unpublished data).

In cultured neurons from the Densin KO, autophosphorylation of CaMKIl is
altered both basally and in response to synaptic activation. While basal
autophosphorylation at T286 is decreased in hippocampal neurons cultured from the
Densin KO, enhancement of synaptic transmission by treatment with bicucculine
increases CaMKIl autophosphorylation in the KO ~2 fold over the WT (H. Carlisle,
unpublished data). This increased activation might explain the initial enhancement of
post-tetanic potentiation seen in the KO (Carlisle, O’Dell, and Indersmitten, unpublished
data). The initial response of CaMKIl to Ca** influx through the NMDA receptor may be
larger than in the WT. Otherwise, the electrophysiological profile of LTP in hippocampal
slices from the KO is similar to that of the WT for the first hour. Furthermore, AMPA
and NMDA receptor currents are normal in the Densin KO (Carlisle, O’Dell, and
Indersmitten, unpublished data).

Recently, Densin has also been found to interact with Ca,1.3 channels in the
presence of CaMKIl, and thus may form a link between these two proteins facilitating
regulation by CaMKII (Jenkins et al., 2010). In a ternary complex with CaMKII, Densin is
able to enhance Ca®* transients by binding to this channel during high frequency
stimulation, an ability that neither CaMKIIl nor Densin has when expressed by
themselves (Jenkins et al. 2010). Hypoactivity of VSCC’s has been linked with decreased
expression of IEGs and with various forms of mental retardation (Greer and Greenberg,

2008).
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Densin binds to a-actinin, which in turn binds to mGIuR5 and DISC1

The PDZ domain of Densin binds the C-terminal TSV sequence of a-actinin, a
cross linker of F-actin. Moreover, a ternary complex can be formed between Densin, o-

actinin and CaMKII (Walikonis et al., 2001). a-actinin comprises an N-terminal actin
binding domain and four tandem spectrin repeats with a C-terminal EF motif ending in a
PDZ binding TSV sequence. It binds to NMDA and mGIluR5 glutamate receptors, linking
them to the cytsokeleton. Rearrangment of the actin cytoskeleton is critical for spine
maturation and for normal alterations in spine morphology, both of which are disrupted
in several neurological disorders (Fiala et al., 2002). Overexpression of a-actinin in
hippocampal neurons in culture leads to an increase in motile filopodial spines
(Nakagawa et al., 2004). Intriguingly, as identified by yeast two hybrid screens, DISC1
and mGIluR5 are also binding partners of a-actinin (Millar et al., 2003; Cabello et al.,
2007). a-actinin’s direct interaction with mGIuRS5 regulates surface levels of the
receptor and activation of ERK (Cabello et al., 2007).

Because of the cosegregation of mutations in mGIuR5 and DISC1 with
depression, cognitive, and mood disorders that resemble those in the Densin KO mouse,
we probed for levels of both of these proteins and found them to be decreased in the
PSD fraction of the KO. Group 1 mGIuR5 receptors, which include mGIluR1 and 5, are
expressed in the cortex, hippocampus, striatum, lateral septal nucleus, olfactory bulb
and nucleus accumbens. Metabotropic mGIuR receptors are coupled to the Gag/11
proteins and facilitate a form of LTD that is dependent on protein synthesis and

endocytosis of AMPA receptors and that involve rapidly translated Arc (Snyder et al.,
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2001; Moult et al., 2006; Park et al., 2008; Waung et al., 2008; Luscher and Huber,
2010). mGluR deficient mice have decreased Prepulse Inhibition (PPI) and increased
hyperlocomotion. Currently, a mGIuR5 agonist is in clinical trials for potential use as an
antipsychotic drug (Inta et al., 2009). Lack of the mGIuR5 receptor has also been
indicated in drug addiction and anxiety (Luscher and Huber, 2010).

Although schizophrenia is multifactorial and multigenetic disorder, DISC1 is
presently considered a leading schizophrenia susceptibility gene. A 1,11 chromosomal
translocation that truncates DISC1’s C-terminus in a Scottish family predisposes them to
schizophrenia and other affective disorders (Blackwood et al., 2001; Brandon et al.,
2009). Mouse mutants with alterations in DISC1 also have schizophrenic-like
endophenotypes (Shen et al., 2008; Kellendonk et al., 2009; Ayhan et al., 2010). Links to
autism have also since been found with mutations in DISC1 (Kilpinen et al., 2008;
Williams et al., 2009). The pathophysiology related to the DISC1 mutation is unclear but
the protein appears to affect neuronal migration, proliferation, and arrangement of
newly formed cells. Defects in these processes are predicted by the
neurodevelopmental theory of schizophrenia (Ozeki et al., 2003; Pletnikov et al., 2008;
Shen et al., 2008; Brandon et al., 2009). DISC1 may also participate in pathways that

affect GIuR signaling.

DISC1 is a coiled-coiled, PSD-enriched cytoplasmic protein that is particularly
highly expressed in the hippocampus (especially Ammon’s horn and the dentate granule
cells) and is known to have five major functions (Meyer and Morris, 2008; Brandon et

al., 2009). One of these is to inhibit hydrolysis of cAMP by phosphodiesterase (PDE 4B)
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in the presence of low levels of cAMP (Millar et al., 2005; Millar et al., 2007). Second,
DISC1 binds to kalirin and TNIK (Traf and nck interacting kinase) in the PSD, where it is
believed to participate in rearrangement of the actin cytoskelton. Disc 1 restricts kalirin
access to Racl, which would constituitively decrease spine size. Kalirin is a Rac1-GTP
exchange factor (GEF) that activates Racl and the PAK1 pathway to organize the actin
cytoskeleton and spine morphology (Hayashi-Takagi et al., 2010). Decreased DISC1 is
associated with decreased spine density in the dentate gyrus (Kvajo et al., 2008). The
third function is in Wnt signaling, where DISC1 binds to the N-terminus of GSK3beta and
inhibits GSK3beta activity, thus promoting the degradation of beta-catenin. Beta-
catenin binds to the tail of Cadherin, a cell adhesion molecule. 3-catenin can act as a
transcription factor when it is released from cadherin. The result is increased neural
stem cell proliferation. Through this pathway, knockdown of DISC1 with RNAi leads to a
decrease in proliferation of progenitor cells in the dentate gyrus (Mao et al., 2009).
Fourth, DISC1 can bind to the C-terminus of NDEL1 (nuclear distribution element like-1),
and NDE1 in the dynein motor complex that organizes microtubules at the centrosome
and plays a role in neurogenesis of hippocampal granule cells (Duan et al., 2007;
Brandon et al., 2009). Last, DISC1 is a positive modulator of Erk signaling, which is one
of the pathways downstream of activation of NMDA receptors (Hashimoto et al., 2006;

Shinoda et al., 2007).

Densin and Spine Morphology
Compared to the WT, the Densin KO mouse has an increased number of

mushroom spines at the expense of stubby spines (Carlisle and Medina-Marino,
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unpublished data). The volumes of spine heads are similar but the length and thickness
of the necks are altered. The density of spines is similar between the two genotypes. As
we learn more about the intermediates along the path of formation and collapse of
mushroom spines, we may learn what processes lead to a shift in the steady state to
favor mushroom spines and how Densin might be involved in this regulation.
General Assessment of the Densin KO

The Densin knockout mouse was created by deletion of exon 3 of the gene
through flox-Cre technology followed by breeding to Cre expressing mice (Medina-
Marino, unpublished data). The KO mice are viable, born in Mendelian ratios, and are
good breeders. Densin KO’s and heterozyogtes appear to be good mothers; however,
there is ~20% mortality of pups in their early weeks of life. At three weeks of age most
of the KOs are runted and are typically ~50% of the weight of the WT (Medina-Marino,
unpublished data). Because mutations in core components of the PSD can produce
cognitive, mood and affect disorders, we characterized the behavior of the Densin KO.
We discovered traits in the Densin KO mice that most resemble human schizoaffective
disorder with anxiety, possible depression, and seizures. These traits are also consistent
with autism. The seizures are described in more detail in Chapter 4. Human
schizophrenia symptoms are difficult to assess in a mouse but certain endophenotypes
are considered proxies of human symptoms in rodents (Takao et al., 2007; Inta et al.,
2009). These endophenotypes have been characterized by studying phencyclidine-
(PCP) and ketamine-induced psychosis in both humans and rodents, and by studying

mouse models with altered human susceptibility genes. Finally, they have been
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characterized by the ability to reverse the particular endophenotype by treatment with
antipsychotics (Shen et al., 2008; Inta et al., 2009; Belforte et al., 2010).

METHODS

Breeding. The Densin KO mouse was generated by deletion of exon 3, which contains
the transcriptional start site, by recombination of loxP sites by Cre recombinase in utero
(described in Andrew Medina-Marino’s thesis (2009)). All experiments were done with
mice that had been outcrossed to C57BI/6 twice, except for the behavioral cohort,
which was outcrossed seven times. The Densin KO mouse is regularly maintained by
Het x Het matings. Littermates from these crosses were usually used for comparison of

wild type (WT) and KO phenotypes.

Genotyping of mice. Tail clippings or ear punches were harvested from individual mice
at ~3-4 weeks of age. The tissue was lysed in 100 pL Viagen direct polymerase chain
reaction (PCR) tail mix (Viagen®, Los Angeles) supplemented with Proteinase K overnight
at 55-60°C. The samples were then heated at 85° C for 40 min to inactivate the
Proteinase K, and then centrifuged for 10 min at 16 k x g. Template DNA (2.5 ul) was
amplified by PCR in 1x Coraload (Qiagen) PCR buffer, 0.625 mM MgCl,, 0.3 mM dNTP,
1.25 units of Taq polymerase (Qiagen), and 1 pm/uL of the following primers: Lox Pray
Up (5-GAGATGCTCTCAAGATAGACATG-3), Lox Pray low (5’-CTCCAATTCTGAAGCCAGTAG-
3’), and Posthygro2 (5’-ACAGAACTGGCTTCTGTCCAC- 3’). The temperature of the
reaction was cycled according to the following protocol: 11 cycles of 95°C 30 sec, 58°C
30 sec, 72°C 2 min, followed by 21 cycles of: 94°C 40 sec, 56°C 30 sec, 72°C 2 minutes. A

final extension at 72°C for 5 min completed the protocol. PCR reaction products were
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fractionated on a ~1.6% TBS agarose gel with ethidium bromide. A DNA band at 187 bp

identifies a WT, 257 bp a KO, and both 187 and 257 bp bands a Het.

Fixation and Nissl staining. Knockout and wild type littermate pairs, aged 8-12 weeks,
were perfused transcardially with fixative (4% formaldehyde, 15% saturated picric acid
in 0.1 M phosphate buffered saline) for 20 min. Forebrains were dissected, postfixed
overnight at 4° C, and then 50 um coronal sections were cut with a vibratome and
stored at -20 C in antifreeze reagent (50 mm phosphate buffer, 15% glucose, 30%
ethylene glycol) until later processing. Sections were washed in PBS (10 mm NaHPO4,
120 mm NacCl, pH 7.4), mounted on Supermount Plus slides and allowed to dry
overnight. Slides were then dipped in a series of decreasing ethanol solutions: 95% (15
min), 70% (1 min), and 50% (1 min) to remove lipids. After a 5 min water rinse, slides
were submerged in cresyl violet staining solution (0.5% cresyl violet, 0.125% glacial
acetic acid in distilled water) for 5 min followed by a 30 sec rinse in distilled water. The
slices were destained in 96% ethanol/0.5% acetic acid for 5 min, fixed in isopropanol (5
min), followed by 5 min in isopropanol:xylene (1:2 parts), and dipped 4 times in xylene
for 2 min each. Slides were sealed with Permount and allowed to dry at room temp ON
before imaging. Slides were imaged at 2.5x (Plan-Neofluar 2.5x/NA 0,075) and 5x

(objective) magnification.

Necropsy. Necropsy was performed by Gary Lawson at the University of California, Los
Angeles. Two female runts, a male runt, and their WT male littermate (30 days old) were

euthanized by CO,, and fixed in 10% formalin at RT prior to delivery to Dr. Lawson. The
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spinal cord was severed at the base of the brain to permit penetration of fixative and

the thorax and peritoneum were opened to expose the abdominal organs to fixative.

PSD fractions. WT and KO PSD fractions were prepared from 7-8 mice pooled for each
genotype that were matched by age (8-16 weeks) and sex. Data was quantified from 4
separate PSD preparations. Forebrains (excluding olfactory bulbs) were dissected from
WT and KO mice sacrificed by cervical dislocation. Forebrains were rinsed in Buffer A
(0.32 M sucrose, 1 mM NaHCO3; 1 mM MgCly, 0.5 mM CaCl,, 0.1 mM PMSF, 1 mg/I
leupeptin) before homogenizing with 12 up and down strokes at 900 rpm in 14 mL
Buffer A. The homogenates were diluted to 35 mL in Buffer A and then centrifuged at
1400 x g for 10 min. in an SS-34 rotor. The pellet was resuspended in 35 mL Buffer A,
homogenized (3 strokes) and centrifuged at 710 g for 10 min. The supernatants were
combined and centrifuged at 13,800 g (SS-34) for 10 min. The pellet was resuspended in
8 ml of Buffer B (0.32 M sucrose, 1 mM NaHCO3), homogenized with 6 strokes and
layered on top of a sucrose gradient comprising 10 mL each of 0.85 M, 1.0 M, and 1.2 M
sucrose in 1 mM NaH,COs buffer. The sucrose gradient was centrifuged for 2 hours at
82,500 g in a swinging bucket rotor (SW-28). The resultant synaptosome-enriched layer
between the 1.0 M and 1.2 M sucrose layers was collected, diluted to 15 mL with
Solution B and added to an equal volume of Buffer B containing 1% Triton solution. The
mixture was stirred for 15 min at 4°C and centrifuged for 45 min at 36,800g. The pellet
containing the PSD-enriched, Triton-insoluble fraction was resuspended in ~300 pL of
40 mM Tris pH 8 with a 25 gauge needle and 1 mL syringe, triturating ~25x. Samples

were aliquoted, frozen in liquid nitrogen, and stored at -80° C.
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Nembutal induced seizures. Densin KOs and WT littermate pairs (6-10 weeks old) were
given i.p. injections of Nembutal (pentobarbital, 100 mg/kg). Injected mice were
videotaped for later analysis of seizure type and severity and rated according to a

common scale of seizure stages (staging described in detail in Chapter 4).

Behavioral studies. All mice were acclimated to cages in the behavioral facility for at
least 2 weeks prior to behavioral testing. The male cohort consisted of 15 KO and 23
WT mice and the female cohort consisted of 9 KO and 14 WT mice. Mice from both
cohorts had been backcrossed 7 times into a C57BI/6 background. Females were
housed in groups of 4. Initially, most of males were group housed, with an equal
number of WT and KO males singly housed. As the experiments progressed, however,
the majority of the males had to be separated due to fighting.

The behavioral tests proceeded in the following order: open field, short-term
learning and memory (object recognition and place preference), motor tests (clasping,
rotorod, and beam crossing), and prepulse inhibition. The cohort was tested during
their light cycle (except for prepulse inhibition). During all intertrial periods, mice were
returned to their home cages. Protocols were based on those described in Smith et al.,
(2007) and Southwell et al., (2009), or Current Protocols in Behavioral Neuroscience

(Wiley).
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Clasping. 24 KOs (15 males, 9 females) and 30 WTs (19 males, 11 females) were
suspended by their tails for 1 min ~ 30cm above a table top and observed for hind- and

forelimb clasping.

Rotarod. Mice were placed on an accelerating rotarod (~6 rpm to ~50 rpm in 240 sec)
and the duration of time the mice remained on the rod was measured. Mice were

trained on the rotarod for 2 consecutive days, 2 times each day separated by a 10’ rest
period. Mice were tested on the third day and the average of two trials was recorded.

The maximum duration of a trial was 300 sec.

Beam crossing. Mice were placed at one end of a beam and the time required to cross
to the escape box at the other end (80 cm away) was measured by motion detectors.
Mice were trained on two beams (12 mm and 6 mm wide) on two 2 consecutive days.
The mice rested for 10 min. in their home cages between training sessions on the two
beams. Each mouse crossed each beam 3 times on training days, starting with the 12
mm and ending with the 6 mm beam. On test day, the times for two trials in which the

mice did not stop while crossing the beam were averaged.

Open field. Mice were placed in the corner of a plastic 50 cm x 50 cm square box and
allowed to explore the box for 10 min. Aerial video footage was captured using Picolo
(frame grabber) with Media Cruise software. The path the mouse travelled and the
duration of time spent in the center quadrant (25 cm x 25 cm) was analyzed using

Ethovision 3.0 software.
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Place preference. Each mouse was acclimated (10 min) to an open box (50 cm x 50 cm)
and then returned to its home cage (5 min). It was then allowed to explore (5 min) the
open box in which 2 objects had been placed in opposite corners (Fig. 2.6). Mice were
returned to their homecages (10 min) and then reintroduced to the same box (5 min)
where one of the objects had been moved to the opposite corner while the other object
remained stationary (Fig. 2.6). The preference for the moved object was measured by
calculating the number of investigations of the moved object as a percentage of the
total number of investigations of both objects. Investigations were defined as head
movements in the direction of the object where the tip of the nose was within 2 cm of

the object.

Novel object recognition. 24 hours after the place preference test, mice were
reacclimated to the testing box (10 min) and then returned to the home cage (5 min).
The mice were then exposed to the same objects used in the place preference test (5
min). After a 5 min intertrial period, one of the objects was replaced with a novel object
in the same location (Fig. 2.6) and the percentage of investigations of the novel object

was assessed.

Prepulse inhibition (PPIl). Prepulse inhibition is the diminished response to a startling
sound if preceded by a sound of lower db. It is a measure of sensorimotor gating and,
to some extent, distractability by filtering information. Mice were restrained in a
cylindrical plexiglass tube on a platform situated in a chamber (SR Labs, San Diego)

where the involuntary startle response is measured by an accelerometer underneath
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the platform that the mice are resting on. The equipment was operated through
“Startle” software to expose the mice to different trials comprising no startle noise, just
the startle noise (120 db), or a prepulse (of 3 or 6 db over background) prior to the
startle noise. Background noise was 65 db. The mice were acclimated in the plexiglass
tube for 5 min prior to the start of the trials. To optimize for their natural circadian
rhythm, the mice were tested starting an hour into the dark cycle. Prepulse inhibition is

calculated as: 100% x ((startle.pulse)-(startle.prepulse))/(startle.pulse).

Aggression in the KO mice. During the course of the behavioral experiments, records
were taken of cages where fighting was observed including which mouse acted as the
aggressor. Determination of the aggressor was made by identifiying the mouse that was
chasing, biting, or initiating the fight. Often the victim was confirmed by bite marks on

the back and rear.

Nest building. A 2 x 2 inch square piece of cotton nesting material was placed in the
wire food racks of singly caged KO and WT mice, low enough to be easily reached
(Deacon, 2006). The unshredded nesting material remaining on the rack or on the cage
floor was weighed at 12 hour intervals for up to 72 hours. These experiments were

performed by Andrew Steele and Keith Gunapala (Caltech).

Freezing and average motion in an enclosed chamber. Mice were placed in a quiet

room in their home cages for 30 min before being placed in a chamber commonly used
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for fear-conditioning experiments (Med Associates Inc., Vermont). Mice were
habituated in the chamber for 1 min without shock. The percentage of time spent
freezing during the first minute was measured by infared detection of movement. The
sampling rate was 30 frames per second (fps). The motion threshold was set at 18

arbitrary units. Minimum freezing duration was set at 30 frames.

Home cage activity. A home cage activity monitoring system with automated
behavioral detection was developed and employed by Andrew Steele to look at the
activity over light and dark cycles (Steele et al., 2007). The mice were monitored at 8,
10, and 12 weeks of age after acclimating to the facility for 2 weeks in single housing

conditions.

Object recognition with extended training. Mice were trained as described in Object
Recognition, above, except that they were exposed to 2 training sessions per day for 2

days, followed by a testing session with the novel object at the end of the second day.

RESULTS

The gross histology of the Densin KO forebrain is normal. Adult homozygous Densin
KO mice do have no obvious abnormalities in the hippocampus or cortex (Fig. 2.3). Cell
layers of the hippocampus and cortex appear to be normal: The arrangement,
thickness, cell and density of cell body layers are similar in KO and WT forebrains.
Staining for glial fibrillary acidic protein (GFAP) (Keith Gunapala, data not shown)

revealed no abnormal gliosis in the KO brain.
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At 4 weeks of age, Densin KO are reduced in size, have a small spleen and thymus, and
may have malabsorption problems in the digestive tract. Dr. Gregory Lawson (Division
of Laboratory Animal Medicine, UCLA) performed necropsies on WT and KO littermates.
At this age, the KO mice were small in size and at least 20% of them had died. There
were no lesions in the primary organs. The most striking finding was that the thymus
was greatly reduced in size and was difficult to find. In addition, the spleen was small
and pale in all three KO runts that were examined. The intestinal lumen had
underdeveloped villi, which may have lead to difficulties with absorption and the small
body size. The livers of KO mice were small and sharp-edged. The brains of the KO mice
were smaller than the WT but constituted a larger percentage of the total body weight
because of the small body size. The kidneys were indistinguishable from those of the

WT.

The Densin KO mice “clasp” their hind- and forelimbs when suspended by their tails.
WT mice usually splay their limbs out to the side when suspended by their tails. In
contrast, 100% of the KO mice clasped their hind limbs and 96% their forelimbs as
compared to 20% and 10% for WTs (Fig. 2.4). 96% of the KOs also clasped their

hindlimbs when performing on the accelerating rotarod.

The Densin KO mice perform as well as the WTs on motor tests. The accelerating
rotarod motor test measures motor coordination and learning and is also an indicator of

time to fatigue. At 7.5-9.5 weeks old, the KO mice performed as well as the WTs on this
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test (Fig. 2.5). When the rotarod was at higher speeds, the KO mice more often relied
on their forelimbs to stay on the rod while their hindlimbs often clasped.

The KO mice performed similarly to WT on the 12mm beam (male WTs: 4.6 sec
+/- 0.4, KOs: 3.9 sec +/- 0.4); female WTs-3.3 sec +/- 0.3, female KOs 3.5 sec +/- 0.3) and,
outperformed the WT on the 6mm beam (6.8 sec +/- 0.7 average for WT versus 4.9 sec
+/- 0.5 for KO males p=0.03, 5.9 sec +/- 0.5 for WTs and 4.1 sec +/- 0.4 for KO females
p=0.014). Errors are reported as SEM.

Even though the KO mice performed as well or better than WT mice on test day,
they required more training, especially on day 1. On the first training day on the beam,
WT mice traversed the beam to the 'safe' box at the end with minimal prodding on their
initial exposure to the beam. In contrast, KO mice frequently jumped off the beam,
turned around, stalled, or tried to climb off the beam. When crossing the beam on the
first day, KO mice frequently slipped and had to be assisted to complete the crossing.
Surprisingly, the KO mice showed significant improvement 24 hours later; and began to
perform similarly to the WT mice. We counted only the trials in which the mice did not

stall on the beam.

The Densin KO mouse displays deficits in short-term hippocampal- and cortical-
dependent memory. To test short-term memory, we used the place preference and
novel object tests. The place preference task relies on hippocampal-dependent short-
term memory of contextual cues about the position of an object within an environment.
The novel object task relies on short-term memory of details about an object and is

dependent on the perirhinal cortex (Murray and Richmond, 2001).
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In the place preference task, the KO mice showed no preference for exploring an object
that had been moved after its first presentation, whereas WT mice showed a significant
preference (Fig. 2.6). Similarly, in the novel object test, the KO mice showed only a

slight preference for the new object, whereas the WT mice preferred the new object by

~13% (p<0.05) over the more familiar object.

The Densin KO is hyperlocomotive to novel objects. We noticed in the novel place and
novel object trials that the KO mice investigated all objects twice as frequently as WT
mice (Fig. 2.6C and 2.6F). In both tests, the animals had limited exposure to the toys
before the testing. Thus, the KO mice appear to display hyperlocomotion when placed
in the presence of novel objects. This behavior is particularly striking because the KO

mice are hypoactive in their home cage (see below).

The Densin KO has impaired prepulse inhibition. To test whether the KO mice have
defective sensory filtering, we compared them to WT mice in a test for prepulse
inhibition. Female KO mice have decreased prepulse inhibition compared to WT when
tested with either a 68 or a 71 db prepulse (3 db and 6 db over background,
respectively) (Fig. 2.7). The diminished prepulse inhibition (WT 49.5% (SEM=8.13), KO
30.5% (SEM=5.2), p< 0.05) is significant at the 3 db setting. The magnitude of startle to
the 120 db stimulus exhibited by the KO mice was double that of the WT mice.
Defective prepulse inhibition has been observed in human schizophrenics and in rodent
schizophrenia models. The male KO mice showed no difference in perpulse inhibition

compared to male WT mice; however the high level of aggression among male KO mice
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compared to WT may be a confounding factor.

The Densin KO displays a deficit in nest building. (Fig. 2.8) When presented with a 2 x
2 inch square piece of compressed cotton, WT mice usually shred the material
completely within 48 hours, and gather it to build a nest. In contrast, the KO mice left
the material intact as long as 72 hours. This deficit was not observed in heterozygous
KO mice.

The Densin KO mice are hypoactive. Littermates were monitored in their home cage
with a computerized system. The KO mice were significantly less active than WT mice
during both the light and dark cycles (Fig. 2.9). In addition, the KO mice spent much less
time hanging vertically than WT mice. To differentiate whether the reduced vertical
hanging was the result of a deficiency in motor motivation to hang or whether they are
deficient in that particular motor skill, our collaborators Keith Gunapala and Andrew
Steele, measured the time that KO and WT mice hung vertically on a wire cage flipped
upside down. The KO mice spent much less time hanging vertically than WT mice in this
context also. A confounding factor in these tests is whether the mice are capable of
prolonged hanging or whether they are not motivated to do so even when they are
forced to hang or fall. The KO mice also twitch, chew, and drink more frequently than
WT mice.

The Densin KO displays increased anxiety. We compared the level of anxiety in KO and
WT mice as measured in two tests: the open field test, and the response to a novel,
enclosed chamber. The KO mice displayed increased anxiety in both tests (Figs. 2.10

and 2.11). In the open field test, KO mice spent significantly less time in the center
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guadrant than WT mice (3 versus 10% over 2 min (SEM=1.3 and 1.4, p=0.002), 3.6 versus
14% over 4 min (SEM=0.98 and 1.8, p=0.0003), and 6.3 versus 15.3% over 8 min
(SEM=1.8 and 0.4, p=0.01), respectively). The average latency to enter the center
guadrant was longer for the KO mice (85 sec, SEM=25) compared to WT mice (23 sec,
SEM=4.2, p=0.005). The KO mice also entered the center space less often than WT mice
(1.4 (SEM=0.5) vs 6.4 (SEM=0.7) times during the test, respectively). The WTs traveled a
greater distance during the test than the KO mice (897 cm (SEM=44) versus 658
(SEM=57) cm in the first 2 min (p=0.0018), and 1650 (SEM=60.8) versus 1416 (SEM=110)
cm in the first 4 min (p=0.01), respectively). Mice freeze when they are placed into an
environment that induces fear. We found a large difference between KO mice and WT
mice in their freezing response to placement in a novel enclosed environment. This
behavior is another measure of anxiety.

On average, KO mice exhibited 44% freezing (SEM=7.5) as compared to 0.2%
(SEM=0.2) for their WT counterparts upon introduction into a novel enclosed box.
When the behavior is expressed as average motion, KO mice scored 21 + 8.4 and WT
mice scored 260 * 21 arbitrary units (see Methods for settings). These results are
statistically significant (p=3.8 x 10°® for freezing, and p=3 x 10 for average motion). The
data for the males are similar: the percent freezing for KO males was 36% (SEM=8)
compared to 0% for WT males. The average motion for the KO mice (70 (SEM=16)) was
also significantly lower than that for the WTs (232 (SEM=11)). Average motion for the
heterozygote cohort was 197 (SEM=13), which was not a dramatic difference from the

WT behavior but was significant. The average percentage freezing (0%) in heterozygous
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Densin KO mice was similar to that of WT mice, suggesting that total loss of densin is
required to produce increased anxiety in this test. A confounding factor is that the
heterozygote cohort had not experienced the previous tests and thus had more limited
experience outside their home cages than the WT and KO cohorts.

The high rate of freezing upon introduction to an enclosed box prevented us
from using conditioned fear of shock to test long-term memory. We were unable to
reduce the level of initial freezing by habituating the KO mice to the enclosed box (1 min
initial introduction, then 5 min per day).

Homozygous and heterozygous Densin KO mice display increased aggression. Both
homozygous and heterozygous KO mice displayed heightened aggression toward their
cagemates. We systematically recorded initiation of fighting in cages with different
combinations of genotypes (Fig. 2.12). By this measure, heterozygous KO mice were
more dominant than homozygous KO mice, which were more dominant than WT mice.

We observed fighting in 4 out of 5 cages where a homozygous KO mouse was
housed with a heterozygote. In these cages, the heterozygote was the aggressor in
every case. In 3 cages in which a homozygous KO mouse was housed with a WT mouse,
the KO was the aggressor in every case. The heterozygotes might dominate
homozygotes because they are larger than the homozygotes. An alternative
explanation is that loss of one copy of Densin causes more aggressive behavior than loss
of both copies.

Proteins associated with schizophrenia are reduced in the PSD fraction from

forebrains of Densin KO mice compared to WT mice. As a first step in examining the
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molecular basis for these behavioral phenotypes, we measured the levels of several
proteins in PSD fractions from forebrains of KO and WT mice. The levels of most PSD
proteins were unchanged in the KO mice, including the Densin interacting proteins d-
catenin and CaMKIl. However, levels of four proteins were significantly decreased in KO
compared to WT mice; a-actinin, a direct binding partner of Densin, the mGIuR5
receptor, and DISC1, each by ~¥35% (Fig. 2.13). Arc is also decreased in homogenate,
synaptosome, and PSD fractions in KO mice by 30%, 36%, and 25%, respectively (see
Chapter 3). Changes in proteins associated with GABAergic systems are described in

Chapter 4.

DISCUSSION

We have screened a cohort comprised of WT and homozygous Densin KO mice in
a battery of tests to assess their motor and cognitive skills, as well as general affect. A
literature search revealed that the phenotypes found in the Densin KO mice resembled
those of other mouse models of schizophrenia, and thus are considered
“endophenotypes of schizophrenia.” Schizophrenia affects 1% of humans (Sullivan et
al., 2003). It is most often diagnosed in juveniles or in early adulthood by the onset of
cognitive impairments accompanied by negative and/or positive symptoms (Diagnostic
and Statistical Manual of Mental Disorders (DSM 1V)). Positive symptoms include
hallucinations and psychosis. On the other hand, negative symptoms include the

absence of traits that are usually found in the typical person. They include lack of social
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interaction, apathy, and flattened affect. In addition, schizophrenic symptoms often
include cognitive impairments, for example deficits in short-term or working memory.

The Densin KO mice have impaired short-term memory as measured in place
preference and novel object tests. The KO mice are hyperlocomotive in response to
novel objects, which is an endophenotype for positive symptoms of schizophrenia.
Moreover, they exhibit asocial behavior, exemplified by their aggressiveness toward
littermates. They do not build well-formed nests and are hypoactive in their home cage,
which may correspond to a form of depression seen in chronic schizophrenia,
characterized by the negative symptoms of amotivation and anhedonia. Negative
symptoms in humans also include poor speech, reduced facial expressions, and
flattened affect, traits that are impossible to assess in mice.

The schizophrenia-like traits in the Densin KO mice are accompanied by
increased anxiety, aspects of depression, and seizures (Chapter 4). Importantly, the KO
mice exhibit diminished prepulse inhibition indicative of altered sensorimotor gating,
which is also observed in human schizophrenia. They have behaviors that could be
interpreted as increased stereotypy, such as increased chewing and grooming. The
endophenotypes of Densin KO mice are particularly reminiscent of the schizophrenic
mouse model described in Belforte et al. (2010) in which NMDA-type glutamate
receptors are deleted from a subset of fast spiking interneurons. These mice display
enhanced aggression, anxiety, nest building deficits, novelty induced hyperlocomotion,
and diminished prepulse inhibition (Belforte et al. 2010). The similarities may be due to

decreased levels of PSD proteins that are known interactors of Densin.
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General Assessment

The behavioral disorders in the Densin KO mice do not appear to be caused by
neurodegeneration. Virtually all Densin KOs clasp their fore- and hindlimbs, a
nonspecific indicator of neurological disease (Fig. 2.4). Clasping is seen in mouse models
of Parkinson’s and Huntington’s disease, amongst others. Because of the possibility that
lesions or loss of cells in particular parts of the brain might be responsible for these
traits, we examined gross brain morphology by Nissl staining and found that the
distribution of neurons appeared normal. We immunostained the sections for GFAP,
which is a marker for gliosis that is often seen in neurodegenerative diseases, and did
not find any obvious gliosis or lesions.

KO mice performed similarly to WT mice on motor tests (rotarod and beam) that
measure balance and coordination. They compensated for clasping, and even
outperformed the WTs on the more narrow 6 mm beam (Fig. 2.5). Thus, motor
disabilities caused by the lack of Densin are not likely to confound the results of other
behavioral tests. The difficulty in training the KO mice on the beam caused by their
initial disorganized behavior may be a result of problems with procedural learning, lack
of attention, and/or perceptual problems. By the second day of beam training, KO mice
exhibited WT-like performance on both the 12 mm and 6 mm beams.

Cognitive Impairments

We observed impairments in hippocampal- and cortical-dependent short-term

memory in the Densin KO mice. These cognitive deficits may relate to a deficit in LTD

and aberrant spine morphology (H. Carlisle, unpublished data). It has been reported
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that that recognition of the features of small objects involves induction of LTD in the
perirhinal cortex, whereas presentation of new contexts devoid of objects results in
induction of LTP (Massey et al., 2001; Warburton et al., 2003; Jo et al., 2006; Griffiths et
al., 2008). One type of LTD is mediated by metabotropic glutamate receptors. Mice in
which mGIuR5 has been deleted perform poorly on learning and memory tests that rely
on spatial cues (hippocampal-dependent) and on object recognition tests (perirhinal
cortex-dependent) (Luscher and Huber, 2010). Blockade of Type 1 mGluR receptors,
which include mGIuR1 and mGIuRS5, is also known to disrupt object recognition memory
(Barker et al., 2006). We hypothesize that the reduction in mGluRs in the PSD, and the
deficits in induction of Arc (Chapter 3) may both be related to the impairment in LTD
seen in the Densin KO mice because rapid synthesis of Arc is needed to facilitate mGIuR-
dependent LTD.
Positive Symptoms

Hyperlocomotion is one of the most common symptoms in mouse models of
schizophrenia that involve mutation of GIuR including mGluR5-deficient mice (Deltheil
et al., 2008; Gray et al., 2009; Inta et al., 2009). (Table 2.1) Both hyperlocomotion in
the open field and decreased PPI (negative symptom) are seen in mGIuR5 deficient mice
(Gray et al., 2009; Inta et al., 2009). Densin KO mice exhibit hyperlocomotion when
presented with novel objects, but hypolocomotion in open field tests and in their home
cage. General hyperactivity is the more classical representation of pscychosis in
rodents, but novelty-induced hyperlocomotion and increased stereotypy have also been

reported as behavioral proxies of schizophrenia-like traits (Inta et al., 2009; Belforte et
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al., 2010). The hypolocomotion of the Densin KO mice in the open field may reflect their
increased anxiety state.

The KOs are hypoactive in their home cage but exhibit increased stereotypy for
particular activities including chewing, twitching, and grooming. Increased stereotypy
has been observed in rats after administration of PCP and is often considered a proxy
for positive symptoms of schizophrenia and is seen in autism (Sturgeon et al., 1979;
Castellani and Adams, 1981; Crawley, 2007; Inta et al., 2009).

Negative Symptoms

We observed some endophenotypes associated with negative symptoms in the
Densin KO mice. Deficits in PPl are also found in human schizophrenia, although the
deficits are not synonymous with the disease. Decreased PPl is a hallmark of
schizophrenia but is also seen in patients with autism, panic disorder Tourette’s
syndrome, bipolar disorder, Huntington’s, and obsessive-compulsive disorder (Powell et
al., 2009). PPl is used to test sensorimotor gating which is the ability to filter
information from extraneous competing stimuli. Experimentally, PPl is measured as the
decrease in an involuntary startle response when an auditory startle stimulus is
presented following a quieter sound. With a prepulse sound of 3 db over background,
the Densin KO mice exhibited ~20% less prepulse inhibition than WT mice.

Both homozygotes and heterozygotes diplay high aggression toward their
cagemates, a sign of asocial behavior classified as a negative symptom of schizophrenia.
We noticed that the instances of fighting were more frequent after the mice had been

exposed to behavioral tests, suggesting an interplay between anxiety and aggression
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(Neumann et al., 2010). The Densin KO mice also exhibit deficits in nest building, which
can be interepreted as an endophenotype related to amotivation and anhedonia
(Halene et al., 2009; Belforte et al., 2010).
Anxiety

Increased anxiety is the strongest and most penetrant phenotype in the Densin
KO mice as demonstrated by their lack of time spent in the center quadrant of an open
field and the increased freezing in the enclosed novel context relative to the WT (Fig.
2.11). Anxiety is consistent with other mouse models of schizophrenia and autism and is
highly prevalent in these disorders (Crawley, 2007; Achim et al., 2009; Belforte et al.,
2010; Mattila et al., 2010). An interplay of stress and anxiety with aggression may
account for the fighting often observed in cages in which KOs and WTs were housed
together after behavioral tests (Neumann et al., 2010). This is not surprising because
the neural circuity for emotion in the orbital frontal cortex, amygdala, anterior cingulate

cortex overlaps with that for aggression (Davidson et al., 2000).

Theories about the Causes of Schizophrenia

Four main theories about the pathology of schizophrenia include
hyperdopaminergic, hyopglutamatergic, developmental, and GABAergic mechanisms.
Our data thus far provide support for the latter three mechanisms. The GABAergic
system will be described in relation to seizure susceptibility seen in the KO mouse in

Chapter 4.
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The hyperdopaminergic and hypoglutamatergic mechanisms are supported by
both human pharmacological studies and by genetic manipulations in mouse models
(Inta et al., 2009). The reversal of positive symptoms with antipsychotic drugs, which
are virtually all dopaminergic antagonists, indicates that the presence of excessive
dopamine at synapses or overstimulation of dopaminergic pathways may cause positive
symptoms in schizophrenia such as delusions and hallucinations. A mouse in which the
gene encoding catechol-O-methyl transferase (COMT), which normally degrades
dopamine, was knocked out produced schizophrenic-like endophenotypes (Babovic et
al., 2007; O'Tuathaigh et al., 2007).

Hypofunction of glutamatergic systems is believed to contribute to development
of schizophrenia and manifests in positive symptoms, as well. Much information on this
mechanism has come from recreational use of PCP, an NMDA receptor antagonist that
produces schizophrenica-like symptoms, especially psychosis when it is abused.
Ketamine, another NMDA receptor blocker, induces psychosis in healthy patients and
aggravates it in schizophrenics. Mutant mice with hypoactive NMDA receptors have
been created in particular parts of the brain and in subsets of neurons. For example,
deletion of the NR1 subunit of the NMDA receptor, which is required for function, in
cortical interneurons produces mice with schizophrenia endophenotypes (Inta et al.,
2009; Belforte et al., 2010). Usually the NMDA receptor signals through the MAPK/ERK
pathway, activating CREB, and thus transcription of neural plasticity genes. Reduction in
mGIluRs at excitatory synapses also contributes to schizophrenic symptoms in mice

(Mohn et al., 1999).
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Hypoglutamatergic Model

The reduction of mGIuR5, DISC1, and a-actinin, in the PSDs (Fig. 2.13) of the
Densin KO mice provides support for a hypoglutamatergic state through the MAPK/ERK
pathway, which is a part of NMDA receptor signal transduction. Normally, both mGIuR5
and DISC1 are able to enhance activation of MAPK/ERK (Hashimoto et al., 2006; Cabello
et al., 2007) (Fig. 2.14). A significant reduction of these positive modulators of
MAPK/ERK signaling in the Densin KO could effectively mimic a hypoglutamatergic state.
MAPK/ERK activation normally promotes transcription of neural plasticity genes. The
actual decrease in mGIuR5 and DISC1 in the PSD might be related to the 35% reduction
in a-actinin, a direct binding partner of both schizophrenia susceptibility gene products.
a-actinin normally regulates the levels of surface mGluR5s and ERK signaling (Cabello et
al., 2007). It is unknown if a-actinin stabilizes DISC1 in the PSD.
Developmental Theory

A decrease in DISC1 seen in the Densin KO would also support the
neurodevelopmental model of schizophrenia. Schizophrenia is believed to be a disease
of synaptic misconnectivity caused by developmental problems in neurogenesis,
migration, and synapse formation (McGlashan and Hoffman, 2000). ERK signaling is
again involved. Knockdown of DISC1 by siRNA decreases ERK signaling in the distal part
of the axons and decreases axon elongation stimulated by neurotrophin. The
requirement for DISC1 in neutrophin-induced axon elongation is through direct
interaction with the adaptor protein Grb2 (Michailidis et al., 2007). Grb2 facilitates

signaling between tyrosine kinase receptors, like the TrkB receptor, and activation of
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ERK (Michailidis et al., 2007). Intriguingly, BDNF signaling, which occurs through binding
to the TrkB receptor, is deranged in the Densin KO (Chapter 3). Moreover, another
intersection of DISC1 with BDNF signaling is at the level of DISC1 inhibition of PDE4B
degradation of cAMP through direct interactions (Millar et al., 2005).

Some traits exhibited by the Denisn KO fit more neatly than others within DSMIV
categorization of negative and positive symptoms. In reality, clinical symptoms for
schizophrenia are often hetereogeneous, vary in severity, and overlap or are comorbid
with other diseases. This is illustrated by the presence of just as many, if not more cases
of major recurrent depression, a few cases of bipolar disorder, and 2 cases of anxiety in
addition to schizophrenia in the Scottish family that implicated DISC1 as a susceptibility
gene (Blackwood et al., 2001). This overlap of disorders caused by a translocation that
affects one gene suggests a common etiology (Blackwood et al., 2001; Brandon et al.,
2009). We see possibly a similar spectrum of symptoms of the Densin KO mouse.

While there is utility in recognizing the behavior of the Densin KO in terms of discrete
schizophrenica-like categories, the lines dividing different diagnoses are often blurred.
Schizophrenia mouse models are well-established, lending themselves to easier
comparison in the literature.

The behavioral and molecular abnormalities seen with the Densin KO also
resemble findings in autism, which is associated with dysfunctional social interaction,
repetitive behavior, and deficits in communication (Crawley, 2007; Moy and Nadler,
2008). The asocial behavior, increased stereotypy (chewing, drinking, twitching),

decreased prepulse inhibition, imbalance in excitation/inhibition and seizure
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susceptibility, and cognitive deficits are consistent with this disorder (Crawley, 2007).
Preliminary data show that the Densin KO mice are not exploratory if placed in a three-
room container (A. Steele, personal communication) suggesting that they may be
resistant to change. Increased anxiety and a susceptibility to seizures that we see in the
Densin KO are commonly associated with autism (Crawley, 2007; Levisohn, 2007; Combi
et al., 2010; Mattila et al., 2010). Mutations in DISC1 and BDNF have also been linked to
the disorder (Kilpinen et al., 2008; Chapleau et al., 2009; Gadow et al., 2009; Williams et
al., 2009).

Many aspects of the Densin KO that we describe as schizophrenia-like can also
be bipolar-like or ‘schizoaffective’ (Craddock et al., 2010). One of the main differences
between schizophrenia and bipolar disorder is that psychosis is a primary trait of the
first disorder and secondary in the latter (Ivleva et al., 2008). Bipolar disorder is
characterized by alternating phases of mania and depression often with elements of
psychosis as well as cognitive deficits. From linkage studies, candidate genes for
schizophrenia and mood disorder from linkage studies include NRG1, DTNBP1, DISC1,
DAOA (G72), DAO, and RGS4, whereas those for bipolar disorder are DAOA(G72) and
BDNF. Although DISC1 and BDNF are implicated in both schizophrenia and biopolar
disorder, DISC1 appears to have a stronger association with the psychosis part of the
spectrum, whereas BDNF is more strongly associated with dysfunctions in mood and
affect (Craddock et al. 2010). These findings may be relevant to the Densin KO, which
has disruptions in DISC1 and mGIluRS5 levels, as well as BDNF signaling (Chapter 3).
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Figure 2.1. Schematic showing Densin protein domains and known interactors with to
the C-terminus of Densin. Densin is comprised of an N-terminal LRR domain, a mucin
homology domain, an RGD (Arg-Gly-Asp) sequence and cysteine rich domain, a
putative transmembrane domain, and a C-terminal PDZ domain (Apperson et al.,
1996). Binding studies show that the major isoform of densin is connected to the PSD
through the formation of a complex with maguin-1 and PSD-95 and through its binding
to the scaffold protein, shank (Quitsch et al., 2005, Ohtakara, et al., 2002). It also forms
a high affinity ternary complex with CaMKII and alpha-actinin (Walikonis et al., 2000).
Densin binds directly to delta-catenin and can be found in a complex with beta-catenin/
P cadherin through interactions with the PDZ adjacent and PDZ domain, respectively
(Inagaki et al., 2002, Heikkila, et al., 2007). The voltage gated calcium channel,

Ca, 1.3, binds Densin in the presence of CaMKII (Jenkins et al., 2010). Figure adapted
from Medina-Marino (2009).
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Figure 2.2. Diagram of ionotropic (NMDAg and AMPAg) and metabotropic glutamate
receptors (mGIuR) binding to multimerized scaffold proteins that link the PSD to the actin
cytoskeleton. mGIuR receptors are coupled to G proteins while ionotropic receptors allow
influx of Na* and/or Ca2*. Shank is connected to NMDAg, AMPA, and mGIuR receptors
through PSD-95/GKAP, GRIP, and Homer, respectively. Shank can multimerize with itself
through SAM and helical domains. Alpha-actinin binds to the C terminal domain of the
mGIuR5b receptor (Cabello, 2007). Densin can interact with alpha-actinin and CaMKIl in
a ternary complex. GKAP = guanylate kinase associated protein, GRIP = glutamate
receptor interacting protein NMDAg = N-methyl-D-aspartate receptor, AMPAg = a-
amino-3-hydroxyl-5-methyl-4-isoxazole-propionic acid receptor, CaMKIl = Ca?+/
Calmodulin dependent kinase Il. Figure by Holly Carlisle.
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Figure 2.3. Brains from Densin KO mice have normal gross neuroanatomy.
Representative Nissl stained images (5x magnification) from coronal sections of WT
(left panels) and Densin KO (right panels) from hippocampus (A,C) and cortex (B,D).
n=3 WT, 3KO.
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Figure 2.4. Densin KOs clasp their hind and fore limbs when suspended by the
tail. (A) Representative pictures of front and side views of WT (left) and KO (right)
mice. (B) Densin KO mice show a dramatic increase in front and hind limb
clasping compared to WT mice (n= WT 15 males, 9 WT females, 19 KO males,
KO 11 females; 9-11 weeks old).
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Figure 2.5. Densin KOs have normal motor abilities on the rotorod and beam crossing
tasks. (A) Both WT and KO mice remained on the accelerating rotarod (5 to 50 rpm
over 240 secs) for approximately 200 sec (n = 20 WT males, 11 WT females, 15 KO
males, 9 KO females; 8-10 weeks old). (B) WT and KO cohorts crossed the 12mm
beam with similar speeds (n = 15 WT males, 11 WT females, 13 KO males, 9 KO
females). KO mice crossed the 6 mm beam significantly faster than the WT cohort
(n=13 WT males, 10 WT females, 11 KO males, 9 KO females; 9-11 weeks old).
Statistical significance measured by 2-tailed t-test (*p<.0.05). All error bars show SEM.
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Figure 2.6. Densin KOs have deficient short-term hippocampal and cortical dependent
memory as measured by place preference and novel object recognition tests. Diagrams of
place preference and object recognition tests are shown in (A) and (D). In both tests, mice
were exposed to two objects for 5 min, removed from the box for 10 min, and then their
preference for the moved object (A-C) or the novel object (D-F) was measured by the
number of times the mice investigated each object during a 5 min test period. Wild type
mice (black bars) show a significant increase in the percent of investigations of the moved
compared to the stationary object in the place preference test (B) and the novel object in
the object recognition test (E), whereas KO mice (grey bars) showed no preference for the
moved or novel objects. KOs investigated the objects approximately twice as frequently as
the WTs during the place preference (C) and object recognition (E) tests, despite showing
no preference for the moved or novel objects (n =20 WT, 15 KO males, 8-10 weeks old).
Significance was assessed by 2-tailed t-test (*p<0.05). All error bars represent SEM.
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Figure 2.7. Prepulse inhibition of startle is decreased in the Densin KO mice. The
startle reflex was measured by an accelerometer and reported as the percent
decrease in the startle response to a 120 db pulse of sound when preceded by a mild
acoustic prepulse (3 or 6 db over background) compared to the startle response in
the absence of the prepulse (n= 13 WT, 10 KO females 15-17 weeks old).
Significance was measured with 2-tailed t-test (*p < 0.05). Error bars represent SEM.
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Figure 2.8. Densin KOs exhibit nest building deficits. (A) Representative cages of
WT (left) and KO (right) nests. WT nests were formed within the cardboard
houses whereas KOs tended to scatter the cotton on the cage floor. (B)A2x 2
inch piece of cotton was placed in the wire food rack and the unshredded cotton
was weighed every 12 hours for 72 hours. Wild types made fully formed nests
within 24 hours whereas none of the KO mice shredded any of the cotton even
after 72 hours (n = 10 WT, 11 KO males 20-22 weeks old). Significance measured
by Mann-Whitney test with two-tail p value (*p<0.05, **p<0.01, ***p<0.001). Error
bars represent SEM. Data collected by Keith Gunapala.
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Figure 2.9. The Densin KOs are hypoactive. The activity of the Densin KO and WT
mice was assessed in the light and dark cycle at 8, 10, and 12 weeks for 24 hours at
each age using an automated home cage monitoring system. The fraction of frames

in which specific behaviors were performed was calculated. The fold change in the
median in the KO relative to the WT is reported from 3 separate WT-KO pairs.
Underactive behaviors are shown in teal and overactive behaviors are shown in
yellow. Descriptions of each behavior are described in Steele et al, 2007. Data

collected by Andrew Steele and Keith Gunapala.
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Figure 2.10: Densin KOs are more anxious than WTs in the open field test. (A) Shows
representative paths of WT and KO mice during a 10 min exploratory session in an open
field. The outer rim of the box (50 x 50 cm) is outlined in yellow, and the center quadrant in
blue (25 x 25 cm). (B) The percentage of time that the KO mice spent in the center quadrant
is significantly less than the WTs after 2, 4 and 8 min of exploration. KOs also showed a
longer latency to enter into the center (C) and the frequency of entries into the center
quadrant was also significantly lower for the KOs after 2, 4 and 8 minutes (D). KOs also
travelled a significantly shorter distance (cm) after 2 and 4 minutes than WTs (E). WT and
KO data are displayed as white and black bars, respectively. Error bars show SEM.
Statistical significance was measured by 2-tailed t-test (*p <0.05 , **p <0.005 ,***p <0.0005).
Mice were 8-10 weeks old.
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Figure 2.11: Densin KOs spend more time freezing and are less motile in a novel enclosed
chamber than WTs. Percentage freezing and average motion was measured for male (A,B)
and female (C,D) cohorts by infrared detection of movement in a fear conditioning chamber in
which no shock was delivered. (A,C) Both male and female KO mice spent 30-40% of the 5
min exploration period freezing, whereas male and female WTs as well as male HETs spent
0% of the time freezing. (B) Male WT mice showed significantly higher levels of motion than
the HET and KO males (n = 20 WT, 9 HET, 15 KO males). (D) Female WT mice were also
more mobile compared to female KO mice (n = 11 WT, 9 KO females). Mice were 10-12
weeks old. Statistical significance was determined with ANOVA in A,B and 2-tailed t-test in

C,D (***p<0.0001). Error bars represent SEM.
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Figure 2.12: Densin KOs and HETs are aggressive with their littermates with assertion of

dominance in the following order: HET>KO>WT. The table shows the genotypes that

were housed together and the frequency of fighting among the different genotypes. The

genotype of the aggressor is shown in red. Mice were assessed for fighting by 14-16

weeks of age.
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Figure 2.13: Loss of Densin results in decreased levels of alpha-actinin, DISC1, and
mGluR5 in PSD fractions. Relative amounts of core PSD proteins (A) and ionotropic
glutamate receptors (B) were unchanged in PSD fractions from KO compared to WT
mice. The levels of direct and indirect (*) binding partners of Densin in PSD fractions from
Densin KO mice are shown in (C). Significantly less alpha-actinin, DISC1, and mGlur5
was detected in PSD fractions from Densin KO mice compared to WT PSD fractions.
Representative immunoblots are shown in (C). Statistical significance was assessed by
one-sample t-tests with a theoretical mean of 100 (*p < 0.05; n=3-4 PSD fractions each
prepared from 7 or 8 age and sex-matched mice of each genotype). Error bars represent

SEM.
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Cognitive impaired short-term impaired short-term
dysfunction memory memory

impaired working memory | impaired working memory
Positive hallucinations / delusions locomotor hyperactivity
symptoms
Negative pre-pulse Inhibition pre-pulse inhibition
symptoms reduced emotional No proxy

expression Nno proxy

poverty of speech aggression

asocial behavior

anhedonia

impaired social memory
deficits in nest building
reduced sucrose
consumption

Table 2.1. Comparison of human symptoms of schizophrenia and endophenotypes
described in mouse models of schizophrenia (table based on review by Inta et al., 2009).
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Figure 2.14. Working model showing how DISC1 and mGLUR1 signaling pathways
positively regulate ERK signaling to promote activity dependent transcription. Stimulated
Group 1 mGIuR (mGIuR1 and mGIuR5) receptors act through G coupled proteins to facilitate
Ca?* signaling by phosphlipase C b1 (PLCb1) and IP3R, promoting activation of Ras and
downstream ERK signaling which leads to CREB activation by phosphorylation at Ser133.
siRNA knockdown of DISC1 has been shown to reduce phosphorylation of ERK (Hashimoto
et al., 2006). Phosphorylated CREB (pCREB) enhances transcription of target genes,
including Arc, whose transcript is then transported to activated dendrites. NMDA receptor
signaling via Ca?* influx also activates ERK signaling pathways. Figure by Holly Carlisle.
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Chapter 3
Arc Protein Levels and BDNF Signaling are Deranged in the Densin KO

Communication between the synapse and the nucleus is an integral part of
synaptic plasticity. Disruption of activity-induced transcription and translation has been
linked to defects in cognition, affect, and anxiety levels (Cohen and Greenberg, 2008).
Interestingly, relative to the WT, a number of transcripts for immediate early genes
(IEGS), including Arc/Arg3.1, are decreased in the Densin KO relative to the WT (RNA seq
data, Holly Beale’s thesis). To extend these findings, we assessed the abundance of Arc
protein in brain homogenate, synaptosome, and PSD fractions by immunoblot assays.
We also assessed the localization of Arc in the hippocampus and cortex by
immunohistochemistry. Furthermore, we investigated signaling pathways that normally
induce Arc expression such as those mediated by the neutrotrophin BDNF. BDNF
stimulation for 2, 4, or 8 hours in cortical cultures results in reduced Arc protein levels in
KO compared to WT cells. Preliminary data show that levels of c-fos, another IEG, and
phosphoSer133 CREB are also decreased in BDNF stimulated cortical cultures in the KO
relative to the WT over the same time course. PhosphoSer133 is the active form of
CREB, which enhances expression of many genes including c-fos and Arc. Impaired
BDNF signaling cosegregates with mood and developmental disorders (Craddock et al.,
2005; Ivleva et al., 2008; Chapleau et al., 2009; Yoshii and Constantine-Paton, 2010),
consistent with the behavioral abnormalities of the Densin KO mouse. The decrease in
Arc levels may also be related to a reduction in mGIuR5 seen in the PSD fraction of the
KO mouse. mGIluR5 normally mediates a form of LTD that requires the rapid synthesis

of Arc (Park et al., 2008).
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Arc/Arg3.1

Like many of the IEGs, Arc is induced in response to a variety of stimuli including
seizure, high frequency electrical stimulation, neurotransmitters, and neurotrophins
(BDNF) (Link et al., 1995; Lyford et al., 1995; Ying et al., 2002). On a behavioral level,
experiences such as exposure to a novel environment and training in spatial recognition
of objects leads to increased Arc transcription (Guzowski et al., 2001; Steward and
Worley, 2001; Soule et al., 2008). Unlike other IEGs, the activity-induced Arc transcripts
are transported to activated dendrites where they are locally translated within 30
minutes, allowing Arc to serve as a transient geographical tag for recently activated
synapses (Steward et al., 1998; Guzowski et al., 1999). Induction and proper
localization of Arc mRNA is dependent on NMDA activity, actin polymerization, and Erk
phosphorylation (Link et al., 1995; Steward and Worley, 2001; Huang et al., 2007). Itis
not completely clear what Arc actually does once it arrives in the active dendrite or in
the PSD, where it is enriched, but its domain homology to spectrin is consistent with
Arc’s ability to modulate the expansion and contraction of the spine cytoskeleton
through its indirect association with F-actin (Lyford et al., 1995; Donai et al., 2003; Plath
et al., 2006). Arcis essential in the consolidation of different types of late-LTP (i.e.
NMDA and BDNF driven) and facilitates mGIuR-LTD by AMPA receptor trafficking
(Chowdhury et al., 2006; Rial Verde et al., 2006; Shepherd et al., 2006; Waung et al.,
2008).

Arc protein and transcript levels are altered in the Densin KO mouse, and Arc and

Densin KO mice have electrophysiological and behavioral similarities. Both have normal
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AMPA and NMDA currents with impaired LTD and early enhancement of LTP (Carlisle,
O’Dell, and Indersmitten, unpublished data). In addition, the Arc KO mouse displays
deficits in late phase LTP, which remains to be examined in the Denisn KO. These late
LTP deficits are consistent with the need for translation of Arc and protein synthesis
during this phase, and correlate with long-term memory deficits in novel object
recognition and taste aversion seen in the Arc KO (Plath et al., 2006).

Arc’s Role in Long-Term Potentiation

Arc is involved in the consolidation of LTP, which is dependent on new protein
synthesis and is coupled to rearrangement of the actin cytoskeleton to expand the PSD
and spine (Guzowski et al., 2000; Huang et al., 2007). The window of Arc activity in LTP
was deduced from infusion of antisense oligonucleotides into the hippocampus to block
Arc induction after initiation of LTP (Guzowski et al., 2000; Messaoudi et al., 2007).
Antisense oligonucleotides specific for Arc mRNA interfered with the maintenance but
not induction of LTP. Moreover, these animals exhibited problems in long, but not
short-term spatial memory tasks, indicating that Arc is required in the consolidation, but
not induction of LTP (Guzowski et al., 2000).

Arc may facilitate actin rearrangement in LTP through indirect regulation of
cofilin, which severs actin and promotes its depolymerization. Cofilin is rendered
inactive by phosphorylation by LIMK (LIM domain kinase). LIMK is regulated by PAK and
Rho GTPases. Administration of antisense oligonucleotides specific for Arc mRNA after
high frequency stimulation is correlated with dephosphorylation of cofilin, a decrease in

Arc, and loss of actin at the synapse. Stabilization of F-actin by jasplakinolide reverses
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this effect, underscoring the importance of cytoskeletal changes regulated by Arc for
LTP consolidation (Messaoudi et al., 2007).

Both NMDA-LTP and BDNF-LTP are mediated by Arc, the latter through the TrkB
receptor (Link et al., 1995; Lyford et al., 1995; Ying et al., 2002). There is crosstalk
between these two pathways. Erk activity is important for both BDNF and NMDA-
dependent LTP, leading to activation of CREB by phosphorylation at Ser133, thereby
enhancing transcription of neural plasticity genes (Ying et al., 2002).

BDNF Signaling and Arc in LTP

We have found that BDNF signaling is impaired in Densin KO neurons. BDNF is
secreted pre- and post synaptically in an activity-dependent manner and binds the TrkB
receptor. An unprocessed form, proBDNF, is thought to be able to bind the p75NTR
receptor, which has less clear effects. Stimuli that cause BDNF to be released into the
synaptic cleft include NMDA activation and high frequency stimulation (Waterhouse and
Xu, 2009). BDNF (found in both pre- and post sides of the synapse) has roles in
neuroprotection, maturation, regulation of cortical inhibition, and is involved with early
and late phases of LTP (Hong et al., 2008; Tanaka et al., 2008; Waterhouse and Xu, 2009;
Yoshii and Constantine-Paton, 2010). Late phase LTP is differentiated by the
requirement for protein synthesis. Importantly, the BDNF gene is considered a risk
locus for mood and bipolar disorder as determined by genotyping single nucleotide
polymorphisms (SNPs), and haplotyping studies from families with bipolar disorders
(Sklar et al., 2002). Derangements in BDNF signaling may partially explain the increased

anxiety, decrease in cognition, and possible depression in the Densin KO mouse. A
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human single nucleotide polymorphism, Val66Met, in the 5’ pro region of BDNF, which
results in decreased activity-dependent secretion and trafficking of BDNF, confers risk
for cognitive and affective problems (Egan et al., 2003; Chapleau et al., 2009; Yoshii and
Constantine-Paton, 2010).

In the consolidation of LTP, BDNF facilitates protein synthesis-dependent
expansion of singly activated spine heads created by actin rearrangement (Tanaka et al.,
2008). Treatment of hippocampal slice cultures for 2-3 days with 250ng/mL BDNF leads
to an increase in miniEPSPs and in spine density, favoring stubby spines over mushroom
and thin spines (Tyler and Pozzo-Miller, 2003). Blocking TrkB receptors with TrkB-IgG in
Purkinje cells increases the length of the neck of spines (Shimada et al., 1998).
Together, these results suggest that dysfunctional BDNF signaling in the Densin KO could
play a role in the loss of stubby spines with increased prevalence of mushroom spines

with unusually long necks observed in this mutant (H. Carlisle, unpublished data).

Signaling from the TrkB receptor, by recruitment of proteins to its
autophosphorylated tyrosine kinase tail, affects transcription and translation via three
main pathways: 1) phospholipase Cy (PLCy) which generates IP3 and diacylgycerol
(DAG), the latter activating PKC. IP3 triggers Ca”* release from intracellular stores, which
increases adenyl cyclase (AC) activity required for the formation of the PSD-TrkB
complex and localization to the PSD. AC also regulates CREB, which can enhance
transcription plasticity genes like Arc, c-fos, and BDNF itself (see Figure 3.5); 2)
phosphatidylinositol 3-kinase (PI3K), which promotes formation of the PSD95-TrkB

complex that is thought to localize the receptor to the PSD, and regulates translation via
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Grb2 binding to Ras and activation of the AKT-mTor pathway; and 3) the MAPK/ERK
pathway which increases transcription of activity-dependent genes through activation of
CREB. The connection between the TrkB receptor and MAP/ERK is through Shc, which
can bind to TrkB autophosphorylated at Tyr515. Shc interacts with the adaptor protein
Grb and SOS, which activates Ras. MAP/ERK can also regulate translation by
phosphorylation of the translation machinery, including eukaryotic initiation factor 4E
(elF4E), 4E binding protein 1 (4E-BP1), and ribosomal protein S6 (Chapleau et al., 2009;

Waterhouse and Xu, 2009; Yoshii and Constantine-Paton, 2010).

Arc’s Role in mGluR-mediated LTD

Arc also has a role in induction of LTD by mGIuR signaling (Fig. 3.1). mGIuR
stimulation upregulates translation of Arc, which then increases internalization of AMPA
receptors, thus decreasing synaptic transmission. Induction of mGIuR-LTD requires
rapid synthesis of Arc (within 5 min. upon stimulation). Based on the short time course
of the response and studies examining where the protein localizes after mGIuR5
stimulation, it is likely that rapid translation is from preexisting Arc mRNA in the
dendritic shaft (Park et al., 2008; Waung et al., 2008). In contrast, NMDAR-mediated
LTD is a separate and parallel process that does not require synthesis of IEGs. The
increase in translation seen in mGIluR-mediated LTD is accomplished by activation of the
elongation factor kinase (eEF2K). eEF2K is inhibited when bound to mGIuRS5, but this
complex dissociates when mGIuRS5 is stimulated. eEF2K then phosphorylates EF2 which
inhibits elongation of the most nascent protein polypeptide. This process may make the

translation machinery more available for those transcripts not inhibited by EF2, such as
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Arc. mGIluR signaling also increases Arc synthesis rapidly by dephosphorylation of FMRP
(Fragile mental retardation protein), a process that releases constitutive repression of
basal translation (Park et al., 2008).

Increases in Arc promote LTD by increasing internalization of AMPA receptors.
Specifically, Arc interacts with endophilin and dynamin in clathrin complexes to regulate
AMPA trafficking (Chowdhury et al., 2006; Waung et al., 2008). In Arc KO neurons,
surface levels of GluR1 of the AMPA receptor are more abundant than usual
(Chowdhury et al., 2006; Shepherd et al., 2006). The converse is also true in that
overexpressing Arc results in decreased surface GIuR1 subunit of the AMPA receptor
(Chowdhury et al., 2006; Shepherd et al., 2006). It may seem counterintuitive that a
protein involved in LTP would also have the ability to down-regulate AMPA receptors
and participate in LTD. However, the ability of Arc to participate in both directions of
plasticity may represent a negative feedback mechanism to maintain homeostasis (Rao
et al., 2006; Shepherd et al., 2006).

The Densin KO brain displays decreased mGIuR5 in the PSD fraction relative to
WT, consistent with the observation of impaired LTD in the KO. The decrease in mGIuR5
in the Densin KO may be due to reduced a-actinin, a binding partner of both Densin and
mGIuR5. a-actinin regulates surface mGIluR5 levels and signaling between mGIuR5 and
ERK (Cabello et al., 2007). Reduced mGIuR5 may be prominent among causes of the
Densin KO phenotype. Both mGIuR5 and Densin KOs have behavioral abnormalities
such as decreased prepulse inhibition and hyperlocomotion. The importance of the

centrality of mGluR in human mental disorders is evidenced by the mGIuR agonists
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currently in clinical trials for schizophrenia and psychosis (Luscher and Huber, 2010).
METHODS

PSD preparation: (described in Chapter 2).

Arc and c-fos immunohistochemistry. Sections were immunostained for Arc using
peroxidase DAB substrate visualization, as previously described (Peng and Houser,
2005). Sections were blocked in 10% normal goat serum 0.3% Triton X-100, 0.1M TBS, ~
13 pg/mL avidin. Brain slices were incubated with primary antibody specific for Arc
(Santa Cruz sc-17839) diluted 1:1000 in 2% normal goat serum, 0.1 M Tris (0.15 M NaCl),
~3.7 ug/mL biotin overnight at room temperature. Following 3 washes 5 min each with
TBS, sections were incubated with biotinylated goat anti-mouse (Vector Labs) secondary
antibody in 2% NRS, 0.1 M Tris (0.15 M NaCl) for 1 hour at room temp. Staining was
visualized by incubating with avidin-biotin peroxidase complex followed by 3,3
Diaminobenzidine (DAB) substrate for 3.5 min. Signal was enhanced with nickel (Vector
labs). To stop the reaction, sections were washed repeatedly (3 x ImL each) with H,0.
Sections were mounted onto SuperPlus slides (Fisher), dried and then defatted and
cleared with the sequential incubations: 2 x 1 min 95% ethanol, 2 x 1 min 100% ethanol,
3 x 3 min xylene. Sections were sealed with Permount. Sections were imaged using
light microscopy using a 2.5x objective. Sections were probed for c-fos as described
above using the primary antibody Gt anti-cfos Ab 1:500 (sc-52G, Santa Cruz

Biotechnology) and incubating with DAB-Ni substrate for 10 min.
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Imagel was used to quantitate the intensity of the stratum radiatum,
pyramidale, and oriens of hippocampi from light microscope images of KO and WT brain
sections of similar Bregma. Intensity of Arc staining across the statum pyramidale and
its apical and basal dendrites were measured at a line (i.e. indicated in blue) drawn two-
thirds of the way from CA1 to CA2 collateral, perpendicular to the stratum pyramidale.
Sections were imaged using a 2.5x objective. The intensities were aligned so that values

for the stratum pyramidale were set at O microns.

Bicuculline and BDNF induction of Arc expression in neuronal cultures. 14-16 day old
WT and KO neuronal cultures were treated with 40 uM bicuculline (Tocris Cat: 2503) or
100 ng/mL BDNF (Human, Invitrogen Cat: 10908-010) for 2, 4, and 8 hours and analyzed
by Western blot as compared to an untreated control. Bicuculline (solubilized in H,0)
and BDNF (in H,0) were added directly to the media in each well at times that permitted
all samples to be lysed within minutes of each other. Samples from each well of the 24
well plate were lysed in 35-50 pL of lysis solution (20mM Tris pH 7.5, 10mM EGTA,
40mM Beta-glycerophosphate, 3% SDS 2.5 mM MgCl,, Sigma phosphatase, inhibitors 1
and 2, complete protease inhibitor tablet (Roche), 0.025 U/uL of benzonase (Sigma)).
Samples were heated to 95°C for 5’. Protein concentrations of the lysates were
measured with the BCA assay. Equal amounts (15 or 20 ug) of protein were loaded and
separated on an 8% or 10% SDS acrylamide gel and transferred onto a PVDF membrane
(Millipor). The blot was blocked in Licor Blocking Buffer for a few hours at room temp,
and incubated in primary antibody rocking at room temp overnight. Primary antibodies,

diluted in Licor Blocking buffer, included: Ms anti-Arc (1:500, Santa Cruz), Rb anti-cfos
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(1:500, Santa Cruz), Rb or Ms phosphoSer133-Creb (1:1000, Cell signaling and Chemicon,
respectively). Ms anti-MAP2 (1:1000, Chemicon), and Ms anti-GAPDH (1:20,000, Sigma).
Increases in Arc and cfos protein has been seen with such a protocol in the past (Rao et
al., 2006). GAPDH and MAP2 antibody staining were used as loading controls and also
to assess relative health of cultures. The intensity of bands was normalized to that of

GAPDH.

Cardiac perfusion. Densin knockouts and wildtypes were anesthetized with 100 mg/kg
body weight Nembutal prior to cardiac perfusion. 30-45 min elapsed before perfusion
took place. The mice were infused with 10 mM sodium phosphate buffer with 0.136 M
NaCl, followed by 4% formaldehyde, 15% by volume of saturated 1.3% picric acid in 0.15
M sodium phosphate. Dissected brains were fixed in formaldehyde over night and then
transferred to PBS before sectioning 50 uM coronal slices using a vibratome in PBS.
Slices were stored in 11 mM NaH,P04, 20 mM Na,HPO,4, 30% ethylene glycol, and 30%

glycerol, pH 7.5 at -20°C. Tail biopsies were performed to confirm genotype.

RESULTS
Arc protein is decreased in the Densin KO brain. A decrease in Arc protein was seen in
the KO relative to WT in two experimental preparations: 1) the homogenate,
synaptosome, and PSD fractions prepared from mouse forebrain (Fig. 3.2) and 2) in the
hippocampal and cortex immunohisotchemistry.

Arc is decreased in the total homogenate (72% (SEM =1) of WT, p=1.6 x 10°7),

synaptosome (64% of WT (SEM=6), p=0.001), and PSD fractions (78% (SEM=4.5) of WT,
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p=0.03), respectively. The protein appears to be more depleted in the synaptosome
than it is in the PSD, but this is not yet significant.

In three pairs of WT-KO littermates, the intensity of Arc staining is reduced in the
KO hippocampus and cortex compared to the WT (Fig. 3.3). In WT hippocampi, Arc
staining is less prominent in the soma (stratum pyramidale) than in adjacent layers. In
contrast, Arc staining in KO hippocampi is more intense in the stratum pyramidale than
the dendrites that extend from that layer into the stratum oriens and radiatum. In the
distal dendrites (i.e. -30 and 30 microns from the stratum pyramidale), Arc staining is up
to 1.5-fold more intense than the similar region for the KOs.

In WT hippocampus, the most intense Arc staining was visible in a small
population of cells in the granule cell layer of the dentate gyrus (DG), in agreement with
previous observations (Link et al., 1995; Lyford et al., 1995). In Densin KO hippocampus
(2 mice), a greater proportion of granule cells in the DG stained intensely for Arc. A
third Densin KO mouse had fewer intensely stained granule cells in the DG than the WT

littermate. This difference could be reflective of variable seizure activity.

BDNF-induced Arc protein expression is decreased in Densin KO cortical cultures. To
distinguish which Arc induction pathway is perturbed in the Densin KO, neuronal cortical
cultures were stimulated with drug treatments known to induce Arc expression by
different mechanisms: BDNF (Fig. 3.4) or bicuculline. In both WT and KO, Arc
expression peaks four hours after treatment with BDNF. The Densin KO cells were,

however, deficient in inducing Arc expression after stimulation with BDNF. Arc protein
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levels are significantly lower (35%, p=0.04) in KO cells relative to the WT after 8 hours of
BDNF treatment (Fig. 3.4). Preliminary data also show trends of decreased c-fos and
phosphoSer133 CREB protein levels after BDNF induction. The differences between WT
and KO are approaching significance at 8 hours.

Because abnormalities in Arc protein induction can be pathway-specific, the
levels of Arc protein were also measured in response to treatment with bicuculline, a
GABA(A) receptor antagonist that enhances synaptic activity by release of inhibition at
synapses. WT and KO protein Arc levels are not significantly different with bicuculline

treatment (data not shown).

c-fos and Arc expression are decreased in the Densin KO. Arc and c-fos levels were
measured by immunohistochemistry in sections prepared from the brains of 3 WT/KO
littermate pairs anesthetized with Nembutal. Immunostaining for Arc and c-fos was
decreased in the KO compared to the WT in brain sections from 3 pairs of mice that had
been injected with Nembutal. The sections examined were at intervals of every ~200

um in the forebrain.

DISCUSSION

Decreased levels of Arc were seen in the Densin KO at steady state in brain
homogenate, and synaptosomal and PSD fractions. Additionally, BDNF-induced Arc
expression is lower (by 35%) relative to WT at 8 hours. A similar trend is seen in BDNF-

induced c-fos and phosphoCREB levels, where the differences between KO and WT
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levels are most apparent after 8 hours of BDNF stimulation. This is consistent with
decreased steady state levels of Arc and c-fos. Arc protein levels are correlated with the
decrease in mGIuR5 (See Chapter 2 Figure 2.13), which facilitates rapid synthesis of Arc
in LTD. In WT mice, application of an mGIuR5 agonist causes increased Arc expression
and reduced surface AMPA receptor levels (Park et al., 2008; Waung et al., 2008).

Dysregulation of Arc and other IEGs was first observed in the RNA-Seq
comparison of transcript in the forebrain of Densin KO and WT mice, which
demonstrated that abundance of transcripts for IEGs is decreased in the Densin KO
relative to the WT (H. Beale, unpublished data). The Arc KO phenotype is similar to the
Densin KO phenotype. Both have reduced LTD and early enhancement in LTP, although
the impairment with the Densin KO mouse is not as severe as that observed in the Arc
KO mouse. Although Arc KO mice have some memory impairments such as delays in
finding a hidden platform in the Morris water maze, the Arc KO was indistinguishable
form the WT in the short-term novel object learning and memory test. In contrast, the
Densin KO performed worse than WT on the novel object test (Chapter 2 and Figure
2.6). Thus, the decrease in Arc observed in the Densin KO does not account for the
entirety of the abnormal behavior.

Nevertheless, Arc may still play a role in other mechanisms underlying the
Densin KO phenotype. Derangements of BDNF signaling are linked to mood disorders,
Alzheimer’s, autism spectrum disorder and other neurodevelopmental diseases (i.e. Rett
syndrome and Tuberous sclerosis) (Chapleau et al., 2009; Gadow et al., 2009; Yoshii

and Constantine-Paton, 2010). A natural polymorphism of BDNF, Val66Met, in
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humans leads to increased risk of anxiety, cognitive, learning and memory defects, and
depression (Bramham and Messaoudi, 2005; Bramham, 2007; Gadow et al., 2009).
Normally, BDNF signaling leads to gradual enlargement of spines with changes in spine
neck volume (Tanaka et al., 2008). The prevalence of mushroom spines at the expense
of stubby spines seen in the Densin KO (H. Carlisle, unpublished data) could be a
reflection of the dysfunction in BDNF signaling that we observe (Shimada et al., 1998;
Tyler and Pozzo-Miller, 2003).

Decreases in Arc may contribute to impaired mGIluR-LTD consistent with the
abnormal induction of LTD seen in the Densin KO. Protein synthesis-dependent LTD,
which is mediated by mGIuR activation, requires rapid increase of Arc protein and
results in the increased endocytosis of AMPA receptors (Waung et al., 2008). In future
experiments, neuronal cultures can be treated with 3,5 DHPG, an agonist of mGIuRS5, to
assess ERK activation and Arc induction in the KO versus WT.

The dysregulation of the cytoskeleton in the Densin KO may also involve Arc. Of
relevance to the cytoskeletal changes is that the direct binding partner of Densin, o-
actinin, is decreased in the Densin KO. a-actinin usually regulates levels of mGIuR5
(Cabello et al., 2007). Appropriate actin dynamics and ERK signaling are needed for both
induction and localization of the protein and mRNA (Huang et al., 2007). In the Densin
KO, a-actinin a cross-linker of actin that directly interacts with Densin, is decreased by
~35%. a-actinin allows actin filaments to be cross-linked, a conformation that may be
advantageous for arranging layers of PSD proteins. There may be an association

between the loss of a-actinin seen in the Densin KO and the decrease in Arc that may
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not allow for proper transformation of spine morphology in response to stimuli.
Decreased levels of a-actinin may disrupt actin polymerization and the localization of
Arc to active dendrites. Importantly, a-actinin is also a binding partner to the mGIluR
receptors, in particular Group 1, which is thought to mediate LTD through the Arc
induction described above. Impairments in mGIuR-LTD (Chapter 2) may also explain
some of the behaviors in the Densin KO.

Our results indicate that the decrease in Arc protein levels observed in the
Densin KO may be due to alterations in Arc regulation at several levels: transcription,
localization and translation. RNA seq analysis of the forebrains of Densin KO mice (H.
Beale and A. Medina-Marino, unpublished data) show that transcripts for Arc and to a
lesser extent c-fos are decreased, which could partially explain the decrease in proteins.
The trend in decreased phosphoCREB with BDNF stimulation in the KO also suggests
that enhancement of Arc transcription by upstream activation of CREB is problematic.
Measurement of transcripts by quantitative RT-PCR shortly after stimulation by different
paradigms would supplement information about the mechanism by which Arc levels are

decreased in the KO.

Alterations in Arc localization may increase or decrease stability of the transcript
or protein. Evidence of the mislocalization of Arc is seen in the trend towards a greater
loss of Arc in the synaptosome as opposed to the PSD or homogenate as a whole. More
compelling are comparisons of Arc staining in the hippocampus of forebrain sections
from WT and KO (Fig. 3.4). The intensity of Arc staining in the KO is reduced compared

to the KO. Intriguingly, in the KO, the staining for Arc is significantly more intense in the
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stratum pyramidale layer, which is composed of cell bodies, relative to the dendrites
(apical in stratum radiatum, basal in stratum oriens) that emanate from the layer. In
contrast, the WT Arc staining is more even between the dendrites and soma. This may
be due to problems involving transport of Arc transcript, translation, and/or stability of
transcript and protein in the dendrites of the KO hippocampal neurons. These brain
sections were obtained from mice anesthetized with pentobarbital (Nembutal) where
seizures were a side effect (see Chapter 4). Nonetheless, seizures would be expected to

increase, rather than decrease staining of Arc.

Another IEG, c-fos, also has reduced protein levels in the Densin KO. c-fosis a
transcription factor that is also used as an indicator of neuronal activity because of its
ability to rapidly respond to different chemical and electrical stimuli. In association with
Jun, it forms an AP-1 complex that binds DNA to regulate transcription. Mice deficient
in c-fos lack proper behavioral responses to stimulation and to adapt. These mice have
deficits in long-term memory and NR2A-dependent plasticity (Fleischmann et al., 2003;

Cohen and Greenberg, 2008)

Lastly, a decrease in DISC1 in the PSD (Chapter 2 and Figure 2.13) could also
contribute to decreased Arc protein levels through regulation of cAMP levels. DISC1
inhibits phosphodiesterase 4B (PDE4B) degradation of cAMP by directly interacting with
PDE4B (Fig. 3.5) (Millar et al., 2005). The two proteins dissociate when cAMP levels are
high, suggesting that DISC1 restricts PDE4B’s degradation of cAMP to activated states in

the cell (Millar et al., 2005; Millar et al., 2007). cAMP normally enhances Arc expression
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by its direct effect on CREB and also more indirectly by promoting the trafficking of the
TrkB receptor to the surface, likely through TrkB interactions with PSD-95 (Ji et al.,
2005). Abnormally low levels of intracellular cAMP in the Densin KO may result from a
decrease in DISC1 that releases inhibition of PDE4B activity. Decreased levels of cAMP
also decreases BDNF enhancement of spine density (Ji et al., 2005). Deletion of the C-
terminus of DISC1 that contains the binding site for PDE4B, as well as chromosomal
translocation of the PDE4B gene, both cosegregate with schizophrenia and mood
disorders (Millar et al., 2005; Millar et al., 2007). DISC1 also positively modulates the
ERK pathway that promotes transcription of Arc, c-fos and other IEGs (Hashimoto et al.,

2006; Shinoda et al., 2007).

Another level of cross talk between BDNF and DISC signaling is through
modulation of the MAPK/ERK signaling (Chapter 2) which can lead to changes in IEG
levels. DISC1 is required for neurotrophin-induced axonal elongation through its binding
to the Grb2 adaptor protein and ERK activation. Grb2 facilitates signaling between
tyrosine kinase receptors, such as the TrkB receptor and the ERK pathway (Michailidis et

al., 2007).

Deficiencies in long-term memory are apparent in the Arc KO as tested by
contextual fear conditioning and taste aversion by Plath et al., (2006). The Densin KO
exhibits other impairments in addition to its shortcomings with Arc protein, which made
long-term memory difficult to test. For example, contextual fear conditioning is limited

by excessive freezing behaviors by the Densin KO mouse. An alternate approach, such
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as a long-term taste aversion or analysis of late-LTP electrophysiology in slices, may be
required to test long-term memory.
Other Considerations

The behavioral phenotype of the Densin KO mice may be partially due to
diminished activity-induced transcription. Expression of IEGs is also perturbed in
conditions that inhibit L-type voltage sensitive calcium channels (VSCCs), one of which
(Cay1.3) binds Densin in the presence of CaMKIl (Murphy et al., 1991; Bading et al.,
1993; Cohen and Greenberg, 2008; Jenkins et al., 2010). There are other similarities
between the two perturbations: mutation of VSCCs causes deficits in spatial tests and
protein synthesis-dependent LTP, which are associated with mental retardation and
other cognitive and affective disorders (Moosmang et al., 2005; Cohen and Greenberg,
2008). To test for overlap in the signal transduction underlying these phenotypes,
promising future experiments could use agonists to activate VSCCs in Densin KO
neuronal cultures to assess IEG induction relative to the WT.
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Figure 3.1. Arc has a role in induction of LTD by mGIuR signaling. Induction of mGluR-
LTD requires rapid synthesis of Arc (within 5 min. upon stimulation). The increase in
translation seen in mGluR-mediated LTD is accomplished by activation of the
elongation factor kinase (eEF2K). eEF2K is inhibited when bound to mGIuRS5, but this
complex dissociates when mGIuRS is stimulated. eEF2K then phosphorylates EF2
which inhibits elongation of the most nascent protein polypeptide. This process may
make the translation machinery more available for those transcripts not inhibited by
EF2, such as Arc. mGIuR signaling also increases Arc synthesis rapidly by
dephosphorylation of FMRP (Fragile mental retardation protein), a process that
releases constitutive repression of basal translation (Park et al., 2008). Increases in
Arc promote LTD by increasing internalization of AMPA receptors. Specifically, Arc
interacts with endophilin and dynamin in clathrin complexes to regulate AMPA.
Reprinted from Park et al. Copyright (2008), with permission from Elsevier.
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Figure 3.2. The Densin KO exhibits decreased steady state levels of c-fos and Arc. (A)
Samples from forebrain homogenate, synaptosome and PSD fractions that were
immunobloted with an Arc specific antibody show a significant decrease in Arc protein.
The abundance of Arc protein is expressed as percentage of WT (standardized as 100%
(dotted line)). A representative immunoblot detecting Arc in each of the labeled fractions is
shown. Statistical significance was assessed by one-sample t-tests with a theoretical
mean of 100 (*p < 0.05 **p<0.005 ***p<0.00001, t test; n=4 PSD fractions each prepared
from 7 or 8 age and sex-matched mice of each genotype). Error bars represent SEM. (B)
Representative WT and KO coronal brain sections including the cortex and hippocampus
immunostained with an Arc specific antibody and visualized with peroxidase DAB-NI
staining. (C) Representative coronal sections imaged at 2.5x magnification showing the
hippocampus and part of the cortex from WT and KO immunostained with an antibody
specific for c-fos and visualized through peroxidase DAB-Ni staining.
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Figure 3.3. Arc protein is decreased in the Densin KO and concentrated in the soma of
the stratum pyramidale relative to the basal and apical dendrites (found in stratum oriens
and radiatum, respectively) that emanate from s. pyramidale. (A) Representative coronal
sections of hippocampi from WT and KO mice immunostained with Arc antibody and
visualized with peroxidase-DAB-Ni substrate. “P” indicates the stratum pyramidale cell
body layer. “O” marks the stratum oriens and “R” the stratum radiatum. Intensity of Arc
staining across all three layers were measured at a line (i.e. indicated in blue) drawn two-
thirds of the way from CA1 to CA2 collateral, perpendicular to the stratum pyramidale. (B)
Average staining intensity of each hippocampal layer labeled are plotted (+/- SEM) with
the stratum pyramidale set as 0 microns. The intensity of the cell bodies in the s.
pyramidale, and its basal and apical dendrites in the s. oriens, and s. radiatum,
respectively, were quantitated (using Image J). Intensities were measured from both
hippocampi from 4 different sections of 3 WT-KO pairs.
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Figure 3.4 Arc induction by 100 ng/mL BDNF treatment is reduced in the Densin KO,
which is significant at 8 hours. (A) Induction of Arc protein relative to control
(indicated as C in the Western blots below it) based on quantitation of integrated
intensities of Western blots where Arc was detected in lysates of 15-16 day old
dissociated cortical cultures treated with BDNF for 0, 2, 4, and 8 hours. n=9 WTs,
n=10 KOs. *=p<0.05. Data were normalized to GAPDH loading control. (B) and (C)
Trend showing decreased induction of active CREB phosphorylated at 133 (n=7 WTs,
n=7 KOs, p=0.13) and c-fos protein after treatment with BDNF. Fold increase in c-fos
relative to the control is only reported for 8 hours n=7 WTs, n=7 KOs, p=0.16. Other
time points are similar between the WT and KO for c-fos and are not shown due to
scaling.
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Figure 3.5. BDNF signaling through the TrkB receptor involves PLCy and MAP/ERK activity
as well as regulation of cAMP. Activation of PLCy indirectly activates adenylate cyclase
(AC) which generates cAMP. Importantly, Phosphodiesterase 4B (PDE4B) degrades cAMP
but is inhibited by DISC1 (Millar et al., 2005, Millar et al., 2007). Perturbations in cAMP
levels are linked to psychiatric illness (Millar et al., 2007). mGluR5 and NMDA mediated
signaling act through the MAPK/ERK pathway, of which DISC1 is also a positive modulator.
cAMP and activated ERK promote CREB activity leading to transcription of genes (like Arc
and c-fos) that play a role in synaptic plasticity. cAMP also promotes the formation of TrkB-
PSD95 complexes (Yoshii and Constantine-Paton (2010). Not shown is TrkB signaling
through PI3K (Akt-mTOR pathway which influences translation and the formation of the
synaptic TrkB-PSD95 complex) and the impact of these pathways on translation.
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Chapter 4
Densin KO is Susceptible to Seizures

An unexpected phenotype in the Densin KO suggests a linkage between Densin
function and a pre-disposition to seizures. The KO mice have violent tonic clonic
seizures within two minutes of injection with pentobarbital, a GABA(A) receptor agonist,
which usually sedates WT mice. Preliminary observations also suggest that the KO mice
are predisposed to spontaneous seizures. This chapter describes the seizures and
discusses molecular and physiological mechanisms known that might underly.

Seizures are often comorbid with mental retardation, neurodevelopmental
disorders, and autism spectrum disorder (Rubenstein and Merzenich, 2003; Qin et al.,
2005; Levisohn, 2007; Kanner et al., 2008; Cascella et al., 2009; Hagerman and
Stafstrom, 2009; Combi et al., 2010). In epilepsy patients, there is a higher prevalence of
schizophrenia (Qin et al., 2005; Cascella et al., 2009). Often the causes of a seizure,
some of which are inheritable, are unknown. Molecular processes that enable brain
plasticity, can, in pathologic situations, lead to epileptogenesis (McNamara et al., 2006;
Scharfman, 2007; Rakhade and Jensen, 2009).

Inhibition and Excitation

Most of the inherited causes of epilepsy in humans involve genes that encode
channels (i.e. potassium and sodium) or receptors that regulate ion flux (i.e. GABA
receptors) (Noebels, 2003). Researchers have found that depolarizing GABA activity can
contribute to pathology, and is critical for the interictal epileptic activity seen in the

subiculum from patients with temporal lobe epilepsy (Cohen et al., 2002). GABA
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provides the inhibitory inputs for the brain, but can also be excitatory, especially in the
neonatal brain because of differences in ClI" conductance due to expression of
developmentally regulated CI channels. Intracellular CI" concentrations are higher in
the immature brain due to the presence of NKCC1 that cotransports Cl into the cell,
along with Na* and K* (reviewed in (Ben-Ari, 2002; Kahle et al., 2008). NKCC1 creates an
Ec that is more positive with respect to the membrane potential. When GABA(A)
receptors are activated, the flow of Cl" out of the cell increases, leading to depolarization
of the neuron. In mature neurons, the KCC2 channel takes over as the main CI’
transporter. In contrast to NKCC1, KCC2 extrudes intracellular K" and CI" to outside the
cell. When GABA receptors are activated, CI” flows into the cell down its electrochemical
gradient, leading to the inhibition that is typically associated with GABA from
hyperpolarization. Stimulation of GABA(A) ionotropic receptors by binding of GABA
neurotransmitter increases the conductance for CI into the cell resulting in neuronal
hyperpolarization, and thus inhibition of action potentials. Abnormal inhibitory function
can lead to aberrant firing of neurons and networks (Morimoto et al., 2004; Scharfman,
2007). Problems in neuronal maturity or channel expression that lead to abnormal gene
expression and ion flux, might conceivably alter whether GABA is excitatory or inhibitory
in the mature organism (Ben-Ari, 2002; Kahle et al., 2008; Minkeviciene et al., 2009).
Alternatively, disruptions in other ion channels (i.e. potassium leak channels) may allow

for altered membrane potential such that GABA would be excitatory.

GABA(A) Receptors in Seizures
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Alterations in abundance and distribution of GABA(A) receptors and innervation
patterns of inhibitory neurons, can result in GABA being excitatory rather than
inhbitory. These activity-dependent changes are the result of dynamic processes that
may involve regulation of transcription, translation and the transport and internalization
of receptors from the cell surface (Fritschy, 2008). The GABA(A) receptor is a pentamer
made up of most commonly a combination of alpha (a1-a6), beta (31-f3), and gamma
(y1-y3) subunits. Some subunits are naturally more abundant in certain areas of the
brain (Sieghart and Sperk, 2002; Voss et al., 2008) and certain subsets of neurons than
others (Sieghart and Sperk, 2002). The distribution and abundance of GABA(A)
receptors on a subset of inhibitory neurons that act on other inhibitory neurons can
result in overexcitation due to disinhibition of excitatory neurons. (DelLorey et al., 1998;
Bacci et al., 2003; Bacci et al., 2005; Voss et al., 2008). Changes in inhibitory interneuron
populations and topography can alter firing rates and proper integration of neuronal
networks (Santhakumar and Soltesz, 2004). Changes in GABA(A) receptors are also seen

in schizophrenia (Charych et al., 2009).

In the mature brain, GABA input in the soma or axon initiation segment is
inhibitory whereas both depolarizing and hyperpolarizing effects of GABA have been
observed in dendrites (Gulledge and Stuart, 2003; Stein and Nicoll, 2003; Marty and
Llano, 2005). Increases in the amount of GABA receptors, allowing for greater GABA
input in the dendrites relative to the soma may be enough to change the reversal
potential such that a GABA agonist would be excitatory. Spill over of GABA during

intense activation from synaptic sites, can also be depolarizing at extrasynaptic sites
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(Alger and Nicoll, 1982). Temporal factors also influence the effect of GABA as a switch.
An opportunely timed GABA input within ~5-10 ms of a subthreshold excitatory
depolarization facilitates an action potential, whereas either alone does not. This has to
do with the changes in the resting potential relative to that of the reversal potential for
CI'. However, a similarly timed GABA input at the soma has the opposite effect, leading
to neuronal inhibition (Gulledge and Stuart, 2003; Stein and Nicoll, 2003; Marty and
Llano, 2005). Very recently, it was reported that presynaptic GABA(A) receptors at
hippocampal mossy fiber synapses (dentate granule cells) can be paradoxically
excitatory rather than inhibitory, enhancing transmission and LTP induction (Ruiz et al.,

2010).

Nembutal-induced Seizures in the Densin KO Mouse

We find that the GABA(A) receptor agonist, Nembutal (pentobarbital)
paradoxically acts as a convulsant after i.p injection of the Densin KO mouse.
Pentobarbital is a barbiturate that induces conformational changes in GABA(A)
receptors to increase the duration of CI" influx, usually leading to hyperpolarization of
the cell. We hypothesized that these Nembutal-induced seizures may be a
consequence of a lowered threshold for seizure induction or a specific alteration in the
number/pattern of GABAergic inputs. It is known that Densin is expressed in excitatory
neurons. To see whether Densin is additionally expressed in inhibitory neurons,
immunohistochemistry of neuronal cultures was done. We also determined the relative

abundance of GABA(A) receptors and GABAergic markers in brain homogenate,
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synaptosome, and PSD fractions in the KO relative to the WT. Imbalances in excitation
and inhbition are a shared component of numerous disorders such as schizophrenia,
autism, biopolar disorder, and anxiety, and may therefore reflect some shared
pathogenesis (Rubenstein and Merzenich, 2003; Qin et al., 2005; Levisohn, 2007;
Cascella et al., 2009). Interestingly, pentobarbital is also anxiolytic and the Densin KO
exhibits anxious behavior (Chapter 2), suggesting this phenotype may have shared

aspects of the pathophysiology in synaptic plasticity.

METHODS

Preparation of neuronal cultures for imaging on coverslips. Coverslips were washed
with water, etched in 1M HCI, washed again in water, and ethanol, placed in 24 well
plates and treated with poly-D-lysine (0.5 mg/mL in NaBorate buffer) in the 37°C
incubator overnight and washed with water before incubated with laminin (15 pg/mL in
PBS). E15-E17 embryos were dissected from Densin Het x het timed matings for their
hippocampi or cortices in Hanks dissection buffer (HEPES + Na pyruvate in HBSS) and
triturated ~25-30x. Neuronal cultures grown on coverslips were plated in plating media
(B-mercaptoethanol, B27, glutamax, glutamate in neurobasal media). On day 2-3,0.3
mL of plating media was replaced with 0.3 mL of feeding media (B27, glutamax, in
neurobasal media). On day ~11, 0.175 mL of the media was replaced with 0.2mL
feeding media.

Immunohistochemistry. Coverslips were rinsed in PBS and then fixed in 4°C methanol

for 20’, which was replaced by -20°C methanol and incubated for 20 min. After a 15



113

min wash with ice cold HBSS + HEPES, the samples were blocked in 5% normal goat
serum with 0.25% Triton X-100 for 1 hour or overnight at 4°C. Coverslips were
incubated with primary antibody in preblock overnight at 4°C, washed with preblock 3x,
and incubated with secondary antibody (Alexa Fluor) for 1 hour at room tempertaure in
preblock. Primary antibodies used were at the following dilutions: Densin CT245 or M3
(Kennedy Lab) 1:200-250, GAD65 and GAD67 (Chemicon). The samples were washed
once with preblock and 2x with PBS followed by a 10 min postfix in 2% formaldehyde in
PBS. Coverslips were washed 3x with PBS and mounted with ProIong® mountant (from
Molecular Probes through Invitrogen) with Dap1 stain, and allowed to dry overnight at
room temp. Coverslips were sealed with clear nail polish. Slides were stored at 4°C or -

20°Cif not imaged right away.

Nembutal induced seizures in the Densin KO. 9 WT and 8 KO mice (4 to 7.5 months of
age) were injected with 100mg/kg body weight of Nembutal intraperitoneally. Seizures
were videorecorded and analyzed in terms of stages. The following modification of the
Racine scheme was used for description of stages: Stage 0-Normal behavior, Stage 1-
Immobility, Stage 2-Forelimb and tail extension giving appearance of rigid posture, Stage
3-Automatisms: repetitive scratching, circling, or head bobbing, Stage 4-Forelimb clonus
and rearing and falling, Stage 5-Repeated forelimb clonus and rearing and falling, Stage

6-Severe tonic clonic seizures, Stage 7-death (Racine, 1972).

Arc, c-fos, and GAD67 peroxidase staining of brain sections with DAB-Ni visualization.

To attempt to identify the foci of seizure activity in the Densin KO, brain slices from 3
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pairs of WT and KO mice that were injected with 100 pg/g body weight of Nembutal
were probed for c-fos and Arc. Arc and more frequently, c-fos, have been used by
others to correlate specific regions of the brain with seizure activity or at least neuronal
activity. The mice were perfused ~30-45 min after injection with Nembutal. In the
pilocarpine model of epilepsy, c-fos immunostaining peaked after 30 min (Peng and

Houser, 2005).

Immunostaining for c-fos using peroxidase DAB substrate visualization was done
based on Peng et al. (Peng and Houser, 2005) as described in Chapter 3 Methods.
GADG67 staining was also done with the protocol above on sections from brains of mice
that were injected ketamine/xylazine prior to cardiac perfusion. GAD67 antiserum (Ms,
Chemicon) was incubated with brain sections at a 1:2000 dilution in goat serum and

incubation with DAB-NI substrate was only for 1.5 min.

Cardiac perfusion. Densin knockouts and wildtypes were anesthetized with 125/10
mg/kg body weight ketamine/xylazine prior to cardiac perfusion. The mice were
infused with 10 mM sodium phosphate buffer with 0.136 M NaCl, followed by 4%
formaldehyde, 15% by volume of saturated 1.3% picric acid in 0.15 M sodium
phosphate. Dissected brains were fixed in formaldehyde over night and then
transferred to PBS before sectioning 50 uM coronal slices using a vibratome in PBS.
Sections were stored in 11 mM NaH,PO,4, 20 mM Na,HPO,, 30% ethylene glycol, and

30% glycerol, pH 7.5 at -20°C. Mice were also retailed to confirm genotype.

PSD preparation. (See protocol in Chapter 2 Methods)
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RESULTS

Nembutal induces seizures in the Densin KO mouse. The Densin KO mouse was
created by deletion of exon 3 through flox-Cre technology and subsequent breeding to
Cre expressing mice (Medina-Marino thesis). We found that the anesthetic Nembutal
induces tonic clonic seizures in these mice. Half of the 8 Densin KOs tested reached
stage 6, within 2 minutes after IP injection of 100 mg/kg body weight of Nembutal. The
other 4 KOs tested displayed an abnormal jittery behavior. No convulsions were seen in
any of the 9 WT littermates that were also injected with the same dose of Nembutal.
No sex differences were seen in responses. A sequence of still images comparing the
KO and WT with staging at different time points after injection is shown in Figure 4.1.

Similar seizures were also seen with a lower dose (50 mg/kg) of Nembutal and
2% lIsoflurane, an inhaled anesthetic that acts on a number of pathways including GABA
(Bruce Cohen, personal communication). However, the KO does not seize in response to
every drug administered by i.p. injection: a ketamine/xylazine mixture (125/10 mg/kg of
body weight) that was used to anesthetize for perfusions, did not induce seizures in any
of the 9 KOs tested. We have not injected with ketamine alone to eliminate the
possibility that xylazine, a muscle relaxant, may mask seizures.

We injected KOs and WTs (7th outcross with C57) with Euthasol (pentobarbital
plus phenytoin) to see if this combination would eliminate the seizures seen with
pentobarbital alone. If it did, it would be a useful anesthetic for future perfusions.
Interestingly, the 3 out of 3 KOs injected had Stage 6 tonic clonic seizures even though

phenytoin is an antiepileptic that acts by stabilizing the inactive form of voltage gated
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Na® channels. However, the seizures with Euthasol seem to be shorter in duration and
less violent in nature than the seizures seen with the same concentration of
pentobarbital alone. 2 of the 3 WTs exhibited mild twitching after the i.p. injection with
Euthasol (~Stage 2/3). It appears that the seizure phenotype is more penetrant in the
C57 background. The 2" outcross of KO mice all had seizures with pentobarbital but

only half went to stage 6 tonic clonic ones, while the other half were just jittery.

Densin is expressed in inhibitory neurons. Densin is enriched in the PSD of excitatory
glutamatergic synapses (Apperson et al., 1996). Double staining for Densin and GAD 67,
a marker for GABAergic neurons, in dissociated hippocampal cultures revealed that
Densin is also expressed in at least a subset of inhibitory neurons (Fig. 4.2). This finding
suggests that both inhibitory and excitatory neurons and their innervation patterns may
be affected by the lack of Densin in the KO. It is unknown whether Densin is expressed
in a particular subset of inhibitory neurons, such as the parvalbumin positive cells that

are responsible for high frequency oscillation.

GABA(A) receptors and KCC2 are unaltered in homogenate and synaptosome fractions
for Densin KO mice. PSD preparations from WT and KO mice were analyzed to
determine whether the abundance of particular proteins is altered in the KO. Because
Nembutal is an agonist of GABA(A) receptors, we hypothesized that GABA(A) receptors
might be affected. Mutations of particular GABA(A) receptors are associated with

certain types of epilepsy and with schizophrenia (Charych et al., 2009; Chen et al., 2009;
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Zai et al., 2009). GABAAr (al, b3, a2) levels were, however, not altered in homogenate

or synaptosome fractions relative to WT (Fig. 4.3).

Because misregulation in the levels of KCC2 might contribute to changing the
reversal potential in the KO relative to the WT such that the GABA agonists are
inhibitory rather than excitatory, we probed for KCC2 in our protein preparations but
found no change (Fig. 4.3). KCC2 is a potassium chloride cotransporter channel that is
more highly expressed in the adult, mediating the developmental switch from

depolarizing to hyperpolarizing effect that we typically see with GABA.

Some GABAergic markers are increased in the homogenate and synaptosome fractions
of Densin KO brains. To see if other markers of the GABAergic system are altered, we
probed for GAD67, GAD65, and parvalbumin (PV) in the homogenate and synaptosome
fractions from Densin KO and WT forebrains. Signficantly, abundance of GAD65 and PV
in the synaptosomal fraction are 125% (SEM=9.6, p=0.04) and 124% (SEM=5.5, p=0.005)
of the WT, respectively (Fig. 4.4). A trend of increased GAD67, GAD65, and PV was also
seen in the homogenate. GAD67 and GAD65 are decarboxylases that participate in the
rate-limiting step of GABA synthesis. PV marks a high spiking subset of inhibitory

neurons.

A seizure focus was not found but c-fos and Arc expression are decreased in the
Densin KO. To determine which part of the brain is affected in Nembutal induced
seizures, brain sections from KO and WT mice injected with Nembutal were stained for

c-fos and Arc protein. Activity-induced transcription of IEGs are normally correlated
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with areas that exhibit neuronal activity such as electrical and chemical stimulation or in
response to brain injury (Cole et al., 1990; Herrera and Robertson, 1996; Hughes et al.,
1999). c-fos, along with Jun, is part of a transcriptional complex called AP-1, that
promotes the transcription of a set of genes in response to such stimuli. Changes in
levels of c-fos protein detected by immunostaining in brain slices after spontaneous
seizures reflect regions that are affected in the pilocarpine mouse model of temporal
lobe epilepsy (Fabene et al., 2004; Harvey and Sloviter, 2005; Peng and Houser, 2005).
RNAseq study of KO and WT mice performed showed that transcripts of a group of IEGs,
including c-fos, are higher in the hippocampus in the Densin KO versus WT (H. Beale and
Medina-Marino, unpublished data). This result indicates that the hippocampus is a

potential site of overactivity.

We did not observe an obvious focus of seizure activity from staining brain
sections for c-fos and Arc from WT and KO mice injected with 100 pg/mL Nembutal and
fixed 30-45 minutes after injection. However, after immunostaining brain sections from
3 pairs of mice that had been injected with Nembutal with antibodies specific for these
IEGs, we found that both c-fos and Arc levels are decreased in the KO compared to the
WT. There is a loss in Arc protein in both the hippocampus and cortex in the Densin KO
(Chapter 3). Western blots of Arc expression of the homogenate, synaptosome, and
PSD fractions from PSD preps were consistent with the results seen from

immunostaining brain sections.
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DISCUSSION

Along with the increased anxiety and schizophrenic traits found in the Densin KO
is a susceptibility to seizures. The Densin KO has paradoxical seizures in response to the
GABA agonists Nembutal and isoflurane (Bruce Cohen, personal communication). These
seizures rank as stage 6 in severity on a Racine scale. Such seizures in humans would be
generalized meaning that they involve nearly all of the brain as opposed to partial
seizures, which are more focused. The addition of the antiepileptic, phenytoin, to
pentobarbital (in the form of Euthasol, 100 pg pentobarbital and 12.8 pg/g mouse
weight), which stabilizes the inactive state of voltage gated sodium channels, seems to
mitigate the duration and severity of the seizure; however, the seizures remain at stage
6. The Nembutal-induced seizures seem to be more penetrant in mice outcrossed to
the C57 background 7 times. 3/3 of the 7" outcrossed KO mice that were injected had
stage 6 seizures whereas about half of the 2" outcross had stage 6 seizures.
Barbiturates and benzodiazepines are also anxiolytics. Benzodiazepines can decrease
anxiety by increasing the inhibitory effects that the lateral septum has on the amgydala
(Yadin et al., 1993). The increased anxiety seen in the Densin KO mouse (Chapter 2) is
interesting with this respect and may suggest that imbalance of excitation/inhibition in
the Densin KO that underlies both seizure and anxiety.

No obvious seizure foci were determined after staining for the IEGs, Arc and c-
fos, in brains that were perfused 30-45 minutes after injection of Nembutal. One
explanation is that sampling at 30-45 minutes after seizure is not optimal timing for Arc

or cfos protein to be produced at high enough levels to differentiate the WT from the
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KO. Convulsants may vary in their time courses for IEG expression. We based our
experiment on a previous study (Peng and Houser, 2005) where a dramatic increase in
c-fos expression was seen 30 minutes after pilocarpine-induced seizures. However,
some studies have allowed 4 hours for development of protein synthesis of IEGs after
the seizure. The most salient explanation is that a deranged IEG response in the mutant
(Chapter 3) may not allow us to efficiently identify the seizure foci by this method. This
result should not be due to the anesthetic suppressing the expression of these genes.

The anesthetics themselves have minimal affect on the expression of IEGs.

There are a number of explanations for the unexpected excitation induced in the
Densin KO by Nembutal, the simplest being that the lack of Densin in both excitatory
and inhibitory neurons disrupts the inhibitory-excitatory balance. Other explanations
relate to situations where GABA activation is excitatory rather than inhibitory: 1) Under
conditions where inhibitory tone is decreased, pentobarbital can act as a convulsant
(Yee et al., 2003); 2) the membrane potential is altered; 3) interneuron numbers,
inhibitory synapses or GABA abundance and distribution are altered to favor
disinhibition of excitation or overexcitation of pyramidal neurons (Voss et al., 2008).
Pentobarbital is prescribed as an antiepileptic drug, and is routinely used as an
anesthetic with anxiolytic effectrs. It has, however, been shown to act as a
proconvulsant in WT hippocampal slices under conditions that lower inhibitory tone.
When exposed to high extracellular K+ concentrations, that increase burst probability,
pentobarbital exacerbates spontaneous bursting (Yee et al., 2003). It decreases both

the interval between bursts and the duration of the bursts themselves. When the burst
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probability is low, pentobarbital acts as an anticonvulsant, increasing the interburst
interval and decreasing the burst duration. This provides insight into circumstances
where Nembutal can increase excitability in individuals with an already unsteady
physiology primed for seizure (Yee et al., 2003).

Because a large change in the RNA transcript for the a2 GABA(A) receptor and
other isoforms were detected by RNA seq (H. Beale, unpublished data) and alterations
in GABA(A) receptors are often seen in disease states, the abundance of different
GABA(A) receptors was measured in the homogenate and synaptosome fractions. The
protein levels of GABA(A) receptors were however unaltered. As mentioned earlier,
mutations in GABA(A) receptors are indicated in some genetic cases of epilepsy. Their
levels are also sometimes altered in schizophrenia (reviewed in (Kellendonk et al., 2009).
It would be worthwhile to examine the Densin KO brain for regional differences that are
not apparent in total forebrain homogenates. One could probe for other GABA
receptors as well. The 32 GABA(A) receptor, for example, is implicated in bipolar and
schizophrenia (Chen et al., 2009).

We examined the abundance of other GABAergic markers to assess possible
disturbances in inhibitory tone in the KO brain. There is converging evidence for a
decrease of GAD67 and PV in schizophrenic individuals and in mice models (including
mice with reduced levels of DISC1) (Shen et al., 2008; Lodge et al., 2009; Jones, 2010).
To our surprise, GAD67, GAD65, and PV are increased in the Densin KO homogenate and
synaptosome fractions. Increased ectopic GAD67 production has been seen in chronic

epilepsy in granule cells (Schwarzer and Sperk, 1995; Sperk et al., 2009). It is thought to
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be the neuron’s attempt to counter excessive excitatory activity. Interestingly,
antipsychotic dopaminergic agonists also cause increases in GAD-67 (Kalkman and
Loetscher, 2003). The other GAD isoform, GAD65, which is found in the soma and
GABAergic terminals, is also increased. GAD65 and 67 catalyze the rate-limiting step for
GABA synthesis. It is ambiguous whether total GABA levels are altered or whether the
increases in GAD65 and 67 correlate with an increase in inhibitory synaptic termini or
numbers of inhibitory neurons. To this end, it would be useful to quantitate regional
differences among inhibitory neurons and synapses by immunostaining of brain sections
from WT and KO mice, which we are preparing to do in collaboration with Margarita

Behrens (Salk Institute).

We have found that Densin is expressed in at least a particular subset of
inhibitory interneurons. It would be informative to determine which subset by triple
staining with GAD-67, Densin, and either PV, calbindin, or calretinin. These three Ca’'-
dependent proteins are markers for the three largest subsets of GABAergic neurons
(Baimbridge et al., 1992). PV positive neurons are fast-spiking and are responsible for
gamma oscillation that desynchronize neuronal networks (Lodge et al., 2009).

Inhibitory tone and seizure potential are affected by electrolyte balance that is
also developmentally regulated. One way that Nembutal might have an excitatory
action on neurons is if the cells in the Densin KO brain were not fully mature and had
abnormal levels of cation-chloride transporters like, KCC2 and NKCC1 transporters,
which can be detected by immunostaining in neuronal cultures or slices (see Chapter 4

Introduction). These channels are developmentally regulated and expression levels
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facilitate the transition of GABA as an excitatory to inhibitory neurotransmitter due to
differences in intracellular ion concentrations. However, KCC2 appears to be unchanged

in forebrain homogenate and synaptosome from WT and KO animals (Fig. 4.3).

Imbalances in excitation that may enable the seizures we see may be related to
dysfunctional BDNF signaling in the Densin KO (Chapter 2). A knockin mouse containing
a mutation (CaRE3/CREm) in the CREB binding promoter region of BDNF display
decreased gene expression of BDNF as expected (Hong et al., 2008). The mutant has
about half the number of inhibitory synapses as the WT, without affecting the amount
of excitatory synapses or number of PV and NPY positive inhibitory neurons. Unlike the
Densin KO, however, levels of GAD67 (and the vesicular GABA transporter (VGAT)),
markers of GABAergic neurons, are decreased in the mutant with the altered BDNF
promoter (Hong et al., 2008).

Other considerations

The Nembutal-induced seizures in the WT suggest that the Densin KO brain has
lower seizure threshold. It would be informative to assess seizure threshold by i.p.
injection with the convulsant pentylenetetrazole (PTZ). PTZ is a GABA(A) receptor
antagonist that prevents ClI" influx through the receptor channel. In addition, drug
treatments with slice electrophysiology may be a more controlled way to assess
pathways that induce excitability. To investigate the balance of excitation and inhibition
in the brain of the Densin KO, the spiking patterns in hippocampal slices could be
studied before and after treatment with Nembutal. If spiking is more pronounced in the

KO slices, subsequent experiments can be done using bicuculline (o« GABA(A) receptor
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anatagonist) or MK801 (an NMDA receptor antagonist), to dissect the involvement of
different mechanisms of inhibition and excitation. Treating with a different GABA
agonist like diazepam, that binds to the GABA(A) receptor, but does not completely
overlap with the specificity of barbiturates may allow us to confirm GABA(A) receptor

involvement, and to discriminate if selective GABA(A) subunits elicit this effect.
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Seconds after injection with Nembutal
WT ~84 secs Densin KO

— —— _—

it .

WT : Stage 0=Normal behavior and Stage 1=immobility KO : Stage 2=Forelimb and tail extension giving
appearance of rigid posture.

~93 secs

WT : Stage 2=Forelimb and tail extension giving KO : Stage 6=Severe tonic clonic seizure
appearance of rigid posture.

~94 secs
£l Ei
M Lil b
WT : Stage 2=Forelimb and tail extension giving KO : Stage 6=Severe tonic clonic seizure

appearance of rigid posture.

Figure 4.1. Nembutal induces tonic clonic seizures in the Densin knockout but not wildtype.
Representative picture time course of different stages of seizures experienced in KO after
injection of intraperitoneal injection of Nembutal. Staging according to the following
modification of the Racine (Racine, 1972) scheme: Stage 0-Normal behavior, Stage 1-
Immobility, Stage 2-Forelimb and tail extension giving appearance of rigid posture, Stage 3-
Automatisms: repetitive scratching, circling, or head bobbing, Stage 4-Forelimb clonus and
rearing and falling, Stage 5-Repeated forelimb clonus and rearing and falling, Stage 6-Severe
tonic clonic seizures, Stage 7-death.
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Seconds after injection with Nembutal
WT ~95 secs Densin KO

WT : Stage 2=Forelimb and tail extension giving KO : Stage 6=Severe tonic clonic seizure
appearance of rigid posture.

~100 secs
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WT : Stage 2=Forelimb and tail extension giving KO : Stage 6=Severe tonic clonic seizure
appearance of rigid posture.

~101 secs

WT : Stage 0=Normal behavior KO : Stage 6=Severe tonic clonic seizure

Figure 4.1. Nembutal induces tonic clonic seizures in the Densin knockout but not wildtype.
(cont’d)
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Seconds after injection with Nembutal
WT ~103 secs Densin KO

WT : Stage 0=Normal behavior KO : Stage 6=Severe tonic clonic seizure

WT : Stage 0=Normal and Stage 1=Immobility KO : Stage 2=Forelimb and tail extension giving appearance
of rigid posture

~128 secs

l_:L = f"‘;.

« 56783501 2345 83

WT : Stage 0=Normal and Stage 1=Immobility

KO : Stage 0=Normal and Stage 1=Immobility

Figure 4.1. Nembutal induces tonic clonic seizures in the Densin knockout but not wildtype.
(cont’d)
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GAD-67 Densin

(A)

(B) Merge GAD-65 Densin

Figure 4.2. Densin is expressed in a subset of inhibitory neurons. Densin staining colocalizes
with that for (A) GAD67 and (B) GAD65 in18 DIC primary hippocampal cultures. GAD67 and
GADG65 are decarboxylases involved in synthesis of GABA and are found in inhibitory neurons.
(A) Representative images costained for Densin (red) and GAD67 (green) (B) Representative
images costained for Densin (green) and GADG65 (red). Cell bodies are indicated by nuclear
staining with Dap1 (blue). GAD67 is typically found most intensely in the soma while GAD65
staining is seen in both the soma and inhibitory synaptic termini.
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Figure 4.3. at, a2, and b3 GABA(A) receptors and KCC2 levels are unchanged in the
the homogenate, synaptosome, and PSD fractions of the Densin KO relative to the
WT. (A) Quantitation of abundance of KO protein levels relative to WT (100%) based
on the intensities of bands in immunoblots from gels loaded with equal amounts of
protein of homogenate, synaptosome and PSD fractions. (B) Representative
immunoblots are shown for a1, a2, and b3 GABA receptor, and KCC2 for homogenate
(H) synaptosome (S) and PSD (P) fractions from WT (+/+) and KO (-/-) samples.
Statistical significance was assessed by one-sample t-tests with a theoretical mean of
100 (n=3-4 PSD fractions each prepared from 7 or 8 age and sex-matched mice of
each genotype). Error bars represent SEM.
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Figure 4.4. Loss of Densin results in increased GADG65, and parvalbumin protein levels in
the synaptosomal fraction. Quantitation of abundance of KO protein levels relative to WT
(100%) based on the intensities of bands in immunoblots from gels loaded with equal
amounts of protein of homogenate and synaptosome fractions. Representative
immunoblots are shown for GAD67, GAD65, and parvalbumin for homogenate (H) and
synaptosome (S) fractions from WT (+/+) and KO (-/-) samples. Statistical significance
was assessed by one-sample t-tests with a theoretical mean of 100 (*p < 0.05; n=3-4 PSD
fractions each prepared from 7 or 8 age and sex-matched mice of each genotype). Error
bars represent SEM.
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Chapter 5
Regulation of NMDA Signaling through CaMKIl and RasGRF1
by Protein-Protein Interactions and CaMKIl Phosphorylation
Transmission of information underlying learning, memory, behavior, and
neuronal survival relies on the response of dynamic multiprotein complexes in the
postsynaptic membrane to presynaptic release of neurotransmitters. Calcium influx
through NMDA receptors and the subsequent activation of Ca?* sensors such as CaMKI
and RasGRF1 in the PSD are critical steps in transducing membrane activity to different
signaling cascades that control a broad range of cellular processes. This study
investigates the interactions of CaMKIl and RasGRF1 with the NMDA receptor to
understand how complexes assemble under defined conditions that create specificity
and avoid inappropriate cross-talk. We find that RasGRF1, CaMKII, and the NMDA
receptor can be coimmunoprecipitated from brain homogenate as a complex. In HEK
overexpressing functional NMDA receptors and CaMKIl, the presence of RasGRF1
enhances CaMKIl association with NR2B and NR1 subunits of the NMDA receptor.
CaMKIl phosphorylation of RasGRF1 may regulate signaling from this complex. CaMKiII
phosphorylates RasGRF1 at 3 preferred sites with a catalytic efficiency that is
comparable to other known peptide substrates. Using LC/MS/MS, we identified Ser485,
Ser745, and Ser916 were identified as CaMKIl phosphorylation sites on RasGRF1.
Phosphorylation of RasGRF1 by CaMKIl, however, does not seem to affect the activation
of Ras or Rac by RasGRF1. These results will aid our understanding of how changes in

the composition of protein networks in the PSD and in signaling pathways can enhance

or suppress future communication between neurons.
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INTRODUCTION

One of the major signaling complexes in the PSD is anchored around the
intracellular tails of the excitatory NMDA receptor which, in the hippocampus and
cortex, comprises the NR1, NR2A, and NR2B subunits (Fig. 5.1). Upon stimulation of the
NMDA receptor, Ca?" influx activates proteins such as RasGRF1 and CaMKII that
compete for the available Ca** bound to calmodulin. Instrumental in localizing CaMKI|
and RasGRF1 to elevated Ca®* concentrations and NMDA linked signaling is the ability of
both enzymes to bind NR2B directly. Disrupting the binding of these enzymes to the
receptor tail has its consequences on signal transduction and synaptic plasticity

RasGRF1 is a guanine exchange factor (GEF), whose function is to promote the
dissociation of GDP and allow GTP to bind, thereby activating GTPases such as Ras and
Rac. In mouse models, this activity is thought to facilitate learning, memory and
neuronal survival (1-3). Disruption of RasGRF1 binding to the membrane proximal
region of NR2B with interfering peptides reduces ERK activation by 60-70% (4).
Disruption of CaMKII-NR2B interactions with an inducible interfering peptide decreases
phosphorylation of AMPA GIluR1 and results in mice with hippocampal dependent
learning defects (5). Overexpression of R1300Q/S1303D NR2B, which abolishes binding
to CaMKII, prevents induction of long term potentiation (LTP) (6).

The binding regions of RasGRF1 and CaMKII partially overlap on the NR2B tail,
but it is not known whether association of the two enzymes with the NMDA receptor is

mutually exclusive. RasGRF1’s binding site on the membrane proximal portion of NR2B
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(2a886-1310) overlaps with at least one of the two known binding sites on CaMKII for
NR2B (4). The site has not been minimized further. The region that binds NR2B on
RasGRF1 has been delineated to residues 714-913, a ‘neuronal domain’ that comprises
part of the N-RasGEF domain, and is not present in non-neuronal forms of RasGRF1 (4).
CaMKIl binds to the NR2 cytosolic tails, primarily through the kinase’s catalytic domain
to membrane proximal residues 839-1120 (7-9) and a C-terminal site minimized to
aal1290-1309 (7,10,11). Clarification of whether CaMKIl and RasGRF1 compete for
binding should provide insight into how interactions with NR2B may modulate RasGRF1
and CaMKII transduced signals and the pathways they activate

As an upstream node from which a multitude of signaling pathways branch,
various mechanisms of regulating RasGRF1 exist, such as the protein protein
interactions described above, and post translational modifications. In terms of
phosphorylation, RasGRF1 activity is already known to be modulated by PKA (12-14), Src
(15), and Cdk5 (16). Sturani et al. (1997) observed that RasGRF1 could also be
phosphorylated by CaMKIl but the stoichiometry of phosphate incorporation into
RasGRF1 by CaMKIl was low 0.01-0.02 in contrast to the current report (12,17).

In this study, we test whether the presence of RasGRF1 interferes with CaMKII
association with NR2B, exploring what complexes might be possible. The
phosphorylation of RasGRF1 by CaMKll is also characterized biochemically in vitro. Its
physiological relevance can be assessed in dissociated neuronal cultures by stimulating
with bicuculline/glycine. Increased phosphorylation at Ser916 is observed with

bicuculline/glycine enhancement of synaptic transmission and is attenuated by
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incubating with a CaMKIll inhibitor. The importance of this posttranslational

modification on RasGRF1 activity towards Ras and Rac is also probed.

METHODS

Immunoprecipitation from mouse brain membrane fraction. Forebrain from adult
male mice were homogenized with 12 up and down strokes at 900 rpm. The
homogenate was cleared of membrane and nuclear fraction by centrifuging at 1000 xg,
10 min. The supernatant was centrifuged at 100k xg, 1 hour and the pellet was
solubilized in 1% deoxycholate. The solubilized fraction was then diluted to: 50mM Tris
pH 7.4, 0.15M NacCl, 1% Triton X-100, 1X Roche protease inhibitor tablet, 0.1 % SDS or
0.2% DOC and 0.540 mg was incubated with RasGRF1 antibodies (C term sc-224 or N
term #3322, Cell signaling) or RblgG isotype (Upstate) control precoupled to Protein G-
magnetic dynabeads (Invitrogen/Gibco). The IPs were washed 4x with 50mM Tris pH
7.4, 0.15M NaCl, 0.1% Triton X-100 before eluting with 1X SDS loading dye. Samples
were run on SDS page and a western blot performed, probing with the following
antibodies: MsGIuR2 Ab 1:1000 (Chemicon), RbRasGRF1 sc-863 or sc-224 1:1000 (Santa
Cruz Biotechnology), RoNR2B (1:2500 Xandria), MsCaMKII (1:2000 6G9-ABR), MsPSD95

(1:2000, 7E3 ABR), Rb SynGAP (1:1000, PA1-046 ABR).

Stoichiometry and rate of phosphate incorporation by CaMKIl onto RasGRF1.
Recombinant Strep-RasGRF1 purified from HEK293 cells was phosphorylated by purified

rat forebrain CaMKIl in 50mM Tris pH 7.2, 5 mM DTT, 0.9 mg/mL BSA, 1 mM CacCl,/2-4
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UM CaM or 0.5 mM EGTA, 50-100 nM RasGRF1, 10-400 nM CaMKIl, 100 uM ATP, 4 uCi
32yp-ATP (4500 Ci/mmol MP Biomedicals), 10 mM MgCl, for 0.5-10’ at 30°C. Reactions
were stopped by adding 3X SDS loading dye to 1X and heating 2.5 min at 95°C. The
mixtures were separated by SDS PAGE and the band corresponding to full length
RasGRF1, along with ATP standards spotted onto filter paper, exposed to a
phosphorescence plate which was imaged using a Storm phosphoimager. Intensity of
radioactive bands were quantified with the IQuant software. k..:/Ky was determined by

an approximation of the Michaelis Menten equation at low substrate concentrations.

Fluorescent activity assay-GST. Ras was preloaded with mant-dGDP (Jena Bioscience),
and the decrease in fluorescence, upon release of the GDP analog, was followed at
430nm after excitation at 370nm using the Tecan Safire Il plate reader and fit to a single
exponential equation using Prism. Reactions were initiated with either GTP or
RasGRF1. GST Rac was purified according to Karnoub et al., 2001 and Kiyono et al, 1999
(18,19). The GST-Racl-pGEX2T plasmid (originally from Gary Bokoch’s lab) was obtained

from Addgene.com (plasmid 12977).

Purification of RasGRF1 and CaMKIIl. Rat forebrain CaMKIl was purified as described in
Miller, SG and Kennedy MB (1985). RasGRF1 was purified from HEK293F or 6E cells
fused to an N-terminal flag or strep tag. RasGRF1 DNA (19 pg/30 mL cell culture) in
pcDNA3.1 was transfected using PEIl reagent into HEK293F or 6E cells and grown for 24

hours in suspension (Caltech Protein Expression Center). Cells were harvested and
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frozen in liquid nitrogen and stored at -80°C if not used immediately. Cell pellets from
1L of culture were resuspendend in 25mL 50 mM Tris pH 7.4, 150 mM NaCl, 0.1% Triton
X-100, 1 ug/mL pepstatin, 1mM PMSF, and other protease inhibitors (Roche protease
inhibitor tablet). After sonication (30% amplitude, Branson sonicator), the lysate was
spun down at 100kxg for 1 hour. The supernatant was incubated with Flag-resin
(Sigma), mixing end over end at 4°C for 1.5 hours. The protein-resin slurry was poured
onto a column and washed with 50 mM Tris pH 7,4, 0.3 M NaCl, 0.1% Triton X-100,
protease inhibitors. Flag-RasGRF1 was eluted with 2 mL pH 3.5 glycine directly into a
tube with 0.25 mL 1 M Tris pH 7.4 to bring the pH back up as expeditiously as possible.
The eluate was exchanged into 50 mM Tris pH 7.4, 150 mM NaCl, 2 mM DTT, 10%
glycerol with PD10 columns (GE Health Sciences) and concentrated using Amicon spin
concentrators (Millipore). The concentrated protein was aliquoted and flash frozen in
liquid nitrogen and stored at -80°C. RasGRF1 activity was determined by a fluorescent
nucleotide exchange assay with GST-H-Ras or GST-Rac1 prebound to mant-dGDP (Jena

Bioscience).

Pulldown with purified protein. Purified Strep tagged RasGRF1 was immobilized on
streptactin resin (IBA) and incubated with purified CaMKII from rat forebrain. The
pulldown was washed with 50mM Tris pH 7.5, 0.15M NacCl, 0.1% Triton X-100 before
SDS loading dye was added. Samples were run on a SDS acrylamide gel and a Western
blot was performed probing with antibodies specific for RasGRF1 (sc-863) and CaMKII

(6G9-ABR).
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Phosphorylation of RasGRF1 at Ser916. Recombinant Strep-RasGRF1 purified from
HEK293 cells was phosphorylated by purified rat forebrain CaMKIIl. Reaction conditions
consisted of: 50 mM Tris pH 7.2, 10 mM MgCl,, 5 mM DTT, 0.9 mg/mL BSA, 1 mM
CaCl,/2 uM CaM or 0.5 mM EGTA, +/-180 nM CaMKlI, +/- 180 nM Strep-RasGRF1, 100
UM ATP 4’ at 30°C. % (15ul) of the phosphorylation reaction was run on SDS-PAGE and
a western blot was done with Rb PhosphoRasGRF1 (Ser916) Antibody (#3321 Cell

Signaling Technology).

Phosphopeptide mapping by tandem LC/MS/MS. Liquid chromatography-tandem
mass spectrometry (LC/MS/MS) was conducted by the Protein and Peptide
Microanalytical Laboratory at Caltech. 360 nM purified Strep-RasGRF1 was
phosphorylated by 360 nM rat forebrain CaMKIl in the presence of 50 mM Tris pH 7.2,
10 mM MgCl,, 0.9 mg/ml BSA, 100 uM ATP, 1 mM ca*’, 2 UM calmodulin, for 10 minutes
at 30°C. Phosphorylated protein was separated by SDS-PAGE, Coomassie stained, and
the ~140 kDa RasGRF1 band (~10.8 pmol) was excised for in-gel tryptic digestion.
Phospho-peptides in the digests were identified using nanoflow capillary high
performance liquid chromatography (C18 column) coupled with triple
quadrupole/electrospray tandem mass spectrometry (APl 365, Perkin Elmer/Sciex). The
MS/MS spectra were then sent to the search engine, Mascot (Matrix Science), to
identify phospho-peptides from primary sequence databases with variable modification

of phosphorylation on serine, and threonine. Results show observed and theoretical
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mass of peptides, and their sequence. Targeted MS/MS was done, using a list of
potential CaMKII phosphorylation sites on RasGRF1 based on the consensus sequence of
Arg-X-X-Ser/Thr. In this way, phosphopeptides that are weaker and may not reach the
threshold cutoff would still be retained for MS/MS analysis because they are likely

candidates based on sequence.

Cell culture experiments using HEK293 cells. Different combinations of NR1 (pRK7), wt
or R1300Q/S1303D NR2B (pCDNA3.1+), CaMKIl (in pCDNA3.1+), and RasGRF1
(pCDNA3.1+-gift from R. Zippel) were expressed in HEK293H cells using the transfection
reagent, Fugene 6 (Roche). R1300Q/S1303D NR2B abolishes the binding of CaMKII to
NR2B (Strack et al. 2000, Barria and Malinow, 2005). Cells were washed once in PBS and
scraped off petri dishes in 50mM Tris pH 7.4, 0.15 M NaCl, 0.1% Triton X-100, 1 pg/mL
pepstatin, 1ImM PMSF, complete protease inhibitors (Roche), 1 mM CaCl,/4.5 uM CaM.
The lysate was centrifuged for 15 min. at 16k xg. The supernatant was incubated with
anti-CaMKIl Ab (6G9-ABR) precoupled to anti-MslgG dynabeads (Invitrogen-Gibco) end
over end for 3 hours at 42C and then washed 4x with 0.5 mL 50 mM Tris pH 7.4, 0.15 M
NaCl, 0.1 % Triton X-100, mM 1 mM CaCl,/4.5 uM CaM. Mouse IgG1 (eBioscience) was

used as an isotype control.

NMDA stimulation of rat hippocampal slices. Preparation of Sprague Dawley rat
hippocampal slices were done according to Kindler and Kennedy (1996) (20). 500 um

slices were soaked in Ringer solution in the presence or absence of 25 uM NMDA and 5
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UM okadaic acid (Calbiochem) +/- KN93 (Calbiochem). 5-6 slices were combined from
each condition and homogenized (with 12 up and down strokes) in ~50 uL/slice of
homogenization buffer in the presence of phosphatase inhibitors: 50 mM Tris pH 7.4,
0.15 M NaCl, 2 mM EDTA, 1% Triton X-100, 0.25% Na deoxycholate, 0.1% SDS, 1mM
PMSF, Roche complete inhibitor tablet, 40 mM beta-glycerophosphate, 50 mM NaF.
Homogenates were spun at 350 x g for 5 min. Protein concentration was determined by
BCA assay (Pierce) and the equal amounts of protein from the homogenate were loaded
onto a SDS acrylamide gel. A Western blot was done probing for phosphoSer916 (Cell
signaling antibody #3321), total RasGRF1 (sc-863), CaMKII (6G9-ABR), and phosphoT286

CaMKII (22BI).

RESULTS

Immunoprecipitation of RasGRF1, CaMKIl, and NR2B from brain homogenate. To see if
RasGRF1 exists as a native complex with CaMKIl and NR2B from brain homogenate,
immunoprecipitations were done with an antibody specific for CaMKII from solubilized
mouse forebrain membrane fraction. CaMKIl and NR2B were both found in a RasGRF1
containing complex in the brain (Fig. 5.2). Also found in this complex were PSD-95 and
SynGAP. No GluR2 was detected in the IP according to the Western blot, which served
as a negative control to ensure the entire PSD was not being pulled down (21). To see
what interactions were possible pairwise, immunoprecipitations were done from HEK
cell lysate cotransfected with RasGRF1 and CaMKII together or alone. RasGRF1 and

CaMKIl appear to associate in coimmunoprecipitations from HEK cells even in the



143

absence of NR2B; however, RasGRF1 and CaMKIl do not interact with strong affinity in
pulldowns with purified protein (Fig. 5.2).

RasGRF1 enhances the association of CaMKIl with NR2B in HEK293 cells. To study the
effect of RasGRF1 on the NR2B-CaMKII association, immunoprecipitations (using a
CaMKIlI specific antibody) were done from HEK cells transfected with CaMKIIl, NR2B in
the presence and absence of RasGRF1. Signifcantly (p<0.5), 5 (SEM=1.6) fold more NR2B
and 12.5 (SEM=5.1) fold more NR1 were detected in the immunoprecipitate with CaMKII
in the presence versus the absence of RasGRF1 (Fig. 5.3).

To see if the enhancement of CaMKII association with NR2B by RasGRF1 is
specific, we repeated the same experiment above but in the presence of the
R1300Q/S1303D NR2B mutant, which abolishes binding of CaMKII to the NR2B tail. As
expected, less R1300Q/S1303D NR2B was found in the IP with CaMKII than with
wtNR2B. As with wt NR2B, more association of R1300Q/S1303D NR2B was seen with
CaMKIll in the presence of RasGRF1 (~2 fold enhancement, n=4); however RasGRF1 does
not rescue R1300Q/S1303D NR2B-CaMKII association to that of wt levels. This suggests
that this C term binding site for CaMKIl on NR2B is partially responsible but not
exclusively for CaMKII-RasGRF1-NR2B complex formation. However, it remains open as
to whether RasGRF1 is able to increase CaMKII-NR2B association as part of a ternary
complex or one that includes a protein mediator from HEK cells that can bind both
CaMKIl and RasGRF1 and thus facilitate the enhancement.

RasGRF1 is phosphorylated by CaMKIl. ~3 mols phosphate were incorporated per mol

of RasGRF1 after incubating purified RasGRF1 with CaMKII (in a 1:1 molar ratio) in the
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presence of y32P-ATP and Ca®"/CaM (Fig. 5.4). Increasing the ratio of CaMKII to RasGRF1
in the reaction increases the stoichiometry which plateaus at ~5-6. The stoichiometry
obtained with lower CaMKII:RasGRF1 in the reaction may reflect preferred sites. The
efficiency of CaMKII phosphorylation (ke«/Ky = 6.6 X 10°M*tst Fig. 3B) of full length
purified RasGRF1 is on the same order of magnitude as that for other known CaMKI|
peptide substrates. k..;/Ky is fold lower than that for a 17 amino acid NR2B peptide (18
x 10°M ™ s), and fold higher than that for syntide (1.2 x 10° M s), according to values
by Praseeda et al., 2004 (22).

To determine the CaMKII phosphorylation sites on RasGRF1, purified RasGRF1
was phosphorylated by purified CaMKIl in vitro and subjected to LC/MS/MS analysis.
Ser 485, Ser 745, and Ser 916 were identified as phosphopeptides by targeted
LC/MS/MS out of 20 possible sites based on the CaMKIl phosphorylation consensus
sequence of Arg-X-X-Ser/Thr (Table 5.1 and Figure 5.5). These putative sites are
followed by a leucine, consistent with the observation that the Ser/Thr phosphorylated
by CaMKII is often followed by a hydrophobic amino acid. Ca**/CaM dependent
phosphorylation of RasGRF1 by CaMKIl at Ser916 is also detected by a phosphoSer916

specific antibody (Fig. 4) on Western Blot, confirming this particular site.

Effect of CaMKIl phosphorylation on RasGEF and RacGEF activity. To ascertain the
effect of phosphorylation of RasGRF1 by CaMKIl, we phosphorylated purified
RasGRF1with CaMKIl in vitro and then subjected the phosphorylated protein or

nonphosphorylated control to a nucleotide exchange reaction with purified H-Ras or
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Racl. Phosphorylation of RasGRF1 by CaMKIl does not appear to affect dissociation of
GDP from Ras or Rac. There was little difference in rate of release of the fluorescent
mant-dGDP that was precoupled to Ras or Rac in our activity assays. To ensure that
phosphorylation was well controlled for, a western blot was done on the reaction
mixtures after the nucleotide exchange reaction and probed for phosphorylation of

Ser916.

Stimulation of hippocampal rat slices with NMDA in the presence of okadaic acid. To
test whether CaMKII phosphorylation of RasGRF1 is coupled to NMDA stimulation,
hippocampal slices from mature rat were treated with NMDA in the presence of okadaic
acid and KN93 (a cell permeable CaMKIl inhibitor). Okadaic acid is an inhibitor of
protein serine/threonine phosphatase 1, 2A, and 2B and is known to accentuate CaMKII
autophosphorylation (20). RasGRF1 is postulated to have a role in synaptic plasticity in
mature mice. Its expression is developmentally regulated in the brain with highest
levels in adult animals (day~20) which are only faintly detected by Western Blot
prenatally (23). Stimulation with NMDA leads to Ser916 phosphorylation on RasGRF1
that is blocked by CaMKIl inhibitors or is decreased in CaMKIl knockdown. A band of
higher molecular weight, corresponding to a phosphorylated version of RasGRF1 was
clearly detected in slices treated with okadaic acid by an antibody recognizing total

RasGRF1.
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There was also an increase in Ser916 phosphorylation observed in the presence of
okadaic acid indicating phosphorylation of GRF1, including that at Ser916, is regulated
by PP1, 2A, and or 2B.
DISCUSSION

As shown by the IP results from solubilized brain membrane fraction, CaMKII and
RasGRF1 can form a complex with NR2B in the brain. When bound to the NMDA
receptor, CaMKIl and RasGRF1 are situated at elevated local Cca** concentrations,
facilitating their activation. A predisposition to certain complexes that cluster around
the NMDA tails has repercussions on enzymatic activity and signaling. NR2B is already
known to be a scaffold, modulator, and substrate of CaMKII. Increased duration of
NMDA stimulation leads to more persistent binding of CaMKII to the NR2B tail (7,24).
NR2B binding to CaMKIl increases its affinity for CaM and suppresses the inhibitory
autophosphorylation of CaMKIl at T305/6. NR2B also permits kinase activity even after
CaM has dissociated from the complex, possibly a contributing mechanism for molecular
memory (7). In this study, the presence of RasGRF1 seems to enhance the binding of
NR2B to CaMKIl when the three are cotransfected together into HEK293 cells. It
remains to be investigated whether RasGRF1 enriches CaMKIl activity in the synapse by
increasing the kinases’ proximity to the NMDA receptor. RasGRF1 itself does not seem
to affect CaMKII activity on its own, however (data not shown).

The enhancement of CaMKII-NR2B association in the presence of RasGRF1 seen

in HEK cells also suggests that a ternary complex may be possible between CaMKII,
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NR2B, and RasGRF1. However, one must also consider that a protein mediator in HEK
cells may facilitate this association.

In HEK cells, it also appeared that RasGRF1 and CaMKII could associate in the
absence of the NMDA receptor; however, we could not pull down purified CaMKIl with
immobilized purified RasGRF1. A possibility is that the interaction between CaMKIl and
RasGRF1 is weak and synergistic interactions might be involved in the formation of the
CaMKII-RasGRF1-NR2B containing complex that otherwise would be much lower affinity
pairwise. Another explanation is that a protein mediator(s) exists in HEK cells that
allows CaMKIl and RasGRF1 to associate.

The present study shows that ~3 mol of phosphate were incorporated per mol of
RasGRF1 by CaMKIl in contrast to Baouz et al.’s report of 0.01-0.02 ((12). Possible
explanations for this discrepancy include differences in experimental setup. Baouz et al.
performed the above experiment with full length RasGRF1 fused to maltose binding
protein (~43 kDa) purified from E. coli. Our experiment used RasGRF1 fused to a Strep
or flag-tag (~several amino acids) expressed and purified from mammalian cells
(HEK293). By targeted LC/MS/MS, Ser485, Ser745, and Ser916 were also identified as
being phosphorylated (Fig. 5.5). These sites are located on the PH domain, N-RasGEF
domain, and between the N-RasGEF and RasGEF domains, respectively.

Redundancy in sites phosphorylated by both CaMKIl and PKA has been useful in
suggesting possible consequences of such modifications. Like PKA, CaMKII
phosphorylates RasGRF1 at Ser916. Physiological significance has been implicated for

this site from studies of PKA phosphorylation of RasGRF1. Ser916 immunostaining is
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enriched in the apical dendrites of pyramidal neurons relative to soma implying activity
dependent phosphorylation. Yang et al. showed that RasGRF1 truncation mutants that
don't include Ser916 decrease the longest and total neurite length in PC12 endocrine
cells (14). The S916A mutation prevented maximal activation of RasGEF activity after
carbachol but not forskolin stimulation in NIH-3T3/hml fibroblast cells cotransfected
with the mutant or wt GEF (13). Of the putative CaMKIl phosphorylation sites found (as
with PKA), Ser916 is the only one that doesn’t exist in RasGRF2 which is 80%
homologous to RasGRF1, but whose function distinct from that of RasGRF1 is unclear
(14). Baouz et al. detected Ser745 as a PKA phosphorylation site amongst other sites
but not 916. Mutating Ser745 to alanine or aspartate does not have an effect on
activation of Ras (12). From our experiment treating rat hippocampal slices with
okadaic acid, it appears that Ser916 phosphorylation is also regulated by phosphatases
sensitive to okadaic acid, ie. PP1, 2A and/or 2B.

The purpose of dual regulation of RasGRF1 by PKA and CaMKIll is unclear but
cross talk between these two kinases are known to modulate for example, the AMPAR
receptor (25,26), and in the heart, the cardiac ryanodine receptor (27), and myopodin
(28). It has also been suggested that CaMKII and PKA activity may allow for synaptic
tagging of different compartments of a dendrite for LTP (29). CaMKII needed for LTP in
apical dendrites while PKA in the basal dendrites. Interestingly, this pattern of staining
coincides with the immunostaining of phosphoSer916 is observed in (14).

RasGRF1 has dual GEF activities, and like RasGRF2 (30), it can promote the

nucleotide exchange of GDP for GTP in both Ras and Rac GTPases, the latter of which is



149

done by the DH domain. Other members of the DBI containing family of proteins
include Tiaml and kalirin. Unlike Tiaml and even RasGRF2, RasGRF1’s RacGEF activity
needs to be induced such as by phosphorylation by Src (15). Since CaMKII activity is
thought to be required for NMDA stimulated spine enlargement, and can activate, for
example, kalirin’s RacGEF activity by phosphorylation (31), we tested the possibility that
RasGRF1’s RacGEF activity might be regulated by CaMKII. Although it is hard to predict
the effect of phosphorylation on enzymatic activity, one of the phosphorylation sites
identified by mass spec is adjacent to the DH domain and often the DH and PH domain
are seen to interact cooperatively (32). Thus, it is conceivable that CaMKII could
activate RasGRF1’s RacGEF abilities by phosphorylation. However, this was not the case
when we checked (data not shown). One promising lead is to study the effect of
phosphorylation in dissociated neuronal cultures by stimulating with bicuculline and
glycine in the presence of CaMKIl inhibitors which enhance synaptic transmission. We
are currently also assessing stimulation of neuronal cultures by bicuculline/glycine
which is able to induce phosphorylation of Ser 916, that can be blocked with CaMKII
inhibitors.

It remains to be investigated whether phosphorylation affects RasGRF1’s
intramolecular interactions, i.e. the regulation of RasGRF1’s N terminus on it’s catalytic
C term RasGEF domain that Baouz et al. have observed in vitro. Several of the kinases
known to phosphorylate RasGRF1 also phosphorylate NR2B and NR2A, possibly to

ensure specificity at the gateway of Ca®" influx. It would also be interesting to see how
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RasGRF1 interaction with NR2B and the GEF’s subcellular localization is affected by

CaMKIl phosphorylation.
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Mr Mr Site
Observed (experimental) (calculated) Delta Peptide Identified
457.2629 912.5113 912.4681 0.0432 LGSLSTKK Ser 485
478.6401 1432.8984 1432.8054 0.0930 KLSLNIPHTGGK Ser 745
550.6012 1648.7818 1648.7028 0.0789 RMSLANTGFSSDQR Ser 916

Table 5.1: Phosphopeptides identified by LC MS/MS. Purified RasGRF1 was

phosphorylated by purified CaMKIll in vitro, separated by SDS-PAGE, tryptic digested and

run on LC MS/MS. Observed masses are listed as compared to experimental and

calculated values (Mr), alongside the delta, which is the difference between
experimental and calculated masses.
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Figure 5.1. Signaling from the NMDA receptor to CaMKIl and RasGRF1. Stimulation of the
NMDA receptor leads to Ca2+ influx which activates Ca2+ sensitive RasGRF1 and CaMKII.
CaMKIl bound to Ca2+/CaM allows it to be autophosphorylated and to phosphorylate other
substrates like the NMDA receptor, RasGRF1, and SynGAP. Phosphorylated SynGAP
stimulates the intrinsic GTPase activity of Ras and opposes action of RasGRF1. Ca2+/CaM
bound RasGRF1 activates Ras (by displacement of GDP for GTP) which activates a number of
effectors, including the well known ERK pathway through Raf. Activated Raf phosphorylates the
mitogen-activated protein kinase (MEK). MEK then phosphorylates the extracellular signal-
related kinases 1 and 2 (ERKs 1 and 2). Erk1/2 can cross into the nucleus where it can activate
transcription factors (like CREB, ATF-2, or Ap-1, etc) or promote gene expression.
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Figure 5.2. Coimmunoprecipitation of RasGRF1 and CaMKII from brain homogenate but
not with purified protein (A) RasGRF1 and CaMKII is found in the co-IP with NR2B from
brain homogenate. Anti-RasGRF1 antibodies (Ab1-Cterm specific and Ab2-N term
specific) or RblgG isotype control were incubated deoxycholate solubilized brain
membrane fraction. Immunoprecipitates were run on SDS page alongside 1.9%
solubilized brain membrane fraction as well as RblgG isotype control. A western blot was
done probing for NR2B (known binder), GluR2 (known non binder) and proteins of
interest: CaMKIl, RasGRF1, PSD95 and SynGAP. (B) RasGRF1 and CaMKIl do not
bind strongly in pulldown with purified protein. Immobilzed Strep-RasGRF1 was
incubated with purified CaMKIl or alone. The western blots were probed with an antibody
specific for RasGRF1 or CaMKIl.



155

IP ~1.6 % of Input
1 3 1 2 3 4/5
NR1T + + + + + + + + +
wtNR2B . _ + _ _ + _ 4+ _
R1300Q/S1303DNR2B _ | _ , , _ L. _ .
RasGRF1 o+ o+ - - o+ o+
CaMKII
+ + + + + + + + +
NR1 - et —
*
NR2B v - -
RasGRF1 - — - ——
IgG — -
—————
-
CaMKIl SRR §§'
F & § & ¢
S S S 3

Figure 5.3. RasGRF1 enhances binding of CaMKIl to NR2B in HEK cells. C-term
binding site on NR2B for CaMKII is involved but not exclusively responsible for the
CaMKII-GRF1-NR2B complex. The presence of RasGRF1 significantly enhances
the association of CaMKIl with NR2B (5 fold, SEM=1.6, n=4, p=0.04, t-test, two
tailed) in immunoprecipitations with a CaMKII specific antibody. A similar result
(was obtained with an NR2B mutant containing the mutations R1300Q/S1300D
that abolishes binding to CaMKIIl. However, RasGRF1 is not able to rescue
mutant binding (Lanes 2 and 4) to levels seen with wt NR2B (Lanes 1 and 3). n=3
to 4. Lysates for immunoprecipitation inputs were prepared from HEK cells
cotransfected with NR1, wtiNR2B or R1300Q/S1300D NR2B, CaMKII, +/-
RasGRF1. NR1, NR2B, RasGRF1, and CaMKII were detected in the
representative immunoblot above by specific antibodies. Immuoprecipitation with
a mouse IgG1 antibody served as a negative control. Representative immunoblots
from one experiment are shown.



Ca*/CaM
CaMKIl
RasGRF1

RasGRF1 —»

+
+

mol phosphate incorporated/

pMol/min x 10*

mol RasGRF1
N
1

156

12.5+

10.04

=
o
]

o
o
L

g
o
1

o
(=)

1 2 3 4 5 6 7 8 9 10
time (min.)

o

L} 1 1 1 L] 1
500 1000 1500 2000 2500 3000
[EI[S] (nM'nM)

Figure 5.4. RasGRF1 can be phosphorylated by CaMKII (A) Western blot probing with
phosphospecific RbSer916 antibody to detect phosphorylation of RasGRF1 by CaMKII at this
particular site in the presence of 1 mM Ca?+/2 uM CaM or 0.5mM EGTA. (B) Stoichiometry
and efficiency of CaMKIl phosphorylation of RasGRF1 (B) Stoichiometry of phosphate
incorporation into 50nM RasGRF1 by 50nM CaMKII over time at 30°C in vitro as measured by
phosphoimaging of a gel run with the labeled reactions aside ATP standards. n=3, including
experiments done with other concentrations of RasGRF1 and CaMKII that yielded similar
results. (C) k../Kj, of RasGRF1 phosphorylation by CaMKIl is on the same order of
magnitude as that for other CaMKII substrates. k_,/K;, was determined from the initial linear
slope of the Michaelis Menten equation. Incorporation of 32P into RasGRF1 by CaMKIl was
measured by phosphoimaging of a gel run with the labeled reactions.
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Figure 5.5. MS/MS spectrum of RasGRF1 phosphopeptides identified after
phosphorylation by CaMKIl in vitro. Loss of 98 Da, corresponding to phosphoric acid is
observed in all “y or b” ions after phosphorylated residue. (A) A MS/MS fragmentation
spectrum of peptide LGSLSTKK identifying phosphorylated Ser485 (B) A MS/MS
fragmentation spectrum of peptide KLSLNIPHTGGK identifying phosphorylated Ser745 (C)
A MS/MS fragmentation spectrum of peptide RMSLANTGFSSDQR identifying
phosphorylated Ser916.
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Chapter 6
Conclusions

This thesis is primarily a study of the behavioral and correlative molecular
abnormalities resulting from deletion of the PSD enriched protein, Densin-180. The
Densin KO exhibits severe nest building deficits, anxiety, asocial behavior, impaired
sensorimotor gating, hyperlocomotion to novel objects, and hippocampal and short
term memory deficits (hippocampal- and cortical- dependent). These traits are
consistent with the behavior of a number of schizophrenic mouse models (Inta et al.,
2009). The Densin KOs are hypoactive in their home cage relative to the WT which is
seen in chronic schizophrenia, depression, and affective disorders (Steele and Gunapala,
unpublished data). The Densin KO has Stage 6 tonic clonic seizures when injected with
the GABA(A) agonist, Nembutal (pentobarbital). Asocial behavior, stereotypy,
imbalance of excitation/inhibition, cognitive defects, and susceptibility to seizures are
also associated with autism (Crawley, 2007). Disruptions in cross-linking and
stabilization of PSD protein architecture may account for some of the behavioral
abnormalities seen. a-actinin, a direct binding partner of Densin is decreased in the PSD
fraction of the KO relative to the WT. Likely related to this deficiency is an
accompanying decrease in DISC1 and mGIuR5 which both directly interact with a-
actinin. a-actinin is known to regulate mGIuR5 surface levels (Cabello et al., 2007).
Importantly, DISC1 and mGIuRS5 are linked to schizophrenia and affective mood
disorders (Blackwood et al., 2001; Luscher and Huber, 2010). The Densin KO
additionally has blunted activity dependent gene expression. Steady state levels of the

immediate early genes Arc and c-fos are decreased in brain sections in both the cortex
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and hippocampus. Deranged BDNF signaling in the KO may contribute to the reduction
in Arc protein, aberrant spine morphology, seizure susceptibility, and problems in affect
seen in the Densin KO (Tyler and Pozzo-Miller, 2003; Hong et al., 2008; Yoshii and
Constantine-Paton, 2010).

DISC1 and BDNF signaling both also have roles in neuronal development and
dysfunction has been associated with autism, mood disorders, and schizophrenia (Egan
et al., 2003; Craddock et al., 2005; Kilpinen et al., 2008; Chapleau et al., 2009; Gadow et
al., 2009; Williams et al., 2009). DISC1 is thought to facilitate neuronal migration and
neurogenesis and BDNF signaling is important for neuronal maturation and plasticity in
the adult brain. BDNF, DISC1 and mGIuR5 mediated signaling intersect at the level of
the MAPK/ERK pathway, which is normally activated by NMDA receptor stimulation.
One hypothesis is that reductions in DISC1, mGIuR5, and BDNF signaling, normally
positive modulators of the ERK pathway, can mimic a hypoglutamatergic state, which is
a mechanism of schizophrenia (Figure 2.14). DISC1 can also interact directly with the
adaptor protein Grb2 and is required for neurotrophin induced axon elongation
(Shinoda et al., 2007). Grb2 couples tyrosine kinase receptor (i.e. TrkB) signaling with
the ERK pathway. We are in the process of assessing the activation of ERK with
stimulation by BDNF and the mGluR agonist, S 3,5 DHPG.

Cross talk between BDNF and DISC1 signaling can also exist at the level of cAMP
signaling. Phosphodiesterase 4B which degrades cAMP is normally inhibited by DISC1
under conditions of low cAMP (Millar et al., 2005). A decrease in DISC1 in the KO may

alter levels of cAMP, which regulate BDNF signaling. Reduced levels of cCAMP decrease
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transcription of activity dependent plasticity genes such as Arc and c-fos (Figure 3.6). It
would be worthwhile to investigate perturbations in PDE4B activity and signaling as
related to DISC1 and BDNF.

The schizoaffective behavior in the Densin KO is consistent with reduced levels of
mGIluR5, DISC1, and impairments in BDNF signaling, all three of which are implicated in
schizophrenia and affective disorders (Blackwood et al., 2001; Egan et al., 2003;
Craddock et al., 2005; Luscher and Huber, 2010; Yoshii and Constantine-Paton, 2010). It
is thought that DISC1 may be genetically more linked to psychosis end of the
schizoaffective spectrum while BDNF is more associated with affective disorder,
although boundaries are blurred (Sklar et al., 2002; Craddock et al., 2005; Ivleva et al.,
2008). Disruption of scaffold proteins, such as Shank, that commonly stabilize multiple
protein complexes in the PSD often result in such behavior that overlap with both
schizophrenia, autism, and affective disorders (Durand et al., 2007; Gauthier et al., 2009;
Gauthier et al., 2010). Mice with alterations in different parts of the DISC1 protein also
exhibit different behavioral abnormalities with varying severity (Shen et al., 2008). The
lack of Densin may create a point of weakness in the PSD architecture that is
transmitted to different aspects of signaling.

While we have described behavioral abnormalities of the Densin KO mouse
mostly in terms of schizophrenia for which there are currently more established mouse
models, disruptions in DISC1 and BDNF and the behavioral abnormalities seen in the
Densin KO mouse, are also consistent with autism. In particular, the asocial behavior,

increased stereotypy (chewing, drinking, twitching), decreased prepulse inhibition,
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imbalance in excitation/inhibition and seizure susceptibility, increased anxiety, and
cognitive deficits exhibited by the Densin KO mice resemble autism (Crawley, 2007;
Levisohn, 2007; Combi et al., 2010; Mattila et al., 2010). Mutations in DISC1 and BDNF
have also been linked to the disorder (Kilpinen et al., 2008; Chapleau et al., 2009;
Gadow et al., 2009; Williams et al., 2009).

We are curious whether other parts of the PSD scaffold complex that stabilize
glutamate receptors in the PSD are intact and at what level DISC1, mGIuR5, and BDNF
signaling relate. Further investigation is needed of whether abundance and distribution
of Shank and Homer are affected in the Densin KO. Mutations in Shank and Homer
have roles in schizophrenia and autism (Szumlinski et al., 2005; Durand et al., 2007;
Gauthier et al., 2009; Gauthier et al., 2010). Because the decreases in mGIuR5 and
DISC1 are related by reductions in a-actinin, it would be interesting to see if phenotypes
observed in the Densin KO could be rescued by overexpression of a-actinin. We are
currently assessing if surface levels of other glutamate receptors, cadherins, and TrkB
(BDNF signaling) are altered in the Densin KO since Densin can directly interact with
proteins that do regulate the stability of these complexes in the PSD. It would be
informative to look at the effect of overexpression of Densin on these receptors and cell
adhesion molecules as well.

The use of antipsychotics or amphetamine can be used to further characterize
schizophrenic like behavior in mice. Amphetamine is a dopamine agonist that is
administered to see whether psychosis or measurable positive or negative symptoms

are aggravated in a mouse model suspected to be schizophrenic. Alternatively, future
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experiments can be directed towards whether abnormal behavior is mitigated by an
mMGIuR agonist or antipsychotic like clozapine. Because the Densin KO exhibit signs of an
affective disorder and lack of pleasure in normal daily activities (i.e. nest building,
hanging vertically), it would be worthwhile to test for depression using the forced swim
test. Studying ultrasonic vocalizations from KO and WT mice would be interesting with
respect to the communication deficits seen in autism (Crawley, 2007; Moy and Nadler,
2008).

Of the existing theories for schizophrenia, our molecular data coincide most with
developmental, glutamatergic, and GABAergic mechanisms in etiology. These theories,
which also include the hyperdopaminergic argument, are not mutually exclusive. There
is often interplay between each of these mechanisms. Genetics and the environment
also factor into the etiology of the disease. Abnormalities in the immune system, which
play a role in schizophrenia and autism, may partially explain the behavioral
abnormalities seen in the Densin KO. This may be due to disruptions in
neurodevelopment resulting in misconnectivity of synapses (McGlashan and Hoffman,
2000). Maternal infection, for example, is associated with higher risk of schizophrenia
(Smith et al., 2007; Patterson, 2009). The Densin KO runts may be immunocompromised
at least before adolescence, judging from their small thymus and pale spleens at ~ 4
weeks of age (Gregory Lawson, unpublished data).

The importance of MAPK/ERK signaling in synaptic plasticity, neuronal survival,
maturation, and development and the upstream molecular interactions that regulate

activation of the pathway is highlighted in both studies of Densin and RasGRF1
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comprising this thesis. There also appears to be some convergence on the dentate
gyrus and hippocampus as regions of misregulation for the BDNF and DISC1 signaling
that might partially explain the Densin KO’s phenotype. The dentate gyrus, where
Densin transcripts are most enriched (Allen brain map. Analysis discussed in Holly
Beale’s thesis), is involved in stress response, and depression due to misregulation of
BDNF signaling (Bramham, 2007). A decrease in DISC1, which is seen in the Densin KO,
may lead to aberrant placement of cells from neurogenesis in the dentate gyrus and
thus abnormal remodeling of this layer of the hippocampus, signifying a role of DISC1
both in neuronal development and wiring. Interestingly, decrease in DISC1 leads to new
cells that have increased excitability along with an increased rate of dendritic and
synaptic development (Duan et al., 2007). This may increase risk for seizure activity
described in Chapter 4. Decreases in DISC1 have been correlated with kindling in

rodents in the dentate (Fournier et al.; Fournier et al., 2009).

We do not yet understand the mechanism behind the violent seizures in the
Densin KO with administration of Nembutal. However, many mental disorders including
autism, schizophrenia, and bipolar disorder have a component of imbalanced excitation
and inhibition. Moreover, given that epilepsy may result from derangement in
mechanisms that normally confer brain plasticity, it is not surprising that seizures are
often a comorbidity of these diseases (Rubenstein and Merzenich, 2003; Qin et al.,
2005; Levisohn, 2007; Cascella et al., 2009; Hagerman and Stafstrom, 2009; Combi et al.,
2010). Densin is expressed in a subset of inhibitory neurons in addition to excitatory

neurons (Chapter 4). Electroencephalogram studies would shed light on whether



164

seizures occur spontaneously in the Densin KO. The significant increases in GAD65 and
parvalbumin in the KO may reflect an attempt in the Densin KO to lower excitation back
to homeostatic levels (Sperk et al., 2009). It would be informative to assess seizure
threshold in mice and interesting to see whether Nembutal creates higher excitability as
seen by spiking in slices and what mechanisms are behind drugs that can halt this
activity. The elucidation of Densin’s role in inhibitory in addition to excitatory neurons
would be informative. One way would be to analyze transcripts is by RNA seq analysis
of RNA libraries from laser dissected inhibitory and excitatory neurons from Densin KO
and WT brains.

There is uncertainty with whether developmental abnormalities or lack of
Densin in the mature brain are potential mechanisms for the KO seizure phenotype.
These issues can be clarified using an inducible KO generated with Cre-technology or
studying the effect of antisense oligos or RNAi to knock down Densin in mature neurons
in culture. One also wonders whether the ~20% of Densin KOs that died and usually
exhibited the most severe runting would have resulted in a more severe phenotype had
they lived to be a part of the behavioral cohort. A systemic study of other organs
affected would also be of interest. Dr. Gregory Lawson (UCLA pathologist) has
suggested that the gastrointestinal villi of the Densin KO may be not allow proper
absorption and may lead to the runting observed in the Densin KO based on initial
analysis of histology; however more thorough morphological studies would have to be
done to confirm this result.

Needless to say, there is still a lot to do to clarify mechanistically how the
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different signaling pathways implicated weave together and result in abnormal behavior
and inappropriate response to the environment. Schizophrenia, affective disorders,
autism, and epilepsy are often debilitating diseases for which there are currently
unsatisfactory treatments. Side effects of drugs additionally confound the neurological
disorder and an individual’s sense and perception of their reality. Understanding
abnormal behaviors in terms of molecular changes that are interlinked and continuous,
in addition to categorizing them as a named disease, would allow better customization
of treatments for individuals who cope with the physiological, psychological, and social
hardships of mental illness.
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We describe comparative patch analysis for modeling the structures of multidomain proteins and protein complexes,
and apply it to the PSD-95 protein. Comparative patch analysis is a hybrid of comparative modeling based on a
template complex and protein docking, with a greater applicability than comparative modeling and a higher accuracy
than docking. It relies on structurally defined interactions of each of the complex components, or their homologs, with
any other protein, irrespective of its fold. For each component, its known binding modes with other proteins of any
fold are collected and expanded by the known binding modes of its homologs. These modes are then used to restrain
conventional molecular docking, resulting in a set of binary domain complexes that are subsequently ranked by
geometric complementarity and a statistical potential. The method is evaluated by predicting 20 binary complexes of
known structure. It is able to correctly identify the binding mode in 70% of the benchmark complexes compared with
30% for protein docking. We applied comparative patch analysis to model the complex of the third PSD-95, DLG, and
Z0-1 (PDZ) domain and the SH3-GK domains in the PSD-95 protein, whose structure is unknown. In the first predicted
configuration of the domains, PDZ interacts with SH3, leaving both the GMP-binding site of guanylate kinase (GK) and
the C-terminus binding cleft of PDZ accessible, while in the second configuration PDZ interacts with GK, burying both
binding sites. We suggest that the two alternate configurations correspond to the different functional forms of PSD-95
and provide a possible structural description for the experimentally observed cooperative folding transitions in PSD-95
and its homologs. More generally, we expect that comparative patch analysis will provide useful spatial restraints for
the structural characterization of an increasing number of binary and higher-order protein complexes.
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sampling of relevant configurations and the discrimination of
native-like configurations from the large number of non-
native alternatives remain challenging [15].

Introduction

Protein-protein interactions play a key role in many
cellular processes [1,2]. An important step towards a . .
Comparative Patch Analysis

Here, we propose a third approach to modeling complexes
between two structures (Figure 1). The approach, called

mechanistic description of these processes is a structural
characterization of the proteins and their complexes [3-6].
Currently, there are two computational approaches to

predict the structure of a protein complex given the comparative patch analysis, is a hybrid of protein docking

and comparative modeling based on a template complex,

structures of its components, comparative modeling [6-11]
with a greater applicability than comparative modeling and a

and protein-protein docking [12-15].
In the first approach to modelling a target complex,
standard comparative modelling or threading methods build

higher accuracy than docking. Comparative patch analysis
relies on our prior analysis of the location of binding sites

a model using the known structure of a homologous complex within families of homologous domains [21]. This analysis

as a template [7,10]. The applicability of this approach is

limited by the currently sparse structural coverage of binary
interactions [6]. In the second approach, an atomic model is
predicted by protein-protein docking, starting from the
structures of the individual subunits without any consider-
ation of homologous interactions [12-16]. This docking is
usually achieved by maximizing the shape and physicochem-
ical complementarity of two protein structures, through
generating and scoring a large set of possible configurations
[13,16]. Experimental information, such as that obtained
from NMR chemical shift mapping, residual dipolar cou-
plings, and cross-linking, can also be used to guide protein
docking [17-20]. While docking is applicable to any two
subunits whose structures are known or modeled, both the
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indicated that the locations of the binding sites are often
conserved irrespective of the folds of their binding partners.
The structure of the target complex can thus be modeled by
restricting protein docking to only those binding sites that
are employed by homologous domains. As a result, compa-
rative patch analysis benefits from knowledge of all inter-
actions involving either one of the two partners.

We find that comparative patch analysis increases the
prediction accuracy relative to protein docking. It is able to

Modeling of Protein Interactions by Analogy

correctly identify the binding mode in 70% of 20 benchmark
complexes, predicting the overall structure with an average
improvement in all-atom RMS error of 13.4 A, compared with
protein docking. In contrast, protein docking correctly
identifies the binding mode in 30% of the complexes.

PSD-95 Protein

We apply comparative patch analysis to model the
structure of PSD-95 protein. PSD-95 is abundant in the
postsynaptic density (PSD), a cytosolic organelle that plays a
pivotal role in neuronal signaling [22-26]. PSD-95 serves as a
major scaffold for other signaling proteins, participates in
receptor and channel clustering, and performs a range of
other diverse functions [25-31].

PSD-95 is a member of the membrane associated guanylate
kinase (MAGUK) family. It is composed of three PDZ (named
after PSD-95, DLG, and ZO-1) domains followed by SH3 (Src
homology 3) and GK (guanylate kinase-like) domains [32,33].
Isolated structures of all three PDZ domains as well as the
structure of the SH3-GK domain complex have been solved
[34-38]. The complete structure of PSD-95 has not been
determined, but experiments suggest that it adopts multiple
conformations [39,40]. The structures of these conformations
are necessary for functional insight into the regulation of
PSD-95 activity [40,41].

We apply comparative patch analysis to model the
structure of the complex between the third PDZ (PDZj),
SH3, and GK domains. These domains comprise 60% of the
PSD-95 mass and are the defining domains of the membrane-
associated guanylate kinase family. We propose two config-
urations that satisfied all imposed spatial restraints, including

PatchDock

PIBASE

Target Homologous Restrained Assessment | Predicted
domains binding site mapping docking of binary complex
complexes

*

DOPE,
PatchDock

Figure 1. Basic Steps of Comparative Patch Analysis Approach

First, the binding sites of the homologs of each domain are extracted from PIBASE and superposed on its surface. Second, for each pair of the
superposed binding sites, we apply a restrained docking of the domains with PatchDock to obtain a set of candidate binary domain complexes. Each of
the binary complexes is then ranked using geometrical complementarity and statistical potential, and the top-ranked complex is selected to be a final

prediction.
doi:10.1371/journal.pcbi.0020153.g001
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previously observed binding sites, consistency with the given
linker length, and physicochemical complementarity of the
interacting surfaces. In addition, the prediction is in
concordance with and rationalizes available biochemical,
structural, and evolutionary data.

The paper begins by comparing the performance of
comparative patch analysis with protein docking on a
benchmark set of 20 binary protein complexes (Results).
Next the application of comparative patch analysis to
predicting the structure of PDZ3-SH3-GK complex is
described (Results). We combine the predictions with existing
experimental evidence to propose a mechanism for the
intramolecular regulation of PSD-95 (Discussion). In addi-
tion, we discuss the advantages and disadvantages of
comparative patch analysis and briefly outline future direc-
tions. Finally, we present the details of the method (Methods).

Results

To assess the method, we applied comparative patch
analysis to a benchmark set of 20 binary complexes of known
structure (Methods). We then used comparative patch analysis
to predict the tertiary structure of the PSD-95 core fragment
that contains PDZs, SH3, and GK domains.

Assessment of Comparative Patch Analysis

Comparative patch analysis may be applied to two scenarios
where binding site information is available for both or just
one of the interacting subunits. We compared their perform-

A
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ance to that of protein docking (Methods). In both scenarios,
comparative patch analysis was significantly more accurate
than protein docking (Figure 2). Using both (one) binding site
information, the overall structure was improved for 13 (8) of
the 20 complexes, with an average improvement in the all-
atom RMS error of 13.4 A (6.1 A). The interface coverage
increased by 29% (6%), and the binding site coverage by 30%
(10%), on average (Table 1). In 15 (8) complexes, comparative
patch analysis produced models with all-atom RMS error <3
A, while protein docking achieved this accuracy for only six
complexes. Comparative patch analysis identified the inter-
faces correctly in 15 (9) complexes, including 8 (7) multi-
domain proteins and 7 (2) protein complexes, while protein
docking achieved this for 7 complexes, including 6 multi-
domain proteins and 1 protein complex. In those 15
complexes, on average 71% of the predicted residue contacts
were observed in the native structures (standard error is 5%).
As expected, comparative patch analysis was more accurate
using binding site information for both interacting domains
compared with using only one.

Application to PSD-95

Next we modeled the tertiary structure of the core fragment
of rat PSD-95, which includes the PDZs, SH3, and GK domains
(Figure 3, see Figure 3A). As this fragment contains three
independent domains, there are three possible domain-
domain interactions. The interaction between SH3 and GK
domains were known from X-ray crystallography [37,38]. Here

native complex
2 binding sites
1 binding site

conventional docking

Figure 2. Examples of Predicted Protein Interface between Two Subunits for a Pyruvate Formate-Lyase Protein Complex from Our Benchmark Set

Shown are the structures of the native complex (grey) together with the best-scoring models that were predicted by comparative patch analysis using
binding site information for (A) both, or (B) just one of the interacting subunits, and (C) by conventional protein docking, where no binding site
information is provided. The predicted and native structures are superposed using one of the two subunits, which is represented by its accessible
surface. The remaining subunits of the predicted structures are shown in the ribbon representation colored red, blue, and orange, correspondingly. In
both scenarios, comparative patch analysis was significantly more accurate than protein docking. Using both binding sites, comparative patch analysis
accurately predicted the protein interaction interface, including the relative orientation of subunits. The accuracy of interface prediction by our
approach using only one binding site was significantly reduced, while it was still able to predict the binding sites near their native locations. The
conventional protein docking failed to accurately predict either the relative orientation of subunits or the locations of their binding sites.

doi:10.1371/journal.pcbi.0020153.g002
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Table 1. Assessment of Comparative Patch Analysis Approach

Number PDB Domain Chains and Restrained Docking Restrained Docking Unrestrained Docking
Boundaries (Two Binding Sites) (One Binding Site)
Domain1 Domain2 st fl,, RMSD st f[,-, RMSD fBS f’,, RMSD
1 115k A(4:349) B(4:349) 0.96 0.88 0.64 0.23 0.00 20.45 0.05 0.00 34.35
2 liew A(1:388) A(389:602) 0.92 0.85 0.64 0.92 0.83 0.71 0.79 0.48 4.20
3 nfz A(4:179) B(4:183) 0.85 0.81 1.02 0.86 0.87 1.34 0.00 0.00 44.77
4 lorb (1:149) (150:293) 0.86 0.78 1.09 0.85 0.78 0.60 0.85 0.78 0.60
5 1cm5  A(1:759) B(1:759) 0.86 0.73 1.10 037 0.00 30.41 0.00 0.00 63.34
6 Tbwr A(5:216) B(5:216) 0.85 0.72 1.32 0.50 0.07 19.97 0.50 0.07 19.97
7 3pax (662:796) (797:1011) 0.77 0.66 2.07 0.77 0.66 2.07 0.77 0.66 2.07
8 1qck A(1:89) B(1:89) 091 0.68 247 0.10 0.00 47.82 0.02 0.00 46.01
9 1j93 A(10:352) B(10:352) 0.43 0.02 33.02 0.25 0.00 33.02 0.08 0.00 33.02
10 Tnsm  A(2:340) B(2:347) 0.00 0.00 4343 0.20 0.00 32.93 0.00 0.00 4343
11 199a A(862:1079)  A(1080:1289)  0.96 0.86 0.47 0.96 0.87 1.23 0.96 0.87 1.23
12 1fn7 A(9:135) A(136:325) 0.95 0.78 0.85 0.84 0.78 0.81 0.84 0.78 0.81
13 legu A(171:540) A(541:814) 0.86 0.74 0.98 0.78 0.61 3.12 0.78 0.61 3.12
14 1c97 A(2:528) A(529:754) 0.88 0.73 1.1 0.93 0.82 0.91 0.93 0.82 0.91
15 2sic E(1:275) 1(7:113) 0.83 0.80 1.33 0.27 0.00 26.86 0.30 0.00 13.19
16 1ltx A(24:443) B(6:331) 0.83 0.75 1.47 0.26 0.01 17.36 0.81 0.66 1.66
17 1pys B(1:190) B(191:399) 0.86 0.67 1.59 0.81 0.60 2.13 0.17 0.01 40.74
18 le7v A(525:725) A(726:1094) 0.50 0.07 18.57 0.14 0.00 27.16 0.14 0.00 33.57
19 1tco A(21:372) C(1:107) 0.03 0.00 23.71 0.28 0.02 16.27 0.28 0.02 16.27
20 1ikn A(19:191) D(73:293) 0.17 0.01 39.73 0.04 0.00 36.08 0.00 0.00 40.76

The sample set of 20 binary protein complexes was used to evaluate our method. These complexes come from two groups. Each subunit of a complex in the first group is a member of a
SCOP family that has been observed to interact with only one other SCOP family. In turn, each subunit from the second group of complexes comes from a SCOP family that has been
observed to interact with multiple SCOP families. As expected, the accuracy of comparative patch analysis using two binding sites was higher for the first group of complexes (ARMSD =
13.4 A, Afiy = 29%, Afgs = 30%) than for the second one (ARMSD = 6.1 A, Afy = 6%, Afgs = 10%).

doi:10.1371/journal.pcbi.0020153.t001

we focused on characterizing the other two putative inter-
actions, namely between the PDZ3 and SH3 as well as between
PDZs and GK domains. For both cases, we applied compara-
tive patch analysis using two subunits, one containing PDZs
and the second one containing the interacting SH3 and GK
domains. The first interaction was modeled using the binding
site locations of the PDZs and SH3 in all known homologs,
while the second was modeled using those of the PDZ3 and GK
homologs (Methods). The results for both interactions are
described next, followed by the comparison with results
obtained by conventional protein docking.

PDZ5-SH3 Interaction

The comparative patch analysis protocol was applied using
the nonredundant sets of 49 PDZ3 and 26 SH3 binding sites
combined to give all 1,274 possible input pairs. The protocol
resulted in an ensemble of 503 models of the PDZ3-SH3
complex (Methods).

The interface of the best-scoring model (1493 AQ) that
satisfied the interdomain linker restraint consisted primarily
of the C- and N-terminal residues of PDZs as well as the
residues of the proline-rich binding site (PRBS) and the first
two beta strands of SH3 (Figure 3B). The PDZg3 hydrophobic
cleft, known to be essential for binding the C-termini of other
proteins, remained accessible in this complex [42,43]. The N-
terminus of PDZs contains a PREP motif (P308, R309, E310,
P311) which belongs to the canonical PXXP family of motifs
known to interact with the PRBS of SH3 [44-47]. In the best-
scoring model, this motif was in proximity to the PRBS
(Figure 3B). Our confidence in this predicted binding mode
was bolstered when its binding residues were found to occur
in regions of high localization derived from the ten best
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scoring models that satisfied the linker restraint (Figure 4).
Ninety-four percent of the binding residues in the best-
scoring model were found to occur in no less than 70% of the
ten best-scoring models.

PDZ5-GK Interaction

The comparative patch analysis protocol was applied to the
PDZ;-GK complex using 10,731 input pairs formed by
combining the nonredundant sets of 49 PDZ3 and 219 GK
binding sites. The protocol resulted in an ensemble of 1,929
models (Methods).

The interface of the best-scoring model was extensive (2729
/&2), and includes, among others, residues located at the C-
terminus and near the hydrophobic cleft of PDZg as well as a
large groove of GK formed by the GMP-binding and LID
regions [48-50] (Figure 3C). The analysis of the ten best-
scoring models satisfying the interdomain linker restraints
revealed high localization of the binding residues for both
domains (Figure 4). The residues of PDZg with the highest
localization were located around the domain’s hydrophobic
cleft and the C-terminus (Figure 4). In addition, the entire
GMP-binding site (GBS) of the GK domain and part of the
hydrophobic cleft of the PDZ domain became inaccessible in
most top-scoring models, including the best-scoring one.
Forty-six percent of the binding residues in the best-scoring
model were found to occur in no less than 70% of the ten
best-scoring models.

Comparison with Protein Docking Results

To evaluate the effect of binding-site information on
modeling the PDZ3;-SH3-GK complex, conventional protein
docking of the PDZs; and SH3-GK domains was performed
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Figure 3. Two Binding Modes of the Core Fragment of Rat PSD-95
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The PDZ5 domain is shown in blue, SH3 in red, and GK in yellow. The grey spheres correspond to the residues of the interdomain linker between PDZ3
and SH3. Locations of the hydrophobic cleft (Cleft) and PXXP motif (PXXP) in PDZ;, PRBS in SH3, and the GBS in GK are shown by arrows. (A) The domain
architecture of the core fragment. (B) The first predicted configuration. (C) The second predicted configuration. The difference between the theoretically
calculated SAXS spectra of the first (red) and second (blue) configurations is significantly larger than the anticipated experimental error.

doi:10.1371/journal.pcbi.0020153.g003

(Methods). Analysis of the ten best-scoring models satisfying
the interdomain linker restraint revealed that the binding
sites of both PDZ3 and SH3-GK domains were significantly
delocalized compared with the comparative patch analysis
models. Moreover, the binding residues of the top-scoring
models almost completely covered the domain surfaces (93%
and 81% of the PDZ3; and SH3-GK domains) (Figure 4). The
best-scoring model obtained using protein docking was
different from both the best PDZ3-SH3 and the PDZ3-GK
comparative patch analysis models (unpublished data).

PXXP Motif Conservation Analysis

The proximity of the PDZs PXXP motif and the SH3 PRBS
in the predicted model prompted a search for PXXP motifs in
the sequences of six PSD-95 proteins and splice variants from
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four species to assess the significance of this observation. All
sequences contained at least one form of a PXXP motif or
noncanonical SH3-binding motif that could mimic the PXXP
motif (Table 2) [47]. The human, rat, and mouse proteins all
contained a PREP motif in PDZs; the zebrafish protein did
not. Five other potential SH3 binding motifs were found
outside of known domains; two at the N-terminus, one at the
C-terminus, and two in the interdomain linker between PDZs
and PDZs. The conservation of the PREP sequence in PDZg
from the mammalian species suggests that its interaction with
SH3 may be functionally significant.

Proteolysis of PSD-95
Limited proteolysis of recombinant PSD-95 with Proteinase
K produces a prominent ~48 kDa band at 30 min (Figure 5).
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\Conventional docking| PDZ,-GK interaction | PDZ_-SH3 interaction

Figure 4. The Localization of Binding Sites for Both Modeled Configurations of the PDZ;-SH3-GK Core Fragment Compared with Protein Docking

Top ten scoring models were selected for both interactions (PDZ5-SH3, PDZ5-GK) obtained using comparative patch analysis and using conventional
protein docking. The localization index &, of a residue defines the relative frequency of its participation in the interaction interface. The residues that are
colored grey do not participate in the interface of any of the top ten models. The PRBS in SH3 and the GBS in GK are shown by arrows.

doi:10.1371/journal.pcbi.0020153.9g004

Matrix-assisted laser desorption ionization (MALDI) analysis of
peptides generated by tryptic digestion of this band indicates
that it represents the sequence from residues 300 to 721, which
corresponds to the PDZ3 and SH3-GK domains (mass accuracy,
Appm < 13). Further digestion leads to the disappearance of
the PDZ3-SH3-GK entity and the appearance of a stable ~34
kDa fragment. The 34-kDa band was identified by MALDI
analysis as the SH3-GK domains, encompassing residues 429 to
721 (Appm < 10 for all detected peptides). Cleavage with

Table 2. Cross-Species Analysis of PXXP Motif in PSD-95 Proteins

Motif Position in Accession Species Splice
PSD-95 Sequence ID Variant?
PREP PDZ3; domain P78352 Human No
P31016 Rat No
Q62108 Mouse No
PRAP  N-terminal region P78352-2 Human Isoform 2
Q62108-2 Mouse Isoform 2
PAKP  N-terminal region Q6R005 Zebrafish  No
PTSP A linker between PDZ, and PDZ; P78352 Human No
Q62108 Mouse No
P31016 Rat No
PSSP A linker between PDZ, and PDZ; Q6R005 Zebrafish  No
RVAK  C-terminal region Q6R005 Zebrafish  No

The human, rat, and mouse proteins all contained a PREP motif in PDZs; the zebrafish
protein did not. Five other potential SH3 binding motifs were found outside of known
domains; two at the N-terminus, one at the C-terminus, and two in the interdomain linker
between PDZ, and PDZs. The conservation of the PREP sequence in PDZs from the
mammalian species suggests that its interaction with SH3 may be functionally significant.
doi:10.1371/journal.pcbi.0020153.t002
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thermolysin, another nonspecific protease, generates similarly
sized stable fragments (unpublished data).

Discussion

We have introduced comparative patch analysis, an
approach to the modeling of a complex between two subunit
structures, and applied it to the protein PSD-95, a key neural-
signaling scaffold. The approach relies on structurally defined
interactions of each of the complex components, or their
homologs, with any other subunit, irrespective of its fold
(Figure 1). We assessed comparative patch analysis for its
increased applicability relative to comparative modeling as
well as increased accuracy relative to conventional protein
docking (Figure 2, Table 1). Next, comparative patch analysis
was applied to model the structure of a core fragment of rat
PSD-95, containing the PDZ3;, SH3, and GK domains,
resulting in two predicted configurations (Figures 3 and 4).
The model was experimentally supported by limited proteol-
ysis (Figure 5). In addition, the prediction is in concordance
with and rationalizes available biochemical, structural, and
evolutionary data (Figures 3 and 4, Table 2).

Comparative Patch Analysis

By limiting the configurational search to the known
binding modes of the homologous subunits and applying a
physical assessment of candidate complex structures, com-
parative patch analysis benefits from the advantages of both
homology-driven and physics-driven docking. Its coverage is
larger than that of comparative modeling and its accuracy is
higher than that of protein docking (Figure 2), although the
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Figure 5. The PDZ5-SH3-GK and SH3-GK Domains Are Stable Fragments

(A) Coomassie-stained gel (10% acrylamide) of aliquots from limited proteolysis of PSD-95 by Subtilisin proteinase: panels 1 and 3, Precision Plus Protein
molecular weight marker (Bio-Rad, http://www.bio-rad.com); panel 2, starting sample prior to proteinase addition; panels 4, Lanes 4-9, Aliquots at 5, 30,
60, 90, 120 min, and 8 h after protease addition (as labeled). Arrows point to stable fragments that were excised from the gel and analyzed by mass

spectrometry as described in Methods.

(B) Sequence of Rat PSD-95: underlined are the peptide sequences identified by mass spectrometry from the ~34 kDa stable fragment corresponding
to residues 429-721 (33,944 kDa). In bold are the sequences derived from the ~48 kDa stable fragment comprising residues 300-721 (47,796 kDa).

doi:10.1371/journal.pcbi.0020153.g005

coverage and accuracy are lower than those of protein
docking and comparative modeling, respectively.

At least one binding site is available for 1,989 of the 3,114 total
Structural Classification of Proteins (SCOP) domain families
(release 1.69, July 2005). Eight hundred fifty of these families
contain between ten and 100 binding sites, allowing the
exhaustive pairwise docking that is currently required. Thus,
the applicability of comparative patch analysis extends to
approximately 41%, and in the current implementation is
computationally feasible for 8%, of the ~4,850,000 theoretically
possible binary domain-domain interactions. The coverage of
conventional protein docking is 100%, while the comparative
modeling approach is applicable to only 2,126 pairs of families,
which constitutes 0.06% of the theoretically possible interactions.

When compared with protein docking, comparative patch
analysis was able to correctly identify the binding mode in
40% more benchmark complexes, predicting the overall
structure of the complexes with an average improvement in
all-atom RMS error of 13.4 A. The method also exhibits
robustness to small errors in the locations of the specified
binding sites, due to the configurational search performed by
the docking procedure. In the benchmark set of complexes
with known structures, a minimal threshold of 75% overlap
between the initially specified and resulting refined binding
sites captured all but one of the good models (LRMS error
less than 3 10%), while allowing no false positives.

@ PLoS Computational Biology | www.ploscompbiol.org

PSD-95 Protein: Predicting the Structure of the Core
Fragment by Analogy

Evolutionary and experimental evidence for intermolecular
interaction between PDZ; and SH3-GK domains. When
modeling the structure of the PDZ3;-SH3-GK fragment, we
assumed an interaction between the PDZ3 and SH-GK
domains. PDZ3 is a good candidate for interaction with the
SH3-GK domains because it is immediately upstream of SH3,
separated by a relatively short 14-residue linker. To inves-
tigate whether or not PDZs interacts with SH3-GK, the
analysis of domain co-occurrence, as well as limited proteol-
ysis, were applied.

A survey of the domain architectures of proteins that
contain both SH3 and GK domains revealed that the proteins
either do not have other domains or also contain at least one
PDZ domain always preceding the SH3-GK tandem domain.
The minimal architecture that contains at least one PDZ,
SH3, and GK domain consists of only these three domains.
This pattern strongly suggests a physical interaction between
the SH3-GK tandem and the preceding PDZ domain [51,52].

The stable fragments resulting from limited proteolysis of
PSD-95 by nonspecific proteases reflect the cleavage of
accessible loops, rather than cleavage at a particular substrate
sequence. We identified stable PDZ3-SH3-GK and SH3-GK
fragments by mass spectrometry, demonstrating susceptibility
of PSD-95 to protease cleavage at sites between the PDZ, and
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PDZs domains and between the PDZ3 and SH3-GK domains.
Limited proteolysis with trypsin (unpublished data) also
supports the conclusion that the PDZ3; and SH3-GK domains
are stable protein structures. These data are consistent with
intramolecular interactions between the PDZ3 and the SH3-
GK domains of PSD-95.

Application of comparative patch analysis. Modeling the
structure of the core PSD-95 fragment is challenging for a
number of reasons. First, the structures of neither PDZ-SH3
nor PDZ-GK complexes are available, rendering comparative
modeling inapplicable in this case. Moreover, conventional
protein docking results were ambiguous, generating a varied
ensemble of PDZs; and SH3-GK complexes without a
predominant binding mode (Figure 3C). On the other hand,
each of the domain families is known to repeatedly utilize a
small number of binding sites for different protein inter-
actions. For instance, PDZ domains bind the C-termini of
several different proteins through its hydrophobic cleft
[42,53]. Similarly, the PRBS of SH3 domains recognizes
PXXP-sequence motifs in a variety of proteins [45,46]. These
observations suggest that comparative patch analysis is suited
for modeling the PSD-95 core fragment.

Functional roles of the predicted configurations. Compara-
tive patch analysis of the PDZ3-SH3-GK fragment found two
possible configurations that satisfied all imposed spatial re-
straints, including previously observed binding sites, consistency
with the given linker length, and physicochemical complemen-
tarity of the interacting surfaces. In addition, the ensemble of
models produced by comparative patch analysis for each
interaction type (PDZ3-SH3, PDZ3-GK) exhibited a single
predominant binding mode. The binding sites forming the
interaction interfaces of these models are located at the same or
similar regions of the protein surface (Figure 4). Therefore, the
binding modes are predicted with relative confidence. Multiple
stable configurations of PSD-95 and its close homologs have
recently been suggested independently based on biochemical
studies [40,54] and single-particle electron microscopy experi-
ments [41]. As we describe below, we suggest the two binding
modes have clear functional implications.

The two predicted configurations exhibit structural prop-
erties that suggest unique functional roles. In the first
configuration, the hydrophobic cleft of the PDZ domain
and the GBS of the GK domain are both accessible, suggesting
that this configuration corresponds to an active state in which
binding of other proteins at these two sites can occur (Figure
3B). These binding sites are thought to mediate intermolec-
ular interactions essential for the scaffolding role of PSD-95
[42,49,55-57]. In contrast, both binding sites are buried in the
second configuration, by the interface between the PDZs and
GK domains (Figure 3C), which is suggestive of an alternative
functional state. This second configuration points to an
efficient intramolecular regulatory mechanism for switching
the functional state with a single interaction. Similar
regulatory mechanisms have been observed in other signaling
networks, such as the TCR and MAPK systems [58,59],
indicating this regulation may be a general feature of
signaling pathways.

This two-state model also provides a structural explanation
for the change in binding affinity between the GK domain
and MAPI1A protein in the presence of the PDZ3; domain [60].
It has been shown that the GK domain alone is able to bind
MAPIA. In the presence of PDZs, this binding affinity is
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dramatically reduced. The affinity is recovered upon titration
of a C-terminal peptide of CRIPT known to specifically
interact with the hydrophobic cleft of PDZg. This competitive
binding suggests that binding to MAP1A and binding to PDZg
are mediated by the same GK binding site. Our model is in
complete agreement with this hypothesis and provides a
structural explanation for these observations.

It is known that SH3 domains bind proteins with PXXP
sequence motifs through their proline-rich binding regions.
The proximity of the PDZg PXXP motif to the SH3 PRBS in
the first configuration proposed by comparative patch
analysis is consistent with the classical SH3-PXXP motif
recognition. A similar PXXP-mediated intermolecular PDZ-
SH3 interaction has been previously suggested to occur in
syntenin [61]. Sequence analysis of PSD-95 from different
species indicates that PXXP motifs are not found in its other
two PDZ domains, although such motifs are found in the
PDZs-PDZs linkers and the flexible N-terminus (Table 2).
Recent studies have demonstrated the importance of disor-
dered regions in binding events [62], suggesting that future
investigation of interactions of these PXXP motifs using
recently developed flexible docking algorithms [63] should
prove fruitful.

The limited proteolysis experiment (Figure 5) is a first step
to verifying the intramolecular interactions suggested by
comparative patch analysis. The two functional states
hypothesis, outlined in the Discussion, points to a number
of experiments that could shed light on the structure and
function of PSD-95. First, the proposed regulation of the
PSD-95 activity by PDZs-specific C-terminal peptides can be
further tested using immunoprecipitation and yeast two-
hybrid experiments similar to those performed for other GK-
mediated interactions [60] (e.g., with the GKAP protein [57]).
If the proposed regulation mechanism is verified, exper-
imental control of the PSD-95 activity may become possible,
enabling detailed study of the functional differences between
the two states. Next, the intramolecular interactions pro-
posed here can be tested by a variety of experimental
techniques [64], including NMR spectroscopy [65], site-
directed mutagenesis [66], hydrogen/deuterium exchange
combined with mass spectrometry [67], and small angle X-
ray scattering (SAXS) [68]. In particular, site-directed muta-
genesis [66] of the interface residues in the first proposed
state (see Datasets S1 and S2) could be used with pull-down
assays to validate the predicted interaction interface [69]. In
addition, the lack of accessibility of the GBS in the second
state could be tested using nucleotide-binding assays [70,71].
Finally, the shapes of the calculated SAXS spectra for the
best-scoring models in both conformations are substantially
different (Figure 3). Thus, we expect the experimentally
obtained SAXS spectra to be helpful in distinguishing
between the two PSD-95 states.

Comparative patch analysis for characterizing the quater-
nary structure of protein assemblies provides a framework
for combining data from known protein structures with a
physical assessment of protein interactions. This framework
will benefit from future developments in protein-protein
docking, such as the explicit treatment of flexibility and more
accurate scoring functions. We are currently developing an
automated comparative patch analysis pipeline for large-
scale modeling of protein complexes via a Web server. In
closing, we expect that comparative patch analysis will
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provide useful spatial restraints for the structural character-
ization of an increasing number of binary and higher order
protein complexes, as it did for PSD-95.

Methods

Comparative patch analysis protocol. We start by outlining the
steps in comparative patch analysis, followed by a more detailed
description. First, for each partner domain in a binary complex, a set
of protein binding sites of its homologs represented in PIBASE was
identified [72]. Second, these binding sites were mapped onto the
partner domain surface using structure-based alignments between
the domain and each of its homologs. Third, all pairs of the mapped
binding sites were converted by restrained docking to obtain
candidate models of the binary complex. This ensemble of models
was then ranked using a measure of geometric complementarity and
a statistical potential score.

Extracting and mapping binding sites of domain homologs. For each of the
two partner domains, we first defined a family of its homologs.
Several schemes both dissect proteins into domains and cluster them
into families, based on sequence, structure, and/or function [73-76].
We used the family definitions in SCOP [73]. Domains that belong to
the same SCOP family usually share at least 30% sequence identity or
the same biological function.

For a given SCOP family, the set of binary domain interfaces
between its members and other domains was obtained from PIBASE,
our comprehensive relational database of all structurally character-
ized interfaces between pairs of protein domains [72]. The domain-
domain interfaces in PIBASE were extracted from protein structures
in the Protein Data Bank (PDB) [77] and Protein Quaternary
Structure (PQS) server [78] using domain definitions from the SCOP
and CATH domain classification systems [73,74]. An interface is
defined by a list of pairs of residues, one from each protein, that are
in contact with each other. Each binding site consists of the residues
that are within 6.05 A of its partner domain, where the threshold is
defined between any two nonhydrogen atoms.

The binding site residues from all domain family members were
then mapped onto the partner domain using structure-based align-
ments obtained by DaliLite. DaliLite uses a Monte Carlo procedure to
find the best alignment by optimizing a similarity score defined in
terms of equivalent intramolecular distances [79].

Modeling protein complexes. The structures of binary protein
complexes were predicted by restrained docking using the PatchDock
software [80,81]. PatchDock uses an algorithm for rigid body docking
that searches for the maximal geometric complementarity between
two protein structures, optionally restrained by having to match two
user-specified binding sites. Here, we provided all pairs of mapped
binding sites, one from each target domain, as input for individual
PatchDock runs. When a resulting refined model was inconsistent
with the specified binding sites, it was discarded. More specifically, a
model was considered not to correspond to a specified binding site
interaction if the binding sites predicted by docking had less than
75% of their residues in common with the specified binding sites (the
normalization is based on the size of the smaller of the specified and
predicted binding sites).

The resulting binary complexes were scored using a combination
of two independent scores, the geometric complementarity function
of PatchDock and DOPE (Discrete Optimized Protein Energy) score.
DOPE is a distance-dependent pairwise statistical potential calcu-
lated from known protein structures and available through the
MODELLER program [82,83]. The configurations in the ensemble of
models were ranked by a sum of the PatchDock and DOPE scores,
first scaled to lie in the range between 0 and 1.

Assessment of comparative patch analysis. A benchmark set of 20
binary domain complexes was used to evaluate comparative patch
analysis (Table 1). These complexes were divided into two groups.
Each subunit of a complex in the first group is a member of a SCOP
family that has been observed to interact with only one other SCOP
family. In contrast, each subunit from the second group of complexes
comes from a SCOP family that has been observed to interact with
multiple SCOP families. The complexes were randomly selected from
PIBASE such that the number of interactions available for the families
of each component ranged between ten and 100. In total, there are 11
protein complexes (noncovalently linked domains) and nine multi-
domain proteins (covalently linked domains) in the benchmark set.

As in previous data-dependent approaches for modeling the
structures of protein interactions [18,84,85], we have tested our
method using a benchmark set designed within its scope of
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applicability. Our method is applicable only to protein complexes
for which structures of the subunits or their homologs interacting
with other proteins are available. This constraint on applicability also
applies to the benchmark structures used to test the method. For this
reason, we did not use the two benchmark sets that are generally used
for protein docking methods, the set of CAPRI targets [16,86] and a
benchmark set developed by Weng and coworkers [87]. The set of 19
CAPRI targets, whose structures are publicly available, was not an
appropriate benchmark for our method because the majority of the
structures either (i) contain subunits consisting of multiple SCOP
domains (n="7: T02-T07, T19), (ii) are not annotated by SCOP (n=4
T09, T13, T20, T21), or (iii) there are no observed binding sites
available for patch analysis (n=4: T11, T12, T15, T19). This leaves five
structures (T01, T08, T10, T14, T18) on which comparative patch
analysis can be tested. Similarly, of the 63 rigid-body docking targets
in the Weng benchmark set, 37 contain subunits with multiple SCOP
domains and two contain subunits for which there are no observed
binding sites available for comparative patch analysis. The remaining
24 targets contain subunits for which there is an average of 850
binding sites available for our method. This number of binding sites
makes comparative patch analysis computationally very expensive,
requiring on average more than two million localized docking
calculations per target. There are only five targets in the Weng set
that require no more than ten thousand calculations, the threshold
we used in selecting our benchmark set. We are currently developing
a method to cluster binding sites that would allow a significant
reduction in the number of docking calculations required for a target
structure, enabling the use of a more comprehensive benchmark set.

Adapting existing benchmarks to assess our method required ad
hoc processing such as assigning domain boundaries and classifica-
tions, dissecting multidomain complexes into binary domain inter-
actions, and reducing the number of input binding sites. Instead, we
developed a benchmark set that is applicable to our method in an
automated fashion. In addition, our benchmark set was designed to
assess the performance of comparative patch analysis for domain-
domain interactions in both multidomain proteins and protein
complexes. The targets in the CAPRI and Weng benchmark sets are
exclusively protein-protein interaction structures.

To quantify the amount of additional information provided by
comparative patch analysis relative to docking, the structure of each
protein complex was modeled using three independent protocols,
relying on the docking program PatchDock (Methods). In the first
protocol, known binding sites for the homologs of both subunits were
used to restrain the docking. In the second protocol, known binding
sites for the homologs of only one subunit were used to restrain the
docking. In the final protocol, no binding site information was used,
and conventional protein docking was applied.

Distance metrics. To evaluate the accuracy of comparative patch
analysis in predicting the interaction interface and relative orientation of
two structurally defined protein domains, the following three measures
were used: binding site overlap, interface overlap, and RMS error.

First, we calculate the binding site overlap (Op), which we define as
the percentage of correctly predicted binding site residues:

1 N(Bpred n Bu//) N(Bprfd n ngp)
Op = é pred exp pred exp
NB UB") N(By UB, )|’

where N(B" 0 B?") is the number of residues in common between
the predicted and actual blndlng sites, and N(B[W u B(x[)) is the total
number of contact residues in both binding sites.

Next, we used the interface overlap (O), as a measure to assess the
predicted interface between the binding sites:

N(Iprpd n Inatiw)
01 =7 a7\

N(Ipred U Inatizw)

where N(Ip”d N Luative) is the number of residue contacts in common
between the predicted (I and native (Laive) interfaces, and
N(Iprea U Luaiive)is the total number of residue contacts. Interfaces
were deemed to be correct when at least half of the residue contacts
were identified.

Finally, we calculated the all-atom RMS error between the
predicted and native complexes using the L__RMS measure defined
in CAPRI [88]. The predicted and native structures were superposed
using the larger of the two domains, and the RMS error was
calculated for the other domain.

Modeling the PDZ;-SH3-GK complex of rat PSD-95. Comparative
patch analysis application. Comparative patch analysis was used to
predict the tertiary structure of the rat PSD-95 core fragment that

November 2006 | Volume 2 | Issue 11 | 153



contains the PDZs;, SH3, and GK domains. From PIBASE, 126, 298,
and 517 protein binding sites were obtained for the PDZg, SH3, and
GK domains, respectively. The binding sites were mapped onto the
target structures. Redundant binding sites were removed so that no
pair of binding sites shared more than 95% of their residues, leaving
49, 26, and 219 binding sites for the PDZs, SH3, and GK, respectively.
The comparative patch analysis protocol was then applied.

We then assessed whether the models were compatible with the 14-
residue linker length between the PDZ3 and SH3 domains. To do so,
the linker was modeled as a flexible chain of 14 spheres with 1.9 A
radii and a maximum distance of 3.8 A between consecutive spheres,
to mimic the excluded volume of the linker and restrict the maximum
spatial separation of the domains. Each model was assessed using the
following protocol in MODELLER [83]. First, the positions of the 14
linker residues were placed at random coordinates and then
optimized using simulated annealing molecular dynamics and
conjugate gradient gninimizations. The scoring function consists of

terms equal to (/;é”) , where f is the restrained distance and o is the
parameter that regulates the strength of the term. Linker distances
are restrained if f > fj,, where f, = 3.8 and 6 = 0.05. Excluded volume
restraints between the protein and the linker are imposed if f > f,
where f; is the sum of the atomic and linker radii and ¢ = 0.01. The
optimization of the scoring function was performed in 20 independ-
ent trials for each model, and the optimized coordinates of the linker
residues with the lowest score were added to the model. As a result of
assessment, those models that violated the imposed linker restraints
and thus could not have an interdomain linker of such length
between PDZ3 and SH3 domains were removed from the ensemble.

Exhaustive docking. The PDZ3-SH3-GK models built by comparative
patch analysis were compared with those built by exhaustive docking
using PatchDock without prior information about the potential
binding site [80,81]. The model with the best PatchDock-DOPE score
that satisfied the interdomain linker restraint was selected.

Sequence analysis. The SMART domain annotation tool was used to
search for proteins containing the PDZ, SH3, and GK domains
[89,90]. Proteins and splice variants annotated as PSD-95 proteins
were obtained from the UniProt sequence database [91]. The
sequences were scanned for known SH3 binding motifs (PXXP,
PXXDY, RXXK [47]) using grep regular expression search.

Proteolysis of PSD-95. Rat PSD-95 was cloned into pET47b (+) and
expressed as a His-tagged fusion protein (~83.4 kDa) in BL21 (DE3)
pLysS cells at 37 °C. Cells were harvested 3-3.5 h after induction by
0.4 mM IPTG. The cell lysate was centrifuged at 17K RPM, and the
supernatant was loaded onto a nickel NTA column (Qiagen, http://
wwwl.qiagen.com) and eluted with an imidazole gradient (20 mM to
500 mM). The purest fractions were exchanged (using PD10 columns,
Amersham Biosciences, http:/lwww.amersham.com/) to: 20 mM Tris
(pH 8), 150 mM NaCl, 5 mM DTT, 10% glycerol for limited
proteolysis (protocol based on that of Stroh et al. [92]). Digests of
PSD-95 were initiated by adding protease to the following final
concentrations: 0.83 ug/ml sequencing grade modified Trypsin
(Roche, http:/lwww.amersham.com), 0.1 pg/ml of proteinase (Fluka,
http:/lwww.sigmaaldrich.com), or 8.3 pg/ml of thermolysin (Sigma,
http:/lwww.sigmaaldrich.com). The thermolysin reaction was also
supplemented with 5 mM CaCly. Digests were incubated at 37 °C
and stopped with 5 mM PMSF for trypsin and proteinase, and 10 mM
EDTA for thermolysin. Aliquots were taken at 5, 30, 60, 90, 120 min,
and 8 h after addition of protease and flash frozen in liquid nitrogen
until analysis by SDS-PAGE. Stable fragments were excised from
Coomassie-stained gels and subjected to tryptic digestion in the gel
piece after reduction with DTT and alkylation with iodoacetamide
[92,93]. The tryptic peptides were extracted from gel slices with 5%
formic acid in 50% acetonitrile, concentrated in a SpeedVac (Savant
Instruments, http://www.combichemlab.com), and desalted with the
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