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ABSTRACT

Synaptic activity can encode and store information in the brain through changes in
synaptic strength as well as by control of gene expression. One corollary challenge becomes
identifying these activity-dependent regulatory proteins and the underlying mechanisms
associated with neuronal functions. By using biochemical, electrophysiological and
behavioral approaches in combination with genetic and pharmacological manipulation, |
report that LIM domain only 4 (LMOA4) is a key regulator of calcium induced calcium release
(CICR) and protein tyrosine phosphatase 1B (PTP1B) in the hippocampus and amygdala,
respectively. Neuronal ablation of LMO4 in the glutamatergic neurons (LMO4KOQO) was
associated with reduced promoter activity, mRNA, and protein expression of ryanodine
receptor 2 (RyR2), suggesting the involvement of LMO4 in the transcriptional regulation.
CICR function in LMO4KO mice was severely compromised, reflected by inefficient CICR-
mediated electrophysiological responses including afterhyperpolarization, calcium rise from
internal stores and glutamate release probability. These changes were accompanied with
impaired hippocampal long term potentiation (LTP) and hippocampal-dependent spatial
learning ability. LMO4 was also shown to exert a cytoplasmic regulation as an endogenous
inhibitor for PTP1B that accounts for tyrosine dephosphorylation of mGIuR5 in the amygdala.
LMO4KO mice had elevated PTP1B activity and decreased mGIuR endocannabinoid
signaling, resulting in a profound anxiety phenotype. The potential clinical value of
PTP1B/LMO4 is promising, given that intra-amygdala injection of the PTP1B inhibitor
Trodusquemine or a PTP1B shRNA alleviated anxiety by restoring eCB signal in LMO4KO
mice. Thus this study identified PTP1B as a potential therapeutic target for anxiety, besides

the previous findings of its association with obesity and diabetes. Moreover, this PTP1B-



mediated anxiety may be a general mechanism during chronic stress. Collectively, these
findings identify that LMO4 plays an essential role for non-genomic and genomic regulation

in central neurons, providing a mechanism for LMO4 to modulate a wide range of neuronal

functions and behavior.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 LMO4 and its Functions
1.1.1 LMO4 and LIM Proteins
First discovered 25 years ago, the LIM domain is recognized as a cysteine- and histidine-
rich tandem zinc-finger structure that functions as a modular protein-binding interface (Freyd
et al., 1990; Karlsson et al., 1990; Schmeichel and Beckerle, 1994; Way and Chalfie, 1988).
LIM domains are present in many proteins that have diverse cellular roles as regulators of
gene expression, cytoskeleton organization, cell adhesion, cell motility and signal
transduction. LIM proteins have been identified in both the nucleus and the cytoplasm, raising
the possibility that LIM proteins might function as biosensors that mediate communication
between the cytosolic and the nuclear compartments. LIM proteins can consist exclusively of
LIM domains (LIM only, LMOs), or may also contain other domains such as homeodomains,
catalytic domains (kinase or monooxygenase), cytoskeletal-binding domains or other protein-
binding modules such as Src-homology-2 (SH2), Src-homology-3 (SH3) or postsynaptic
density-95, discs large, zona occludens-1 domains. These features highlight the modular
nature of the LIM domain, as well as the functional diversity of LIM proteins (Kadrmas and
Beckerle, 2004; Zheng and Zhao, 2007).
LIM domain only 4 (LMO4) contains 165 amino acids. Together with short amino-
terminal (22 residues) and carboxyl-terminal stretches (25 residues), LMO4 is composed of
two tandem LIM domains which are separated by two amino acids (Grutz et al., 1998;

Kadrmas and Beckerle, 2004; Sanchez-Garcia and Rabbitts, 1994; Zheng and Zhao, 2007).



Though it has a typical DNA-binding structure, zinc-finger motifs, LMO4 has not yet been
shown to demonstrate the DNA-binding activity. In fact, LMO4 plays a role in the
transcriptional regulation as a protein binding interface by forming complexes with selective
transcription factors. Other members with LIM domain only (LMO) structure are found,
named as LMO1, LMO2 and LMO3. Although LMO4 shares less than 50% homology with
other LMO proteins (Kenny et al., 1998; Matthews et al., 2013), homology remains relatively
higher in the LIM domains other than in the NH2- and C-terminal stretches between the four

proteins. LMO family sequency alignment and homology are illustrated in Fig.1.1.

1.1.2 The Role of LMO4 in Tumorigenesis and Development

Previous studies of LMO4 have been focused on its function in tumorigenesis and
development (Heberlein et al., 2009; Inan and Crair, 2007; Polleux et al., 2007). LMO4 as an
autoantigen in human breast cancer was first described by Racevskis (Racevskis et al., 1999).
The overexpression property in breast cancer has been later extensively reported (Montanez-
Wiscovich et al., 2009; Sum et al., 2005; Visvader et al., 2001). Upregulation of LMO4 which
promotes proliferation and inhibits differentiation of mammary epithelial cells contributes to
breast cancer. LMO4 forms a complex with breast-cancer susceptibility protein 1 (BRCAL)
and CtBP (C-terminal binding protein)-interacting protein 1 (CtIP1) and negatively regulates
BRCA1-mediated transcription activation in breast cancer (Stokes et al., 2013; Sum et al.,
2002). LMO4 also binds to estrogen receptor alpha (ERa) and suppresses ERa transactivation
functions in the breast cancer progression (Singh et al., 2005). LMO4 and Deafl act in
common to regulate normal development and breast cancer (Barker et al., 2008; Hahm et al.,

2004; Hermanson et al., 1999; Kenny et al., 1998; Wang et al., 2004). In fact, by yeast two
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Figurel.l LIM domain only family sequency alignment and homology

A, The four known members of the mouse LMO proteins are aligned with respect to LMO1.
Sequence identity to LMOL1 is indicated by a star (*). The sequences are broken into the four
regions of the proteins. They all have two LIM domains and each LIM domain has two zinc-
finger motifs.The zinc-binding residues are yellow-highlighted with underlines. Homology in
the LIM domains is high between the four proteins but minimal in the N- and C-terminal
stretches.

B, The pairwise sequence identity between mouse LMO proteins has been determined using

CLUSTALW. .



hybrid assay, LMO4 has been identified to interact with transcription factor DEAF1404-433
(Cubeddu et al., 2012; Joseph et al., 2013; Sugihara et al., 1998). LMO4 seems to regulate the
subcellular localization of the DEAF1 by blocking its export leading to its nuclear
accumulation. Moreover, LMO4 interacts with SMAD proteins and functions as a co-activator
on transforming growth factor beta (TGFp) signaling in the epithelial oncogenesis (Lu et al.,
2006b). In addition, LMO4 is an essential cofactor for SNAIL-mediated cadherin repression
in neuroblastoma tumor formation (Ferronha et al., 2013). Another study shows that LMO4
elevation can disrupt the transcriptional complex and prevent histone deacetylase 2 (HDAC?2)
from binding to chromatin, leading to elevation of bone morphogenic protein 7 (BMP7)
promoter activity (Wang et al., 2007). The dysregulated expression of LMO4 is also found in
some other human tumors, including prostate cancer (Mousses et al., 2002); small cell lung
cancer (Karachaliou et al., 2013; Taniwaki et al., 2006); pancreatic cancer (Murphy et al.,
2008; Yu et al., 2008) ; rhabdomyosarcoma (Armeanu-Ebinger et al., 2011).

Beyond its role in oncogenesis, accumulating evidence implicates a role for LMO4 in
the regulation of proliferation and differentiation of developing neurons. Germ line ablation of
LMO4 in mouse causes embryonic lethality and gives rise to exencephaly (Lee et al., 2005;
Ochoa et al., 2012; Tse et al., 2004). During retina development, LMO4 is required for the
expression of basic helix-loop-helix protein 5 (Bhlhb5) by inhibitory interneurons (Duquette
et al., 2010). Bhlhb5 is a transcription factor that has been previously demonstrated as a
postmitotic regulator of area identity in layer 11-V of the developing neocortex, e.g.
somatosensory and caudal motor cortex (Joshi et al.,, 2008). LMO4 also targets the
transcription factor GATA3 and associates with the formation of vestibular structure

(Alvarado et al., 2009). Mice with conditional ablation of LMO4 in the cerebral cortex show



defects in thalamocortical connections during development (Kashani et al., 2006). The role of
LMO4 in cortical area formation is supported by other studies showing that LMO4 is
involved in the organization of the somatosensory barrel field (Huang et al., 2009) as well as
the diversity of motor cortex projection neuron subpopulations (Cederquist et al., 2013). In
addition, LMO4 forms a complex with neurogenin 2 (NGN2) and facilitates NGN2-mediated
radial migration of cortical neurons and neurogenesis in the developing cerebral cortex
(Asprer et al., 2011). There is also evidence that LMO4 governs a balance between generation
of inhibitory and excitatory neurons in the ventral spinal cord (Joshi et al., 2009). All these
functions of LMO4 in development and oncogenesis, either transactivation or transrepression,
are associated with modulation of multiple transcription factors and cofactors in the form of

transcription complexes.

1.1.3 The Role of LMO4 in Adult Brain

Recently, the function of LMO4 in the adult brain has drawn the attention of
researchers. A previous study in our laboratory revealed a role of LMO4 in the adult mouse
cortex as an essential hypoxia-inducible cofactor required for activation of peroxisome
proliferator-activated receptor-y (PPARYy) signaling after ischemic injury (Schock et al.,
2008a). We also provided evidence that LMO4 mediates leptin function in selective
hypothalamic nuclei through Janus kinase/Signal transducer and activator of transcription 3
(JAK/STATR) signaling for regulation of fat metabolism (Zhou et al., 2012). Recently, we
further demonstrated that LMOA4, in the hypothalumus, is an endogenous inhibitor for protein
tyrosine phosphatase 1B (PTP1B) (Pandey et al., 2013). PTP1B is localized in the

endoplasmic reticulum (ER) and is considered as a therapeutic target for obesity and diabetes



due to its inhibition of insulin and leptin signaling (Bourdeau et al., 2005; Dube et al., 2005;
Zabolotny et al., 2002). Our studies showed that LMO4 palmitoylation at its C-terminal
cysteine residue is critical for inhibition in PTP1B activity through increase of inactive
oxidized forms of PTP1B. Importantly, LMO4 palmitoylation is sensitive to metabolic stress.
Mice, challenged with acute exposure to saturated fat, had less palmitoylated LMO4, less
oxidized PTP1B, and increased PTP1B activity, resulting in rapid loss of central leptin
signaling. In addition, Heberlein’s group also discovered an adult- and amygdala-specific role
for the transcriptional regulator LMO4 in fear learning (Maiya et al., 2012). Mice
heterozygous for a genetrap insertion in the LMO4 locus with 50% reduction of LMO4
expression display enhanced freezing to both the context and the cue. Knockdown of LMO4
by lentiviral small-hairpin RNA in the basolateral complex of the amygdala recapitulated this
enhanced conditioning phenotype.

LMO4 is expressed in a variety of adult brain regions that also show most intense
hybridization staining during embryonic stages. These regions include the hippocampus (e.g.,
the CA3 layer), the amygdala, the cerebral cortex, the hypothalamus, the cerebellum, the
dentate gyrus, the basal ganglia, olfactory structures, intralaminar and reticular nuclei of the
ventral thalamus and medullary motor structures (Hermanson et al., 1999; Kenny et al., 1998).
However, the high levels of LMO4 expression in the entorhinal cortex and CA1 hippocampus
were dramatically and consistently decreased in vulnerable brain regions of Alzheimer’s
disease cases, indicating that LMO4 might be a marker for complexity of the disease
phenotype (Leuba et al., 2004). We reason that the widespread but subregion-specific
distribution of LMO4 suggests its role on various functions, such as synaptic, autonomic,

motor and neuroendocrine regulation.



1.1.4 LMO4 as a Bimodal Sensor in both Nucleus and Cytoplasm

LMO4 was initially identified as a cofactor of many transcription factors and is found
only in nucleus (Kashani et al., 2006; Manetopoulos et al., 2003; Schock et al., 2008a).
Recent studies revealed its novel functions in the cytoplasm. Our work showed that LMO4 is
present both in the cytoplasm and nucleus. LMO4 translocates from the cytoplasm to the
nucleus in response to extracellular stimuli in F11 cells that mouse neuroblastoma N18TG-2
cells are fused with embryonic rat dorsal-root ganglion (DRG) neurons (Chen et al., 2007b).
This is consistent with another study showing that LMO4 is localized throughout the
cytoplasm and growth cones in embryonic rat cortical neurons, human SH-SY5Y cells,
human Ntera2 neurons (Schaffar et al., 2008). In fact, several LIM-containing proteins, such
as LIM kinase, the actin binding LIM protein and Paxillin, have been shown to function both
in the cytoplasm and the nucleus (Kadrmas and Beckerle, 2004). In addition to nuclear
proteins, including transcription factors and cofactors, LMO4 has been shown to interact with
transmembrane receptors such as the interleukin (IL)-6-type cytokines, erythropoietin-
producing hepatoma interactor B (ephrin B), and neogenin to modulate their signaling (Bong
et al., 2007; Novotny-Diermayr et al., 2005; Schaffar et al., 2008). LMO4 has a positive
regulatory role in IL-6 signaling. LMO4 possibly functions as a scaffold for stabilization of
the glycoprotein 130 complex. In this complex, LMO4 not only interacts with JAK to
promote STAT3 and its target gene expression, it also interacts with protein tyrosine
phosphatase 2 and suppressor of cytokine signaling 3 (SOCS3) to attenuate 1L-6 signaling by
inhibiting JAK and degrading proteins (Novotny-Diermayr et al., 2005). Moreover, LMOA4
was identified by yeast two-hybrid screen to associate with ephrin Bl (transmembrane

receptor tyrosine kinase) which can signal from the cell surface to the nucleus via recruitment



of Stat3 (Bong et al., 2007). In addition, LMO4 interacts with the cytoplasmic domain of
transmembrane neogenin receptor. LMO4 is released upon activation of neogenin repulsive
guidance molecule A (RGM A) and promotes Rho A signaling which has been shown to
inhibit neuroregeneration (Schaffar et al., 2008). It is also known that the Rho family of
GTPases including RhoA and Cdc42 play important roles in the spine morphogenesis and
structure plasticity by regulating the actin cytoskeleton organization. By using two-photon
uncaging of glutamate to activate N-methyl-D-aspartate receptors (NMDARSs), RhoA and
Cdc42 can relay transient CaMKII activation to increase the spine volume while also inducing
LTP (Murakoshi et al., 2011). Since LMOA4 is a transactivator induced by calcium influx via
voltage gated calcium channel (VGCC) or NMDAR activation in a similar time frame
(Aizawa et al., 2004; Kashani et al., 2006), it is interesting to examine whether LMO4 is an
indispensable messenger for the Rho signaling responsible for this type of plasticity as well as
whether and how LMO4 acts as a messenger to translate the various external stimuli into
changes in gene expression. Taken together, these observations provide ample support for the
hypothesis that LMO4 couples signals from membrane receptors to changes in gene

expression.

1.2 Learning, Memory and Hippocampus
1.2.1 Learning and Memory
Learning is the process of acquiring new information while memory is retention of that
information for future use. The neuronal mechanisms of these processes have intrigued
neurobiologists for centuries and clinicians have been motivated to seek treatments for their

failures or disruptions.



There are many types of memory. Tulving (Tulving, 2006; Tulving, 2000) in his books
listed as many as 256 different types of memory by counting the number of combination of
the adjectives plus memory sorts. Based on the time that it persists, memory can be
categorized into short-term and long-term memory. Visual and auditory memories are
examples of short-term memory while olfactory, visual-spatial, verbal and skill/motor
memories are examples of long-term memory. Memory can also be classified into declarative,
procedural and emotional memory by information type (Byrne, 2008).

Information is believed to be represented in various brain regions that are involved in
the formation and storage of different forms of memories for different amounts of time. Short-
term memory depends on transient adaptations of neuronal connections in the frontal lobe and
the parietal lobe, whereas long-term memories may involve more persistent changes
throughout the brain. Specifically, declarative memories are processed, encoded and
consolidated by the hippocampus then moved to cortex for storage. Procedural memories are
thought to be processed mainly in the motor cortex, cerebellum and basal ganglia. Emotional

memories are encoded primarily in the amygdala then relayed to hypothalamus (Fig 1.2.1).

1.2.2 Hippocampus
Since Scoville and Milner (Scoville and Milner, 1957) described profound memory loss
following bilateral medial temporal lobe excision in the landmark patient H.M., the
hippocampus has been recognized as the critical structure for learning and memory, including

consolidation of information acquired in learning and the storage of long-term memory.



Cortical association areas Working

l T Q memory

Cerebellum <— Amygdala — Hippocampus
Brainstem and spinal Hypothalamus
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Perceptual memory Emotional memory
Skill/Rule/Habit

Fig 1.2.1 Anatomic pathway of main memory systems

Systems for perceptual and working memory involve networks between the cortical
association areas and other memory systems. The perceptual memory system involves
pathways through the cerebellum that connect directly with motor outputs. The emotional
memory system involves pathways through the amygdala that connect directly with the
hypothalamus and subsequent autonomic motor and endocrine outputs, and amygdala
influences the strength of memories in other systems. The declarative memory system

involves bidirectional interactions between the hippocampus and cortical association areas.
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Hippocampus is part of the medial pallium which arises from the dorsal medial part of
the neural tube. The hippocampal formation including dentate gyrus, CA3, CAL, is a three-
layered structure characterized by largely unidirectional connections, whereas the surrounding
region (parahippocampal region) is cortical in nature and six-layered (Byrne, 2008; Deng et
al., 2010; Moser, 2011). The dentate gyrus (DG) contains modified pyramidal cells called
granule cells that have only apical dendrites. The CA fields contain fairly typical pyramidal
cells with both basal and apical dendrites covered with spines. The hippocampus gets most of
its input from the neocortex via the entorhinal cortex. In addition, the hippocampus receives
input from the septum and the hypothalamus via the fornix/fimbria. The schematic drawing
(Fig 1.2.2) illustrates the main hippocampal circuits (Deng et al., 2010). The EC is the source
of the temporoammonic pathway (TA) as well as perforant pathway (PP) which includes the
lateral perforant pathway (LPP) and medial perforant pathway (MPP). Entorhinal layer Il
projects to DG and CA3 through PP, whereas layer 111 projects to CA1 through TA. The DG
granule cells give rise to the mossy fibre pathway, which targets the proximal apical dendritic
spines of CA3 pyramidal neurons. The CA3 pyramidal neurons project to CAl apical
dendritic spines through Schaffer collaterals pathway and eventually CA1 pyramidal neurons
send projections out of the hippocampus back to the deep layer neurons of the EC. CA3
pyramidal cells also project down to the hypothalamus via the fornix, which include both
input and output pathways (van Strien et al., 2009). The cortical areas surrounding the
hippocampal formation and the nearby parahippocampal region are also necessary for human
declarative memory.

Based on a clear stereotypical organization of neuronal layers, well-defined synaptic

components and neural pathways as well as the essential roles in learning and memory,

11



Temporoammonic

pathway
 — 10
Schaffer
collaterals
Il
TS
CA3 =g
Mossy fibres ~ Dentate gyrus S
erforan
pathway
o \"\";':‘ b Hippocampus
' ’ Mossy cells ‘ ‘lntemeurons‘
‘\ Il A
h N
EC '~ BDentate gyru
[ |
]
J_J; PP 1 Mossy fibres
B -
- - ' l Schaffer collzterals
|
|V ! oo A C S e
e - [T
LY |
vi |

Reprinted with permission from Macmillan Publishers Ltd: [Nature Review Neuroscience] by
Deng et al, 2010; 11(5):339-50. © 2010 (see the license at page 180)

Figure 1.2.2 The main hippocampal circuitry

A, An illustration of the hippocampal circuitry

B, Diagram of the hippocampal neural network. The traditional excitatory trisynaptic loop, composed
of synapses between principal cells in three major subregions: the dentate gyrus, CA3 and CAL,
describes a unidirectional route of incoming signals into the hippocampus. The entorhinal cortex (EC)
is the source of the temporoammonic pathway (TA) as well as perforant pathway (PP) which includes
the lateral perforant pathway (LPP) and medial perforant pathway (MPP). Entorhinal layer Il projects
to the dentate gyrus (DG) and CA3 through PP, whereas layer 111 projects to CAl through TA. The DG
granule cells give rise to the mossy fibre pathway, which targets CA3 pyramidal neurons. The CA3
projects to CA1 through Schaffer collaterals pathway and eventually CA1 pyramidal neurons send

back projections to the deep layer neurons of the EC.
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hippocampus has drawn intensive studies. Importantly, the cellular and molecular
mechanisms of neuronal functions revealed in the hippocampus have been shown to be widely

employed by other neural circuits in the brain.

1.3 Anxiety, Fear and Amygdala

1.3.1 Anxiety and Fear

Anxiety is the motivation associated with behaviors that occur to potential, signaled, or
ambiguous threat while fear is the motivation associated with behaviors that occur to clearly
threatening stimuli (Blanchard et al., 2008). Since characterizations are based on
measurement of the intensity or persistence of the behaviors with which they are associated,
anxiety and fear may integrate or overlap. Anxiety disorders are often conceptualized as the
pathological counterpart of normal fear. They are amongst the most common psychiatric
disorders. Statistics shows that anxiety disorders affect approximately 40 million adults (18%)
age 18 years and older in the United States (Kessler et al., 2005) and about 12% of the
Canadian population (Offord et al., 1996) in a given year. Individuals with an anxiety disorder
are filled with fearfulness and uncertainty. They have excessive and unrealistic feelings that
interfere with their lives. Psychological symptoms can range from discrete episodes of intense
fear, such as in panic disorder, in post traumatic stress disorder, in social phobia, in specific
phobias, to anxiety not attributable to specific factors but lasting for prolonged periods of
time, such as in generalized anxiety disorder. Often these psychological symptoms are
accompanied by autonomic (cardiovascular, gastrointestinal, etc) symptoms, as well as
activation of the hypothalamic pituitary adrenal (HPA) axis which mediates the stress

response. Anxiety disorders are usually treated with benzodiazepines or antidepressants,
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especially selective serotonin re-uptake inhibitors (SSRIs). Benzodiazepines have a fast onset
of action but they can induce some side effects, such as sedation, psychomotor retardation,
memory impairment, withdrawal syndrome, and rebound anxiety. Antidepressants have a
much better safety and tolerability profile but a slow onset of action. They can induce other
side effects, such as various types of sexual dysfunction and suicidal behaviour. Development
of novel therapeutic approaches other than the clinically widely used benzodiazepines and

antidepressants could be a promising direction for researchers.

1.3.2 Amygdala Circuitry

The amygdala, first named by Burdach in early 19" century, is an almond-shaped mass
of gray matter in the medial temporal lobe with a multinuclear complex comprised of 13
nuclei. These nuclei are divided into three major groups: the basolateral complex, the cortical
nucleus, the centromedial nucleus (central and medial nucleus). The basolateral complex can
be further subdivided into the basal nuclei, the lateral nuclei (LA), and the accessory basal
nuclei (Amunts et al., 2005). A schematic illustration of the main amygdala input and output
circuitry is shown in Figure 1.3 (Ciocchi et al., 2010; Ehrlich et al., 2009; Krasne et al., 2011).
The lateral nuclei are considered to be the main target of afferents to the amygdala. It receives
substantial inputs from sensory-related cortical areas, prefrontal cortex, hippocampus,
hypothalamus and some midline and posterior thalamic nuclei. The LA then sends impulses to
the rest of the basolateral complex including basal and the centromedial nuclei. The basal
nuclei project to the cortex, hippocampus, nucleus accumbens and caudate-putamen, the

amygdalo-hippocampal area, nuclei of the olfactory tract and lateral, anterior
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Figure 1.3 Anatomical organization of the amygdala circuitry

Black arrows represent overall flow of information in the amygdaloid complex. Excitatory
neurons and inhibitory interneurons in amygdaloid nuclei are shown in green and red circles,
respectively. In the LA and BA, local interneurons are part of feedforward and feedback
circuits and control projection neuron output. mITCs and ITCs and relay feedforward
inhibition to the CEA and BLA, respectively. CeM output is the major output from amygdala
under inhibitory control receiving information from CeL. Intrinsic CeL inhibition may be also
involved in regulation of CeL output.

LA, lateral amygdala; BA, basal amygdala; CeL, lateral subdivision of the central amygdala; CeM, medial
subdivision of the central amygdala; mITC, medial intercalated cell cluster; IITC, lateral intercalated cell
cluster; CEA, central amygdale; BLA, basolateral amygdala; HIPPO, hippocampus; HYPO, hypothalamus;
BS, brainstem; PFC, prefrontal cortex; Assoc CTX, association cortex; Ventral STR, ventral striatum;
Modul Sys, modulatory system; Inst action, instrumental action; Glu, glutamate; GABA, gamma-

Aminobutyric acid; NE, norepinephrine; DA, dopamine; Ach, acetylcholine; 5-HT, 5-Hydroxytryptophan.
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cortical and central nuclei as well as to the nucleus of the olfactory tract. The accessory basal
nuclei receive sensory related information similar to the basal nuclei. The cortical nuclei
which are known as olfactory amygdala, receives input from olfactory bulb and cortex for
smell sensing. The centromedial nuclei are the main outputs for the basolateral complexes,
and are involved in emotional arousal. The amygdala is the key brain region within the limbic
system controlling anxiety and fear memory, a statement consistently supported by a large
amount of studies using different experimental paradigms and measurement of fear
responses (Ehrlich et al., 2009; Krasne et al., 2011; LeDoux, 2000; Maren, 2001, 2005; Maren
and Quirk, 2004). In addition, the amygdala also regulates fear-related learning in other brain
structures, such as the hippocampus and the cortex (McGaugh, 2004). By using optogenetics
with two-photon microscopy, electrophysiology and anxiety assays in freely moving mice, an
elegant study showed that increasing synaptic activity from BLA neurons onto the CeA was
anxiolytic whereas reducing this activity was anxiogenic (Tye et al., 2011). MRI evidence
indicates that the function of the amygdala is disrupted in anxiety disorders (Etkin et al.,
2009). There is evidence that the amygdala is not limited as the interface of anxiety and fear,
also contributions to social behavior, instrumental behavior and reward learning (Murray,

2007).

1.3.3 Stress-induced Anxiety Disorder
Stress is the real or interpreted threat to the physiological or psychological integrity of
an individual or the disturbance to homeostasis. Selye (Selye, 1950) first made the distinction
between stressors and stress. Stressors are defined as stimuli and stress is termed as the

internal state experienced by the organism upon exposure to a stressor. Experimental stress
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protocol can be differed by acute and chronic paradigms. An acute protocol is a brief one-time
exposure to a single stressor. A chronic protocol can be either a prolonged one-time exposure
to a single stressor or a repeated exposure to either the same (homotypic) or variable
(heterotypic) stressor. A homotypic stressor typically involves habituation which dampens the
detrimental effects of the stress response as well as increases the psychological tolerability.
As part of the stress response two systems are activated: the sympatho-adrenomedullar system
and the hypothalamic-pituitary-adrenal axis. Stress rapidly leads to the release of
catecholamines (CAs) from the adrenal medulla, sympathetic nervous system and
catecholaminergic neurons in the brain. CAs integrate the signals and activate corticotrophin
releasing hormone (CRH) transcription in the hypothalamus. CRH-producing neurons in the
paraventricular nucleus of the hypothalamus (PVN) then stimulate cells of the anterior
pituitary to secrete adrenocorticotropic hormone (ACTH) which is then released into the
blood system. At the adrenal cortex, ACTH stimulates glucocorticoid transcription and release
(corticosterone in most rodents, cortisol in humans). Hormonal stress response prepare an
organism for a threat by mobilizing energy stores, increasing arousal, focusing attention, and
mediating cognition while dampening digestive, immune, and reproductive functions (Hill et
al., 2010b).

The limbic system is the set of brain structures that forms the inner border of the cortex
including hippocampus, amygdala, limbic cortex, fornix, hypothalamus, thalamus, etc. The
limbic system is well-known to be involved in emotions. Particularly two limbic structures-
hippocampus and amygdala have a pivotal role for memory formation and stress responses.
Their unique features of stress-induced plasticity could have long-term impacts for cognitive

performance and pathological anxiety. The mechanism is more complex than the simple
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traditionally-proposed neural-endocrine model with involvement of catecholamines (CAs)
and hypothalamic pituitary axis (HPA). It is likely to recruit other neural neuromodulators
and the limbic structures (e.g. thalamus, prefrontal cortex, striatum, etc)(Kim and Diamond,
2002).

During a stressful experience, neurons have been suggested to receive a enhanced
noradrenergic input from the locus coeruleus (Sara, 2009). Noradrenaline (one of CAs) first
reaches limbic cells and exerts its rapid actions within seconds upon activation of G-protein-
coupled membrane receptors (GPCRs). However, the wave only lasts less than 30 minutes
(Mcintyre et al., 2002). Meanwhile, the same neurons receive high levels of the
corticosterones with a slower kinetics and reach the peak round 20 minutes later than stress
onset. Normalization usually takes place after 1-2 hrs. Corticosterone can associate with other
monoamines (dopamine, serotonin) or neuropeptides (CRH, vasopressin) and quickly change
neuronal function in a nongenomic manner. There is a time window when limbic cells are
exposed to elevated levels of both noradrenaline and corticosteroid hormones (Joels and
Baram, 2009; Joels et al., 2011). Nevertheless, corticosterone may also alter neuronal activity
through genomic mechanisms. Corticosteroid hormones easily pass the blood-brain barrier
and activate all the receptive cells in the brain. Corticosteroid release is pulsatile, with inter-
pulse intervals of one or two hours. The peak of the pulses follows an overall circadian
rhythm and varies with low amplitudes around the start of the inactive period and high
amplitudes towards the active period onset of the day. Exposure to stress causes a large surge
of corticosteroids. Acute glucocorticoid secretion during stress may produce intense, long
lasting memories of the events themselves. However, chronic over-exposure to circulating

glucocorticoids may affect neuronal structure and survival and impair subsequent attention
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and memory, leading to dendritic atrophy in hippocampal principal neurons and dendritic
hypertrophy in amygdala principal neurons (Kim and Diamond, 2002; Sapolsky, 2000, 2003;
Vyas et al., 2002) . Extreme stress experience may even induce profound amnesia, phobias,
post-traumatic stress disorder (PTSD), which belong to the category of anxiety disorders. One
of the key features of successful adaptation is remembering the important aspects of the
stressful situation and reducing interference by unrelated material for future use. Limbic

areas, in particular the amygdala, play an important role in establishing such memories.

1.4 Neurotransmission and Synaptic Plasticity

1.4.1 The Synapse

The term synapse comes from "synaptein”, coined from the Greek "syn-" (together) and
"haptein™ (to clasp) by Sir Charles Scott Sherrington and colleagues. The synapse is a highly

specialized structure where neurons communicate with each other by exchanging electrical or

chemical signals. It is the fundamental ‘unit’ where memory and information is encoded,

stored and retrieved. A typical neuron consists of a cell body (soma), one axon and multiple
dendrites. The axon originates from the cell body and may extend for meters long, whereas
dendrites are confined to the proximity of the neuron. At a synapse, the presynaptic neuron
comes into close apposition with the postsynaptic neuron by plasma membrane. The majority
of presynaptic part is located on an axon, others are located on a dendrite or soma. Both the
pre- and post- synaptic sites contain extensive arrays of molecular machinery and carry out

the signaling process.

There are mainly two different types of synapses (Kandel, 2013). In an electrical
synapse, special channels called gap junctions, pass voltage changes and rapidly transfer the
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signals from the presynaptic cell to the postsynaptic cell. In a chemical synapse, an
endogenous chemical called a neurotransmitter is released from the presynaptic neuron, and
binds to receptors (e.g. ligand-gated ion channels or ligand-binding G-protein coupled
receptors) located in the plasma membrane of the postsynaptic cell. A postsynaptic cell may
be either depolarized or hyperpolarized based on the property of the neurotransmitter and the
receptors. Summation of numerous synaptic neurotransmissions on the same postsynaptic
neuron determines its membrane potential and firing patterns, causing either an excitatory/
inhibitory response or activation of a biochemical intracellular signaling pathway. The
residual neurotransmitter may be either enzymatically degraded by scavengers, or reuptaken
back by transporters into the presynaptic site for reuse. Astrocytes also communicate with the
synaptic neurons in response to synaptic activity and, in turn, regulate neurotransmission

(Perea et al., 2009).

1.4.2 Major Neurotransmitters and their Receptors in Hippocampus and Amygdala
1.4.2.1 Glutamate and Glutamate Receptors
Glutamate is the most abundant excitatory neurotransmitter found in the mammalian
brain. It binds to two distinct classes of receptors: ionotropic glutamate receptors (AMPA
receptors, NMDA receptors and kainate receptors) and metabotropic glutamate receptors
(mGluRs).

AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)-type glutamate
receptors (AMPARs) are the main transducers of rapid excitatory transmission in the
mammalian brains (Anwyl, 2009; Collingridge et al., 2004; Derkach et al., 2007; Jiang et al.,
2006). AMPAR functional properties are coupled to their trafficking, cytoskeletal dynamics

and local protein synthesis (Bredt and Nicoll, 2003; Esteban, 2003; Malenka, 2003;
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Minichiello, 2009; Shepherd and Huganir, 2007). AMPARSs can form tetramers composed of

four glutamate receptor subunits, GIuR1 — GIluR4. However, most AMPARs are

heterotetramers comprised of GIuR2 plus GIuR1, GIuR2 or GIuR4 subunits. The most
divergent regions of these subunits are their carboxyl (C) termini, which contain regulatory
domains targeted by multiple intracellular signaling pathways. The C termini also interact
with scaffold proteins that bind signaling proteins (e.g. kinases, phosphatases) as well as
cytoskeletal proteins (e.g. actin) (Collingridge et al., 2004; Humeau et al., 2007; Malinow and
Malenka, 2002; Roche et al., 1996; Tomita et al., 2003). These protein complexes may
influence several aspects of AMPAR function including gating, trafficking, and stabilization
at synapses. It is widely believed that the regulated AMPAR trafficking to or away from the
synapse mediates the long-lasting activity-dependent changes in synaptic strength called long-
term potentiation (LTP) or long-term depression (LTD) (Bliss and Lomo, 1973; Malinow and
Malenka, 2002). In dendritic regions, AMPARs can be found in four non-synaptic
compartments: (1) on the spine surface; (2) intracellularly in the spine; (3) on the dendritic
surface; (4) intracellularly in the dendrite. Two routes for synaptic delivery of AMPARS are
observed in neurons: (1) lateral diffusion from the surface (Borgdorff and Choquet, 2002;
Heine et al., 2008; Petralia and Wenthold, 1992; Triller and Choquet, 2005); (2) exocytosis
from intracellular compartments (Passafaro et al., 2001; Wang et al., 2008; Yang et al., 2008a,
b). Makino and Malinow (Makino and Malinow, 2009) used recombinant surface-fluorescent
receptors in organotypic rat hippocampal slices to distinguish surface or intracellular
receptors. They demonstrated that following synaptic potentiation, both lateral movement and
exocytosis of receptors occur in a time- and space-dependent manner with varied functions.

Lateral movement of receptors from nonsynaptic sites enhances the number of receptors at the
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synapse whereas exocytosis of receptors occurs onto the dendrite likely to replenish the local
extrasynaptic pool of receptors available for subsequent synaptic potentiation.
N-methyl-D-aspartate receptors (NMDARs) are located either intra-synaptically
or extra-synaptically. NMDARs are also often heterotetrameric complexes containing a
‘dimer of dimers’ conformation from the subunits NR1, NR2A-NR2D, and NR3A-NR3B
(Madden, 2002). The NR1 subunit that binds the co-agonist glycine is widely expressed and
obligatory for NMDAR-channel activity. The NR2 subunits (A-D) that bind to glutamate,
convey different pharmacological characteristics and decay kinetics on functional NMDARSs.
The NR2A and NR2B are the two most abundant subunits in the brain. NR2A-containing
NMDARSs have more rapid kinetics than NR2B-containing NMDARSs. Their expression levels
often change during postnatal development. NR2B subunits are expressed abundantly at early
developmental stages and subsequently migrate to extrasynaptic sites, whereas NR2A
subunits progressively increase with development. NR3 A and B subunits that bind to glycine,
have an inhibitory effect on receptor activity (Liu et al., 2004; Massey et al., 2004). NMDARs
have the three fundamental domains: an extracellular domain that contains a modulatory and a
ligand-binding residue; a membrane domain that contributes to the receptor's conductance,
calcium permeability, and voltage-dependent magnesium block; and an extensive cytoplasmic
domain that consists of residues that can be directly modified by a series of protein kinases
and protein phosphatases, as well as residues that interact with a large number of adaptor,
structural, and scaffolding proteins (Paoletti and Neyton, 2007). At resting membrane
potential, the NMDA receptor is blocked by magnesium. The AMPA receptor is first
activated by binding to glutamate and it then depolarizes the post-synaptic cell. This leads to

NMDA receptor activation with associated calcium influx to trigger four main mechanisms
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contributing to synaptic plasticity in spines: 1) the regulation by kinases and phosphatases of
channels; 2) alterations of synaptic AMPAR properties, subunit composition; 3) actin
reorganization and modulation of spine morphology; and 4) initiation of local protein
synthesis in spines and dendrites (Derkach et al., 2007). These mechanisms are associated
through a complex network of signal transduction pathways. Depending on the pattern of
synaptic activity and the previous history of the synapse, bidirectional synaptic plasticity
(LTP or LTD) can occur. This can involve AMPAR lateral trafficking between extrasynaptic
and synaptic sites and changes in scaffolding and cytoskeletal proteins. Questions about the
relationship of AMPAR and NMDAR plasticity, mRNA translation and dynamic cytoskeletal
regulation remains and more insightful investigations are needed.

In contrast to the ionotropic glutamate receptors which mediate the fast excitatory
neurotransmission, the metabotropic glutamate receptors (mGIluRs) have been shown to play a
more modulatory role in neuronal excitability and synaptic transmission. The mGIuRs are
family of G-protein coupled receptors that contain heterotrimeric complex of a, B, y subunits.
The mGIluRs are subdivided into three groups based on sequence homology, second
messenger coupling and pharmacology. Group | (mGIluR1 and mGIuR5) are coupled to Gg/11
protein, phospholipase CB and intracellular calcium signaling as postsynaptic receptors
involved in increasing neuronal excitability. In addition, activation of postsynaptic mGIuRs
may inhibit neurotransmission by generating the retrograde messengers (e.g.
endocannabinoids) and exerting presynaptic effects on transmitter release. (S)-3, 5-
dihydroxyphenylglycine [(S)-3, 5-DHPG], the first and most selective agonist at group |
mGIuRs, has similar potencies at mGIuR1 and mGIuR5. Though 2-chloro-5-

hydroxyphenylglycine (CHPG) is a selective mGIuR5 agonist, it has not been widely used
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due to its relatively weak potency and efficacy. LY367385 is a commonly-used selective
antagonist of mGIuR1 while CPCCOEt is the first highly selective negative allosteric
modulator of mGIuR1. Both MTEP and MPEP remain highly useful selective mGIuR5
antagonists because of the relatively high potency, selectivity and brain penetration. Group Il
(mGIuR2 and mGIuR3) and group 11l (mGluR4, mGIuR6, mGIuR7, mGIuR8) are coupled to
Gi/o proteins and inhibit adenylyl cyclase as presynaptic receptors involved in reducing
neurotransmitter release. LY 354740 is the highly selective agonist of group 1l mGluRs and L-
AP4 is the one of group Il mGIuR (Niswender and Conn, 2010; Pinheiro and Mulle, 2008).
These generalized physiological roles of mGIluRs maintain in many instances, however there
are also exceptions: activation of mGIuR1 by synaptic stimulation or brief agonist application
induces hyperpolarization rather than depolarization in midbrain dopamine neurons (Valenti
et al., 2002); mGIluR1 and mGIuR5 have distinctive roles in the regulation of the excitability
in CA1 pyramidal cells where mGIuR1 activation leads to somatic calcium elevation and
depolarization while mGIuRS5 activation inhibits Ca2+- activated potassium currents reflected
by afterhyperpolarization potentials and potentiates NMDA receptor currents (Mannaioni et
al., 2001).

The mGIuR has a large extracellular domain to bind glutamate and transmit signals
through the receptor protein to intracellular partners. The C-terminal tails of mGIuR is critical
for receptor activity regulated by protein- protein interactions. The widespread distribution of
mGIuRs throughout the central nervous system (CNS) suggests the ability to participate in
many neuronal functions, and thus the mGIuRs represent attractive drug targets for

therapeutic intervention in a variety of neurological and psychiatric disorders such as anxiety,
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depression, schizophrenia, pain, Alzheimer’s disease and Parkinson’s disease (Anwyl, 2009;

Coutinho and Knopfel, 2002; Gasparini and Spooren, 2007; Niswender and Conn, 2010).

1.4.2.2 GABA and GABA Receptors

y-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter which plays a
role in regulating neuronal excitability and network connection in the CNS. It binds to
specific transmembrane receptors called GABA receptors in both pre- and postsynaptic
neuronal processes. There are two classes of GABA receptors: GABAA, receptors, which are
ligand-gated ion channels (ionotropic receptors) and GABAg receptors, which are G protein-
coupled receptors (metabotropic receptors). In the brain, most inhibitory effects of GABA are
mediated by GABAA receptors, which are heteropentameric chloride channels formed by
various combination of different types of subunits (e.g. a 1-6, B1-3, y1-3, §, ¢, m, 0). Each
subunit consists of four hydrophobic transmembrane (TM1-4) domains, where TM2 is
believed to line the pore of the chloride channel. In addition, each receptor subunit consists of
a large intracellular domain between TM3 and TM4, which is the site for various protein
interactions as well as the site for various post-translational modifications that modulate
receptor activity. At the large extracellular N-terminus, besides the active binding site for the
GABA, GABAA receptor contains a number of different modulatory allosteric binding sites
for other drugs (e.g. benzodiazepines, nonbenzodiazepines, barbiturates, general anaesthetics,
neurosteroids, picrotoxin, etc). GABAaRS with different subunit composition have distinctive
physiological and pharmacological properties, are differentially distributed in different
subcellular regions throughout the brain. Benzodiazepine-sensitive receptors that are largely

synaptically located and mediate the majority of phasic inhibition, are composed of a (1, 2, 3
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or 5) together with B and y subunits. On the contrary, benzodiazepine-insensitive receptors
that are predominantly extrasynaptic situated and mediate tonic inhibition, contain a special
population of o (4 or 6) together with B and & subunits (Jacob et al., 2008). Mild inhibition
neuron firing by enhancing GABAA activation causes a reduction of anxiety in the patient (an
anxiolytic effect) while an overdose may induce general anesthesia.

Mature neurons maintain a low concentration of chloride due to the activity of K*/CI
co-transporter and thus in most cases, activation of the GABAA receptor allows a net flow of
chloride through its pore into the cell, resulting in hyperpolarization and an inhibitory effect
on excitability. However, the gradient of chloride is reversed in immature neurons with a
relative high concentration of chloride, activation of the GABAA, receptor produces efflux of
CI" ions from the cell, leading to depolarization and a primarily excitatory action in the

developing brain (Ben-Ari et al., 2007; Ganguly et al., 2001).

1.4.2.3 Endocannabinoids and Cannabinoid Receptors

Endocannabinoids (eCBs) are a class of neuroactive lipids that can activate
cannabinoid receptors and participate in multiple physiological processes ranging from
memory, anxiety, addiction, appetite, pain to neuroprotection (Di Marzo, 2009, 2011; Kano et
al., 2009). In particular, eCBs produce anxiolytic and mood elevating effects thus promoting
relaxation and reducing stress (Green et al., 2003). The endocannabinoid system consists of
the cannabinoid receptors (CB1R, CB2R), eCBs and the enzymes that synthesize and degrade
endocannabinoids. CB1Rs, which are the most abundant GPCR in the central nervous system,
are present at high levels in GABAergic interneurons as well as in lower amounts at
glutamatergic terminals, proximal axons, dendrites and cell bodies. CB1Rs are also

functionally expressed in CA1 astrocytes (Han et al., 2012). CB2 receptors were thought to be
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restricted within the immune system, but their existence in neurons and microglial cells has
been demonstrated (Nunez et al., 2004; Van Sickle et al., 2005). There is a consensus that
both CB1Rs and CB2Rs can control both central and peripheral functions, including neuronal
transmission and inflammation, hormone release, respiratory and reproductive functions, and
energy metabolism (Di Marzo, 2009; Mackie, 2008). Anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) are well characterized natural ligands for cannabinoid receptors.
Both AEA and 2-AG are produced postsynaptically in a Ca®*-dependent manner. However,
AEA has relatively lower endogenous quantities and displays lower intrinsic efficacy than 2-
AG. AEA has also a distinct biochemical route for synthesis and catabolism in comparison
with 2-AG. For example, AEA is synthesized from phospholipid precursors by a calcium-
dependent transacylase (CDTA) whereas 2-AG is produced by phospholipase C (PLC) and
diacylglycerol lipase (DAGL) respectively. AEA is degraded postsynaptically to arachidonic
acid (AA) by fatty acid amide hydrolase (FAAH), whereas 2-AG is presynaptically
hydrolyzed to AA by monoacylglycerol lipase (MAGL), though cyclooxygenase -2 (COX-2)
may degrade both AEA and 2-AG via an oxidation process. Evidence suggests that AEA is
primarily synthesized tonically under basal conditions and serves as a “gatekeeper” that must
be lowered to maintain HPA-axis functioning, whereas 2-AG may be mainly produced
phasically in an activity-dependent manner (Hill et al., 2009b). Importantly, AEA but not 2-
AG is a ligand for transient receptor potential vanilloid 1 (TRPV1), which is a six-
transmembrane (TM) domain integral membrane protein containing a nonselective cation-
permeable pore region as well as cytosolic C- and N-terminal domains. The binding site is
located on the intracellular face thus raising the possibility that when anandamide is

biosynthesized in cells expressing TRPV1, it will activate this receptor before being released,
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thereby regulating calcium homeostasis as a second messenger (Pertwee et al., 2010). A
common model for eCB signaling is schematically illustrated in Figure 1.4.1 modified from
Figure 2 (Ahn et al., 2008). Unlike traditional neurotransmitters, eCBs are usually synthesized
on demand at postsynaptic neurons rather than stored in vesicles (Ahn et al., 2008; Rodriguez
de Fonseca et al., 2005). eCBs then act retrogradely and bind to presynaptically-located
CB1Rs. Once activated, CB1Rs couple through the G; /G, class of G-proteins mainly to
inhibit adenylyl cyclase and to activate inwardly rectifying potassium channels (Di Marzo,
2009; Twitchell et al., 1997). These actions serve to reduce probability of neurotransmitter
release and inhibit synaptic neurotransmission in excitatory and inhibitory circuits thus fine

tuning the strength of a particular synapse (Freund et al., 2003).

1.4.3 Synaptic Plasticity

In general, the term ‘synaptic plasticity’ refers to the ability of the neuronal synapse to
change transmission in strength in response to experience-driven external stimuli over
synaptic pathways. It is also known as Hebbian theory, proposed by the Canadian
psychologist Donald Olding Hebb in his book “The Organization of Behavior: A
Neuropsychological Theory” (Hebb, 1949). The model is best expressed by this quote:
“When an axon of cell A is near enough to excite cell B and repeatedly or persistently takes
part in firing it, some growth process or metabolic change takes place in one or both cells
such that A's efficiency, as one of the cells firing B, is increased.” It describes a mechanism
of neuron adaptation how elevation in synaptic efficacy arising from the presynaptic cell
repeatedly and persistently stimulates the postsynaptic cell. It is also paraphrased as ‘Cells

that fire together, wire together.” Synaptic plasticity is believed to be a fundamental
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Figure 1.4.1 A general model for endocannabinoid-based retrograde signaling

Anandamide is synthesized from phospholipid precursors by a calcium-dependent transacylase (CDTA)
and one or more other still uncharacterized enzymes. 2-Arachidonoylglycerol (2-AG) is synthesized from
phospholipid precursors by phospholipase C (PLC) and diacylglycerol lipase (DAGL). Endocannabinoids
then migrate from postsynaptic neurons to CB1 receptors (CB1R) located on presynaptic neurons. Once
activated, CB1Rs couple through the G /G , class of G-proteins to regulate ion channels and to inhibit
neurotransmitter release. The retrograde signaling of endocannabinoids is then terminated by degradative
enzymes. Anandamide is hydrolyzed to arachidonic acid (AA) primarily by fatty acid amide hydrolase
(FAAH), located in the postsynaptic neuron. 2-AG is hydrolyzed to AA primarily by monoacylglycerol
lipase (MAGL) in the presynaptic neuron, though other 2-AG hydrolases may also participate in this
process. AEA but not 2-AG can also activate transient receptor potential vanilloid 1 (TRPV1) and

subsequently regulates calcium homeostasis as a second messenger.
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mechanism employed by the nervous system for memory formation. It is also playing a role
in many psychological diseases.

Synaptic plasticity is often classified by time scale as short term plasticity vs long term
plasticity or distinguished by polarity as synaptic facilitation vs synaptic depression. Two
typical experiment examples of how synaptic transmission can be reversibly enhanced or
reduced are LTP and LTD, whose mechanisms have been the subject of considerable studies
over the past few decades. LTP is a long-lasting enhancement in signal transmission derived
from synchronization between two neurons whereas LTD is a prolonged weakening of
transmission efficacy. LTP can be experimentally induced at all ages of animal models. On
the contrary, LTD is developmentally regulated and only prevalent at young ages. Since the
majority of excitatory synaptic transmission in the brain is AMPA-mediated, LTP and LTD
are normally depicted by the enhancement or weakening of AMPAR-mediated currents.
Although the expression mechanisms underlying synaptic plasticity vary amongst different
brain regions, both LTP and LTD are initiated by depolarization or/and activation of
NMDARs and/or mGIuRs. The Ca®" influx through NMDARs and/or mGIuR further engages
cascades of signaling molecules to modify synaptic transmission.

1.4.3.1 Calcium-dependent Synaptic Transmission and Plasticity

Calcium influx into the cytosol mediates a wide range of cellular responses, including
neurotransmitter release, plasticity, excitability, gene transcription, cell division, survival, and
differentiation (Berridge, 1998; Gomez-Ospina et al., 2006; Kisilevsky and Zamponi, 2008).
Calcium might enter cells through ligand-gated receptors (e.9g. NMDAR, TRPV1 described in
previous sections) and VGCCs. VGCCs are composed of up to five subunits, including the

main al subunit and a26, B and y as auxiliary subunits. They can be divided into several
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subfamilies, including the L-type (Cavl.1-1.4); the P/Q-type (Cav2.1); the N-type (Cav2.2);
the R-type (Cav2.3); and the T-type (Cav3.1-3.3) channels, or can be broadly classified into
high and low-voltage activated channels (HVA and LVA channels, respectively). Different
types of VGCCs exert specific physiological functions as well as electrophysiological and
pharmacological properties (Kisilevsky and Zamponi, 2008). T-type belongs to LVA calcium
channel that activate in response to small membrane depolarizations with rapid gating kinetics
and a small conductance. In contrast, HVA channel requires stronger membrane
depolarizations for activation and can be further classified into N-, P-, Q-, R-, and L-types,
based on their pharmacological profiles. N-type channels are selectively blocked by -
conotoxins GVIA, MVIIA. P- and Q-type channels are sensitive to w-agatoxin IVA. R-type
channels are potently inhibited by the spider toxin SNX-482, and L-type channels are
sensitive to dihydropyridines (e.g. nifedipine). VGCCs subtypes also exhibit specific
subcellular distributions, e.g. L-type calcium channels are mainly expressed on cell bodies
and facilitate calcium-dependent gene transcription (Dolmetsch et al., 2001; Weick et al.,
2003), whereas both N-type and P/Q-type channels are expressed at presynaptic nerve
terminals and govern evoked neurotransmitter release (Ishikawa et al., 2005).

There is mounting evidence suggesting that calcium-induced calcium release (CICR) from

intracellular pools including endoplasmic reticulum (ER) or sarcoplasmic reticulum (SR) is a

powerful modulator of neurotransmitter release, at least under some conditions (Emptage et

al., 2001; Llano et al., 2000; Peng, 1996; Zhang et al., 2009). But the contributing role of

CICR to setting basal release probability during low-frequency neurotransmission may be

equivocal (Carter et al., 2002). CICR was first discovered in muscle cells crucial for

excitation-contraction coupling in the late of 60s by the pioneering works of Weber and
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Ebashi (Endo, 1977). Later, CICR is found to be a widely-occurring cellular signaling
process present in many other cell types, such as neurons and pancreatic beta cells.
Ryanodine (RYRs) and Inositol 1,4,5-tris-phosphate receptors (InsP3Rs) are the two major
receptors that are located on the endoplasmic reticulum and are responsible for releasing
Ca2+ from the internal store (Berridge, 1998). Like the plasma membrane, the ER, named a
neuron within a neuron, has shown both integrative and regenerative properties that might
play important roles in synaptic transmission and plasticity.

CICR can modulate neuronal excitability by altering membrane potential. Pyramidal
neurons display prominent after-hyperpolarizations (AHPs) following either a single action
potential or bursts of action potentials (Alger and Nicoll, 1980; Hotson and Prince, 1980;
Schwartzkroin and Stafstrom, 1980). AHPs that are mediated by calcium-activated potassium
channels, modify neuronal activity by suppressing firing patterns and contribute to spike
frequency adaptation. Although the calcium gating these potassium conductances arises in
large part from voltage-gated calcium channels (Marrion and Tavalin, 1998; Pineda et al.,
1999; Pineda et al., 1998; Sah, 1996), CICR contributes a significant portion of the calcium
responsible for the generation of the AHP. This is supported by the observations that the AHP
is reduced by CICR inhibitors such as ryanodine or thapsigargin while facilitated by caffeine
(Akita and Kuba, 2000; Kuba et al., 1983; Pineda et al., 1999; Sah, 1996; Sah and
McLachlan, 1991; Torres et al., 1996).

It is well established that intracellular calcium concentration ([Ca®'];) is the single
most important factor in the regulation of both pre- and post- synaptic plasticity (Berridge,
1998; Zucker, 1999). In presynaptic terminals, extensive studies have shown that, in addition

to calcium influx from VGCC and ligand-gated receptors, CICR contributes to
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neurotransmitter release (Emptage et al., 2001; Llano et al., 2000; Peng, 1996; Zhang et al.,
2009). The basic premise is that calcium release from internal stores through activation of
InsP3Rs or RYRs is capable of raising and maintaining the high level of local calcium above
the threshold necessary to trigger exocytosis and the dense-cored vesicles release. Three
components are thought to be accountable for regulation of presynaptic calcium signaling
including Ca®* / Ca®* sensing proteins, G /o By subunit of the G protein coupled receptors
(GPCRs) and SNARE proteins (Catterall and Few, 2008). In the postsynaptic neurons, [Ca®*];
can also trigger a variety of long-lasting synaptic modification including LTP and LTD. How
can this factor mediate the bidirectional effects of potentiation and depression within the same
synapse? Based on the fact that LTP induction requires a stronger stimulus than LTD
induction, it is proposed that this bidirectional switch might rely on the magnitude and
duration of calcium signal in the proper spatial and temporal organization. It is supported by
the observations that brief tetanic stimulation normally inducing LTP could generate LTD
when Ca** entry was limited either by applying low level of NMDAR antagonist APV or by
voltage clamping cells at more negative membrane potentials, and that a large and brief
calcium elevation was accompanied with LTP while a modest and prolonged calcium influx
occurred during LTD (Cummings et al., 1996; Lisman, 1989; Malenka et al., 1992). The
molecular targets of calcium actions in synaptic transmission and plasticity require more
investigation in the different synapses of the brain regions by advanced experimental tools
and techniques.

1.4.3.2 Endocannabinoid-mediated Synaptic Transmission

Activation of cannabinoid receptors by eCBs causes various effects through multiple

signaling pathways within different brain regions. Since the earlier reports (Kreitzer and
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Regehr, 2001; Maejima et al., 2001; Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001), it
has been established that eCBs mediate retrograde signaling in the CNS and contribute to
several forms of short-term and long-term synaptic plasticity. eCBs are postsynaptically
produced and act either phasically in an activity-dependent manner or tonically in a basal
tone. eCBs presynaptically bind to cannabinoid receptors and suppress release of
neurotransmitter either transiently or persistently. So far, various forms of eCB-mediated
short term plasticity (eCB-STD) and eCB-mediated long term plasticity (eCB-LTD) in the
hippocampus and amygdala have been reported. The retrograde signaling can be modulated
by either the functionality of cannabinoid receptors or enzymatic pathways in the generation
and degradation of endocannabinoids (Chevaleyre et al., 2006; Di Marzo, 2009, 2011; Freund
et al., 2003; Kano et al., 2009; Mechoulam and Parker, 2013).

Kano et al. (Kano et al., 2009) summarized three modes for eCB-based retrograde
signaling for eCB-STD: A), Ca’*-driven endocannabinoid release mode in the case of
depolarization induced suppression of inhibition (DSI) or depolarization induced suppression
of excitation (DSE) : when a large Ca®" elevation (micromolar range) is caused by strong
depolarization through VGCCs, by activation of NMDA receptors (Ohno-Shosaku et al.,
2007; Pitler and Alger, 1992) or by Ca®" release from internal stores (Isokawa and Alger,
2006), 2-AG is produced from diacylglycerol (DG) by diacylglycerol lipase (DGL) through
a pathway independent to phospholipase C (PLC) but presumably dependent on DGL,; B),
basal receptor-driven endocannabinoid release (RER) mode : at basal Ca?* levels, strong
activation of Gg/11l-coupled receptors (e.g.,metabotropic glutamate receptor group I/V
mGIuR1/5) stimulates phospholipase C (PLC) which hydrolyzes phosphatidylinositol (PI)

into DG and inositol 1,4,5-trisphosphate (IP3) (Hashimotodani et al., 2007; Neu et al., 2007);
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C), Ca**-assisted RER: it is similar to A mode and it requires calcium influx (Melis et al.,
2004; Ohno-Shosaku et al., 2002). However, in C mode, only small Ca®* elevation
(submicromolar range), which is subthreshold for basal RER, is coincided with weak
activation of Gg/11- coupled receptors through either VGCCs or NMDA receptors, PLC
activation is enhanced and 2-AG is produced. In A or C modes, calcium rise might also
origin from the ER, e.g., by the PLC product, IP3. In any of the three modes, the released 2-
AG binds to presynaptic CB1R and suppresses neurotransmitter release. In addition to eCB-
STD, eCB-LTD has also been demonstrated in both the hippocampus and amygdala. The
most common initial steps of eCB-LTD induction is the activation of postsynaptic group |
metabotropic glutamate (Glu) receptors (I-mGIuR) following repetitive synaptic stimulation
or by application of I-mGIuR agonist. These receptors couple to PLC via Gg/11 subunits and
promote DAG formation followed by conversion into 2-AG by DGL. 2-AG is then released
from the postsynaptic neuron and binds presynaptic type 1 CB1Rs. Postsynaptic Ca®* can
regulate eCB mobilization by either a PLC-dependent or a PLC-independent manner. This
Ca’* elevation arises from VGCCs or through NMDARs. Ca** released from the ER by the
PLC product IP3, can also make contribution. At the presynaptic terminal, the CB1R
activation inhibits adenylyl cyclase (AC) via Gj,, reducing protein kinase A (PKA) activity.
eCB-LTD induction may also require a presynaptic Ca®* rise through presynaptically located
VGCCs, NMDARSs or from Ca?* induced release from internal stores. Activation of the Ca®*-
sensitive phosphatase calcineurin and the decrease of PKA activity, shifts the
kinase/phosphatase activity balance, thus promoting dephosphorylation of an unidentified
presynaptic target that mediates a long-lasting reduction of transmitter release (Heifets and

Castillo, 2009). The active zone protein RIM1a and the vesicle-associated protein Rab3B are
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also necessary for LTDi (Castillo et al., 2012; Tsetsenis et al., 2011).

Tasker laboratory (Di et al., 2003) defined a mechanism in hypothalamus that eCB
synthesis induced by postsynaptic activation of membrane-bound glucocorticoid receptors via
G-protein signaling cascade, was the workhorse for glucocorticoids to inhibit local neuronal
transmission and subsequently hypothalamic hormone secretion. This pioneer work provides
a possible interaction between the actions of endocannabinoids and glucocorticoids in the
hypothalamus that regulates stress response. This growing evidence reiterates the notion that
the eCB system is a rapid mediator in response to stress and stress hormones in many other
brain regions including hippocampus and amygdala (Campolongo et al., 2009; Hill et al.,
2006; Hill et al., 2010a; Hill et al., 2010c; Karst et al., 2010). Potentially, glucocorticoid and
endocannabinoid cross-talk has been occurring throughout evolutionary phylogeny to regulate
rapid responses to stress (Hill and McEwen, 2009; Tasker, 2006; Tasker and Herman, 2011).
eCB signaling pathway interaction with the stress axis is summarized in Figure 1.4.2. It needs

to be mentioned that suppression of amygdalar eCB signaling by stress contributes to the

activation of the hypothalamic—pituitary—adrenal axis to elevate production of the stress

hormone glucocorticoid (Hill et al., 2009a). However, chronic elevation of glucocorticoid as
occurs in chronic stress further suppresses eCB signaling in the limbic system including the
amygdala and hippocampus and this feed-forward mechanism exacerbates anxiety disorders
(Bowles et al., 2012; Hill et al., 2012; Hill et al., 2010b). The potential clinical value of
cannabinoid modulation is highlighted by the dense expression of the CB1 receptor in regions
known to be important for anxiety and emotional memory (Katona et al, 1999, 2000, 2001;

Freund et al, 2003; van der Stelt and Di Marzo, 2003). For example, CB1 immunoreactivity is
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interaction with the stress axis

Stressful stimuli simultaneously activate the sympathetic nervous system and the
hypothalamic—pituitary—adrenal (HPA) axis, leading to elevated circulating levels of
catecholamines and glucocorticoids that have impact on the stress response. A, Stressors
change expression levels of adrenergic receptor (AR), cannabinoid receptor (CB),
glucocorticoid receptor (GR); B, eCBs reduce HPA activity (activity enhanced by CB1
receptor blockade); C, eCBs disinhibit catecholamine release; D, glucocorticoids increase
eCBs synthesis; E, eCBs bind CBL1; F, glucocorticoids bind glucocorticoid receptors; G,

noradrenaline binds B-adrenergic receptors.
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expressed in a subset of GABA-containing interneurons in the basal lateral amygdala (BLA)
(Katona et al., 2001), where aversive memories might be formed and stored (Medina et al.,
2002). eCB signaling in BLA has been implicated in extinction of aversive memories
(Marsicano et al., 2002). Moreover, the critical involvement of eCB-mediated transmission in
extinction potentially has important clinical implications for anxiety disorders such as
phobias, PTSD in humans and any other diseases associated with the expression of classically
conditioned fear in animals. Investigation of the detailed mechanisms of eCB would help
improve our understanding of the molecular underpinnings of eCB roles in emotional

memory and anxiety.

1.4.3.3 mGIluR-dependent Synaptic Plasticity

mGIluR-dependent long-term synaptic depression (mGIUR-LTD) is the most important
form of mGluR-dependent synaptic plasticity associated with many brain diseases such as
mental retardation, autism, Alzheimer’s disease, Parkinson’s disease and drug addiction
(Luscher and Huber, 2010) mGIuR-LTD was first described at the granule cell parallel fiber
synapses onto Purkinje cells in the cerebellum (Ito et al., 1982) and this form was found
widely-employed in many brain regions such as hippocampus, neocortex, dorsal and ventral
striatum and spinal cord (Bear and Abraham, 1996; Bellone et al., 2008; Gladding et al.,
2009b; Jorntell and Hansel, 2006; Kemp and Bashir, 2001; Luscher and Huber, 2010). Most
studies have been focused on the postsynaptic Group I mGluRs (mGIuR1/5). mGIuR1 is in
complementary distribution with mGIuR5 in the brain regions (Ferraguti and Shigemoto,
2006) and both are mainly located in a perisynaptic zone surrounding the ionotropic receptors

(Lujan et al., 1996). mGIluR1 immunoreactivity is most intense in Purkinje cells of the
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cerebellar cortex and neurons in the thalamus, lateral septum, the pallidum while mGIuR5
staining is broadly distributed in the cerebral cortex, hippocampus, subiculum, striatum,
nucleus accumbens and lateral septal nucleus (Ferraguti and Shigemoto, 2006). mGIuRS is
the predominant subtype of I-mGIuR expressed in the amygdala (Allen Brain atlas,
http://www.brain-map.org). I-mGIuR coupled to Gag stimulates PLC to form DAG and IP3
to further initiate signaling processes. Ca®* elevation, 1P3 sensitive Ca®* stores, PLC and PKC
activity are required by cerebellar mGIUR-LTD but they seem unlikely essential for
hippocampal mGIUR-LTD (Fitzjohn et al., 2001; Moult et al., 2006). However, recent
sophisticated study provided evidence of local Ca®* rise and Ca’* release from internal stores
during mGIuR-LTD using two photon uncaging of glutamate onto individual spines of
hippocampal CA1 neurons (Holbro et al., 2009). The spines with fluorescent ER protein
expression were more susceptible to mGIuR-LTD than the spines lacking of ER protein.
Although mGIuR-LTD is mediated by distinct pre- or postsynaptic mechanisms that
alters in the brain region, all these forms of synaptic plasticity rely on rapid synthesis of
proteins, commonly-called ‘LTD proteins’(Mameli et al., 2007; Waung and Huber, 2009;
Yin et al., 2006). Amongst these LTD proteins, activity-regulated cytoskeletal associated
protein (Arc), fragile X mental retardation protein (FMRP), amyloid precursor protein (APP),
striatal-enriched protein tyrosine phosphatase (STEP) and Homerl are best studies (Bassell
and Warren, 2008; Carty et al., 2012; Goebel-Goody et al., 2012; Shankar et al., 2008;
Szumlinski et al., 2006; Waung and Huber, 2009; Waung et al., 2008). There are also some
exceptions implicating absence of protein synthesis for mGIuR-LTD (Hou and Klann, 2004;
Nosyreva and Huber, 2005). In these circumstances, postsynaptic mechanisms were possibly

employed for mGIuR-LTD through tyrosine dephosphorylation or AMPAR endocytosis
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where existing ‘LTD protein’ levels are likely enough for on-going activity.

MGIuRs-LTD appear to recruit two signaling pathways, the extracellular signal-
regulated kinase/mitogen-activated protein kinase (ERK/MAPK) and phosphoinositide 3-
kinase/mammalian target of rapamycin (PISBK/mTOR) pathways. mGIUR-LTD in
hippocampus relies on stimulation of both ERK and the PI3K/mTOR pathway (Gallagher et
al., 2004; Hou and Klann, 2004). Similarly, mGIuR-LTD in the cerebellum (Ito-Ishida et al.,
2006) and bed nucleus of the stria terminalis (BNST) also require ERK signaling (Grueter et
al., 2006) while mGIuR-LTD in the VTA depends on mTOR signaling (Mameli et al., 2007).
In the near future, specific pharmacological and optogenetic tools as well as genetic
manipulations in mice will aid to advance our understanding of how mGIluRs-mediated
synaptic plasticity contribute to complex learning behaviours and various neurological
diseases, such as addiction, anxiety, depression, fragile X syndrome, Parkinson’s and

Alzheimer’s disease.

1.5 Rationale, Hypotheses and Objectives

1.5.1 LMO4 and its Potential Role in Synaptic Function

The molecular mechanisms underlying activity-dependent modification of synaptic
strength have been under intensive investigation because of their fundamental importance in
brain function and dysfunction. Recent growing data point to LMO4 as a potential important
player in synaptic regulation because of its role both in the nucleus as a transcription cofactor
and in the cytoplasm as a protein-binding interface coupling with many signaling molecules
(Heberlein et al., 2009; Inan and Crair, 2007; Polleux et al., 2007). LMOA4 can serve as either

an activator or a repressor in multiple transcription complexes and mediate various neuronal
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functions. Through a transactivation trap assay, LMO4 was identified as a transcription
activator in response to calcium influx (Aizawa et al., 2004). Kashani and his colleagues
further demonstrated that calcium influx via VGCCs and NMDA receptors contributes to
synaptically-induced LMO4-mediated transactivation (Kashani et al., 2006). LMO4 could
mediate activity-dependent gene activation via calcium/calmodulin-dependent protein kinase
IV (CaMKI1V) and MAPK in rat cultured cortical neurons. Moreover, co-immunoprecipitation
experiments in 293T cells showed that LMO4 interacts with the cCAMP response element-
binding protein (CREB) and forms a complex with the cofactor of LIM homeodomain protein
1 (CLIM1) and protein 2 (CLIM2) to regulate the thalamocortical morphogenesis during
cortex development (Kashani et al., 2006). Notably, the CaMKIV-CREB pathway, which
regulates the development and plasticity of dendrites, has been shown to influence synapse
formation. The over-expression of a constitutively active form of CaMKIV or wild type
CREB in the rat hippocampus increases LTP at the CA1 synapse and enhances the generation
of new silent synapses which are considered to be potent cellular and molecular substrates for
LTP and experience-dependent modification (Marie et al., 2005). Furthermore, LMO4
downregulation likely alters the function of neural circuits that enhance behavioural
sensitivity to cocaine (Heberlein et al., 2009; Lasek et al., 2011; Lasek et al., 2010).
Approximately 50% decrease in mMRNA levels of the GIuR1 subunit of the AMPA receptor
has been observed in mouse Acb tissue expressing a small hairpin RNA targeting LMO4
(shLMO4). It is uncertain whether LMO4-dependent cocaine sensitivity is mediated by a
direct effect on the transcription of AMPAR subunits, or by an indirect effect on a scaffolding

protein or other downstream signaling molecules.
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Another study showed that LIM kinase 1 (LIMK-1) knockout mice exhibit significant
abnormalities in spine morphology and in synaptic function, including enhanced hippocampal
LTP. The knockout mice also showed altered fear responses and spatial learning. These
findings suggest that LIMK-1 plays a critical role in dendritic spine morphogenesis and brain
function by regulation of actin filament dynamics through inhibition of ADF/cofilins.
Interestingly, LIMKSs share a high similarity with the LIM sequence of LMOs. Importantly,
LIM kinases contain targeting sequences that can direct them to either the nucleus or the
cytoplasm (Yang and Mizuno, 1999), and they carry out nuclear functions in cell-cycle
progression as well as cytoskeletal organizing activities (Roovers et al., 2003). An intriguing
possibility is that LMO4 might modulate LIMK activity and affect dendritic spine
morphology and synaptic function.

As described in a previous section, LMO4 has been suggested to be involved in several
non-nuclear signaling pathways such as IL-6, ephrin B, neogenin-Rho A by a direct binding
or as a second messenger (Bong et al., 2007; Novotny-Diermayr et al., 2005; Schaffar et al.,
2008), which are known to play a role in synaptic plasticity function (Balschun et al., 2004;
Lim et al., 2008; Tancredi et al., 2000). LMO4 acts as a scaffold for the IL-6 glycoprotein 130
complex and positively regulates IL-6 signaling (Novotny-Diermayr et al., 2005). IL-6
expression has been shown to increase during high frequency stimulation (HFS) induced LTP
either in rat hippocampus slices or in freely moving rats but IL-6 levels beyond the
physiological range in turn inhibited LTP maintenance (Balschun et al., 2004; Tancredi et al.,
2000). A yeast-two-hybrid screen found that LMO4 binds to ephrin B (Bong et al., 2007).
Ephrin B and the EphB receptor tyrosine kinases (RTKSs) play crucial roles in CNS

development and plasticity (Klein, 2004, 2012; Sloniowski and Ethell, 2012). EphB-ephrinB
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signaling can be bi-directionally activated through ephrin B (presynaptically-located, reverse
signaling) or eph receptors (postsynaptically-located, forward signaling). Ephrin B reverse
signaling is known to activate Jak2 (Pasquale, 2010). Activation of presynaptic ephrin-B
signaling rapidly (within 30 minutes) enhances synaptic neurotransmitter release and activity-
dependent synaptic efficacy (i.e. LTP) (Lim et al., 2008). EphB forward signaling typically
involves activation of the intrinsic tyrosine kinase activity and tyrosine phosphorylation of
intracellular effector proteins which in turn regulate the activity of Rho GTPases including
RhoA to modulate cytoskeletal dynamics. Activation of postsynaptic EphB signaling in
primary cortical neurons increases NMDAR-dependent calcium influx by promoting
NMDAR phosphorylation (Takasu et al., 2002). There is also evidence that RhoA activation
is downstream of an LMO4-mediated RGM A-neogenin signal transduction pathway. Other
possible intrinsic tyrosine kinases involved include focal adhesion kinase (FAK), paxillin, the
tyrosine phosphatase (SHP2), the tyrosine kinase MERTK and intersectin (ITSN) for Rho A
activation (Schaffar et al., 2008). RhoA is known to transduce CaMKII activation into spine
enlargement and LTP induction (Murakoshi et al., 2011). Besides the large eph family of
receptor tyrosine kinase (RTK), LMOA4 is also an essential mediator of another RTK family:
epidermal growth factor receptor (EGFR, ErbB, Neu, Her2). LMO4 is downstream target of
ErbB2-PI3K pathway in breast cancer cell cycle progression (Montanez-Wiscovich et al.,
2009). Given the fact that LMO4 can form IL-6 gp 130 complex with both tyrosine kinase
JAK2 and phosphatase SHP2 and SOCS3 in the IL-6 gp130 complex (Novotny-Diermayr et
al., 2005), LMO4 is likely a protein binding interface for modulation of the effectors of
tyrosine phosphorylation balance and thus plays its important role in post-translational

modification. This suggestion is also supported by our unpublished data that LMO4 binds and
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negatively controls ER-located protein tyrosine phosphatase 1B (PTP1B) activity (Pandey et
al., 2013). In this study, we aimed at investigation of LMO4-mediated PTP1B-dependent
signaling molecules that are playing the important role in synaptic function.

Taken together, the binding properties of LMO4 in nucleus and cytoplasm suggest that
it might act as a bimodal regulator for signaling the various external stimuli into changes in

gene expression at both a transient non-genomic level and a delayed genomic level.

1.5.2 Rationale

It is shown that LMOA4 is an important transcriptional co-regulator. Before starting my
studies, my lab had screened for genes whose expression levels are modulated by ablation of
LMO4 by carrying out a non-biased high-throughput microarray analysis. Total RNA was
isolated from primary cortical neuron culture derived from LMO4 germline ablated (Chen et
al., 2007a) and littermate control embryos, amplified, and hybridized to oligonucleotide
microarrays to identify differentially expressed transcripts. Although the expression of several
genes was altered in neurons with LMO4 ablated (data not shown), we were intrigued by the
gene ryanodine receptor 2 (RyR2). There are a few reasons: 1), RyR2 expression had a robust
decrease of up to 40% between WT and LMO4 KO (P < 0.05); 2), this effect showed some
specificity since the expression of the other two subtypes RyR1 and RyR3 was not
significantly different (data not shown); 3), The expression pattern of RyR in neurons is
widely overlapped with that of LMO4 and RyR2 is the predominant subtype distributed in the
adult brain (Hermanson et al., 1999; Kenny et al., 1998; Mori et al., 2000; Padua et al., 1992;
Sharp et al., 1993); 4), RyRs are calcium gated calcium channels that control the calcium

release from the internal stores and thus contribute to calcium induced calcium release (CICR)
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and synaptic plasticity (Fill and Copello, 2002; Peng, 1996). Together, RyR2 is likely a
regulatory target of LMOA4. Because germline ablation of LMO4 causes embryonic lethality,
we used a conditional LMO4 KO mouse line (Camk2aCre/LMOA4flox) for functional studies
of LMO4 in the central nervous system, where LMO4 is ablated in all glutamatergic neurons
upon Camk2a recombinase expression. The first part of my study had been focused to
investigate the calcium-dependent neuronal function of LMO4 in the hippocampus where
LMO4 is intensively expressed (Hermanson et al., 1999; Kenny et al., 1998).
Electrophysiolgical and behavioural characterizations had been carried out on hippocampal-
associated learning and memory.

LMO4 is a regulator for the activity of key transcription factors in the nucleus (de la
Calle-Mustienes et al., 2003; Hahm et al., 2004; Joshi et al., 2009; Kashani et al., 2006; Lu et
al., 2006a; Manetopoulos et al., 2003; Schock et al., 2008a; Sum et al., 2002; Wang et al.,
2007). On the other hand, LMO4 modulates several tyrosine kinases in the cytoplasm (Bong
et al., 2007; Gomez-Smith et al., 2010; Novotny-Diermayr et al., 2005; Schaffar et al., 2008;
Zhou et al., 2012). Recently, we reported that LMOA4 is an endogenous inhibitor for the
tyrosine phosphatase PTP1B that controls hypothalamic leptin signaling (Pandey et al., 2013).
Our preliminary data showed that ablation LMO4 in glutamatergic neurons
(Camk2aCre/LMOA4flox) had an increased activity for PTP1B phosphatase in the amygdala
(Figure 3.5A). We also identified that mGIuR5 is a substrate for PTP1B by co
immunoprecipitation experiment (Figure 3.5C). Given the facts that mGIuR modulation,
presumably via mGluR-eCB signaling, is essential for emotion control in the amygdala where
LMO4 is also highly expressed, we asked whether LMO4 expression in the amygdala affects

anxiety behavior and whether PTP1B is a new therapeutic target for anxiety and other
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psychiatry disorders. Biochemical, electrophysiological and behavioural assays were carried

out to investigate amygdala-associated emotional state.

1.5.3 Hypotheses

X/
°e

LMO4 regulates calcium-induced calcium release and synaptic plasticity in the
hippocampus ;
% LMO4 modulates anxiety through PTP1B-mediated mGluR5-dependent eCB signaling

in the amygdala.

1.5.4 Objectives

% To examine the role of LMO4 on regulation of calcium-induced calcium release and
synaptic plasticity in the hippocampus ;

% To investigate the role of LMO4 in the amygdala on modulation of the PTP1B activity
and the subsequent mGIuR5 function as well as to elucidate the potential clinical values

of PTP1B for anxiety relief and stress reduction.
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CHAPTER 2

Manuscript #1

LIM Domain Only 4 (LMO4) Regulates Calcium-Induced Calcium Release and

Synaptic Plasticity in the Hippocampus

Zhaohong Qin, Xun Zhou, Mariana Gomez-Smith, Nihar R. Pandey, Kevin F. H. Lee, Diane
C. Lagace, Jean-Claude Béique, and Hsiao-Huei Chen. LIM domain only 4 (LMO4) regulates
calcium-induced calcium release and synaptic plasticity in the hippocampus. J Neurosci 2012;

32,4271-4283.
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2.3 Abstract

The LIM domain only 4 (LMO4) transcription factor activates gene expression in
neurons and regulates key aspects of network formation, but the mechanisms are poorly
understood. Here, we show that LMO4 positively regulates ryanodine receptor type 2 (RyR2)
expression, thereby suggesting that LMO4 regulates calcium-induced calcium release in
central neurons (CICR). We found that CICR modulation of the afterhyperpolarization of
CAZ3 neurons in hippocampal slices from mice carrying a forebrain-specific deletion of LMO4
(LMO4 KO) was severely compromised, but could be restored by single-cell overexpression
of LMOA4. In line with these findings, two-photon calcium imaging experiments showed that
the potentiation of RyR-mediated calcium release from internal stores by caffeine was absent
in LMO4 KO neurons. As a last test, we found that the overall facilitatory effect of CICR on
glutamate release induced during trains of action potentials was likewise defective in LMO4
KO, confirming that CICR machinery is severely compromised in these neurons. Moreover,
the magnitude of CA3-CALl long-term potentiation was reduced in LMO4 KO mice, which
defect appears to be secondary to an overall reduced glutamate release probability in these
mice. These cellular phenotypes in LMO4 KO mice were accompanied with deficits in
hippocampus-dependent spatial learning as determined by the Morris water maze test. Thus,
our results establish LMO4 as a key regulator of CICR in central neurons, providing a

mechanism for LMO4 to modulate a wide range of neuronal functions and behavior.
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2.4 Introduction

Neuronal and synaptic activity can encode and store information in the brain not only
through changes in synaptic strength but also by long-lasting control of gene expression.
Experience exerts this control in part by modulating the level and/or function of several
calcium-dependent regulatory proteins involved in gene regulation (Flavell and Greenberg,
2008). A number of experimental approaches have been developed to screen for transcription
factors regulating gene expression involved in many aspects of neuronal development,
including dendritic branching, synapse maturation, and synapse elimination (see review in
(Flavell and Greenberg, 2008)). One corollary challenge becomes identifying the genes
downstream of these activity-dependent gene regulatory proteins and ultimately to link these
genetic programs with defined cellular and behavioral measures.

Using a transactivator trap screen, the LIM domain only 4 (LMOA4) protein was
identified as a calcium-responsive transactivator (Aizawa et al., 2004) that activates gene
expression in an activity-dependent manner (Kashani et al., 2006). LMOA4 is a small protein
(165 amino acids) that contains 2 protein-interacting LIM domains. LMO4 serves not only as
a cofactor of many transcription factors (Kashani et al., 2006; Manetopoulos et al., 2003;
Schock et al., 2008b), it also interacts with transmembrane receptors to modulate their
signaling (Bong et al., 2007; Novotny-Diermayr et al., 2005). Whether LMO4 couples
signals from membrane receptors to changes in gene expression is not known, although we
showed that LMO4 is present in the cytoplasm and nucleus and translocates from the
cytoplasm to the nucleus in response to extracellular stimuli (Chen et al., 2007b).

LMO4 is expressed early during central nervous system development (Chen et al.,

2002b; Kenny et al., 1998). Mice with germline ablation of LMO4 die prior to birth with
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exencephaly (Hahm et al., 2004; Lee et al., 2005; Tse et al., 2004), whereas mice with
conditional ablation of LMO4 in the cerebral cortex show defects in thalamocortical
connections (Kashani et al., 2006). However, the cellular processes that might be responsible
for this defect are ill-defined, in part illustrating the relative paucity of experimental data on
the functional roles played by this activity-regulated protein.

Here, following a lead from a microarray screen that identified downregulation of
ryanodine receptor 2 (RyR2) in LMO4 null cortical neurons, we characterized the role of
LMO4 as regulator of both RyR2 expression and function. To this end, and to circumvent the
lethality of the germline knock-out, we generated mice with postnatal ablation of LMO4 by
mating LMO4flox mice with mice expressing Cre-recombinase under the control of a
CaMK2a minigene (Casanova et al., 2001). Electrophysiological recordings and calcium
imaging showed that the calcium-induced calcium release (CICR) machinery was severely
compromised in the hippocampus of LMO4 KO mice, which directly translated in altered
excitability metrics of CA3 pyramidal neurons and synaptic plasticity in the hippocampus.
These hippocampal cellular phenotypes were accompanied with learning deficits as

determined in the Morris water maze test.

52



2.5 Materials and Methods

Camk2a.Cre/LMO4flox mice.

CamK2oaCre/LMO4flox (LMO4 KO) and LMO4flox littermate mice were genotyped
and maintained on a CD-1 background as described (Schock et al., 2008b).
Camk2aCre/LMO4flox mice and age-matched Camk2aCre/(LMOA4flox/-), (LMO4 Het) or
LMO4flox/flox (WT) controls were used in all experiments. All procedures for animal use
were approved by the University of Ottawa Animal Care and Veterinary Service and carried
out according to institutional guidelines and in accordance with those of the Canadian Council

on Animal Care.

Cell culture and transfection.

F11 cells, a hybridoma between rat E12 dorsal root ganglion neurons and a mouse
neuroblastoma line were maintained as described (Chen et al., 2007a; Chen et al., 2007b). For
quantitative RT-PCR, F11 cells were seeded in 6-well plates and transfected 24 hours later by

using lipofectamine 2000 (Invitrogen).

RyR2 promoter construct and activity assay.

The RyR2 promoter region spanning from —765 to —104 (+1 being the putative
transcription start site) was amplified by PCR from mouse tail genomic DNA as described
previously  (Pfeffer et al.,, 2009) wusing the following primers: (F) 5-
TTctcgagCGCATTCAGTGATCG-3, (R) 5-TTaagcttGACCTCAAGTCCAAGG- 3 (lower

cases represent Xhol and Hindlll liner sequences). The RyR2 Xhol/Hindlll fragment was
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cloned into the pGLA4.10-Basic luciferase reporter vector (Promega) and verified by
sequencing. For promoter activity assays, 1 pug of RyR2 luciferase promoter was co-
transfected with 100 ng of CMV-beta galactosidase reporter in the presence of 400 ng of
LMO4 expression vector or LMO4shRNA into F11 cells in 6-well plates. Appropriate empty
vector or scrambled shRNA was used as a control. Cells were harvest 24 hours after
transfection and RyR2 promoter-driven luciferase activity was normalized to beta
galactosidase to control for transfection efficiency, as described previously (Chen et al.,

2007a; Gomez-Smith et al., 2010).

RNA extraction and quantitative RT-PCR.

Total mouse hippocampal RNA was extracted and purified from 30 mg samples (wet
weight) dissected from 1 month old mutant and control mice, while F11 cells were lysed 36
hours post-transfection using TRIzol Reagent (Invitrogen). RNA was reconstituted in sterile,
nuclease-free water, and sample concentrations were determined spectrophotometrically at
OD 260nm. After DNase treatment of 2 pg of total RNA (TURBO DNA-free kit, Ambion),
dNTP and random decamers were used for cDNA synthesis in 20 ul reaction (Applied
Biosystems). 0.1 ul of the resulting cDNA products was evaluated using real time PCR.
Target genes were amplified and evaluated using the Rotor-Gene 3000 (Corbett Research)
and SYBR green detection (DyNAmo SYBR Green gPCR kit, New England Biolabs). PCR
Cycling conditions were as follows: 10 min at 95°C, and then 40 cycles at 95°C for 10 s,
followed by 56°C for 15 s and 72°C for 20 s. Cyclophilin A was used as an endogenous
control (housekeeping) gene. Specific ryanodine receptor primer sequences described

previously  (Chakroborty et al., 2009) were as follows: RyR1l: (F) 5-
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TCTTCCCTGCTGGAGACTGT-3, (R) 5-GTGGAGAAGGCACTTGAGG-3; RyR2: (F) 5-
TCAAACCACGAACACATTGAGG-3, (R) 5-AGGCGGTAAAACATGATGTCAG-3;
RyR3: (F) 5-CTGGCCATCATTCAAGGTCT-3, (R) 5-GTCTCCATGTCTTCCCGTA-3.
CycloA: (F) 5-GGCCGATGACGAGCCC-3, (R) 5-GTCTTTGGAACTTTGTCTGCAAAT-3.
LMO4: (F) 5-GGACCGCTTTCTGCTCTATG-3, (R) 5-AGCACCGCTATTCCCAAAT-3.
Each sample was evaluated in triplicate. Amplification data were analyzed using the
comparative cycle threshold (AACt) method after normalization to Cyclophilin A. A two-

tailed t test was used to determine statistical significance at p<0.05.

In situ hybridization.

Tissues were processed for in situ hybridization with digoxigenin-labeled antisense or
sense riboprobes, as previously described (Duquette et al., 2010). For more reliable
comparisons of gene expression patterns, wild-type and mutant tissues were processed on the

same slides.

Western blot analysis.

Hippocampal protein extracts from 1 month old mice were harvested and prepared for
Western blot analysis as described previously (Chen et al., 2007a; Gomez-Smith et al., 2010).
Primary mouse monoclonal antibodies to ryanodine receptor 2 (Affinity Bioreagents, Golden,
CO) (Stutzmann et al., 2006) and to glyceraldehyde phosphate dehydrogenase (GAPDH,

Abcam) were used.

Electrophysiology.

55



3 to 5 week-old transgenic mice (CamK2aCre/LMOA4flox) and littermate controls
(LMO4flox) were used in all experiments. As previously described (Béique et al., 2006) mice
were deeply anesthetized with isoflurane in an enclosed chamber and decapitated. The brain
was quickly removed and immersed in ice-cold artificial cerebrospinal fluid (aCSF)
containing (in mM): 119 CholineCl, 2.5 KCI, 4.3 MgSQO,4, 1.0 NaH,PQO,4, 1.0 CaCl,, 11
glucose, and 26.2 NaHCOj3, continuously bubbled with 95% O, and 5% CO,, pH 7.4 and 300
um-thick coronal slices of the hippocampus were obtained with a Vibratome. Brain sections
were kept at 34°C for 30 min in oxygenated aCSF with the following composition (in mM):
119 NaCl, 2.5 KCI, 1.3 MgSO4 1.3, 1.0 NaH,POy, 2.5 CaCl,, 11 glucose, and 26.2 NaHCOs,
pH 7.4, and then at room temperature until recordings.

Visualized whole-cell recordings were performed using infrared differential
interference contrast optics. Slices were placed in a perfusion chamber mounted on a movable
stage assembly on a fixed upright microscope (Nikon FN, Nikon) and perfused with

oxygenated aCSF (95% O, - 5% CO,; 2ml/min) at room temperature. Recording pipettes (3
- 5MQ) were pulled on a Narishige PC-10 (Narishige Co.) from borosilicate glass capillaries

(World Precision Instruments) and filled with one of two intracellular solution containing (in
mM): For voltage-clamp experiments: 115 CsMeSQO,, 2.8 NaCl, 0.4 EGTA, 5 TEA-CI, 20
HEPES, 3.0 MgATP, 0.5 Na,GTP, 10 Na-phosphocreatine, pH adjusted to 7.2 with CsOH.
For current-clamp experiments: 115 K-gluconate, 20 KCI, 2 MgCl,, 10 HEPES, 10 Na-
phosphocreatine, 4 NaATP, and 0.3 NaGTP, pH adjusted to 7.2 with KOH. The GABAA
receptor antagonist bicuculline methobromide (20 puM) was included unless otherwise
indicated. Whole-cell recordings were obtained from CA1 and CA3 pyramidal neurons of

the hippocampus. In some experiments, the stimulation bipolar electrode was inserted into
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the stratum radiatum near the border of CA1 pyramidal layer under visual control to stimulate
the Schaffer collateral fibers. Testing stimuli of 0.067 Hz, 10 us duration were adjusted to
evoke approximately 50 — 100 pA amplitude excitatory postsynaptic current (eEPSC). A
Multiclamp 700B amplifier (Molecular Devices) was used for whole cell recordings and
analyzed using pClamp 10.0 and OriginPro 8. Recordings were filtered at 3 kHz, digitized at
10 kHz, and stored on a PC. Access resistance was continuously monitored by applying a 75
ms, 5 mV hyperpolarizing pulses 250 ms before the eEPSCs, and cells were used for
recording only if the access resistance was maintained at<10 MQ. Spontaneous MEPSCs
were acquired at -70 mV in control ACSF solution supplemented with 1uM tetrodotoxin
(TTX). Only events greater than 7.5 pA were included in the analysis which corresponds to
the event detection limit of the noisiest of the recordings included in the analysis.

Probability of release was estimated by analyzing the variance of EPSC amplitudes
(Malinow and Tsien, 1990; Martin and Buno, 2003). We estimated the effects of caffeine on
release probability by plotting (Mean? / variance caffeine) / (Mean? / variance baseline)
against_ (Peak amplitude caffeine /Peak amplitude baseline) and computed linear fits
(Bekkers and Stevens, 1990; Faber and Korn, 1991; Manabe et al., 1993; Martin and Buno,

2003).

Organotypic slice culture.

Hippocampal slice cultures were prepared from 6- to 8-day-old mice as described
previously (Béique and Andrade, 2003; Béique et al., 2007; Stoppini et al., 1991). Biolistic
transfections were conducted 3-6 days later with the Helios Gene Gun (Bio-Rad), using 1.0-

pm gold particles coated with DNA. Gold particles were coated with two cDNAs: dsRed and
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LMO4-EGFP. We have previously shown that, neurons that are effectively transfected

express both plasmids in >90% of cases (Béique and Andrade, 2003).

Two-photon calcium imaging.

Simultaneous electrophysiological and optical recordings were carried out from CA3
pyramidal cells using similar conditions as those described above in the electrophysiology
section (for current-clamp recordings), except that the intracellular pipette solution was
supplemented with Alexa Fluor 594 (30 uM; to outline morphology) and with the calcium
indicator Fluo-4FF (200 uM). We initially favored this low affinity (and low capacity) dye to
avoid dye saturation following trains of action potentials in conditions of enhanced CICR.
The imaging was obtained on an Olympus FV 1000 with a 40X/0.8 NA objective and
excitation was obtained with a Mai Tai Deep See Ti:Sapphire laser (Spectra-Physics,
Mountain View, Ca, USA) tuned at 810 nm. Analysis was carried out offline using Image J.
AF/Fo were calculated by averaging fluorescence intensities in two or three selected regions of
interest (ROIs), located on the soma but excluding the nucleus, and were expressed as
follows: AF/Fy= (F-Fbaseline)/(Fbaseline-Fbackground). Image acquisition was on neuronal soma and
no particular efforts were devoted to adjust acquisition to focal planes encompassing proximal

dendrites.

Morris water maze test.
The Morris water maze test was performed in the Faculty of Medicine Behavior Core
Laboratory at the University of Ottawa. All testing was performed between 08:00 and 12:00

AM and animals received 1hr of habituation to the testing room daily. Each mouse was
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handled for 3-4 days before training. Mice at age 7-8 weeks old were trained for 9 days (4
trials per day, inter-trial interval pf 1lhr, random start location in 1 of 4 positions) to find a
submerged platform at a fixed position. Distal cues in the testing room, such as patterned
cardboard on a white wall, were provided as spatial references. Each trial lasted 1 min or until
the mouse found the platform and mice remained on the platform for 15 sec prior to being
removed to the home cage. If the mice did not find the platform within 1 min on training the
mice were guided to the platform by the experimenter. Latency to reach the platform,
distance traveled to reach the platform, swim speed, % time in thimotaxsis region were
measured using automated video tracking software from Noldus (Ethovision). On day 10, the
platform was removed from the pole and the probe trial (trial length 1 min) was administered
and percent time spent in the target quadrant and numbers of platform crossings were

measured using Noldus system.

Statistical analysis

All data is presented as means = SEM. N refers to the number of cells for voltage
clamp or current clamp and in all other outcomes refers to number of mice. Differences

between treatments were analysed using Student’ s t test for paired data or one-way repeated
measures ANOVA followed by Bonferroni’ s post hoc test for comparisons. For water maze
data a 2-way (genotype sex) ANOVA was completed followed by Bonferroni” s post hoc

test. Significance was accepted if p<0.05.
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2.6 Results
LMO4 modulates ryanodine receptor 2 expression in neurons.

To begin examining the role of LMO4 in neuronal function, we first sought to screen for
genes whose expression levels are modulated by ablation of LMOA4. To this end, we carried
out a non-biased, high throughput microarray analysis. Total RNA was isolated from 2 week
old primary cultured cortical neurons derived from LMO4 germline-ablated (Chen et al.,
2007a) and littermate control embryos, amplified and hybridized to oligonucleotide
microarrays in order to identify differentially expressed transcripts. Although the expression
of several genes was altered in neurons with LMO4 ablated (not shown), we were intrigued
by the robust decrease (ca. 40%) in the expression of the ryanodine receptor type 2 (RyR2; p
< 0.05). This effect showed some specificity since the expression of RyR1 and RyR3 were
not significantly different between WT and LMO4 KO (not shown).

Because germline-ablation of LMO4 causes embryonic lethality, we generated a
conditional LMO4 knock-out mouse line (Camk2aCre/LMOA4flox, abbreviated hereafter
LMO4 KO) for functional studies of LMO4 in the central nervous system. In situ
hybridization and quantitative RT-PCR LMO4 expression in the hippocampus confirmed
effective gene deletion in the mice after the first postnatal month (Fig. 2.1A, B). Direct
quantitative PCR showed that the mRNA level of RyR2, but not of RyR1 or RyR3, was
significantly decreased in the brain of LMO4 KO (Fig. 2.2A) compared to littermate control
mice, thereby confirming the microarray finding obtained in germline KO. This finding was
further confirmed by western blot analysis (Fig. 2.2B) that revealed reduced RyR2 protein

levels in hippocampal protein extracts of LMO4 KO mice compared to littermate controls.
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Figure 2.1 LMO4 expression in the hippocampus is ablated in Camk2aCre/LMO4flox
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Figure 2.1 LMO4 expression in the hippocampus is ablated in Camk2aCre/LMOA4flox
mice

A, In situ hybridization revealed high levels of LMO4 mRNA in the hippocampal neurons of
wild type littermate controls (WT) and is absent in Camk2a.Cre/LMO4flox mice (KO). Scale
bar, 800 um. B, quantitative RT-PCR revealed 95% reduction of LMO4 mRNA in the

hippocampus of KO compared to controls. n =6 for WT and KO.
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Figure 2.2 LMO4 regulates RyR2 expression
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Figure 2.2 LMO4 regulates RyR2 expression

A, Quantitative PCR revealed a 50% reduction in RyR2 mRNA in the hippocampus of LMO4
KO mice (n=6 for each genotype). B, Western blot of hippocampal protein revealed a
reduction in RyR protein expression in LMO4 KO compared to littermate WT mice. C,
Quantitative PCR determined the levels of LMO4 mRNA in F11 neuronal cells transfected
with an LMO4 expression vector (LMO4) or an LMO4shRNA expression vector. Following
transfection of LMOA4 expression or LMO4shRNA vector, LMO4 levels were elevated to 9
fold or reduced to 25 % relative to control, respectively. Ctl, control F11 cells transfected
with empty expression vectors. D, Quantitative PCR of RyR2 in F11 neuronal cells over-
expressing LMO4 or with LMO4 knockdown by shRNA. In C and D, the same RNA extracts
were used for quantification. n = 6 for each condition. E, RyR2 promoter activity assay in
F11 cells transfected with an LMO4 expression vector (LMO4) or an LMO4shRNA

expression vector. n=6.
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To further examine the role of LMO4 in modulating the expression of RyR2, we
determined the effects of direct manipulations of LMO4 expression by transient transfection
in F11 neuronal cells on the level of RyR2 mRNA. First, we found that overexpression of
LMO4 (about 9 fold; Fig. 2.2C) did not elevate RyR2 mRNA levels, as determined by
quantitative PCR (Fig. 2.2D). However, knock-down of endogenous LMO4 expression with
shRNA (Fig. 2.2C) robustly reduced RyR2 mRNA levels in these cells (Fig. 2.2D). To further
investigate the modulation of RyR2 by LMO4, we next determined whether LMO4 regulated
the activity of a RyR2 promoter fragment driving luciferase expression by transient
transfection in F11 cells. Over-expression of LMO4 led to only a modest increase in
promoter activity, although knock-down of LMO4 with sShRNA markedly reduced the RyR2
promoter activity (Fig. 2.2E). Together, these results show that LMO4 regulates RyR2

expression.

CICR contribution to the AHP is abolished in LMO4 KO
RyRs are calcium-gated calcium channels that control the release of calcium from
internal stores and as such contribute to calcium-induced calcium release (CICR) (Fill and
Copello, 2002; lino, 1989; Peng, 1996). The involvement of LMO4 in regulating mRNA and
protein expression of RyR2 suggest that LMO4 may be a key and central modulator of CICR
in central neurons. To test this hypothesis, we compared several cellular processes known to
be directly influenced by CICR in wild-type and LMO4 KO neurons.
Pyramidal cells of the hippocampus exhibit large afterhyperpolarizations (AHPS)
following action potential discharges (Alger and Nicoll, 1980; Hotson and Prince, 1980;

Schwartzkroin and Stafstrom, 1980) These AHPs are mediated by calcium-activated
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potassium channels and contribute to spike frequency adaptation, a hallmark of this cell type.
Although the calcium gating these potassium conductances originates in large part from
membrane voltage-gated calcium channels (Marrion and Tavalin, 1998; Pineda et al., 1999;
Pineda et al., 1998; Sah, 1996), CICR contributes a significant portion of the calcium
responsible for the generation of the AHP (Akita and Kuba, 2000; Kuba et al., 1983; Pineda et
al., 1999; Sah, 1996; Sah and McLachlan, 1991; Torres et al., 1996). We therefore reasoned
that the AHP could serve as a reliable proxy to probe the function of CICR in wild-type and
LMO4 KO neurons.

We carried out whole-cell electrophysiological recordings from CA3 pyramidal
neurons of the hippocampus in current-clamp mode. A brief current injection of increasing
amplitude (500 ms, 50-400 pA) induced reliable action potential firing that was followed,
upon cessation of the depolarizing current, by an AHP (Fig. 2.3). As shown in Fig. 2.3, the
amplitude of the AHP was dependent on the number of action potentials fired during the
depolarizing step. Interestingly, the amplitude of the AHP was significantly smaller in CA3
neurons from LMO4 KO compared to WT mice (Fig. 2.3A, B). This is unlikely to result from
differences in passive membrane properties since input resistance was indistinguishable
between WT and KO neurons (WT: 109.7 £5.7 MOhm (n=25); KO: 107.9 £ 6.9 MOhm
(n=24); P=0.751). To determine whether compromised machinery of CICR in LMO4 KO
neurons might be responsible for this effect, we analyzed the behavior of the AHP following
manipulations of CICR. Blocking CICR with ryanodine (100 pM; > 1 hour treatment)
significantly reduced the amplitude of the AHP in WT CA3 neurons (Fig. 2.3As,2), suggesting
that, in keeping with previous reports (Akita and Kuba, 2000; Kuba et al., 1983; Pineda et al.,

1999; Sah, 1996; Sah and McLachlan, 1991; Torres et al., 1996), internal stores contribute a
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Figure 2.3 Afterhyperpolarization is reduced in LMO4 KO CA3 neurons
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Figure 2.3 Afterhyperpolarization is reduced in LMO4 KO CA3 neurons

Az, Superimposed current traces showing the afterhyperpolarization (AHP) measured in a WT
and LMO4 KO CA3 neurons in control and following ryanodine treatment. Scale bar, 30mV,
500ms. A,, Enlarged traces of the AHP in A; under control and ryanodine treatment. Scale
bar, 2 mV, 250 ms. B, the amplitude of AHP is expressed as a function of the spike number.
C, A bar graph comparing the amplitudes of the AHP (WT, n=9; LMO4, n=9). Ryanodine
significantly reduced AHP in WT neurons (WT Ry+, n=11), but has no effect on LMO4 KO
neurons (KO Ry+, n=12). *, P <0.05. D;, Superimposed traces of the AHP in control
conditions , following caffeine administration and recovery from a WT and LMO4 KO CA3
neurons. Scale bar, 30mV, 500ms. D, Enlarged traces of the AHP in D; under control and
caffeine treatment are combined. Scale bar, 2 mV, 250ms. E, the amplitude of the AHP is
plotted as a function of the number of action potentials. F, bar graph comparing the
amplitudes of the AHP. Littermate control neurons (WT caf-, n=7) had larger AHP compared
to LMO4 KO neurons (KO caf-, n=10). Caffeine significantly increased the AHP in
littermate control (WT caf+, n=7) but had little effect in LMO4 KO neurons (KO caf+, n=10).

*, P <0.05. Mice age: 4-5 weeks.
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significant portion of the calcium responsible for triggering the AHP in neurons. Interestingly,
the same treatment of ryanodine to slices derived from LMO4 KO animals failed to reduce the
amplitude of the AHP (compared to non-treated control sister slices; Fig. 2.3B,C). Because
the amplitude of the AHP in KO slices closely matches that observed in WT slices treated
with ryanodine, these results suggest that the reduction of the AHP seen in LMO4 KO reflects
compromised CICR machinery in these cells.

To further test this idea, we next tested the effect on the AHP of facilitating the CICR
process by caffeine. As previously reported in CA1 neurons (Torres et al., 1996), we found
that the acute administration of caffeine (10 mM) significantly enhanced the amplitude of the
AHP in wild type CA3 neurons (Fig. 2.3D1,D», E, F). In addition to enhancing CICR, caffeine
also blocks adenosine receptors and phosphodiesterase. However, these non-specific actions
likely do not contribute to the effect reported here on the AHP since adenosine antagonists has
no effect on the AHP (Torres et al., 1996) and phosphodiesterase inhibitors reduce, rather than
increase, the AHP (Andrade and Nicoll, 1987; Madison and Nicoll, 1986). Interestingly, we
found that the same treatment of caffeine was devoid of any effect on the AHP of CA3
neurons from LMO4 KO slices (Fig. 2.3D;, D, E, F). Together, these results attest to the
presence of compromised CICR in LMO4 KO neurons.

We next determined whether the AHP observed in CA1 pyramidal neurons (Madison
and Nicoll, 1984) was also reduced in LMO4 KO slices. Intriguingly, we found that the
amplitude of the AHP in CAL cells was of similar amplitude in WT and LMO4 KO animals
(p= 0.368; not shown). The reasons underlying this cellular subtype specificity are unclear at
present. It may reflect, in principle, the differential contribution of KCNQ channel subtypes to

the AHP in these two subregions of the hippocampus (Tzingounis et al., 2010) or simply stem
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from the lower density of LMO4 levels in CAL than in CA3 neurons (Fig. 2.1A). Regardless
of these possibilities, our analysis of the contribution of CICR to the generation of the AHP in
hippocampal CA3 pyramidal neurons shows that the CICR machinery is severely
compromised in LMO4 KO neurons. These effects are fully consistent with the robust

reduction of RyR2 in LMO4 knock-out animals.

Rescue of AHP with LMO4 over-expression in LMO4 KO slices.

We next sought to determine whether restoring the expression of LMO4 in LMO4 KO
neurons would rescue the AHP deficit. To this end, we prepared organotypic slices from WT
and LMO4 KO. Whole-cell recordings from CA3 neurons in this preparation revealed that
these neurons expressed an AHP in response to trains of action potentials, although it was
somewhat smaller than that recorded in acute slices. Nevertheless, we observed that the
amplitude of the AHP was significantly smaller in slices prepared from LMO4 KO, compared
to WT (Fig. 2.4), thereby recapitulating in organotypic slices the overall phenotype observed
in acute slices. We then overexpressed LMO4 (along with dsRed) by means of biolistic
transfection. Whole-cell recordings from fluorescently labeled transfected CA3 neurons 24-48
hours following transfection revealed that expression of LMO4 restored AHP in LMO4
neurons to a similar level as seen in WT neurons (Fig. 2.4), whereas KO cells transfected with
dsRed alone showed no effect (data not shown). Together, these results show that the deficit
of the AHP observed in LMO4 KO is rescued by single-cell overexpression of LMO4 and
implies that this deficit reflects a cell-autonomous mechanism and does not reflect a broader

anomaly in the KO.
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Figure 2.4 Afterhyperpolarization is rescued in LMO4 KO CAS3 neurons by restoring

LMO4 expression
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Figure 2.4 Afterhyperpolarization is rescued in LMO4 KO CA3 neurons by restoring
LMO4 expression

A1, Schematic representation of transgene delivery into neurons of organotypic slice culture
by gene gun. A,, Superimposed current traces showing the afterhyperpolarization (AHP)
measured in organotypic slice cultures of CA3 neurons from WT, KO and KO transfected
with LMO4-EGFP (KO + LMO4). Scale bar, 20 mV, 250 ms. Ags, Enlarged traces of the AHP
in A; under control and transfected neurons. Scale bar, 2 mV, 500 ms. B, the amplitude of
AHP is expressed as a function of the spike number (WT, n=12; KO, n=12; KO + LMO4,
n=6). C, A bar graph comparing the amplitudes of the AHP when 9 spikes were induced.
AHP was significantly reduced in KO compared to WT neurons, but was rescued in LMO4-

EGFP transfected KO neurons. *, P <0.05.
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Caffeine facilitation of CICR during a train of action potentials is abolished in LMO4
KO slices

Our results thus far show that the changes in the behavior of the AHP in CA3 pyramidal
neuron induced by acute pharmacological challenges to CICR machinery are abolished in
LMO4 KO slices. The most straightforward interpretation of these results is that the RyR2-
mediated calcium release induced by trains of action potentials is reduced in LMO4 KO. To
further support this interpretation, we carried out multiphoton calcium imaging experiments
from CA3 neurons in WT and LMO4 KO slices. In current-clamp mode, action potential
firing induced by direct current injection was accompanied by robust increases in intracellular
calcium concentration (Fig. 2.5). This rise in intracellular calcium, and the amplitude of the
AHP recorded from these same cells, was well correlated with the number of action potentials
elicited during current injection (Fig. 2.5B, C, D). In WT neurons, bath administration of
caffeine (10 mM; 10-15 minutes) lead to an increase in the amplitude of the AHP , in keeping
with our previous observations in acute slices (Fig. 2.3), along with a robust enhancement of
intracellular calcium triggered by trains of action potentials (Fig. 2.5). Remarkably, the
potentiating effect of caffeine on both the AHP and intracellular calcium was abolished in
CA3 neurons from LMO4 KO slices. Together, these results support the notion that CICR is

severely compromised in LMO4 KO.

CICR-mediated facilitation of glutamatergic transmission in CAl is impaired in LMO4
KO mice.
Despite some controversies (Carter et al., 2002), a number of studies have shown that, at

least under certain conditions, calcium from CICR contributes to neurotransmitter release
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Figure 2.5 Imaging spike-evoked calcium signals in CA3 neurons
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Figure 2.5 Imaging spike-evoked calcium signals in CA3 neurons

A, a representative CA3 neuron image with dendrites on the left. The right panel shows Alexa
Fluor 594 hydrazide images (left, 0 s) and Fluo-4FF images of spike-evoked calcium signals
from WT and KO CA3 neurons at resting levels (middle, 0 s) and at peak levels (right, 1.1 s)
before and after caffeine treatment (10 mM 10 -15 min) treatment. Superimposed traces to the
right show time course of increasing somatic fluorescence ratio signals (AF/Fo) evoked by
500 ms current injection of 400 pA before and after caffeine treatment. Calcium signals were
measured from the soma (excluding the nucleus) on an average of 2-3 different areas with 80
video frames of time course traces obtained (65 ms per frame), respectively, in a
representative WT neuron, a KO neuron before and after caffeine treatment. B, average time
course traces of somatic fluorescence calcium signals (AF/Fo) were binned according to the
number of spikes. C, peak values of AF/Fo (left) and the decay constant (tau, right) are shown
from WT and KO CA3 neurons binned to the different number of spikes (9-15 and 16-23).
Both of the peak AF/Fo and the decay time constant were significantly increased in WT
neurons before and after caffeine treatments (n=7) but not KO neurons (n=9). p<0.01, paired
Student’s t test. D, the amplitude of the AHP (black dots, values refer to the left Y axis) and
AF/Fo (green triangles, values refer to the right Y axis) with or without caffeine are plotted as
a function of the spike numbers. Data points are fitted for AHP (black) and AF/Fo (green)
with non-linear regression power equation displayed by continued or dashed lines for caffeine
treatment or control, respectively. E, Values of paired AHP, AF/Fo and spike numbers (top to
bottom) are shown and connected by lines before and after caffeine treatment from the same

set of CA3 neurons. Mice age: 3 weeks.
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(Emptage et al., 2001; Llano et al., 2000; Peng, 1996; Zhang et al., 2009). These studies
prompted us to examine several determinants of glutamatergic synaptic transmission in
LMO4 KO. As a first-pass test, we recorded AMPAR-mediated miniature excitatory post-
synaptic currents (mEPSCs) from CAL pyramidal neurons whose main glutamatergic input
originates from the CA3 region. Interestingly, we found that frequency of mEPSCs was
robustly reduced in LMO4 KO mice compared to littermate controls (Fig. 2.6A) whereas
there was no difference in the amplitude of mEPSCs. Provisionally, we interpreted these
results as indicating lower glutamate release probability in LMO4 KO mice.

We next determined release probability using a more direct experimental approach by
comparing the rate of blockade of NMDAR-mediated currents by the irreversible and use-
dependent NMDAR blocker MK-801. This method is a reliable and widely used approach to
evaluate release probability (Hessler et al., 1993; Rosenmund et al., 1993). As expected, bath
administration of MK-801 (30 uM; during AMPAR blockade) induced a use-dependent,
progressive block of NMDAR-mediated evoked excitatory post-synaptic currents (eEPSCs)
that could be fitted by a single exponential (Fig. 2.6B). We found that the rate of decline of
NMDAR-mediated eEPSCs induced by MK-801 was close to twofold slower in LMO4 KO
mice compared to WT littermate controls (t = 44.97 versus 24.69; Fig. 2.6B), indicating a
marked decrease in glutamatergic release probability in LMO4 KO mice. As a last test to
monitor release probability, we next carried out paired-pulse ratio analysis (Dobrunz and
Stevens, 1997). As expected for CA1 recordings, we found paired-pulse facilitation (PPF) of
AMPAR-mediated eEPSCs in WT slices. Somewhat unexpectedly, we failed to observe any
significant change in PPF in LMO4 KO slices (Fig. 2.6C). As such, our assessment of release

probability in LMO4 KO vyielding different approaches provides ambiguous results. Because
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Figure 2.6 Release probability in LMO4 KO mice
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Figure 2.6 Release probability in LMO4 KO mice

Az, Current traces showing mEPSCs from WT and a KO CAL pyramidal neurons. Scale bars:
10 pA, 2 s. Top: P16; middle: P22; bottom: P27. The frequency (A2) and amplitude (A3) of
mEPSCs were binned according to the age of the animals. n=7, WT; n=9, KO at P16-21; n=
23, WT; n=27, KO at P22-27. *, p<0.05. By, the 1%, 20" and 80" NMDAR-mediated EPSC
current traces in the presence of the irreversible NMDAR inhibitor MK-801 is shown for a
WT (left) and KO (right) CA1 neuron. Scale bars, 50 pA / 50 ms. The progressive block of
NMDAR-mediated EPSCs is plotted as a function of the pulse number and could be fitted by
a mono-exponential decay. B,, The decay constant was significantly increased in KO (44.97
ms; n=7) compared to littermate control neurons (24.69 ms; n=9; p<0.01, unpaired Student’s t
test). C;, Current traces depicting AMPAR-mediated eEPSCs induced by paired pulses
delivered at different interstimulus intervals (I1SIs) obtained from a WT and a KO neuron are
shown. Scale bar, 50 pA / 50 ms. C,, The average ratios (P2/P1) of AMPAR-mediated
eEPSCs obtained with different ISIs in WT mice (n =13, P16-21; n=13, P22-27) were not
significantly different at each age group from those obtained in LMO4 KO mice (n =12, P16-
21; n=16, P22-27). D;, Dot plots showing the average ratios (P2/P1) of AMPAR-mediated
eEPSCs at 50 ms ISI before and after caffeine (10 mM) treatment. Caffeine significantly
reduced the P2/P1 which reflects the increased transmitter release in littermate control (WT,
n=10) but had little effect in LMO4 KO neurons (KO, n=8). *, P <0.05. D,, Dot plots
summarizing CV analyses of the effects of caffeine (10 mM) on eEPSC in brain slices. Dot
plots show the ratio [(Mean?/variance caffeine)/(Mean?/variance baseline)] as a function of

the ratio (Peak amplitude caffeine/Peak amplitude baseline).
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the contribution of CICR to basal release probability is somewhat controversial, we did not
further attempt to resolve this discrepancy. However, we did ask whether acutely increasing
CICR by an acute caffeine treatment would enhance release probability, thereby providing
another index to monitor CICR in LMO4 KO. As previously observed (Martin and Buno,
2003), bath administration of caffeine significantly enhanced release probability of glutamate
onto WT CAL neurons, as inferred by both paired-pulse ratio analysis (Fig. 2.6D;) and
coefficient of variation analysis (Fig. 2.6 D). Caffeine however did not modulate release
probability in LMO4 KO (Fig. 2.6D). Altogether, these results indicate that the effectiveness

of a pharmacological activation of RyR-mediated CICR was abolished in LMO4 KO slices.

CICR-mediated facilitation of glutamatergic transmission during trains of action
potentials in CALl is impaired in LMO4 KO mice.

The contribution of CICR to synaptic release elicited by prolonged trains of action
potentials has been well demonstrated (Zhang et al., 2009). We therefore investigated synaptic
responses in CA1 to repetitive stimuli of increasing frequency in WT and LMO4 KO mice
(Fig. 2.7A). As expected, low frequency stimulation (1 Hz; 10 pulses) induced eEPSCs that
showed neither facilitation nor depression in either littermate control or LMO4 KO neurons.
At 10 Hz, eEPSCs exhibited facilitation in both WT and LMO4 KO mice. Interestingly, a
robust reduction in the synaptic facilitation induced by a 20 Hz stimulation became manifest
in LMO4 KO neurons and this impairment was also present at the highest frequency tested
(50 Hz). That altered calcium-dependent signaling was involved in this compromised synaptic
facilitation in LMO4 KO animals was suggested by the rescue of this defect by increasing

extracellular concentrations of calcium (to 5 and 7.5 mM; Fig. 2.7B).
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Figure 2.7 The facilitation of eEPSCs induced by high frequency stimulation is impaired

in LMO4 KO mice
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Figure 2.7 The facilitation of eEPSCs induced by high frequency stimulation is impaired
in LMO4 KO mice

A, Left panel shows current traces from CAL recordings depicting synaptic facilitation elicited
by trains of increasing frequency (1, 10, 20 and 50 Hz; n=11 for both WT and KO). External
calcium concentration = 2.5 mM. Scale bars for 1 Hz: 50 pA, 1s; 10 Hz: 50 pA, 100 ms; 20 &
50 Hz: 100 pA, 50 ms. B, Percentage change of EPSC elicited by the 10" stimulus
normalized to the response to the 1% stimulus at indicated external calcium concentrations.
Synaptic facilitation deficits in KO neurons were compensated by elevated external calcium
concentration. n= 11 for each genotype at each calcium concentration. *, P<0.05. C, The
effects of thapsigargin (TG) and ryanodine (RY) treatments on synaptic facilitation were
compared in WT (Left) and LMO4 KO slices (right). The control trains are reploted here from
A for clarity. All data points are presented as mean + SEM n =11 for groups except n=6 for

RY treated KO group.
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We reasoned that the altered behavior in short-term plasticity outlined above in LMO4
KO slices could reflect the putative generalized impairment of CICR in these mice. We
analyzed this short-term plasticity following depletion of intracellular calcium stores by
treating slices with thapsigargin (Treiman et al., 1998). In keeping with a previous report
(Zhang et al., 2009), we found that a significant proportion of the facilitation of eEPSC by
high frequency trains was blocked by thapsigargin treatment in WT slices (Fig. 2.7C).
Interestingly, thapsigargin had no effect on the behavior of trains of eEPSCs elicited in LMO4
KO slices. Similarly, treatment with ryanodine, at a concentration that blocks RyRs and
prevents CICR, also suppressed synaptic facilitation at 20 Hz in WT neurons but had no effect
in LMO4 KO neurons (Fig. 2.7D). Because the CICR-independent portion of facilitation
observed in WT mice closely matched that observed in LMO4 KO, collectively, these results
strongly support the notion that CICR contributes to the maintenance of facilitation during

prolonged trains and that this process is severely compromised in LMO4 KO.

Hippocampal long-term potentiation is impaired in LMO4 KO mice

Having determined the effects of LMO4 deletion on short-term plasticity, we next asked
whether ablation of LMO4 was accompanied with deficits of long-term potentiation (LTP).
To address this possibility, we obtained whole-cell recordings from CAL pyramidal neurons
and applied a standard pairing LTP protocol (i.e., 100 pulses delivered at 1 Hz while holding
the cell at 0 mV). This protocol induced a robust LTP in WT slices. Interestingly, the
magnitude of the potentiation was markedly reduced in slices from littermate LMO4 KO mice
(Fig. 2.8A). Although a plethora of mechanisms could in principle account for this defect in

LTP, we wondered whether the reduction in release probability in LMO4 KO could underlie
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this defect simply by reducing the number of successful synaptic release events during the
LTP-inducing protocol. To address this possibility, we reasoned that increasing the number of
pulses during the LTP protocol would rescue the defect in LTP if it stemmed solely from a
presynaptic release probability deficiency. We therefore repeated the experiments using a
higher stimulus number during the protocol. However, these experiments were soon
complicated by the fact that the magnitude of the LTP in these conditions was so strong that it
elicited in several recordings the appearance of unclamped action potentials despite efforts to
begin the recordings with small baseline eEPSCs (ca. 20-50 pA; not shown). We thus
repeated the entire series of LTP experiments with the intracellular recording solution
supplemented with the cell-impermeant sodium channel blocker QX-314. Using a 100 pulse
LTP protocol, inclusion of QX-314 did not induce any phenotypic changes since the
magnitude of LTP was still severely compromised in LMO4 KO slices (compare Fig. 8B1 to
8A). However, this defect was no longer present when 300 and 600 pulses (at 1 Hz) were
applied during the LTP induction protocol (Fig.2.8B2, B3). Altogether, these results are
consistent with the observation that glutamate release probability is lower in LMO4 KO slices
and suggest that this defect translates in a shift in the induction rules of LTP in the

hippocampus.

LMO4 KO mice exhibit spatial learning and memory deficits in a Morris water maze
test

To determine if the overall changes in release probability in the LMO4 KO animals was
associated with a defect in a hippocampus-dependent spatial learning task we conducted a

Morris water maze test. During 9 days of training the escape latency (time taken to get to
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Figure 2.8 Impaired LTP in the CAl neurons in LMO4 KO mice
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Figure 2.8 Impaired LTP in the CA1 neurons in LMO4 KO mice

A, Current traces of AMPAR-mediated eEPSCs from CA1 neurons at baseline and after LTP
were induced by a pairing protocol (100 pulses delivered at 1 Hz at 0 mV). The magnitude of
LTP was significantly reduced in LMO4 KO mice. n=10, WT; n=6, Het; n=9, KO. Scale
bars: 100 pA, 50 ms. In B, the effects of increasing the number of pulses delivered during the
pairing protocol (i.e., 100, 300 and 600 pulses while holding the cell at 0 mV) were compared
in WT and LMO4 KO slices. In (B), the intracellular recording solution was supplemented
with QX-314. In these conditions, the magnitude of LTP was significantly reduced in LMO4
KO mice following the 100 pulse LTP-induction regimen (B;; n=8, WT; n=7, KO. Scale
bars: 100 pA, 50 ms.), but not following the 300 (B,; n=6, WT; n=4, KO. Scale bars: 100 pA,

50 ms) and 600 (B3; n=11, WT; n=11, KO. Scale bars: 100 pA, 50 ms) pulse regimens.
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hidden platform) was significantly longer for LMO4 KO mice compared to their littermate
controls, indicating a spatial learning deficit (Fig. 2.9A). In agreement with this interpretation,
during the probe trial the LMO4 KO mice also spent less time in the BR quadrant where the
escape hidden platform had been located during training (Fig. 2.9B). On the day of the probe
test, LMO4 KO mice also took 3 times longer than littermate controls to first cross over where
the hidden platform was previously located during training (Fig. 2.9C). This deficit is unlikely
to reflect a generalized alteration in motor function since WT and KO mice displayed
indistinguishable swimming speeds (Fig. 2.9D). These results suggest that spatial learning and

memory is impaired in LMO4 KO mice.
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Figure 2.9 Camk2aCre/LMOA4flox mice exhibit spatial learning and memory deficits in

Morris water maze hidden platform test
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Figure 2.9 Camk2aCre/LMOA4flox mice exhibit spatial learning and memory deficits in
Morris water maze hidden platform test

A, During the 9 days of training LMO4 KO mice took a longer time to find the platform | the
water maze task. Data represent means of 4 trials + SEM. B, On Probe trail (Day 10) LMO4
KO mice spent significantly less time in the quadrant (BR) where the platform was previously
located during training. (quadrants: FL, front left; FR, front right; BL, back left (target
quadrant); BR, back right. C, On probe test LMO4 KO mice took 3 times longer to first cross
over where the platform was previously located during training. D, Swimming speeds were

not different between WT and KO mice. *, p<0.05. n=12, WT, n=15, KO.
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2.7 Discussion

In this study, we show that LMO4 is an important regulator of the molecular machinery
controlling CICR in central neurons. First, we found that ablating LMO4 in neurons is
associated with reduced RyR2 mRNA and protein expression. This reduction likely reflects a
direct transcriptional function for LMO4 since we found that it positively regulates the RyR2
promoter in a luciferase assay. We next sought to functionally assess the role of LMO4 in
controlling CICR in central neurons by monitoring in a forebrain-specific LMO4 KO a
number of electrophysiological responses known to be modulated by CICR. Thus, we found
that the CICR modulation of the AHP in hippocampus CA3 neurons was severely reduced in
LMO4 KO and that this deficit likely reflected compromised release of calcium from internal
stores, as determined in multiphoton calcium imaging experiments. As an additional test, we
then found that the CICR-mediated modulation of glutamate release probability onto CA1
pyramidal neurons was likewise abolished in recordings from LMO4 KO slices. These
changes were accompanied with impaired hippocampal LTP and hippocampal-dependent
behavioral tasks. Together, these results identify a key role of LMO4 in controlling central
synapse and neuronal function and that disruption of these functions results in important
behavioral deficits.

The role of LMO4 in neuronal function is only beginning to be explored. A previous
study described a key role of LMO4 in the patterning of thalamocortical connections, a
function that was ascribed to its transcriptional role (Kashani et al., 2006). However, how this
occurs is unclear, in part emphasizing our fragmentary understanding of the cellular roles
played by this protein. To begin addressing this limitation, we carried out a non-biased, high

throughput screen to identify potential targets modulated by LMO4. This effort led us to the
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identification of RyR2 as a gene whose level of expression depends upon LMO4. Although
direct DNA binding has not been demonstrated for LMO4, this protein interacts with the
transcription factor CREB to regulate gene expression in response to synaptic activity and
calcium influx through both L-type voltage sensitive calcium channels and NMDA receptors
(Kashani et al., 2006). CREB is known to activate the RyR2 promoter (Ziviani et al., 2011)
and LMO4 may work through CREB to regulate the expression of RyR2. Thus, LMO4 is
strategically positioned to tune the gain of CICR, a biologically powerful mechanism that
modulates neuronal function, in a manner dependent on overall neuronal excitability.

Because it is well established that a significant portion of the calcium that triggers
AHP originates from internal stores (Akita and Kuba, 2000; Kuba et al., 1983; Pineda et al.,
1999; Sah, 1996; Sah and McLachlan, 1991; Torres et al., 1996), we reasoned that studying
the behavior of the AHP in response to manipulations aimed either at increasing or blocking
CICR would provide a valid approach to probe the CICR machinery in LMO4 KO. That the
amplitude of the AHP in CA3 pyramidal neurons from LMO4 KO was smaller than littermate
controls provided an indication that LMO4 might regulate CICR. This idea was further
confirmed by the observations that: 1) blocking CICR had no effect on the amplitude of the
AHP in LMO4 KO neurons while this same manipulation significantly reduced that in WT
neurons and; 2) the ability of caffeine to increase the AHP was severely curtailed in LMO4
KO neurons. Importantly, multiphoton calcium imaging experiments confirmed that the
caffeine-induced potentiation of calcium release from internal stores during a train of action
potentials was abolished in LMO4 KO slices. As such, these findings strongly argue that the
CICR machinery is compromised in LMO4 KO mice and that this reduction likely stems from

the reduced levels of RyR2.

90



There is mounting evidence suggesting that calcium from CICR is a powerful modulator
of neurotransmitter release, at least under some conditions (Emptage et al., 2001; Llano et al.,
2000; Peng, 1996; Zhang et al., 2009). These studies therefore prompted us to examine
several determinants of synaptic release in LMO4 KO slices. As a first step, we assessed basal
glutamate release probability in WT and KO slices. Intriguingly, the different, but
complimentary, approaches used to estimate glutamate release probability yielded
inconsistent outcomes. Indeed, whereas the frequency of mEPSCs and the rate of block of
NMDAR-mediated current by the use-dependent blocker MK-801 both concurred in
indicating that release probability was lower in CA1 synapses of LMO4 KO compared to WT
slices, paired-pulse ratio of eEPSCs was indistinguishable between WT and KO. The reasons
underlying this discrepancy are unclear at present. Of relevance here, we failed to observe any
changes in paired-pulse ratio in CAl neurons following blockade of CICR (Fig. 2.7), in
keeping with a previous study (Carter et al., 2002). Although the contributing role of CICR to
setting basal release probability during low frequency neurotransmission may be considered
to be equivocal (Carter et al., 2002), it is clear that acute pharmacological challenges that
enhance calcium release from internal stores can lead to a marked enhancement of release
probability (Martin and Buno, 2003; and Fig. 2.6D). That this effect is severely abolished in
LMO4 KO slices, irrespective of the inconsistencies between the different experimental
methods used to probe basal release probability, provides yet another line of evidence
supporting the role of LMO4 as a key modulator of CICR.

As a means to provide alternative evidence supporting the role of LMO4 in controlling
CICR, we reasoned that the recently described ability of CICR to modulate the facilitation of

glutamate release induced by a burst of action potentials (Zhang et al., 2009) would provide a
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reliable index to further assess CICR function in LMO4 KO slices. As expected, a train of 10
pulses induced a robustly facilitating postsynaptic response when applied at frequencies
higher than 10 Hz. Manipulations that altered CICR revealed that calcium from internal stores
significantly contributed to maintain this synaptic facilitation during trains of action potentials
(i.e., the CICR contribution begins to be apparent after the third to fourth stimulus of a high
stimulus train). In our hands, the maximal (and likely saturating) synaptic facilitation induced
by high frequency bursts was attained during the 20 Hz stimulation regimen, since a 50 Hz
stimulation did not further facilitate the postsynaptic response (i.e., ca. a 3 fold potentiation).
Altogether, we have recapitulated the findings of (Zhang et al., 2009) that show that CICR
robustly and dynamically modulate release probability, in part in contributing to the
maintenance of release fidelity during trains of action potentials.

Having established in our hands short-term plasticity regimens that are robustly
modulated by CICR processes, we then analyzed the behavior of these trains in LMO4 KO
slices. In keeping with LMO4’s putative role in modulating CICR, the magnitude of the
facilitation induced by high frequency trains in slices from LMO4 KO CALl neurons was
markedly smaller than that observed in WT slices and, second, closely matched that obtained
in WT slices treated with either thapsigargin or ryanodine. Importantly, these same treatments
were devoid of any effect on high frequency train responses induced in LMO4 KO slices.
Altogether, these data add to and support those obtained on the behavior of the AHP in CA3
neurons and outline a robust deficit of CICR in neurons devoid of LMO4.

It is striking to note that synaptic release phenotypes highly analogous to those we show
here in LMO4 KO mice have recently been reported to occur in presenilin 1 & 2 double

knockout mice (Zhang et al., 2009). A GeoProfile report (GDS787 / 98122_at / Lmo4 / Mus
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musculus) indicates that the expression of LMO4 is dramatically reduced in the forebrain of
these double knockout mice (Beglopoulos et al., 2004) whereas our gPCR analysis,
conversely, showed that presenilin 1 and 2 expression in hippocampus was not altered in
LMO4 KO mice (data not shown). Although in need of formal support, these findings
collectively raise the intriguing possibility that, at least in part, the deficiency associated with
presenilin deletion might actually be secondary to reduced LMO4 expression and thereby
mplicate LMO4 in the etiopathology of Alzheimer’s disease. Along this line, decreased
expression of LMO4 in the entorhinal cortex and in the hippocampal region was reported in
non-familiar Alzheimer’s disease brains, and this reduction was correlated with the amount of
neurofibrillary tangles (NFT), degenerating neurons, the severity of senile plaque deposition
and an increase in 3 amyloid (Leuba et al., 2004). Altogether, our study shows that important
neuronal and synaptic mechanisms relying on CICR are tightly controlled by LMO4 as early
as 1 month of age. Because dysregulated calcium homeostasis and compromised synaptic
function precede histopathological manifestations of neurodegeneration (Oddo et al., 2003;
Rowan et al., 2003), it will be important to determine whether dysregulated LMOA4 function or

expression might contribute to the progression of Alzheimer’s disease.
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3.3 Abstract

Activation of metabotropic glutamate receptor (mGIuR) produces endocannabinoids
(eCB). Inadequate eCB signaling is thought to underlie stress-induced anxiety. Previously, we
reported that LMOA4 is an endogenous inhibitor of the protein tyrosine phosphatase PTP1B.
Here, we show that mGIuR5 is a substrate of PTP1B. Mice with LMO4 deleted in
glutamatergic neurons are anxious. This phenotype is associated with increased PTP1B
activity and impaired mGIluR5-dependent eCB signaling in the basolateral amygdala. Blocking
PTP1B activity by intra-amygdalar injection of the PTP1B inhibitor Trodusquemine or a
PTP1B shRNA restored amygdalar mGluR5-dependent eCB signaling and relieved anxiety in
LMO4 mutant mice. Elevated PTP1B activity was also observed in the amygdala of wild type
mice exposed to stress and in cultured neurons exposed to corticosterone, suggesting a general
mechanism underlying stress. Collectively, these findings indicate that blocking PTP1B
activity to restore mGIuR5 and eCB signaling may have a therapeutic application in the

treatment of anxiety.
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3.4 Introduction

Anxiety disorders affect approximately 40 million adults in the United States each year
(Kessler et al., 2005). The amygdala is central to the processing of fear and anxiety and MRI
evidence indicates that the function of the amygdala is disrupted in anxiety disorders (Etkin et
al., 2009). The basolateral amygdala (BLA) consists of 90% glutamatergic neurons (Carlsen,
1988) that send projections to the central amygdala (CeA), which contains almost exclusively
GABAergic inhibitory neurons (McDonald, 1982). Amygdala circuitry is important in the
control of anxiety. Increasing synaptic activity from BLA neurons onto the CeA is anxiolytic
whereas reducing this activity is anxiogenic (Tye et al., 2011).

Endogenous cannabinoids (eCBs) modulate synaptic strength and are involved in the
regulation of emotional states. eCBs are synthesized and released from postsynaptic neurons
upon stimulation and signal retrogradely by binding to CB1 receptors at the presynaptic
terminals to inhibit neurotransmitter release. CB1 receptors are present at high levels in
inhibitory GABAergic interneurons and at lower levels in excitatory glutamatergic terminals,
proximal axons, dendrites and cell bodies (Heifets and Castillo, 2009; Katona and Freund,
2008; Wilson and Nicoll, 2001). Increasing eCB levels by blocking fatty acid amide
hydrolase (FAAH), an enzyme that degrades anandamide, or administration of low doses of
CB1 receptor agonists produces anxiolytic, whereas CB1 antagonist produces anxiogenic
behaviors in rodents (Ganon-Elazar and Akirav, 2009; Mechoulam and Parker, 2013; Viveros
et al., 2005). Notably, CB1 knockout mice are anxious (Haller et al., 2004).

Stress suppresses amygdalar eCB signaling and contributes to the activation of the
hypothalamic—pituitary—adrenal axis to elevate production of the glucocorticoid stress

hormones (Hill et al., 2009a). However, sustained elevation of glucocorticoids as occurs in

99



chronic stress (Hill et al., 2010b) further suppresses eCB signaling in the limbic system
including the amygdala and hippocampus and this feed-forward mechanism is thought to
exacerbate anxiety disorders (Bowles et al., 2012).

Activation of postsynaptic type | metabotropic glutamate receptors, namely mGIluR1
and mGIuR5, mobilizes the synthesis and release of 2-arachidonoylglycerol (2-AG) and
anandamide (AEA) (Azad et al., 2004; Heifets and Castillo, 2009; Jung et al., 2005; Varma et
al., 2001). AEA and 2-AG are the two major eCBs whose expression is altered by acute and
chronic stress (Hill et al., 2010b). mGIuRS5 is highly expressed in all regions of the amygdala,
including the BLA. mGIuR5 knockout mice exhibit an abnormal response to stress (Brodkin et
al., 2002). In addition, mGIuR5 dysfunction contributes to the anxiety phenotype in a mouse
model of fragile-X syndrome (Dolen et al., 2007; Ronesi et al., 2012), where coupling of
mGIuRS5 to eCB signaling is abnormal (Maccarrone et al., 2010). mGIuR activation induces
eCB-mediated synaptic plasticity in the amygdala GABA synapses (Azad et al., 2004; Zhu
and Lovinger, 2005). Tyrosine phosphorylation of mGIuR5 maintains the receptors in a high
signaling state (Orlando et al., 2002; Tozzi et al., 2001). Thus, mGluR5-dependent eCB
production and its modulation of anxiety behavior are likely to be sensitive to altered tyrosine
phosphatase activity.

The LIM domain only protein LMO4 is a small protein that modulates several signaling
pathways through protein-protein interaction. In the nucleus, LMOA4 regulates the activity of
key transcription factors (de la Calle-Mustienes et al., 2003; Hahm et al., 2004; Joshi et al.,
2009; Kashani et al., 2006; Lu et al., 2006a; Manetopoulos et al., 2003; Schock et al., 2008a;
Sum et al., 2002; Wang et al., 2007). In the cytoplasm, LMO4 modulates several tyrosine

kinases (Bong et al., 2007; Gomez-Smith et al., 2010; Novotny-Diermayr et al., 2005;
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Schaffar et al., 2008; Zhou et al., 2012). We recently reported that LMO4 is an endogenous
inhibitor of the tyrosine phosphatase PTP1B (Pandey et al., 2013). Mice with glutamatergic
neuron-specific ablation of LMO4 (LMO4KO) have increased PTP1B phosphatase activity in
the hypothalamus (Pandey et al., 2013). LMOA4 is highly expressed in the BLA and we asked
whether disrupted expression of LMO4 in the amygdala affects anxiety behavior. Here, we
report that LMO4KO mice are anxious and have impaired mGIuRS5 function and reduced eCB
signaling in the BLA. We found that PTP1B activity is markedly elevated in the amygdala,
that PTP1B targets mGIuRS5 for tyrosine dephosphorylation and that blocking PTP1B activity
with a PTP1B inhibitor or PTP1B-specific antisense shRNA restores mGIuR5 function and
alleviates anxiety in LMO4KO mice. Elevated PTP1B activity in the amygdala was also
observed in wild type mice subject to chronic stress, indicating that PTP1B activity is sensitive

to stress and that elevated PTP1B activity may be a general mechanism underlying anxiety.

3.5 Results

LMO4KO mice are anxious due to impaired eCB signaling. LMO4 is  abundantly
expressed in the BLA (Fig. 3.1A) and is completely ablated in the amygdala of LMO4KO
(CamK2aCre/LMO4flox) mice (Fig. 3.1B). Given that the BLA is a key center controlling
anxiety(Tye et al., 2011), we tested whether loss of LMO4 would influence anxiety. Three
behavioral tests revealed heightened anxiety in LMO4KO mice: suppressed spontaneous
tendency to explore/avoid certain zones of a given environment, i.e. reduced time spent and
fewer entrances to the open arm in the elevated plus maze test (Fig. 3.1C), reduced transitions
between dark and light chambers in the light preference test (Fig. 3.1D), and reduced time

spent in the center arena in the open field test (Fig. 3.1E). Locomotor function cannot account
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Figure 3.1 LMO4KO mice are anxious due to reduced eCB

A

§ 2

C

i

2,
»n120 -
3
o 90 -

Time on open arms (s) T

504
40+
30+
20+
10

BLA

WT

Elevated Plus Maze

MaleFemale

r,I.ﬂ

W« 16, * %
> o §12]
2 8
L
S 4
H*+
L) 0 "
MaleFemale MaleFemale
Open Field
1 % x 25
17 & $20]
*515-
= 10
#* 5
0

MaleFemale

Elevated Plus Maze

%

0 .
Vehicle AM251

# of Entries

-— -
O W o O© N O;

#
*

| RS

‘Vehicle AM251

.

‘Vehicle AM251

signaling
B 13+ i
KO s 17 BKO
o £ 0.8 A
" 4 g 05 1
- o 0.4
S )
S 027 *k
o -
WT KO
D Light Dark Preference
5301 * o]
= 25 - WTH & —
5 201 | 2 |
5 154
=
= 10 1 .0
2 91 KO o
= 0
b MaleFemale
3 450 - ~ Beam Break
5 ‘ "%
=300 ¢
3 ®
T150- @ WT
= —@— KO
0 =K 57 T ne 1
0 30 60 90 120
Time (min)
G'A Elevated Plus Maze
2]
2757 . 157 &
£ 60{ & 212
& 457 £ 91
& 30- w g
e o
o 151 # 31
(0] i 0 -
E Vehicle HU210 Vehicle HU210
I Open Field
| L — |—|#
5 607 * 30, X
o 50- 9 25-
£ 401 £ 20
8 30- G 15
£ 201 “5 10+
g 104 #* 5
= 0

0-
Vehicle AM251



Figure 3.1 LMO4KO mice are anxious due to reduced eCB signaling

(A) In situ hybridization revealed LMO4 mRNA at high levels in the basal lateral amygdala
(BLA) of wild type littermate controls (WT) and its absence in Camk2aCre/LMO4flox mice
(KO). Scale bar, 800 pum.

(B) Quantitative RT-PCR confirmed ablation of LMO4 mRNA in the amygdala. Mean *
SEM, n=6 per group. **, p<0.001.

(C-E) Three behavioral tests: (C) elevated plus maze, (D) Light/dark preference test, and (E)
open field test revealed a marked anxiety phenotype in LMO4KO mice. N=12 per gender for
each genotype.

(F) Locomotor activity, measured by autonomic beam break over a 2 h period, was similar
between littermate KO and WT mice.

(G) Intra-peritoneal treatment with the CB1 agonist HU210 (10 pg/kg) abolished the anxiety
phenotype of LMO4KO mice.

(H-1) The anxiogenic effect of CB1 cannabinoid receptor antagonist AM251 was occluded in
LMO4KO mice. Twenty minutes after intra-peritoneal injection of AM251 (3 mg/kg), mice
were subjected to (H) elevated plus maze and (1) open field tests. Mean = SEM, n = 8-12 mice

per group. *, p<0.05.
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for these behavior differences since locomotor activity was similar between KO and WT (Fig.
3.1F).

Anxiety in LMO4KO mice was extinguished by intra-peritoneal administration of a
CB1 agonist HU210 (Fig. 3.1G). On the other hand, blocking CB1 receptors with the
antagonist AM251 caused a marked increase in anxiety in littermate control mice. This effect
was occluded in LMOKO mice that are already anxious (Fig. 3.1H & 3.11). These results

indicate that impaired eCB signaling underlies the anxiety phenotype in LMO4KO mice.

Elevated PTP1B activity in the amygdala of LMO4KO mice is associated with reduced
tyrosine phosphorylation of mGIuRb. Previously, we reported that LMO4 is an
endogenous inhibitor of PTP1B phosphatase activity in the hypothalamus (Pandey et al.,
2013) that promotes the inactivation of PTP1B through oxidation of a cysteine residue in the
catalytic domain (Mahadev et al., 2001). Consistent with our previous study, an in vitro assay
revealed a 3-fold elevation of PTP1B tyrosine phosphatase activity in amygdala lysates from
LMO4KO mice (Fig. 3.2A) that was not due to elevated PTP1B protein levels (Fig. 2B).
Instead, elevated PTP1B activity reflects lower levels of the oxidized, inactive form of PTP1B

in LMO4KO amygdala compared to littermate controls (Fig. 3.2B).

Since eCB production is tied to the activity of metabotropic glutamate receptors
(mGIuR) (Azad et al., 2004; Heifets and Castillo, 2009; Jung et al., 2005; Varma et al., 2001)
and tyrosine phosphorylation of mGIuR5 is required for high levels of mGIuR5 signaling
(Orlando et al., 2002), we postulated that elevated PTP1B activity in LMO4KO amygdala

might affect mGIuR5 phosphorylation and eCB production. To test this, we used F11
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Figure 3.2 Knockdown of LMOA4 causes elevated PTP1B activity, reduced

phosphorylation of mGIuR5 at tyrosine residues, and impaired mGIuR5 signaling.
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Figure 3.2 Knockdown of LMOA4 causes elevated PTP1B activity, reduced
phosphorylation of mGIuR5 at tyrosine residues, and impaired mGIuR5 signaling.

(A) PTP1B activity is elevated in LMO4KO amygdala. n= 8 mice per group. *p <0.05. Error
bars represent s.e.m.

(B) PTP1B protein levels are not changed. Rather, there was less PTP1B oxidation (oxi-
pTP1B) in the amygdala of LMO4KO compared to littermate controls. n= 3 per genotype.

(C) F11 neuronal cells transfected with PTP1B expression vector (lane 3) or LMO4shRNA
(lane 8) caused reduced tyrosine phosphorylation of mGIuR5 Representative blots are shown
from 3 experiments.

(D) Endogenous mGIuR5 in F11 neuronal cells was pulled down (PD) with a substrate-
trapping mutant (D/A) of GST-tagged PTP1B protein.

(E) LMO4 co-immunoprecipitated with mGIuRS5 in F11 cells.

(F) Transient transfection of F11 neuronal cells with LMO4shRNA reduced (lanes 4-6)
whereas LMO4 over-expression (lanes 10-12) increased DHPG-induced ERK

phosphorylation. (B, C, F) blots are quantified in the right panels.
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neuronal cells to confirm that mGIuR5 is phosphorylated at tyrosine residues by
immunoprecipitating endogenous mGIuR5 and immunoblotting with a phosphotyrosine-
specific antibody (Fig. 3.2C). Importantly, mGIuR5 tyrosine phosphorylation was markedly
reduced by PTP1B over-expression (lane 3) and this effect was reversed by the pan-tyrosine
phosphatase inhibitor pervanadate (lane 4). Moreover, over-expression of LMO4 increased
(lane 5) whereas knockdown of LMO4 reduced mGIuRS5 tyrosine phosphorylation (compare

lane 8 to 7). Thus, modulation of LMO4 affects mGIuR5 phosphorylation.

We next asked whether mGIuR5 is a substrate of PTP1B. Using a catalytically
inactivated mutant of PTP1B that binds but does not dephosphorylate or release its substrate
(i.e., a substrate-trapping mutant) (Stuible et al., 2008), we observed a strong interaction of
this mutant PTP1B with mGIuR5 in a GST pulldown assay (Fig. 3.2D), indicating that
MGIURS5 is a bone fide substrate of PTP1B. Co-immunoprecipitation showed that mGIuR5
also interacts with LMO4 (Fig. 3.2E), suggesting that LMO4 may regulate mGIuR5 function
in a complex with PTP1B.

We next examined the effect of LMO4 modulation on mGIluR5-mediated signaling in
F11 neuronal cells. Metabotropic glutamate receptors activate phospholipase C and promote
extracellular signal-regulated kinase (ERK) signaling (Kim et al., 2008). The mGIuR agonist
DHPG caused a rapid elevation in phosphorylated ERK and this response was markedly
attenuated with LMO4 knockdown by shRNA (Fig. 3.2F, compare lanes 5 and 6 to lanes 2 and
3) and augmented by over-expression of LMO4 (Fig. 3.2F, compare lanes 10-12 to lanes 7-9).

Thus, altered LMO4 expression is sufficient to affect mGIuR5 signaling in neurons.
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mMGIluR5-dependent eCB production is impaired in LMO4KO amygdala. We next
tested whether the impaired mGIluR5-mediated ERK signaling that we observed with
knockdown of LMO4 in F11 cells would be reflected in a deficit in mGIuR5 function and
mGIuR5-dependent eCB production in the amygdala of LMOKO mice. To this end, we
conducted electrophysiological assessments by whole cell recording in brain slices containing
the amygdala (Fig. 3.3A). Activation of mGIuR1/5 with the agonist DHPG results in
depolarization by increasing inward currents, in part by the inhibition of K™ channels and
activation of a transient receptor potential (TRP)-like conductance (Desai et al., 1994; Gee et
al., 2003; Mannaioni et al., 2001; Rae et al., 2000). mGIluR1/5 functionality was monitored by
a DHPG-induced inward current in WT BLA neurons that was markedly attenuated in
LMO4KO BLA neurons (Fig. 3.3B). Pre-treatment with the mGIuR5 antagonist MPEP
blocked over 60% of the DHPG-induced change of holding current (Fig. 3.3B), indicating that
mGIuR5 is the predominant type I glutamate receptor in BLA neurons. These results showed
that mGIuRS5 function is impaired in LMO4KO BLA neurons.

To determine the consequence of impaired mGIuR signaling on eCB production in
amygdala slices, we measured the effect of DHPG on the paired-pulse ratio (PPR) and long-
term depression (LTD) of inhibitory postsynaptic currents (IPSC). Both responses reflect
eCB-mediated synaptic suppression of GABA release (Azad et al., 2004; Maccarrone et al.,
2008; Marsicano et al., 2002). In littermate control BLA neurons, DHPG increased the PPR
and this effect was blocked by pretreatment with the CB1R antagonist AM251 (Fig. 3.3C). On
the contrary, DHPG did not increase the PPR in LMOKO BLA neurons. In addition, DHPG
induced LTDi in WT but not in LMO4KO BLA neurons (Fig. 3.3D). Together, these findings

lead us to conclude that mGluR5-mediated eCB signaling is impaired in LMO4KO mice.
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Figure 3.3 mGIuRS5 function and mGIluR5-dependent eCB modulation of
neurotransmission is impaired in LMO4KO amygdala.
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Figure 3.3 mGIuR5 function and mGIuR5-dependent eCB modulation of
neurotransmission is impaired in LMO4KO amygdala.

(A) Positions of recording and stimulating electrodes for patch-clamp recording. S.E., stimulating
electrode. R.E., recording electrode. CeA, central amygdala. LA, lateral amygdala. BLA, basolateral
amygdala.

(B) Change of holding current following administration of the mGIluR1/5 agonist DHPG was markedly
attenuated in LMO4KO compared to control BLA neurons. The mGIuR5 antagonist MPEP blocked the
DHPG-induced change of holding current. Number of the recorded cells are in parentheses.

(C) DHPG increased the paired-pulse ratio (PPR, P2/P1) in WT but not in LMO4KO BLA neurons and
this effect was blocked by pre-treatment with CB1R antagonist AM251. n=7-8. Current traces
depicting GABA-mediated elPSCs induced by paired pulses before, 15 minutes after DHPG
application without or with AM251 from WT and LMO4KO BLA neurons are shown above the graph;
scale bar, 200 pA/50 ms.

(D) DHPG-induced long-term depression of IPSC (LTDi) was markedly attenuated in LMO4KO
compared to littermate control (WT) BLA neurons. Representative traces before (trace 1: black for WT
and red for KO) and 15 min after DHPG treatment (trace 2:grey for WT and pink for KO) are shown
above the graph, scale bar: 100 pA/10 ms.

(E) Treatment of BLA neurons with CB1 agonist HU210 (500 nM) reduced elPSC amplitude to a
similar degree.

(F) WT and LMO4KO BLA neurons have similar dose-dependent responses to HU210 at 1, 100, 250
and 500 nM.

(G) JZL 195 (1 uM) reduced elPSC amplitude to a similar degree in LMO4KO and littermate control

BLA neurons. * & #, p<0.05. n.s., not significant. Error bars represent s.e.m..
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The deficits of eCB signaling in LMO4KO mice could be attributable to a decrease in
CB1 receptor function or to lower eCB contents (Heifets and Castillo, 2009; Long et al., 2009;
Wamsteeker et al., 2010). Thus, we assessed the functionality of CB1 receptors by
administering an exogenous CB1 receptor agonist HU210 and found a similar reduction in the
amplitude of elPSCs (Fig. 3.3E) and a similar dose-response to this agonist (Fig. 3.3F) in
LMO4KO and littermate control BLA neurons. In addition, administration of JZL195 (Long
et al., 2009) that increases eCB contents by blocking fatty acid amide hydrolase (FAAH) and
monoacylglycerol lipase (MAGL), the primary enzymes responsible for degrading the
endocannabinoids AEA and 2-AG, respectively, restored eCB-mediated inhibition of eIPSCs
in LMO4KO BLA neurons (Fig. 3.3G). Taken together, these results indicate that the reduced
eCB signaling observed in LMO4KO mice is not due to a defective CB1 receptor, but rather is

due to reduced eCB levels.

The PTP1B inhibitor Trodusquemine normalizes PTP1B activity, restores mGIuR5
function and alleviates the anxiety phenotype of LMO4KO mice. Since ablation of
LMO4 is associated with elevated PTP1B activity and reduced mGIuR5 phosphorylation and
function, we asked whether a small molecule PTP1B-specific inhibitor Trodusquemine
(Krishnan et al., 2011; Lantz et al., 2010; Pandey et al., 2013) would restore mGIuR5
phosphorylation and signaling in LMO4-deficient cells. Indeed, in F11 neuronal cells where
LMO4 was knocked down by shRNA, Trodusquemine restored tyrosine phosphorylation of
mGIuRS5 (Fig. 3.4A, compare lanes 7 & 8 to 5 & 6). Moreover, Trodusquemine also restored

mGIuR5-mediated ERK phosphorylation in these LMO4 knockdown cells (compare lane 8 to
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Figure 3.4 The PTP1B inhibitor Trodusquemine normalizes PTP1B activity, restores
mGIuR function and alleviates the anxiety phenotype of LMO4KO mice.
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Figure 3.4 The PTP1B inhibitor Trodusquemine normalizes PTP1B activity, restores
mMGIuR function and alleviates the anxiety phenotype of LMO4KO mice.

(A) Pre-treatment with Trodusquemine (10 puM) for 30 minutes restored ERK phosphorylation
in response to mGIuR1/5 agonist DHPG in F11 neuronal cells. Blots are quantified in the right
panels.

(B) Addition of Trodusquemine in the intracellular recording electrode rapidly rescued
DHPG-induced holding currents in LMO4KO BLA neurons.

(C) Trodusquemine restored the facilitation of paired pulse ratio (PPR) in response to 10
minutes of bath applied DHPG in LMO4KO BLA neurons.

(D) Co-injection of fluorescent dye confirmed the position of Trodusquemine administration
within the amygdala.

(E) Trodusquemine treatment normalized PTP1B activity in LMO4 KO amygdala. 1 week
after intra-amygdalar Trodusquemine or saline injection, amygdala protein extracts were
harvested to measure PTP1B activity. n=12 per group.

(F) A single bilateral stereotaxic injection of Trodusquemine (1 pg/side/ 0.4 pl) to the
amygdala extinguished anxiety phenotypes of LMO4KO mice. Behavior tests were conducted
1 day (elevated plus maze), 3 days (light/dark preference), and 5 days (open field) after
treatment. Mean = SEM, n= 8 mice per group. *, p < 0.05.

(G) The anxiolytic effect of Trodusquemine was abolished by the CB1 antagonist AM251.
The elevated plus maze test was conducted 24 hours after intra-amygdalar co-injection of
Trodusquemine (1 pg/side/ 0.4 ul) together with vehicle or AM251 (0.8 pg/side/0.4 ul). Mean

+ SEM, n=5-8 mice per group. *, p < 0.05.
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6). These results further demonstrated that PTP1B activity affects mGIuR5 phosphorylation
and signaling.

The DHPG-induced depolarization that was markedly attenuated in LMO4KO BLA
neurons (Fig. 3.3A) was restored by addition of Trodusquemine to the intracellular recording
solution (Fig. 3.4B), as was the DHPG-induced increase in the PPR (Fig. 3.4C), indicating that
eCB production in response to mGIuRS5 activation was also restored.

Since Trodusquemine restored MGIUR5 function and mGIuR5-dependent eCB
signaling in LMO4KO BLA neurons, we asked whether Trodusquemine might also affect the
anxiety phenotype of LMO4KO mice. Trodusquemine was delivered by bilateral stereotactic
injection to the amygdala (Fig. 3.4D) and this effectively blocked excess PTP1B activity in
LMO4KO amygdala (Fig. 3.4E). Trodusquemine completely extinguished the anxiety
phenotype of LMO4KO mice assessed in all 3 anxiety behavioral tests (Fig. 3.4F). Of note,
this dose of Trodusquemine had no effect on PTP1B activity or behavior in littermate controls.
The anxiolytic effect of Trodusquemine was also observed following systemic intra-peritoneal
injection (Supplementary Fig. 3.1). Importantly, the anxiolytic effect of Trodusquemine was
blocked by the CB1 antagonist AM251 (Fig. 3.4G), demonstrating that the anxiolytic effect of

Trodusquemine works by restoring eCB signaling.

Knock-down of PTP1B relieves anxiety in LMO4KO mice. We next used lentiviral
vectors expressing PTP1B-specific shRNA to knock-down PTP1B expression in the
amygdala of LMO4KO mice. A bilateral stereotaxic injection of lentiviral vectors expressing
PTP1B shRNA and GFP (1x10° TU/ml, 0.4pl/side) into the amygdala (Fig. 3.5A) effectively

reduced PTP1B protein expression (Fig. 3.5B) and PTP1B activity (Fig. 3.5C) in amygdala
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Figure S 3.1 A single intra-peritoneal injection of Trodusquemine extinguished anxiety
phenotypes of LMO4KO mice

Behavior tests were conducted 1 hour (elevated plus maze), 3 days (light/dark preference),
and 5 days (open field) after Trodusquemine (Trodu, 5 mg/kg weight) treatment. Mean *

SEM, n= 8 mice per group. *, p < 0.05.
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Figure 3.5 Intra-amygdala injection of lentiviral PTP1B shRNA alleviates the anxiety

phenotype of LMO4KO mice.
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Figure 3.5 Intra-amygdala injection of lentiviral PTP1B shRNA alleviates the anxiety
phenotype of LMO4KO mice.

(A) Representative live images of GFP-positive BLA neurons 21 days after intra-amygdalar
injection of lentiviral vectors expressing GFP reporter and PTP1B shRNA. Upper panel,
bright field; lower panel, merged DIC and fluorescence. Scale bars: top, 0.3 mm; bottom, 0.1
mm.

(B) Western blot of amygdalar extract revealed a reduction in PTP1B protein expression 21
days after intra-amygdalar injection of lentiviral vector expressing PTP1B shRNA compared
to control shRNA (CtIshRNA). Blots are quantified in the lower panel.

(C) PTP1B activity assay 21 days after lentiviral vector injection.

(D-F) Bilateral stereotaxic injection of PTP1B shRNA (1x109 TU/ml, 0.4 u I/side) to the
amygdala extinguished anxiety phenotypes of LMO4KO mice (red bars) and had no effect in
WT mice (black bars). Behavior tests were conducted 12 days (D, elevated plus maze), 14
days (E, light/dark preference), and 16 days (F, open field) after treatment. n= 8 mice per

group. *, p < 0.05. Error bars represent s.e.m.
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extracts 21 days after injection. Prior to sacrificing, mice were subjected to behaviour tests.
PTP1B shRNA extinguished the anxiety phenotypes of LMO4KO mice in the elevated plus
maze test at 12 days (Fig. 3.5D), the light/dark preference test at 14 days (Fig. 3.5E), and the
open field test at 16 days (Fig. 3.5F) after injection. The control lentiviral vector-injected
LMO4KO mice remained anxious in all tests (Fig. 3.5D-F). Together with the Trodusquemine

results, these studies show that inhibition of PTP1B relieves anxiety in LMO4KO mice.

PTP1B activity is elevated in stressed wild type mice. ~ We next asked whether elevated
PTP1B activity might also account for increased anxiety caused by another experimental
anxiety paradigm (in addition to the genetic LMO4KO model). Wild type mice were subjected
to a daily 30-minute regimen of restraint stress for 9 days that caused a significant increase in
the levels of the glucocorticoid stress hormone corticosterone in the blood (Fig. 3.6A). These
stressed mice had elevated PTP1B activity (Fig. 3.6B) that was not due to elevated PTP1B
expression, but rather was associated with reduced levels of the oxidized inactive form of
PTP1B (Fig. 3.6C) in the amygdala. This is similar to what we see in LMO4KO amygdala,
suggesting that loss of LMO4-dependent inhibition of PTP1B may also contribute to anxiety

in stressed wild type mice.

Previously we reported that LMO4-dependent inhibition of PTP1B activity requires
the palmitoylation and ER-retention of LMO4 (Pandey et al., 2013). We found that oxidative
stress prevents LMO4 palmitoylation and ER-retention, resulting in the loss of LMO4-
dependent inhibition of PTP1B (Pandey et al., 2013). Glucocorticoids are known to elevate
ROS production and cause oxidative stress in the hippocampus (You et al., 2009; Yu et al.,

2011). Indeed, stressed wild type mice showed markedly lower levels of palmitoylated LMO4
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Figure 3.6 PTP1B activity is elevated in repeatedly stressed wild type mice or in cultured

neurons exposed to the stress hormone corticosterone.
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Figure 3.6 PTP1B activity is elevated in repeatedly stressed wild type mice or in cultured
neurons exposed to the stress hormone corticosterone.

(A) Elevated CORT in repeatedly (9 days) immobilization stressed (s) wild type male mice
compared to unstressed (u) mice. (B) Elevated PTP1B activity in amygdala of repeatedly (9
days) immobilization stressed wild type male mice, compared to un-stressed mice. n=5-8
mice per group for (A) and (B).

(C) Immunoblots showed lower levels of oxi-PTP and palmitoylated LMO4 (Palm-LMO4) in
amygdala of repeatedly immobilization stressed mice. n=3 mice per genotype. Blots are
quantified in the right panels.

(D) PTP1B activity is elevated in F11 neuronal cells after 6 hours treatment with CORT (1
MM). n= 6 per group.

(E) Immunoblots showed lower levels of oxi-PTP and Palm-LMO4 in CORT-treated F11
cells. n=3 experiments per condition. Blots are quantified in the right panels.

(F) Immunofluorescent staining showed that CORT treatment caused LMOA4 to translocate
from the cytoplasm to the nucleus, thereby preventing its interaction with YFP-tagged PTP1B

at the cytoplasm. Scale bar, 15 uM. *, p < 0.05. Error bars represent s.e.m.
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in the amygdala (Fig. 3.6C), consistent with elevated circulating glucocorticoids. Similarly,
we found that F11 neuronal cells exposed to corticosterone (CORT, 1 uM = 346 ng/ml) had
nearly a 6-fold increase in PTP1B activity (Fig. 3.6D). Accordingly, levels of palmitoylated
LMO4 were reduced by CORT treatment (Fig. 3.6E). CORT treatment caused LMO4 to
translocate from the cytoplasm to the nucleus and prevented it from interacting with and
inhibiting PTP1B at the cytoplasm (Fig. 3.6F). Together, these results suggest that stress-
induced elevation of glucocorticoids causes a loss of LMO4-dependent inhibition of PTP1B

activity and this may constitute a general mechanism underlying anxiety phenotypes.
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3.6 Discussion

In the present study, we identified a novel mechanism that accounts for a profound
anxiety phenotype observed in mice with glutamatergic neuron-specific ablation of LMOA4.
Our electrophysiological studies revealed a deficit in synaptic modulation by eCB signaling in
BLA neurons of LMO4KO mice. Since CB1 receptor agonist alleviated the anxiety in these
mice, this finding argued for impaired eCB production/release from BLA neurons. eCB
production is induced by activation of type 1 metabotropic glutamate receptors and tyrosine
phosphorylation of these receptors has been reported to sustain their activity (Orlando et al.,
2002; Tozzi et al., 2001). Here, we showed for the first time that PTP1B binds to and
dephosphorylates mGIuR5. We found that PTP1B phosphatase activity was markedly elevated
in the BLA of LMO4KO mice. Even wild type mice subjected to repeated restraint stress
showed a similar elevation of PTP1B activity in the amygdala, arguing that this is a general
mechanism underlying anxiety. Importantly, direct injection of the PTP1B inhibitor
Trodusquemine to the amygdala alleviated anxiety by restoring eCB signaling. From these
findings emerges a novel mechanism whereby LMO4 in the BLA is essential to maintain eCB
signaling by restraining PTP1B activity and anxiety in mice.

Activation of ryanodine receptors (RyR) and calcium-induced calcium release (CICR)
is another key mechanism that drives eCB production (Isokawa and Alger, 2006). We have
reported that LMO4 is necessary to maintain RyR expression and CICR in the hippocampus
(Qin et al., 2012). Whether RyR expression is also affected in the BLA of LMO4KO mice
remains to be determined. Of note, tyrosine phosphorylation of RyR increases channel

opening and sensitivity to CICR (Zhang et al., 2004). Thus, elevated PTP1B activity in BLA
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neurons of LMO4KO mice might limit eCB production by dephosphorylating RyR. This also
remains to be determined.

Our study does not exclude the possibility that increased degradation of eCB in post-
synaptic neurons also contributes to impaired eCB-dependent synaptic plasticity and increased
anxiety in LMO4KO mice. For example, increased activity of FAAH associated with lower
levels of anandamide has been detected in the amygdala in mouse models of anxiety (Bowles
etal., 2012; Hill et al., 2012). FAAH is phosphorylated at several tyrosine residues (Y329,

Y335 and Y526) of the catalytic domain (http://www.phosphosite.org/). Stimuli that elevate

PTP1B protein levels (Lu et al., 2008) have also been associated with elevated FAAH activity
(Thors et al., 2010). Thus, FAAH activity could also be regulated by PTP1B. No matter
whether reduced eCB signaling occurred from reduced mGIluR5-mediated or CICR-dependent
eCB production, or from increased eCB degradation, our study showed that the salutary
anxiolytic effect of PTP1B inhibition by Trodusquemine worked by restoring eCB signaling,
since the CB1R antagonist AM251 blocked this effect.

It was startling that a single dose of Trodusquemine (either intra-amygdalar or
intraperitoneal) in LMO4KO mice could produce an immediate (1 hour after administration)
anxiolytic effect lasting up to 1 week (the longest time point examined). This anxiolytic effect
was accompanied by normalized PTP1B activity measured 1 week after Trodusquemine
treatment. The same dose administered to wild type mice had no measurable effect on PTP1B
activity or anxiety. This observation suggests that endogenous LMO4 already inhibits PTP1B
activity to minimal levels and that Trodusquemine does not produce a further measureable

inhibition in wild type mice.
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The importance of PTP1B in the central nervous system has been well documented in
the hypothalamus, where PTP1B regulates leptin signaling to control feeding behavior and
metabolic homeostasis (Bence et al., 2006). Mice with disruption of hippocampal PTP1B
function or expression have improved learning ability associated with altered dendritic spine
morphology (Fuentes et al., 2012). It remains to be seen whether eCB signaling is enhanced
and accounts for enhanced learning in these mice since eCB signaling-mediated synaptic
plasticity is important for learning and memory (Mazzola et al., 2009). It will be interesting to
test whether mice with glutamatergic neuron-specific ablation of PTP1B are resistant to stress-
induced anxiety.

Pharmacological therapies to relieve generalized anxiety disorder include
benzodiazepines that enhance GABA(A) receptor signaling, monoamine oxidase inhibitors,
serotonin and norepinephrine reuptake inhibitors (Baldwin et al., 2010). Many of these drugs
have side effects, may require higher doses to achieve the same effect (habituation) or only
have an effect after an extended period of use. Trodusquemine is a spermine metabolite of
cholesterol that was originally isolated from the dogfish shark liver during a search for
naturally occurring antimicrobial compounds. The unexpected effect of Trodusquemine to
cause fat-specific weight loss in mice with diet-induced obesity led to its identification as a
PTP1B-specific inhibitor (Ahima et al., 2002; Lantz et al., 2010). The use of PTP1B inhibition
to (restore mGIuR5 function and) restore normal eCB production has an important
mechanistic advantage. As opposed to using agonist ligands to force the action of CB1
receptors or mGIuR5, PTP1B inhibition would target restoration of endogenous function of
mMGIuURDb, so the action of eCB signaling should occur at the right place and time as in healthy,

non-anxious individuals. An interim report of a phase I clinical trial testing the PTP1B
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inhibitor Trodusquemine for appetite and obesity control reported no adverse effects of the
drug, but unfortunately the final outcome of this clinical trial was not reported (Nguyen et al.,
2012). As Trodusquemine readily crosses the blood brain barrier (Lantz et al., 2010; Zasloff
et al., 2001), and we observed an anxiolytic effect after intra-peritoneal injection, oral
administration may be an option for future therapy for anxiety. In summary, our study
suggests that selective PTP1B inhibitors might be an effective means to treat anxiety disorders

in humans.

3.7 Methods

Animals. CamK2aCre/LMO4flox (LMO4 KO) and LMOA4flox/flox (WT) mice were bred on
a CD-1 background as described previously (Qin et al., 2012; Schock et al., 2008b; Zhou et
al., 2012). All procedures for animal use were approved by the University of Ottawa Animal
Care and Veterinary Service and carried out according to institutional guidelines and in

accordance with those of the Canadian Council on Animal Care.

Drugs and anxiety behavior tests. 6-7 weeks old mice were anesthetized with isoflurane and
given 1 mL of saline subcutaneously to prevent dehydration before they were placed in a
stereotaxic frame for intra-amygdalar injection. Saline or Trodusquemine (1ug in 0.4pl saline
with 25% FluoSpheres® carboxylate-modified microspheres (0.04 um, red fluorescent
580/605, Invitrogen) was infused bilaterally by using 28-Gauge injection needles connected
with Hamilton 10 pl syringe into the BLA at a rate of 0.1puL/min [coordinates: anteroposterior
(AP), —1.4 mm from bregma; mediolateral (ML), £2.75 mm from the midline; dorsoventral

(DV), —4.75 mm from skull surface; and incisor bar —2.4 mm from interaural] according to the
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atlas of Franklin and Paxinos. After surgery, the mice were allowed to recover for 1-2 days
before carrying out any behavioral tests. For co-treatment, Trodusquemine (1 pg/0.4ul/side)
and AM251 (0.8 ug/0.4 pl/side) or vehicle control was injected to the amygdala and behavior
test was conducted next day. Systemic delivery was achieved by intra-peritoneal injection of a
CB1 agonist HU210 (10 ug/kg), antagonist AM251 (3 mg/kg) or Trodusquemine (5 mg/kg).
HU210 and AM251 were dissolved in a vehicle containing DMSO, Tween80 and saline in a
ratio as described (Han et al., 2012). All drugs were freshly prepared and administered 20
minutes (HU210 and AM251) or 1 hour (Trodusquemine) before behavior tests. In most cases,
the same set of mice was used for different anxiety behavioral tests; elevated plus maze, light
dark preference and open field were performed in a sequence with two recovery days between
each testing.

-Elevated Plus Maze. The elevated 4-arm maze has two open arms (6cm x 35cm) and two
closed arms (6cm x 35cm x 20cm) that extend from a central platform (6cm x 6cm) and are
elevated approximately 75cm above the floor. Mice were placed individually in the center of
the maze facing the open arms and allowed to explore the maze for 10 minutes. The session
was recorded using a video camera and the results were analyzed with a computerized
tracking system (Ethovision 8, Noldus IT, The Netherlands). Parameters measured included
number of open arm entries as well as the amount of time spent in open arms.

-Light/Dark Box. The light/dark box apparatus consisted of an automated activity monitor
chamber that was fitted with a light/dark box insert (Med Associates) and was enclosed in a
sound attenuating chamber. The light side of the compartment was brightly lit (200 Lux).

Mice were placed in the bright chamber facing the dark compartment and their activity was
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recorded for 10 minutes using a photobeam-based tracking system. Transition and time spent
in each of the compartments were recorded.

-Open field test. Mice were placed in an open field box (45 cm x 45 cm x 45cm; MED
Associates, St. Albans, VT). Lights of 300 lux intensity were used for this test to enhance the
anxiety associated with being in the center of the box. Mice were videotaped for 10 minutes
from a mounted camera above the box and the images were projected to a video screen so that
the animals could be monitored throughout the testing session using video tracking software
from Noldus (Ethovision). The amount of time they spent at the center and the periphery of

the chamber was recorded.

Stereotaxic injection of lentivirus. Lentiviral vectors expressing GFP reporter control and
PTP1B shRNA were produced at the titer of 1 x 109 transduction units per milliliter (TU/ml).
Stereotaxic injection of lentiviral vectors into the amygdala was performed by using similar
coordinates and procedures as described in the previous section. A total volume of 0.4 ul of
lentivirus was administered at a rate of 0.05 pl/min at each site. At 21 days after injection, the
amygdala was isolated for examining the expression of GFP and PTP1B via fluorescence live

imaging and western blotting, respectively.

Stress protocol. 6-7 weeks old male mice were brought into the restraint room daily and
subjected to 30 minutes of tube restraint in modified 50 ml conical tubes for 9 consecutive
days (between 10 and 12 am). On termination of the stressor, mice were placed back in their
home cage. Control mice were left undisturbed in their home cages except for necessary

handling to maintain tail markings throughout the 9-day protocol. Conical tubes were washed

128



with soap and water, and then rinsed in 70% ethanol after each stress episode. On the last day,

all mice were subjected to corticosterone measurement and amygdala sample collection

Corticosterone radioimmunoassay. In the morning, mice were decapitated no more than 1
minute after being removed from their home cage. Plasma corticosterone was measured by

radioimmunoassay following the manufacturer’s protocol using the Corticosterone 1251 RIA

kits (Cat# 07-120102, MP Biomedicals, LLC, NY, USA).

Cell culture and transfections. F11 neuronal cells, a hybridoma between dorsal root
ganglion neuron and neuroblastoma were maintained and transfected using
Lipofectamine2000 (Invitrogen) with LMO4 cDNA, control scrambled shRNA or LMO4-
specific ShRNA expression vectors as described previously(Chen et al., 2007a; Chen et al.,

2007b; Duquette et al., 2010; Gomez-Smith et al., 2010).

PTP1B phosphatase activity assay. PTP1B phosphatase activity was measured with the
PhosphoSeek™ PTP1B Assay Kit (BioVision Inc.) in extracts from amygdalar wedges or F11
cells according to the manufacturer’s instructions with PTP1B enzyme and phosphatase

inhibitor as positive and negative controls, respectively.

RNA extraction and quantitative RT-PCR. Total mouse amygdalar RNA was extracted
and purified from 1 month old mutant and control mice as previously described (Qin et al.,
2012). Each sample was quantitated in triplicate. A two-tailed t test was used to determine

statistical significance at p<0.05.
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In situ hybridization. Tissues were prepared for in situ hybridization with digoxigenin-

labeled antisense or sense riboprobes, as previously described (Duquette et al., 2010).

GST pull down, immunoprecipitation and immunoblot analysis. F11 cells transfected
with Flag-LMO4 together with GST-PTP1B wild type or a substrate-trapping mutant (D181A,
D/A) (gifts from Dr. Michel Tremblay, McGill University (Stuible et al., 2008)) were
harvested in lysis buffer and pulled down with glutathione beads according to the
manufacturer’s protocol (Invitrogen). To detect oxi-PTP1B, PTP1B was immunoprecipitated
rabbit anti-PTP1B antibody (Cell Signaling) conjugated to protein G-Sepharose and
immunoblotted against a mouse antibody specific to oxidized PTP active site (R&D Systems).
Antibodies specific to: phosphorylated (T202/Y204)-ERK1/2, ERK1/2 (Cell Signaling),
phosphorylated Tyrosine (Invitrogen), LMO4 (custom-made, Zymed (Chen et al., 2002a)).

Immunoblots were performed as described previously (Gomez-Smith et al., 2010).

Palmitoylation assay. This was carried out according to a biotin exchange protocol (Drisdel

et al., 2006) kindly provided by Dr. William Green’s laboratory (University of Chicago).

Electrophysiology. Brain sections (300 pum) containing amygdala were prepared from 3 to 5
week-old mice as described in details (Qin et al., 2012). ACSF contained (in mM): 119 NaCl,
26.2 NaHCOg, 11 glucose, 2.5 KCI, 2.5 CaCl,, 1.3 MgSO,4, 1NaH,PO,, and was equilibrated
with 95% O, and 5% CO, at room temperature. Recording electrodes were filled with a

solution of (in mM): 100 CsCH5SOs, 60 CsCl, 10 HEPES, 0.2 EGTA, 1 MgCl,, 5 QX-314
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chloride, 1 Mg-ATP, and 0.3NasGTP (pH 7.3, 275 mOsM) as described (Wilson and Nicoll,
2001). Whole-cell recordings were obtained from pyramidal neurons of the basolateral
amygdala. In some experiments, the stimulation bipolar electrode was inserted into the
amygdala region close to external capsule.

(2R)- amino-5-phosphonopentanoate (APV, 50uM), 2, 3-dihydroxy-6-nitro-7-
sulfamoyl-benzo[f]lquinoxaline-2,3-dione (NBQX, 5uM), (S)-3, 5-dihydroxyphenylglycine
(DHPG, 50uM), 2-methyl-6-(phenylethynyl) pyridine (MPEP, 30puM) were purchased from
abCam biochemicals. HU210 (1, 100, 250, 500nM) was obtained from Toronto Research
Chemicals and JZL195 (1uM) was provided by Dr Xia Zhang at the Ottawa Royal Hospital
Mental Health Institute. Trodusquemine (10uM in pipet solution) was produced by Dr Jean
Michel Brunel lab.

The AMPA receptor antagonist NBQX and NMDA receptor antagonist APV were
included to isolate inhibitory postsynaptic events unless otherwise indicated. Testing stimuli
of 0.067 Hz, 10 ps duration were adjusted to evoke approximately 300 pA inhibitory
postsynaptic current (elPSC). A Multiclamp 700B amplifier connected to a Digidata 1440
interface (Molecular Devices) was used for whole cell recordings and analyzed using
pClampfit 10.1. Recordings were filtered at 3 kHz, digitized at 10 kHz. Access resistance was
continuously monitored by applying a 75 ms, 5 mV hyperpolarizing pulses 250 ms before the

elPSCs, and cells were used for recording only if the access resistance was below 20 MQ.

Statistical analysis. Data acquisition and analyses were performed using a combination of
pClamp10.1, Sigma Stat 3.5 (Systat Software Inc., San Jose, CA, USA), and the Statistical

Package for the Social Sciences version 14 (SPSS). Student’s two-tailed t tests were used for

131



comparisons. Differences between treatments were analyzed using Student’s t test for paired
data or one-way repeated measures ANOVA followed by Bonferroni’s post hoc test for

comparisons. Significance was accepted if p<0.05.
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CHAPTER 4

GENERAL DISCUSSION

My studies using behavioural electrophysiological and biochemical approaches in
combination with genetic and pharmacological manipulation provide strong evidence that
LMO4 functions as a protein binding interface to mediate brain function associated with
memory and emotion in the hippocampus and amygdala, respectively. LMO4 is not only a
cofactor involved in transcriptional regulation, it also participates in post-translational

modification.

4.1 LMO4 and its Role in Learning and Memory

Our understanding of the function of LMO4 in the adult brain is not very extensive.
Most previous studies ascribed a function of LMO4 to its transcriptional role either in a
positive or negative manner (Joseph et al., 2013; Kadrmas and Beckerle, 2004; Kashani et
al., 2006; Matthews et al., 2013; Schock et al., 2008a; Stokes et al., 2013; Wang et al., 2007;
Zheng and Zhao, 2007), so did I in my first study (Qin et al., 2012). | found that LMO4 is an
important positive regulator of the molecular machinery controlling CICR in the
hippocampus (Qin et al., 2012). Lack of LMO4 in neurons is associated with reduced
promoter activity, mRNA and protein expression of RyR2, suggesting the involvement of
LMO4 in transcriptional regulation. Functional assessment of the role of LMO4 in
controlling CICR was carried out by monitoring several electrophysiological responses
known to be modulated by CICR, such as AHP, calcium rise from internal stores and

glutamate release probability. These changes were accompanied with impaired hippocampal
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LTP and hippocampal-dependent spatial learning ability. However the mechanism whereby
LMO4 regulates RyR2 gene expression is uncertain. LMO4 is known to form a complex
with the transcription factor CREB which regulates activity-dependent gene expression in
response to synaptic stimulation and calcium influx through both L-type voltage sensitive
calcium channels and NMDA receptors (Kashani et al., 2006). In addition, CREB can
activate the RyR2 promoter (Ziviani et al., 2011). Thus, we reason that LMO4 may
cooperate with CREB to regulate RyR2 expression and subsequently to tune the gain of
CICR therefore modulating neuronal function. Furthermore, LMO4 has been shown to
regulate the GIuR1 expression in nucleus accumbens (Acb) which accounts for cocaine
sensitivity (Heberlein et al., 2009). However, the transcriptional target of LMO4 for
glutamate receptor expression is unclear. Nevertheless, LMO4 might be responsible at least
in part for the plasticity of neuronal networks by activity-dependent alteration of excitatory
synaptic strength which is widely recognized to underlie cognitive functions such as
learning and memory.

In terms of the regulatory role of LMO4 in synaptic plasticity, we can not exclude
other candidates. For example, a number of studies have shown that LMO4 interacts with
histone deacetylase 2 (HDAC2) to prevent its recruitment and increase target gene
transactivation (Gomez-Smith et al., 2010; Singh et al., 2005; Wang et al., 2007). HDAC2 is
well known as a negative regulator of hippocampus-associated synaptogenesis and synaptic
plasticity (Guan et al., 2009; Haettig et al., 2011; Stefanko et al., 2009; Vecsey et al., 2007).
Compared with the other subtype HDAC1, HDAC2 was more enriched in the promoters of
genes implicated in synaptic plasticity/remodeling or genes regulated by neuronal activity

such as c-Fos, CREB, CREB-binding protein (CBP), BDNFI/Il, CamKlla and NMDA
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receptor subunits (Guan et al., 2009). This raises the possibility that LMO4 might act as a
suppressor for HDAC2-dependent transrepression of those target genes. As a result, LMO4
facilitates memory formation and synaptic plasticity. This hypothesis is indeed supported by
previous observations (Kashani et al., 2006; Qin et al., 2012). However it awaits more
experimental validation. In another example, LMO4 was shown to physically and
functionally interact with peroxisome proliferator-activated receptor gamma (PPARY), a
nuclear receptor transcription factor. PPARy was identified as the key regulator of glucose
and lipid metabolism as well as having anti-inflammatory and neuroprotective functions
(Daynes and Jones, 2002). A recent study revealed that the PPARYy agonist (rosiglitazone)
attenuates learning and memory deficits in Tg2576 Alzheimer mice (Landreth et al., 2008),
providing indirect evidence of memory improvement by PPARy activation. The memory
enhancement effect was later found during activation of other PPAR isoforms, such as
PPARa (Mazzola et al., 2009) and PPARP/6 (Kuang et al., 2012). More interestingly,
Mazzola et al showed that the improvement of memory acquisition on rat passive-avoidance
task was either achieved by administration of PPARa agonist WY14643 or by the FAAH
inhibitor URB597 that increases eCB. However, this effect was fully blocked by application
of a PPARa antagonist MK886. This is the first evidence to demonstrate a novel mechanism
for memory enhancement that couples PPAR and eCB signaling. In fact, eCBs have been
widely reported as endogenous ligands for PPARs in non-neuronal cells (Bouaboula et al.,
2005; O'Sullivan, 2007; O'Sullivan and Kendall, 2010; O'Sullivan et al., 2011). Therefore, it
would be tempting to examine whether and how PPARs, working with their potential
partners- LMO4 and eCB, besides their common metabolic and neuroprotective roles, exert

brain functions in regulating gene expression involved in neurotransmission and
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subsequently in many complex processes, such as memory formation and stress response.

4.2 LMO4 and its Role in Anxiety/depression Relief

In a second study, a novel role of LMO4 in the cytoplasm has been identified. We
confirmed that LMO4 inhibits PTP1B activity in the amygdala, consistent with our previous
observation in the hypothalumus (Pandey et al., 2013). Moreover, we showed that mGIuRS5 is
a substrate of PTP1B which accounts for dephosphorylation on tyrosine residue(s). Elevated
PTP1B phosphatase activity observed in mice with glutamatergic neuron-specific ablation of
LMO4 decreased mGIuR-eCB signaling, resulting in a profound anxiety phenotype. We
reasoned that this might be a general mechanism underlying anxiety since wild type mice
subjected to repeated stress showed a similar elevation of PTP1B activity in the amygdala.
The potential clinical value became more promising when we observed that intra-amygdalar
injection of the PTP1B inhibitor Trodusquemine or a PTP1B shRNA alleviated anxiety by
restoring eCB signaling. This study provides an emerging role of LMO4 as a mood regulator
to maintain mGluR-mediated eCB signaling in the amygdala by restraining PTP1B activity.

However, the precise domains where and how LMO4 inhibits PTP1B activity are
unclear. One possibility is that LMO4 stabilizes the oxidized inactivated form of PTP1B.
Indeed, oxi-PTP1B levels were reduced in neuronal cells following knockdown of LMO4 and
increased with over-expression of LMO4 (Pandey et al., 2013). LMO4 contains four
cysteine-rich zinc fingers (Chen et al., 2002) that are known to be highly susceptible to
oxidation at cysteine residues (Webster et al., 2001). Whether transient ROS production upon
insulin stimulation could oxidize cysteines of the zinc fingers and cause stabilization of the

PTP1B/LMO4 complex and retention of LMO4 at the endoplasmic reticulum needs further
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examination. The precise domains where and how mGIuR5 interacts with PTP1B also remain
to be elucidated.

The possibility of LMO4 as a mood regulator might also derive from its interaction with
Deafl, a transcription factor that was shown to bind the promoter of serotonin-1A (5-HT1a)
receptor that is implicated in major depression and mood disorders (Lacivita et al., 2012). It is
known that LMO4 and Deafl have common properties to regulate development and breast
cancer (Barker et al., 2008; Hahm et al., 2004; Hermanson et al., 1999; Kenny et al., 1998;
Wang et al., 2004). The binding motif for LMO4 is Deafl404 438/457-479 (Cubeddu et al., 2012;
Joseph et al., 2013; Sugihara et al., 1998). LMO4 was shown to modulate activity of the
Deafl nuclear export signal (NES), causing nuclear accumulation by blocking its export and
thus favoring Deafl transcriptional regulation on target gene expression (Cubeddu et al.,
2012). 5-HT4 is known to be one of Deafl target genes. The 5-HTa receptor is the most
widespread 5-HT receptor and highly expressed in the central nervous system including
cerebral cortex, hippocampus, amygdala, raphe nucleus. Deafl displays dual activity : 1)
suppressing presynaptic 5-HT1a autoreceptor expression in serotonergic raphe cells; 2)
enhancing postsynaptic 5-HT;a heteroreceptor expression in nonserotonergic neurons (Czesak
et al., 2006). It is suggested that suicide and depression appear to result from upregulation of
presynaptic 5-HT;a autoreceptors, leading to reduced serotonergic activity (Bayliss et al.,
1997; Stockmeier et al., 1998). Thus LMO4 working through its partner Deafl may have
capability to become antidepressants in term of the role in increasing serotonin levels by
downregulation of serotonergic 5-HTya autoreceptors and activation of postsynaptic 5-HT1a
receptors that regulate mood and emotion (Czesak et al., 2012; Czesak et al., 2006; Jacobs and

Azmitia, 1992; Jann, 1988). Ablation of LMO4 may disrupt Deafl and 5-HT;a receptor
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function, leading to depression and suicide.

4.3 Other Potential Targets of PTP1B/LMO4 Associated with Synaptic Plasticity and
Neurological Disorders

The role of cadherin and the associated catenin is well documented in synaptic function
both in vivo and in vitro (Arikkath and Reichardt, 2008; Tai et al., 2008; Takeichi and Abe,
2005). N-cadherin and catenin signaling complex is critically regulated by tyrosine
phosphorylation/ dephosphorylation (Lilien and Balsamo, 2005). Importantly, PTP1B
dephosphorylation of B-catenin at the residue Tyr-654 ensures association of p-catenin with
N-cadherin for normal hippocampal synapse formation. Impaired hippocampal PTP1B
function or expression leads to elongation of dendritic filopodia and an active remodeling of
synapse that could enhance learning and memory (Fuentes et al., 2012). This in vivo
observation is consistent with previous findings that tyrosine phosphorylation of -catenin at
Tyr-654 reduced its affinity for cadherin (Roura et al., 1999; Xu et al., 2002; Xu et al., 2004).
In fact, PTP1B phosphorylation at tyrosine 152 by tyrosine kinase Fer is critical for its
binding ability to the cytoplasmic domain of cadherin and maintenance of B-catenin in a
dephosphorylated state for complex stability at the cell surface (Xu et al., 2004). In addition,
B-catenin seems to be dynamically modulated at both the transcriptional and post-
transcriptional levels with fear learning in the amygdala where it is highly expressed
(Maguschak and Ressler, 2008). p-catenin Tyr-654 phosphorylation in the amygdala showed
alterations during fear memory consolidation, including two phase of increases during the first
30 minutes and 2 hours after fear training as well as one phase of decrease between those time

points. Amygdala- specific ablation of B-catenin prevented the transfer of newly learned fear
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into long term memory. It will be interesting to examine whether LMOA4, as an endogenous
inhibitor of PTP1B, can enhance hippocampal and amygdala synaptic plasticity by increasing
phosphorylation of B-catenin. In addition, there is also evidence that LMO4 is an essential
corepressor for SNAIL-mediated cadherin expression in neuroblastoma and neural crest cells
(Ferronha et al., 2013). It remains to be tested whether LMO4 regulates the cadherin/catenin
complex at both the transcriptional and post-translational levels.

As both immediate and delayed repressors of protein phosphorylation, protein
phosphatases can influence both signal amplitude and duration and exert a powerful dominant
effect on the regulation of signal duration in comparison with kinases that mainly affect
amplitude (Heinrich et al., 2002; Nguyen et al., 2012). PTP1B has already been identified as
a target for developing drugs to treat obesity and diabetes. A potent PTP1B inhibitor,
Trodusquemine, has undergone testing in its clinical trials for characterization of anti-obesity
and anti-diabetic properties, likely via restoration of insulin signaling in obese patients
(Nguyen et al., 2012). Insulin receptors belong to tyrosine kinase receptors that mediate their
activity by tyrosine phosphorylation. Insulin binds to and activates insulin receptor and its
downstream signal cascade insulin receptor substrate 1 (IRS1) and 2 (IRS2). Evidence has
shown that insulin signaling, besides regulation of glucose metabolism (Zinker et al., 2002), is
important for regulation of cell surface receptor expression and thus synaptic plasticity (van
der Heide et al., 2005; Wan et al., 1997). For instance, insulin activates IRS1 and stimulates
tyrosine phosphorylation of the GIuR2 subunits of native AMPA receptor. The elevated
tyrosine phosphorylation is essential for insulin-induced AMPA receptor internalization and

LTD (Ahmadian et al., 2004). It is promising to test whether PTP1B inhibitors such as LMO4
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and Trodusquemine are capable of potentiating synaptic plasticity during the process of
insulin activation.

Based on their induction mechanism, there are two widely-studied forms of LTD: group
| MGIUR-LTD (DHPG-LTD) and NMDA-LTD, which can be induced by DHPG and NMDA
respectively (Collingridge et al., 2010). mGIuR-LTD likely involves G-protein activation,
tyrosine dephosphorylation of GIluR2, and AMPAR endocytosis whereas NMDA-LTD
involves Ca”* rise, serine dephosphorylation of the GIuR1 subunit at Ser845 and AMPA
receptor internalization (Gladding et al., 2009a; Gladding et al., 2009b; Huang and Hsu, 2006;
Moult et al., 2006; Moult et al., 2002). Surprisingly, GIuR2 was shown to interact with N-
cadherin by its N-terminal domain and GIuR2 was indispensable for mGIuR-LTD in the
hippocampal excitatory synapse involving in an N-cadherin-dependent and cofilin-mediated
actin reorganization (Zhou et al., 2011). Whether PTP1B and LMO4 participate in the
function of cadherin/GIuR2 complex required for mGIuR-LTD waits for further studies. It is
meaningful to acquire a better understanding of the molecular architecture and function of
complexes composed of AMPARs and interacting proteins. LMO4 might be just one such
potential candidate playing a role in AMPAR trafficking, subunit distribution or downstream
protein synthesis as well as participating in the dynamics of the dendritic cytoskeleton.

Our studies are the first to suggest a role for PTP1B associated with mGIuR in
modulating eCB production/signaling in the BLA. In vivo data showed that elevated PTP1B is
responsible for reduced eCB signaling in the BLA and the anxiety phenotype. Intra-amygdala
administration of a PTP1B inhibitor Trodusquemine or PTP1B shRNA abrogated the anxiety
phenotype in LMO4KO mice. The anxiolytic effect was blocked by intra-amygdala

application of the CB1 receptor antagonist AM251, indicating its eCB-dependency. The
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notion that inhibition of PTP1B in the BLA relieves anxiety via restoring mGIluR-driven eCB
release is also supported by in vitro study of GABAergic transmission. As we discussed,
PTP1B/LMO4 likely involves AMPAR trafficking and mGIuR-LTD in glutamatergic
synapses is well known to involve the interaction with both AMPAR and NMDAR (Cho et
al., 2000; Collingridge et al., 2010; Zhou et al., 2011). In order to narrow down factors
affecting PTP1B-mediated postsynaptically-originated mGIuR-LTD and focus on
examination of mGIuR5-driven retrograde eCB-dependent signaling, we decided to examine
the DHPG-induced LTD for GABA transmission in BLA. In addition, eCBs contribute to a
large portion of presynaptic LTDs and CB1 receptors are highly expressed in GABAergic
interneurons. This form of eCB-LTD has been reported in various brain regions (Alger, 2009;
Azad et al., 2004; Chevaleyre et al., 2007; Isokawa and Alger, 2005; Maccarrone et al., 2008;
Maccarrone et al., 2010; Zhu, 2006) and has important clinical implications for associative
learning and anxiety disorders (Heifets and Castillo, 2009; Zhang and Alger, 2010).

Studies by Hill’s group have demonstrated that eCB signaling at the BLA regulates the
basal tonic activity of the HPA axis under non-stressed conditions (Hill et al., 2009a).
Therefore, characterization of PTP1B-mediated eCB signaling in the BLA may help to
identify the important molecules for the basal tonic activity of the HPA axis and these may be
therapeutic targets for the treatment of anxiety disorders. We found that mGIuRS5 is a target of
PTP1B and that impaired mGIuR5 function caused by elevated PTP1B activity contributes to
reduced eCB production and signaling, leading to anxiety phenotype. Besides mGIuRb5,
mGIuR1 and RyR2 are also involved in eCB production and their activities are influenced by
tyrosine phosphorylation (Guse et al., 2001; Tozzi et al., 2001). mGIuR1 and RyR2 are also

implicated in psychological disorders and cognitive dysfunction (Liu et al., 2012; Niswender
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and Conn, 2010; Zalk et al., 2007). Whether mGIluR1 and RyR2 are targets of PTP1B remains
to be tested. In addition, it will be also interesting to check whether PTP1B affects the
activity of the major enzymes involved in the eCB synthesis and degradation, such as DAGL,
FAAH, MAGL, etc (Ahn et al., 2008). In fact, besides the established NAPE-PLD pathway
(Di Marzo et al., 1994; Okamoto et al., 2004), an alternative pathway for AEA synthesis,
identified in the RAW264.7 mouse macrophage cell line, involves NAPE hydrolysis by a
phospholipase C to yield phosphoanandamide (pAEA) which is then dephosphorylated by
phosphatases, including the putative tyrosine phosphatase PTPN22 (Liu et al., 2006). This
PLC/phosphatase-dependent pathway was found in both mouse brain and macrophages. This
novel pathway has been shown to be responsible for the LPS-induced increase in AEA
biosynthesis in macrophages (Liu et al., 2006). However, it remains to be tested whether this
alternative pathway occurs in neurons during mGIuR1/5 activation and which phosphatase
accounts for the dephosphorylation process from pAEA to AEA. It goes without saying that
direct measurement of altered eCB release during DHPG-induced LTD would provide strong
evidence to support my current hypotheses. Collaboration is being pursued to this end.
Finally, it can’t be neglected to see whether PTP1B affects the dynamic regulation of
GABA, receptor functionality and trafficking from and to the neuronal surface as well as
lateral movement between synapses and extrasynapses. Trodusquemine was suggested to be
capable of binding to the positive allosteric neurosteroid site of GABAAa receptor and
increasing channel gating-efficacy in hypothalamic neurons (Chernova et al., 2005) and thus
likely affecting synaptic GABA channels and neuronal excitability (Bianchi and Macdonald,
2003). However, it was not experimentally tested if Trodusquemine was playing a role as a

phosphatase inhibitor or as a neurosteroid. In addition, LMO4 has been shown to have an
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essential role in directing a balanced generation of inhibitory and excitatory neurons in the
ventral spinal cord (Joshi et al., 2009). Therefore, it raises the possibility that LMO4 may
affect basal tone of GABA transmission and this awaits further examination. Nevertheless,
effect of LMO4 on GABAA receptor component, trafficking and functionality, which were
not elucidated in my studies, is also of considerable interest and has also been implicated in
various neurological disorders, such as anxiety, depression, epilepsy and schizophrenia (Jacob
et al., 2008).

Regarding the role of PTP1B/LMOA4 as a therapeutic target for reducing of stress, it was
found that amygdalar PTP1B activity was elevated in association with increased
corticosterone levels in wild type mice subjected to a daily 30 minutes regimen of restraint
stress for 9 days. The elevated PTP1B activity was associated with the reduced PTP1B
oxidation. The oxidized form of PTP1B is inactive and dependent on LMO4 palmitoylation
and ER-retention as reported (Pandey et al., 2013). Consistent with observations in the
hypothalamus, stressed mice also showed lower levels of palmitoylated LMO4 in the
amygdala. The promising preliminary findings lead us to address the following questions in
future experiments: 1) Is PTP1B elevation a generalized mechanism for chronic stress
models? 2) Does a PTP1B inhibitor like Trodusquemine reduce stress-induced anxiety? 3)
Are mice (CamK2aCrePTP1Bflox) with postnatal glutamatergic neuron-specific ablation of
PTP1B by using the promoter CamK2a in cre loxp system resistant to chronic stress or have
fewer symptoms of anxiety, are double KO mice (CamK2aCrePTP1B/LMOA4flox) normal
like control WT mice? 4) Are mice with amygdala-specific knockdown of PTP1B or LMO4
anxiolytic or anxious, respectively? 5) Can forced expression of an LMO4 with an ER-tail

anchoring sequence effectively block PTP1B activity for maintenance of intact eCB signaling

143



even during chronic stress conditions or treatment with high glucocorticoids? 6) Is the basic
tone of eCB different in these transgenic mice? 7) Are eCB levels consistently altered with
PTP1B activity, in a tonic or a phasic manner? All these questions are interesting and remain
to be addressed.

My studies propose a new generalized mechanism that subsequently reduces eCB
signaling under stress condition. Considering the risk for drug abuse, the limitations and side
effects of commonly-used medications (benzodiazepines, antidepressant and beta-blockers)
for anxiety disorders, identifying a better therapeutic target becomes more attractive. eCBs
modulate synaptic transmission and control anxiety. Control of eCB production and its
temporal and spatial action may offer a better therapy. A PTP1B inhibitor via enhancement of

mGIuR-driven eCB release may serve as a new candidate to treat anxiety.

4. 4 General Conclusions

My studies identify a crucial role of LMO4 in controlling central synaptic function and
that disruption of these functions results in important severe behavioural deficits. A proposed
working model depicting the role of LMO4 on synaptic function and mechanism accountable
for defective synaptic function in LMO4KO in the hippocampus and amygdala was illustrated
in Fig. 4.1 and Fig. 4.2, respectively. In glutamatergic hippocampal synapses, | showed that
LMO4 is an important regulator of the CICR machinery by positively controlling RyR2
expression. Several electrophysiological responses known to be modulated by CICR were
analyzed in LMO4KO hippocampal acute slices and organotypic hippocampal slices in
culture. These characterizations revealed a severely-compromised release of calcium from

internal stores and the subsequently reduced glutamate release probability and LTP, leading to
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Figure 4.1 A proposed model depicting the role of LMO4 on hippocampal synaptic
function

In the hippocampal glutamatergic synapses, LMO4 is an important regulator of the CICR
machinery by positively controlling RyR2 expression. Upon stimulation calcium concentration
at the presynaptic terminal, is drastically elevated due to calcium influx through VGCCs and
calcium induced calcium release (CICR) from intracellular stores, which is mediated through
ryanodine receptors and IP3 receptors (not discussed in my study). Loss of LMOA4 function in
the presynaptic terminal specifically disrupts ryanodine receptor-mediated Ca release from the
ER store, thus reducing CICR and decreasing calcium rise induced by action potentials in the
presynaptic terminal. This reduction in calcium increases impairs the probability of
neurotransmitter release, and the decreased glutamate release causes LTP impairment in LMO4

KO mice at presynaptic terminals.
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Figure 4.2 A proposed model depicting the role of LMO4 on amygdalar synaptic function
In the basolateral amygdalar GABAergic synapses, LMO4 negatively regulated PTP1B
activity. Lack of LMO4 in BLA increased PTP1B activity, which transiently enhanced
dephosphorylation of tyrosine residues in the mGIuR1/5. Strong activation of mGIuR1/5 by
DHPG (glutamate in the physiological condition) stimulates PLC, which hydrolyzes PIP2 into
DG and inositol 1,4,5-trisphosphate (IP3). 2-AG is then produced from DG by DGL, and
released from the postsynaptic neuron. It is suggested that upon mGIuR1/5 dephosphorylation,
both 2-AG and IP3 production are reduced, resulting in impaired eCB retrograde signaling and
neurotransmitter release. The released 2-AG binds to presynaptic CB1 receptors (CB1R) and
suppresses neurotransmitter release. eCB signaling may require calcium influx through VDCC
or efflux from ER through IP3R or RyR. PTP1B may also affect RyR dephosphorylation in
the similar manner of mGIuR1/5, thus indirectly regulating Ca®* rise from internal store. Only

2-AG but not AEA is included for simplification of mechanism.
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the markedly behavioural deficits in hippocampus-dependent spatial learning. In GABAergic
BLA synapses, | demonstrated that LMO4 negatively regulated protein tyrosine phosphatase
1B (PTP1B) activity that targets mGIuR5 and is associated with the emotion state. Loss of
LMO4 in BLA in LMO4KO mice or reduction of LMO4 expression in chronically stressed
wild type mice would increase PTP1B activity and transiently enhance dephosphorylation of
tyrosine residues in mGIuR5. LMO4KO mice display the dramatic anxiety through PTP1B-
mediated mGIuR/eCB signaling pathway. Presumably, elevated mGIuR1/5 de-
phosphorylation reduced eCB production, reflected by inefficient eCB-dependent inhibition
of GAABA transmission upon DHPG treatment. In addition, PTP1B-mediated mGluR/eCB
pathway associated with anxiety in LMO4KO mice is also supported by the fact that relief of
anxiety by PTP1B inhibitor Trodusquemine was dependent on eCB signaling since the
anxiolytic effect of Trodusquemine was attenuated by CB1 receptor antagonist AM251.

Here | report that LMO4, as a novel key regulator of CICR and PTP1B in the central
nervous system, plays a key role in synaptic function. Intriguedly, PTP1B, for the first time, is
identified as a therapeutic target for anxiety besides its original role for obesity and diabetes.
Furthermore, amygdala-specific inhibition of PTP1B by pharmacological or genetic approach
rescued the innate anxiety in LMO4KO mice. Moreover, this PTP1B-mediated anxiety may
be applicable for chronically-stressed animals. Collectively, these data identify that LMO4
plays an essential role for non-genomic or genomic regulation in both central presynaptic and
postsynaptic neurons, providing a mechanism for LMO4 to modulate a wide range of

neuronal functions and behavior.
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