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Hippocampal-dependent learning, which is required for forming fact-based,

declarative memories, involves changing the physical and functional characteristics of
connections between neurons, called synapses. This process of “synaptic plasticity” is
mediated by the N-methyl-D-aspartate receptor (NMDAR). NMDARSs are ionotropic
glutamate receptors found within synapses and when activated, initiate intracellular
signaling cascades that result in plasticity. Historically, NMDARs have been considered
static components of synapses. More recent evidence, however, overturns this dictum to
reveal that NMDARs are dynamic, and regulated by many factors including receptor
subunit composition and the previous activity of the neuron. In this thesis, | describe two
means by which hippocampal neurons can regulate synaptic NMDAR content:

(1) The number and type of synaptic NMDARSs can be regulated by a secreted

glycoprotein, Wnt5a. Wnt5a increases the delivery of NMDARSs into synapses from



intracellular compartments by triggering a signaling cascade involving membrane
depolarization and release of calcium from internal stores.

(2) NMDARs can move laterally on the neuron surface between synaptic and
extrasynaptic compartments in an activity-dependent, calcium-independent process.

The ability of neurons to finely tune their synaptic NMDAR content provides a
means for optimizing the ability of a synapse to undergo plasticity given a certain set of
conditions. The two mechanisms described here may provide potential platforms on
which to develop novel therapeutics to treat neurodegenerative or neuropsychiatric

disorders where synaptic plasticity has been compromised.
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CHAPTER 1. INTRODUCTION

Neurons, the electrically excitable cells that compose the brain and nervous system,
construct how we perceive our world and control how we act within it. The approximately hundred
billion neurons of the human brain, once interconnected, manufacture our individual realties of
who we each are, what we want, and why. This can be attributed in large part to the ability of these
cells to encode information and form “memories,” a process in which the synapse plays a major
role.

The classic synapse consists of a site where the axon of a presynaptic neuron contacts the
dendrite of a postsynaptic neuron, with a 20-40 nm synaptic cleft separating them. A single neuron
can have thousands of postsynaptic sites distributed primarily across its dendrites, but also
occasionally soma, and axons as well. Pre- and postsynaptic densities can be distinguished by the
presence of respective specialized molecular structures that reflect the functions of each.
Fundamentally, the synapse is not a passive connection that merely transmits information from one
neuron to another, but can sculpt and bias this information in a manner governed by the properties
of both the pre and postsynaptic molecular sites. Furthermore, a synapse’s characteristics can
change in the process known as “synaptic plasticity,” with its gradual acquisition of a set of
features thought to underlie new memory formation. The work in this thesis aims to further
clarify how synaptic plasticity is regulated at the molecular level.

1.1 Synaptic plasticity is one form of memory acquisition.

The central hypothesis behind this principle, known as “Hebbian plasticity” after it was
introduced by Donald Hebb in 1949, states that the strength of the synapse between a pre and
postsynaptic neuron will increase if those neurons are active simultaneously. It is thought that

each of the thousands of synapses on a neuron reaching an optimal weight, with some synapses



being stronger or weaker, constitutes learning, and the collective weights of those synapses, the
memory “engram.” This synapse-based form of information integration underlies the formation of
long-lasting memories and will be the basis of this thesis.

1.2 The hippocampus is vital for the initial acquisition of memory.

A seahorse shaped structure located bilaterally deep in the medial temporal lobe, the
hippocampus is vital for the initial formation of new memories [1], navigation, and spatial learning
[2]. Recent evidence points to the dorsal and ventral areas of the hippocampus having separate
memory encoding functions, with the dorsal hippocampus involved in cognitive information
processing, while the ventral hippocampus is primarily emotional in function [3]. Lesions to the
hippocampus can result in anterograde amnesia, or the inability to learn new information, whether
cognitive or emotional. It also has been demonstrated that in neurodegenerative disorders,
abnormalities first begin within hippocampal synapses, even before the onset of noticeable
symptoms [2, 4].

1.3 The hippocampus is an ideal experimental paradigm.

The clearly defined architecture and neuronal connections within the hippocampus, as
well as the ability of hippocampal slices to stay alive in culture, makes it an ideal experimental
paradigm, with obvious ramifications for understanding the cellular mechanisms underlying
memory (Figure 1.1). The hippocampus has three major sub-regions of cells: the dentate gyrus

(DG), CAL, and CA3 (CA for Cornu Ammonis, or Ammon’s horn).
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Figure 1.1 The structural anatomy of the hippocampus and the trisynaptic circuit. Input from entorhinal
cortex synapses onto neurons in dentate gyrus (DG) via the perfornat path. DG neurons then project axons onto
CA3 neuron dendrites via the mossy fibers. CA3 neurons then send their axons to dendrites of CA1 neurons via

the Schaffer collaterals.
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Figure 1.2 Morphology of CA1 neuron and its spines. (Left) Structure of CA1 neuron in hippocampus and
of synaptic spines (inset). (Right) Example pictures of CAL neuron (top) and its spines (bottom)
overexpressing green fluorescent protein (GFP). Taken via two-photon microscopy from a biolistically
transfected hippocampal slice. Scale bar for neuron = 20 pm. Scale bar for spines = 5 um.
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Pyramidal cells in these three areas have a distinct morphology, with apical and basal dendrites
extending bilaterally from the soma (Figure 1.2, left). Sensory input arrives to the hippocampus
from the entorhinal cortex through either direct or indirect pathways. In the direct pathway,
neurons from entorhinal cortex synapse onto the distal ends of pyramidal neurons in all three
hippocampal areas. In the indirect pathway, input from the entorhinal cortex enters the
hippocampus and is processed through a trisynaptic circuit: first, information synapses onto cells
in the dentate gyrus via the perforant path. Neurons from the dentate gyrus send their axons to
neurons in CA3 via the mossy fibers. The axons of CA3 neurons project to the proximal area of
CAL neuron apical dendrites via the Schaffer collaterals. CA1 neurons then project axons to the
fornix, which is the major output of the hippocampus, and back to entorhinal cortex. Both the
hippocampal direct and indirect pathways have been shown to be important for learning and
memory, though the precise role each plays in the process and the amount of overlap they share
warrant further investigation.

The axons in these synaptic connections release the fast, excitatory neurotransmitter
glutamate, which elicits excitatory currents in their respective postsynaptic neurons by binding
glutamate-specific receptors. Postsynaptic sites primarily consist of spines, which are small (~1
um) mushroom shaped protrusions extending from the postsynaptic dendrite (Figure 1.2, left,
inset). The spines contain much of the postsynaptic molecular machinery required to process
synaptic information. The work in this thesis concerns the CA3-CA1 hippocampal synapse, which
has been shown to have a unique role in learning (see Section 1.5).

1.4 Hippocampal synaptic plasticity underlies new memory formation.
Fundamentally, each of the aforementioned synapses in the hippocampus change their

functional and morphological properties in response to sensory information. What mechanisms



translate sensory cues into long-lasting changes in synaptic properties, and hence, new memories?
In 1973, it was demonstrated that a strong tetanus to axons of the perforant pathway strengthen
synaptic connections between the entorhinal cortex and the neurons of the DG—that is, the
response of the postsynaptic DG neuron to a test stimulus of the same magnitude was larger
following tetanic stimulation of the perforant pathway than prior to it [5]. This form of
experimentally induced plasticity, known as long-term potentiation or LTP, persists for hours
following the tetanus, a hallmark of memory that long outlasts the duration of the stimulus.
Similarly, weak but persistent stimulation of axons in the Schaffer collaterals results in long-term
depression (LTD) at the CA3-CA1 synapse [6, 7]. These experimental paradigms quickly became
regarded as a molecular form of memory that warranted extensive investigation.

1.5 NMDA receptors coordinate synaptic plasticity.

There are two general classes of ionotropic glutamate receptors at the postsynaptic site:
a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid receptors (AMPARS) and N-methyl-D-
aspartate receptors (NMDARS). Both receptors are excitatory, meaning they have a reversal
potential above the resting membrane potential, and when activated, will pass positive ions into
the cell and raise the membrane potential closer to a firing threshold. However, the two receptors
play different roles in synaptic plasticity: NMDARSs are necessary for plasticity induction, while
AMPARs mediate its expression. Historically, the NMDAR is considered the “static” molecular
coordinator of this process by regulating the number of AMPARSs expressed in the synapse [7].
Higher numbers of AMPAR at the synapse translates to a “stronger” synapse, and lower
numbers, a “weaker” synapse. Although NMDARs share the same topology as the AMPAR, they

are fundamentally different for two reasons:



(1) NMDARs only open once they have bound glutamate and the postsynaptic neuron is
sufficiently depolarized. The ability of NMDARSs to activate selectively during times of
postsynaptic depolarization emerges from a magnesium (Mg?*) plug in the receptor pore that
prevents ion flux, which is only released by a rise in the membrane potential. This makes the
NMDAR a coincidence detector for simultaneous pre (glutamate binding) and post (membrane
depolarization) synaptic activity, and serves to mark when two neurons are active at the same time.
These properties make them molecular coordinators of Hebbian plasticity, and have brought them
to the forefront of research as a means of studying the molecular basis of memory.

(2) Upon activation, NMDARs pass calcium, carrying roughly 10% of the NMDAR
mediated charge influx [8]. Calcium is the initiator of many intracellular signaling cascades, and is
well-documented in neurons as one of the major factors of synaptic plasticity. In the “classic” view
of synaptic plasticity in hippocampus, when NMDARSs are activated, they initiate plasticity
cascades proportionate to the amount of calcium influx. High levels of activation and thus high
calcium influx activate calmodulin and the enzyme CaMKI|, leading to phosphorylation of
proteins ultimately promoting AMPAR trafficking into synapses [9, 10]. These modifications
functionally “strengthen” the synapse, and results in LTP.

Meanwhile, when NMDARs are weakly activated, the lower calcium influx activates
phosphatases such as PP2 and ultimately instigates AMPAR removal, thus resulting in long-term
depression (LTD). In these models, a high frequency stimulus delivered to afferent axons produces
a long-lasting increase in the AMPAR mediated EPSC (excitatory postsynaptic current), while a
low-frequency stimulus decreases the AMPAR EPSC [7], though it may be the precise pattern of
stimulation and calcium influx that determines the direction of plasticity, rather than the absolute

calcium level [11]. Stimulation of NMDARs is also accompanied by corresponding changes in



spine morphology, with LTP associated with an increase in the spine size, and LTD, a decrease
[12].

NMDARs are fundamental for plasticity particularly at the CA3-CAL synapse.
Delivering a NMDAR antagonist (such as APV) to the hippocampus completely disrupts LTP at
this synapse [13, 14]. Furthermore, in a more careful evaluation of NMDAR’s role specifically in
this region, genetic manipulations that specifically remove NMDARs from CA1 neurons also
blocks LTP [15]. Although the mRNA for NMDARs is equally disseminated in CA3 and CA1l
regions of the hippocampus, there is higher NMDAR protein expression in CA1[16]. The strong
presence of the NMDAR at this synapse and its unique physiological properties give the CA3-CAl
synapse three attributes that underscore its importance to memory formation:

(1) Cooperativity: potentiation requires strong activation of the Schaffer collaterals in
order to relieve the Mg?* plug and activate NMDAR, and thus weak, irrelevant
stimuli are disregarded.

(2) Input specificity: Only synapses where NMDAR have bound glutamate released by a
presynaptic neuron will undergo potentiation.

(3) Associativity: Depolarization initiated by a strong input to some synapses may spread
to weaker synapses where NMDAR have bound glutamate and potentiate those in
tandem [17].

These properties make the NMDAR and the ion flux through them imperative for the proper
induction of synaptic plasticity and memory formation (but see Section 1.9).
1.6 NMDARs exist as obligate heterotetramers.

NMDARs consist of four subunits, arranged as a “dimer of dimers.” Each dimer is

composed of one essential GIuN1 subunit and one regulatory GIuN2-3 subunit. GIuN1 subunits



bind glycine and are fundamental for proper NMDAR trafficking. Although splice variations of
GIuN1 subunits have been described, these subunits are relatively homogenous compared with
their GIUN2 counterparts. The GIuN2 subunits bind glutamate, and can be further subdivided
into GIUN2A-D subtypes that are encoded by four distinct genes. These subunits are each
expressed in distinct regions of the brain, including neocortex, striatum, and hippocampus [18-
20]. Of these types, GIuN2A- and GIuN2B-containing receptors are highly expressed in
hippocampus and therefore studying their interplay has become of primary importance for
studying molecular memory.

GIuN2A and GIluN2B-containing NMDARSs have different biochemical structures,
which confer distinct physiological characteristics and roles in plasticity: fundamentally,
receptors that contain primarily GIuN2A subunits have a high affinity for glutamate, greater
channel open probability, and fast deactivation kinetics [21]. In contrast, receptors that contain
primarily GIuN2B subunits demonstrate a lower opening probability and slower channel kinetics.
NMDARs containing both subunits are inserted into synapses via vesicle fusion in a process
accelerated by protein-kinase C (PKC) dependent phosphorylation of SNAP25, a member of the
SNARE family of fusion proteins [22]. Additionally, both receptor subunits have a four-amino
acid (ESDV) PDZ-binding domain that interacts with membrane associated guanylate kinases
(MAGUKS), such as PSD protein of 95 KDa (PSD-95) and synapse-associated protein 102
(SAP-102) to localize the subunits to synaptic sites. Phosphorylation of the serine residue in the
ESDV motif promotes dissociation from postsynaptic proteins and removal of receptors from the
synapse [23].

However, receptors that contain GIUN2A versus GIuN2B subunits demonstrate

different trafficking patterns. GIuN2A-containing receptors require activity, agonist binding [24]



or intracellular calcium [25] to drive them into synapses. Once incorporated, they remain
relatively stable in the postsynaptic density. GIuN2B-containing receptors, in contrast,
constitutively move into synapses and then are removed [24]. This is governed by an additional
motif in the GIuN2B C-terminus (YEKL), adjacent to the ESDV motif, which allows receptors to
interact with the AP2 adaptor complex, leading to clathrin-mediated endocytosis. Once
internalized, GIuN2B subunits co-localize with proteins involved in endosome recycling, fating
their return to synapses [26].

In further contrast, the C-terminus of GIuN2B-containing receptors directly associates
with the active form of CaMKII, and mutations of this region of the GIuN2B C-terminus
compromise synaptic plasticity. GIuUN2A, meanwhile, does not bind CaMKII [27]. This
association may also selectively promote GIuN2B internalization, since active CaMKII can
activate the enzyme casein kinase 2 (CK2), which selectively phosphorylates S1480 in the ESDV
motif in GIuUN2B subunits, which destabilizes GIUN2B interaction with MAGUK proteins. [28,
29].

Some evidence points to these two subunits having different roles in plasticity. GIUN2A
subunits have been demonstrated as necessary to induce LTP, and GIuN2B subunits necessary for
LTD [30, 31]. If there is a distinction for these subunits in plasticity, however, it may depend on
the precise on the age of the animals used for the preparation, or on the concentrations and
specificity of antagonists used. Further studies show that in older animals, the presence of the
GIuN2B subunit C-terminus is enough to allow LTD induction, independent of ion flux through
the channel, and that the C-terminus of GIUN2A subunits decreases the potential for LTP [32]. In
general, however, the strict association of each NMDAR subunit with forms of plasticity has not

proved reproducible [33]. This points towards a more complicated picture of how NMDAR



subunit composition regulates plasticity, and a greater need to evaluate in detail how each of these
subunits contributes to memory formation.
1.7 While NMDARs govern plasticity, the subunits they contain may govern metaplasticity.

“Metaplasticity,” or the “plasticity of plasticity,” describes the ease by which a synapse
can change its properties. According to Hebbian plasticity, should two interconnected neurons fire
at the same time, the strength of the synapse between them will increase in a “boundless” manner.
Neurons have limited firing rates, however, and boundless synaptic strengthening could result in
saturation and eventual loss of information. New learning rules have hence been developed, which
include a plasticity threshold that shifts according to the history of the synapse. Thus, at a synapse
that has already been potentiated, the threshold for subsequent potentiation increases [6, 34,
35].This theory of a shifting threshold for plasticity was developed by Bienenstock, Cooper and
Monroe for neurons visual cortex in 1982 [34], and has been further experimentally demonstrated
in hippocampus [6]. The observation that on CA1 neurons, smaller synaptic spines are more likely
to undergo plasticity than larger spines provides further evidence towards the existence of
metaplasticity in the hippocampus [12].

GIluN2B-containing NMDARSs demonstrate slow deactivation kinetics, allowing ample
calcium influx and the subsequent activation of downstream effectors [21]. In addition, they form
associations with active CaMKI|, increasing the efficiency for plasticity [27]. These properties
have given NMDARs containing GIuN2B subunits a unique role for “easing” the ability of
synapses to undergo plasticity. Toward this end, it has been shown that GIUN2B overexpression
increases spine mobility, while GIUN2A enhances their stability [36]. The GIUN2A/GIUN2B ratio

can therefore be used as a metric for metaplasticity [37].
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The primary evidence that the GIUN2A/GIuN2B ratio impacts a plasticity threshold
emerges from studies of the critical period of development in visual cortex. The critical period is
window of time early in the postnatal life of an organism, between 1-3 weeks after birth, where
new synaptic connections are established and unnecessary ones pruned [37]. Evidence in neuronal
synaptosomes prepared from neurons in visual cortex show that during this time, protein levels of
GIuN2B begin high after birth, while levels of GIuUN2A begin low and gradually increase [38-40].
This is accompanied by an increase in the LTP threshold and has been deemed the GIuUN2B to
GIuN2A “switch.” Activity is essential: dark-rearing animals results in a persistently lower
GIuN2A/GIuN2B ratio and decreased synaptic efficiency [38]. This switch during the critical
period of development has been demonstrated in a variety of preparations from across the brain,
including the hippocampus [37, 41].

1.8 GIuN2B/GIuN2A switch may reflect a more universal synaptic plasticity process beyond
development.

Evidence exists that the adult brain maintains the ability to shift the GIUN2A/GIuN2B
ratio in synapses on an acute basis in response to activity. When dark-reared animals are exposed
to light at a later age, the sensory information initiates the same GIuN2B to GIUN2A switch in
visual cortex that would occur during the critical period of a normally developing animal within
two hours [42]. Furthermore, animals that were normally reared and then brought into a dark
environment for an extended period will demonstrate the reverse—a decrease in the
GIuN2A/GIuN2B raito. Lastly, this shift can be imparted rapidly in vitro. Inducing LTP in a
hippocampal slice increases the speed of the global NMDAR EPSC in CAL neurons, indicating an
increase in the number of GIuUN2A-containing receptors [43]. In contrast, inducing LTD slows the

decay time constant, indicating the presence of GIuN2B-containing NMDARSs at the synapse. The
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maintenance of intracellular pathways that govern this switch may be crucial for the adult brain to
continue incorporating new information into a limited number of neurons and synapses.
1.9 New roles of NMDARSs in plasticity are constantly emerging.

NMDARs and their roles in synaptic plasticity have been studied for decades, yet new
postulates are constantly emerging regarding their functions. Some studies suggest that in addition
to promoting AMPAR insertion into synapses, tonic calcium through NMDARs can also suppress
AMPAR trafficking, with differential roles of GIUN2A and GIuN2B subunits; GluN2B-containing
receptors restrict the formation of new synapses, while GIuN2A-containingreceptors restricts
existing synapses from strengthening [44, 45]. New evidence suggests that NMDARs have a
metabotropic function, and do not require opening of the pore or calcium influx to induce LTD
[46], although these findings have raised contention [47]. These metabotropic NMDAR functions
in LTD have also been shown to correlate with structural LTD and decreases in spine size [48].
The metabotropic effects may be attributable to a conformational change in the NMDAR C-
terminus that occurs upon agonist binding, which leads to a re-localization of CaMKII and
synaptic depression [49, 50]. These “new” roles for NMDARs underscore the complexity of their
signaling, and the need for more careful evaluation of their properties.

1.10 NMDARs are highly implicated in neurological disorders.

Given their role coordinating synaptic plasticity, NMDAR function drastically impacts
learning and the incorporation of new memories. Dysregulation of NMDAR function is implicated
in many neuropsychiatric and neurodegenerative disorders, including addiction, schizophrenia, and
Alzheimer’s disease. These dysregulations include detrimental decreases in NMDAR function,
which would reduce the ability of synapses to undergo plasticity. In Alzheimer’s disease, for

example, an age-dependent neurodegenerative disorder involving memory loss and cognitive
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impairments, toxic amyloid-beta signaling leads to eventual NMDAR endocytosis and removal
from synapses [51]. Furthermore, GluN2B-containing NMDAR function is compromised in an
Alzheimer’s disease mouse model [52].

At the same time, calcium passed by NMDARs could be cytotoxic, especially as calcium
buffering and handling in aging neurons is compromised [53, 54]. In Alzheimer’s disease, synapse
degeneration and calcium mishandling in CA1 neurons appear before onset of visible symptoms
[4]. Strikingly then, one might expect that the removal of NMDARs could be therapeutic. In fact,
one of two drugs currently on market for Alzheimer’s disease, memantine, is a partial NMDAR
antagonist, designed to reduce calcium influx through the receptors and ameliorate potentially
cytotoxic effects [55]. The fact that memantine blocks activity through the very receptors that are
crucial for memory formation, already compromised in Alzheimer’s disease, speaks to the
complexity of this disorder and need for a deeper understanding of NMDAR function and how it
becomes dysregulated.

1.11 NMDARs are not static.

Historically, NMDARs have been considered static components of synapses, while
AMPARs dynamically move in and out. This hypothesis was based on evidence of silent synapses
that contain NMDAR but not AMPAR, until stimulation promotes AMPAR trafficking to the
synapse [56], and from the observation that NMDARs are often found in complex with large
signaling platforms and scaffolding proteins that might hinder movement [7].

Closer evaluation of previous work, however, suggests that NMDARS are as dynamic as
their AMPAR counterparts. For example, long-term pharmacological inhibition of neuronal
activity promotes NMDAR expression on the surface of dissociated neurons [57] and promotes

phosphorylation of receptors in a manner consistent with forward trafficking [58]. In an

13



electrophysiological paradigm, withdrawing stimulation for a short period increases the size of the
evoked NMDAR EPSC [59]. Meanwhile, increased concentrations of calcium inside cells yields
NMDAR rundown via actin depolymerization [60, 61], and promotes NMDAR inactivation [62].
An NMDAR-based LTP (a long term potentiation of NMDAR currents) in the mossy fiber to CA3
synapse has been described, requiring the release of calcium from intracellular stores [63].
Similarly, stimulation of metabotropic mGIuRS5 receptors and the release of calcium from internal
stores has been shown to be necessary for the acute GIUN2B to GIuN2A switch observed in
hippocampal slice preparations [25]. Collectively, these experiments suggest that activity and
increases in intracellular calcium, whether from the stores or from the extracellular space,
modulate NMDAR.

1.12 What mechanisms regulate NMDAR dynamism remain unclear.

What precise molecular cascades translate neuronal activity or calcium levels into
NMDAR functional changes? Are there extracellular signals besides activity that can modulate
NMDAR function, and how? What signaling components, such as intracellular calcium, are
important for different aspects of NMDAR dynamism? Lastly, what cellular mechanisms are in
place to govern the subunit composition of NMDARSs within synapses? The answers to these
questions are in large part currently unexplored.

Although there are potentially many ways of regulating NMDAR function, this thesis
will focus on “acute” receptor movement at two different timescales: trafficking of new NMDAR
into postsynaptic sites, which can occur within hours, or the lateral movement of receptors already
on the surface between synaptic and extrasynaptic spaces, which occurs on a minute-by-minute
basis. This thesis uses a combination of electrophysiology, functional imaging, and calcium

imaging to (1) decipher a molecular pathway initiated by an extracellular protein that promotes
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NMDAR trafficking into hippocampal synapses, (2) determine whether NMDARS can move
laterally between hippocampal synaptic and extrasynaptic spaces, and (3) evaluate the role of
NMDAR subunit composition in both of these. These experimental aims will be further detailed in

the following two chapters:

Chapter Two: A novel neuronal Wnt/calcium signaling cascade regulates NMDAR
trafficking

Whnts are secreted glycoproteins heavily implicated in the developing nervous system,
where they carry out well-characterized roles in axon-pathfinding, synaptogenesis, and dendritic
arborization via canonical and non-canonical pathways. Wnt expression and secretion, however,
also continue postnatally, and persist throughout the lifetime of the adult. The purpose and the
dynamics of non-embryonic Wnt signaling have yet to be extensively characterized.

Previously, we have shown that Wnt5a specifically and acutely upregulates NMDAR
EPSCs in mature hippocampus [64]. This effect depends on the tyrosine kinase-like receptor
specific for Wnt5a, RoR2, which is highly expressed in hippocampus [65]. The mechanisms
behind this Wntba-induced NMDAR potentiation, however, are unknown. In this chapter, I will
describe the molecular pathway whereby Wnt5a increases the delivery of NMDARSs containing the
GIuN2B subunit into synapses. This pathway includes membrane depolarization, release of
calcium from intracellular stores, and the subsequent SNARE-dependent trafficking of GIuN2B-
containing NMDARSs into synapses. It is possible that by increasing NMDAR delivery, Wnt5a

facilitates the reorganization of synapses that occurs during adult learning.
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Chapter Three: Dynamic, lateral exchange of synaptic and extrasynaptic NMDARs

In the third chapter, | describe how NMDARs can move laterally between synaptic and
extrasynaptic compartments. While it has been demonstrated that NMDARSs are quite mobile in
dissociated hippocampal neurons, their ability to move in more intact paradigms such as the
hippocampal slice has been under debate, and it is unclear whether this occurs in vivo. I have
shown that following blockade of synaptic NMDARS, responses can recover up to 73% of the
original baseline, suggesting that this lateral movement in hippocampal slices exists. This
exchange was found to be activity dependent, but did not require intracellular calcium. In addition,

this exchange depended on the subunits the receptor contained.

Both aspects of NMDAR mobility described here can directly control the number and
type of NMDA receptors in the synapse, can shape the NMDAR-mediated EPSC, and therefore
may have profound consequences for synaptic plasticity. Understanding NMDAR mobility,

therefore, has applicability to many neurodegenerative disorders, learning, and memory.
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CHAPTER 2

A novel neuronal Wnt/calcium signaling cascade regulates NMDAR
trafficking

2.1 Introduction

Whnt signaling comprises a multigene family of secreted glycoproteins that can bind
multiple types of receptors, including Frizzled, Ror, and Ryk receptors, to initiate a wide variety
of intracellular signaling cascades that regulate the embryonic development of metazoans [66,
67].

While Wnt signaling has been studied intensely in embryonic development and cancer, it
is poorly understood in the postnatal brain. Wnt ligands and Wnt receptors continue to be expressed
postnatally, suggesting Wnt signaling cascades might also play a part in neuronal maintenance and
synaptic function beyond embryonic development [68, 69]. The potential role of Wnt signaling in
proper brain functioning is further underscored by the implication of Whnt signaling elements in
several neuropathologies including schizophrenia [70], bipolar disorder [71], and Alzheimer’s
disease (AD)[72], where deregulation of Wnt signaling has been proposed as an etiological cause
[73, 74] and become a novel molecular target in AD therapeutics [73]. However, it is not known

which Wnt signaling cascades exist and operate in mature neurons, nor what their role is.

The best understood Wnt signal transduction cascade is the canonical Wnt/[-catenin
pathway that controls gene transcription during development. Canonical Wnt ligands bind a
Frizzled receptor and the co-receptor LRP6 (low-density lipoprotein receptor-related protein) to
initiate a signaling cascade that stabilizes cytosolic R-catenin allowing its translocation to the
nucleus where it binds transcription factors and alters gene expression. Within a homeostatic range,

canonical R-catenin-dependent signaling regulates cell proliferation and promotes cell survival
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during development and regeneration [66, 75]. It is well-documented that alterations in this

pathway lead to cancer or developmental abnormalities [75, 76].

Less understood are the R-catenin independent or noncanonical pathways that may intersect
with numerous other intracellular signaling cascades depending on cell-type and Wnt receptor
context [67, 77]. Historically, noncanonical signaling has been divided into the Wnt/Ca?* and
Whnt/planar cell polarity pathways although there is marked crosstalk between the two cascades.
Noncanonical Wnt ligands mediate the induction of intracellular Ca?* transients during embryonic
development that are necessary for proper dorsal-ventral patterning and direct body axis
specification [78, 79]. Studies in cells of the enveloping layer of zebrafish blastulae [80] or
Xenopus embryos [81, 82] also indicate that noncanonical Wnt signaling may involve intracellular
calcium release to activate protein kinase C (PKC) and calcium/calmodulin-dependent protein
kinase 1l (CaMKII). The planar cell polarity pathway, first studied in Drosophila, activates
monomeric GTPases Rho and Rac, which in turn activate Jun-N-terminal kinase (JNK), ultimately
restructuring the cytoskeleton to organize the bristles and hairs of the Drosophila cuticle [83]. In
both forms of noncanonical Wnt signaling, intracellular calcium appears to be an important
downstream signaling messenger. However, the signaling cascade leading to an increase in
intracellular Ca2*, as well as its source and dynamics remain unknown. Importantly, it is not known
whether noncanonical Wnt/Ca?* signaling is present in mature neurons and whether it plays a role

in regulating neuronal function.

The expression of both canonical and non-canonical Wnt ligands continues throughout the
lifetime of the adult, but their precise function in the mature nervous system has yet to be fully
explored. Particularly, Wnts appear to play a role in synaptic maintenance, function, and plasticity

[69]. The canonical Wnt ligand Wnt7a, promotes vesicle release, decreases paired pulse
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facilitation, and may have a role during synaptic remodeling in hippocampus [84, 85].
Compromised Wnt7a signaling is associated with a general decrease in synaptic strength in

hippocampus [85].

In contrast, the non-canonical ligand Wnt5a appears to have a primarily postsynaptic function
in the adult hippocampus. Wnt5a has been shown to promote clustering of PSD-95 at synapses of
dissociated hippocampal neurons through the enzyme JNK [86], and can lead to a rapid calcium
increase in hippocampal dendrites, though the mechanism behind this increase is unclear [87]. It
is likely mediated by a neuronal form of the Wnt/Calcium signaling cascade present during

embryonic development.

We have previously found that Wnt5a rapidly upregulates synaptic NMDAR currents, and
subsequently can facilitate the induction of synaptic plasticity [64]. Because NMDARs are the
coincidence detectors for simultaneous pre and postsynaptic activity and are fundamental for
learning and synaptogenesis, understanding how non-canonical Wnt lignads regulate synaptic

NMDARs is of critical importance.

Here, we investigated the molecular mechanisms by which Wnt5a potentiates NMDAR
currents in hippocampus. We report that Wnt5a depolarizes neurons and mobilizes calcium from
intracellular stores to increase SNARE-dependent trafficking of NMDARs. This novel non-
canonical Wnt signaling pathway requires tyrosine kinase-like orphan receptor 2 (RoR2),
activation of phospholipase C, and the participation of voltage-gated calcium channels. Our results
demonstrate that Wnt/Calcium signaling can regulate the presence of NMDARs at synapses,
particularly those containing GIUN2B subunits, suggesting a novel role for Wnt signaling in the

postnatal brain.
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2.2 Materials and methods
Hippocampal slices

Organotypic hippocampal slices (400 um thick) were prepared according to standard
procedures from postnatal day (P)6-9 male and female Sprague Dawley rats and maintained in
culture for 3-8 days at 35°C [88]. Animals were handled in accordance with University of

Washington (Seattle, WA) institutional animal care and use committee guidelines.

Dissociated neurons
Cultured hippocampal neurons were obtained by dissecting hippocampi from p1-2

Sprague Dawley males and female rats. Primary neurons were plated onto glass coverslips
coated with poly-d-lysine and maintained in Minimal Essential Medium (Gibco) containing 10%
horse serum, 2% B27, 2.5% HEPES, 0.8% glucose, 1% sodium pyruvate, 1% glutaMAX, 1%
Pen/Strep. After four days in culture, 2 mg/mL 5-fluoro-2’deoxyuridine and 5 mg/mL uridine
were added to the medium to suppress glial growth. Cells were used in experiments 1-2 weeks
after plating.
Wnt constructs

Whnt5a, Wnt7a, or a control empty vector containing no Wnt ligand were expressed in HEK-
293 cells for 72 hours. Conditioned medium containing Wnt proteins was harvested and
centrifuged at 1000 rpm for 5 min. The supernatant containing Wnt ligands (~20 mL) was
collected and dialyzed against 2 L artificial CSF (ACSF) without calcium for 16-24 hours
(Spectra/Por 4 Dialyzer Tubing, molecular weight cutoff 12-14 KDa; cat no. 3787D40; Thomas
Scientific) at 4°C. For electrophysiological experiments, Wnt constructs were further diluted 1/3
with fresh ACSF at the time of the experiment. All Wnt constructs and conditioned media

controls were used within 4 days post dialysis.
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Calcium imaging

Cultured dissociated neurons were loaded with 3 uM Asante calcium red in neuronal
medium at room temperature for 30-45 min, then incubated in neuronal medium without
indicator for an additional 30-45 min. to allow intracellular hydrolysis of the AM ester. For
experiments, neurons were perfused with ACSF containing (in mM) 10 Glucose, 2.5 KCI, 118
NaCl, 1 NaH2PO4, 2 CaCl2, 2 MgClI2, 26 NaHCO3, pH 7.4, bubbled with 95% 02 5% CO2 and
imaged at room temperature on a 510 Meta Confocal (Zeiss) at 543 nm using a 63X water
immersion objective. Mean fluorescence was measured and background subtracted using ImageJ.
The analysis was repeated for 2-3 dendrites and averaged for each cell.
Electrophysiology

CAL1 neurons from organotypic hippocampal slices were recorded in modified ACSF
containing (in mM) 10 Glucose, 2.5 KCI, 118 NaCl, 1 NaH2PO4, 2 CaCl2, 2 MgCl2, 26
NaHCO3, pH 7.4. In the SNAP25 experiment (Fig 2.4E) 4 CaCl2 and 4 MgCl2 was used. The
bath temperature was kept between 22.8-23.0°C. CA1 neurons were patched under visual
guidance with glass pipettes (~3-4 MQ) filled with either a cesium based (in mM 115 CsMeSO4,
20 CsCl2, 10 Hepes, 2.5 MgCl2, 4 MgATP, 0.4 Na3GTP, 10 Na-phosphocreatine, 0.6 EGTA,
pH 7.25) or K*-based (115 K-gluconate, 20 KCI, 10 Hepes, 2.5 MgClI2, 4 MgATP, 0.4 Na3GTP,
10 Na-phosphocreatine, 0.6 EGTA, pH 7.25) internal solution depending on the experiment.
Recordings were obtained with a MultiClamp 700B amplifier (Axon Instruments) and pClamp
10.1 software.

NMDAR-mediated currents were recorded in the presence of 2 uM 2-chloroadenosine, 2

uM NBQX, and 100 uM picrotoxin from hippocampal neurons voltage-clamped at +40mV. A
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bipolar cluster electrode (CE2C55, FHC) was placed on the Schaffer collaterals about 100 um
from the CA1 cell of interest and responses evoked at 0.1 Hz.
Imaging

Primary hippocampal neurons were transiently transfected with GIuN2B-SEP and equimolar
GluN1-untagged, to ensure proper receptor assembly and trafficking [24] using Lipofectamine
LTX (Invitrogen). Dissociated neurons were imaged on a confocal microscope (Zeiss 510 Meta).
Images were taken every five minutes. Each image was a z-stack of 7-9 1um planes, and then
projected for maximum intensity. At the end of the experiment, pH sensitivity of the construct
was confirmed with an impermeant low pH ACSF (pH=5.5) containing MES hydrate instead of
sodium bicarbonate. Mean integrated fluorescence density was measured and background
subtracted using ImagelJ. The fluorescence of 1-2 dendrites was measured and then averaged for
each cell.

Knockdown of RoR2.

SureSilencing shRNA plasmids from SABiosciences (cat. no, KR55098G) targeting rat
RoR2 sequence (NM001107339) described elsewhere [65] were transfected via Lipofectamine
LTX (Invitrogen) into dissociated hippocampal neurons 48 hours prior to experimentation.
Statistics

Statistical significance was determined using a Student’s standard paired and unpaired t-test.
Where appropriate, one-way ANOVA was used with Tukey’s Multiple Comparison test. A p

value of < 0.05 was considered statistically significant.
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Chemical reagents

2-cholorodenosine was purchased from Sigma-Aldrich. All other reagents used were
purchased from Tocris. Preparation of drugs followed company specifications. When drugs were
dissolved in DMSO, the total DMSO concentration in the bath was <0.2%.
2.3 Results

2.3.1 Wnt5a mobilizes intracellular Ca?* to potentiate synaptic NMDAR currents.

To examine whether Wnt ligands signal via the noncanonical Wnt/Ca?* pathway in mature
neurons, dissociated hippocampal neurons were loaded with the calcium indicator Asante Calcium
Red (ACR), which can be easily loaded into neurons and is sensitive to small changes in Ca?* (Kgq
=400 nM). We added either a canonical ligand, Wnt7a or, noncanonical Wnt ligand, Wnt5a to the
perfusate. At the end of the experiment, ACSF containing high KCI (50 mM), which depolarizes
neurons and subsequently activates voltage gated calcium channels, was added to the bath as a
positive control. Bath application of Wnt5a significantly increased intracellular Ca?* in neuronal
dendrites 32 + 12% above baseline (p < 0.05), while Wnt7a did not (Figure 2.1A and B). Control
medium containing no Wnt ligand also did not affect intracellular Ca?* (not shown). To further
confirm the specificity of the calcium rise to Wnt5a, we knocked down a putative Wnt5a receptor
in hippocampus. RoR2. RoR2 is a tyrosine kinase-like receptor we have shown to be highly
expressed in CAL and is required for the Wnt5a-mediated increase in NMDAR amplitudes [65].
Transfecting neurons with an shRNA targeting the RoR2 receptor eliminated Wnt5a’s ability to

increase intracellular levels of calcium (Figure 2.1C and D).

Two complementary experiments were designed to investigate the Ca?* source contributing to
the cytoplasmic Ca?* rise. First, neurons were perfused with nominally Ca?* free ACSF. Wnt5a

still significantly raised cytoplasmic Ca?* 13 + 3% above baseline (p < 0.005, Figure 2.2A), though
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the response did not have the same kinetics or amplitude as when extracellular Ca?* was present.
We then tested the role of intracellular Ca?* stores by preincubating the neurons for 30 minutes
with cyclopiazonic acid (CPA), an inhibitor of the SERCA pump, which prevents store refilling

[89]. CPA was also maintained in the bath during the experiment.
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Figure 2.1 Wnt5a mobilizes intracellular Ca?*. A. Dendrites of a dissociated CA1 neuron loaded with 3
uM Asante Calcium Red (ACR) at baseline, 2 and 10 minutes after adding Wnt5a to the bath. Scale bar =10
um. B. Change in ACR fluorescence normalized to baseline. Either Wnt5a (black circles; n=15) or Wnt7a
(white squares; n=8) was added to the bath after a 3-minute of baseline. ACSF containing 50 mM KCI was
added to the bath as a positive control. C. Quantification of the normalized mean fluorescence signal at
baseline and 2 minutes following either Wnt5a or Wnt7a to the bath. D. Change in ACR fluorescence from
baseline as in B induced by Wnt5a in neurons expressing shRNA targeting the RoR2 receptor (n=10). E.
Quantification of the normalized mean fluorescence signal at baseline and 2 minutes after adding Wnt5a to
the bath in neurons transfected with an shRNA targeting RoR2. * p < 0.05.
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Under these conditions, Wnt5a failed to elevate cytoplasmic Ca?* (Figure 2.2 C and D). We
concluded from these experiments that a combination of extracellular Ca** and Ca?* from
intracellular stores is necessary to initiate a full Wnt5a mediated Ca?* response. This is consistent
with previously shown mechanisms of calcium-induced calcium release (CICR) in excitable cells

[90].

Further in agreement with the need for extracellular Ca?* to initiate CICR from intracellular
stores, blockade of (VGCC) L, N, P, and Q-type voltage gated Ca?* channels with a cocktail
containing nifedipine and ®-conotoxin MVIIC also blocked the increase in cytosolic Ca**
initiated by Wnt5a (Figure 2.2 E and F). We tested next whether this Wnt/Ca?* pathway also
requires IP3 generation via phospholipase C (PLC), as it has been described for CICR involving
Whnt5a signaling in zebrafish embryos [80]. To test this hypothesis, neurons were pre-incubated
with PLC inhibitor U73122. As shown in Figure 2.2G and H, Wnt5a was still able to
significantly elevate cytoplasmic calcium levels by 9 £ 3% (p < 0.05), though the response
amplitude was much reduced compared with untreated neurons. Together, these experiments
indicate that Wnt5a activates a mechanism leading to Ca?* mobilization from stores requiring

PLC activity, extracellular Ca*, and VGCCs to initiate the signal.
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Figure 2.2 Wnt5a mobilizes intracellular Ca?* from intracellular stores. Change in ACR
fluorescence over time (left) and quantification of the mean fluorescence 2 min after Wntba
addition to the bath, normalized to baseline (right) in neurons bathed in nominally Ca?* free ACSF
(n=8) (A and B), pretreated with 30 uM CPA (C and D; n=8), in the presence of 10 uM nifedipine
and 1 uM w-conotoxin MVIIC (E and F; n=6), or pretreated with 5uM PLC inhibitor, U73122 (G
and H; n=8). * p < 0.05, **p < 0.01.

27



We then tested whether this Wnt-mediated Ca?* rise plays a role in Wnt5a’s ability to
potentiate NMDAR currents in hippocampal slices. As shown previously [64], Wnt5a significantly
increased the amplitudes of pharmacologically isolated NMDAR currents recorded from
hippocampal CA1 neurons 123 + 38% compared to baseline over the course of an hour (p < 0.01,
Figure 2.3A and E). This potentiation was reduced when slices were preincubated and bathed with
CPA during the experiment to empty intracellular calcium stores (Figure 2.3B and E). To examine
more carefully the role of voltage gated calcium channels in this cascade, we blocked the L-type
calcium channel with nifedipine. We chose to focus on the L-type channel because of its well-
documented role in postsynaptic calcium handling in hippocampus [53], and, because of its
primarily postsynaptic function, we could include it in the bath for this electrophysiological
paradigm without blocking glutamate release, as confirmed when nifedipine alone was added to
the bath (not shown). This does not exclude a potential role for other VGCCs in this Wnt signaling
cascade. When nifedipine was included in the bath, Wnt5a failed to potentiate NMDAR currents,
instead inducing NMDAR rundown (Figure 2.3C and E). To examine the role of PLC in Wnt5a-
mediated NMDAR potentiation, we pretreated and bathed neurons with U73122 during the

experiment. This treatment also reduced NMDAR potentiation (Figure 2.3D and E).
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Figure 2.3 Intracellular Ca?* release from stores is necessary for Wnt5a to upregulate NMDAR currents.
A. Top, sample traces of isolated NMDAR-mediated EPSCs recorded at +40 mV during baseline, 20, and 50
minutes after bath application of Wnt5a from control neurons. Bottom, normalized peak amplitude of
NMDAR-mediated EPSCs when Wnt5a was added to the bath (h=10). These experiments were performed with
CAL neurons in cultured hippocampal slices. B. Sample traces and normalized peak amplitude of NMDAR

EPSCs as in A in neurons pretreated and bathed with 30 LM CPA during the experiment (n=9). C. Sample
traces and normalized peak amplitudes of NMDAR EPSCS as in A in the presence of 10 uM nifedipine (n=9).

D. Sample traces and normalized peak amplitude of NMDAR EPSCs as in A in neurons pretreated with 5pLM
U73122 (n=13). E.Quantification of NMDAR amplitudes at baseline, 20, and 50 minutes following Wnt5a
treatment for the four conditions above. F. EPSC time to half decay for currents evoked at baseline, 20 and 50
minutes following Wnt5a treatment for the four conditions. * p < 0.05, ** p < 0.01, *** p < 0.0005
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Consistent with our previous work, 50 minutes Wnt5a treatment also significantly
increased the decay time constant of the NMDAR EPSC by 84 + 31 % (p < 0.05 compared to
baseline, Figure 2.3F, [64]). This increase, indicative of heightened representation of NMDARs
containing the GIuN2B subunit, was blocked by CPA incubation, and treatment with nifedipine.
Wntba was able to significantly increase the time constant of neurons from slices pretreated with

U73122 by 63 £ 15% (p <0.05), though not to the same degree as untreated slices.

Thus, Wnt5a can upregulate NMDAR currents through a mechanism that likely involves

release of calcium from internal stores.

2.3.2 Wnt5a depolarizes CA1 neurons.

The role of VGCCs, particularly the L-type calcium channel, in the Wnt5a-mediated calcium
elevation and NMDAR EPSC potentiation inspires the intriguing question of how Wnt5a engages
these channels. We sought to see if Wnt5a depolarizes CA1 neurons. Electrophysiological
recordings from hippocampal CAL neurons in current clamp show that Wnt5a addition to the
perfusion depolarizes neurons within 2 minutes (Figure 2.4A and B). This depolarization continues
for the next 20 minutes, leading to a 5.9 + 1.1 mV depolarization as measured in the soma of
neurons. Wnt5a depolarized neurons significantly more than Wnt7a, which depolarized neurons
1.2 + 0.5 mV, and control conditioned medium containing no Wnt ligand, 1.3 £ 0.9 mV (p < 0.05,
ANOVA and Tukey’s multiple comparison test, Figure 2.4B and D). This indicates that this
depolarization is specific to the non-canonical Wnt5a signaling pathway. Blocking L-type calcium
channels with nifedipine, or intracellular perfusion of BAPTA via the recording pipette did not
prevent Wnt5a-induced depolarization, indicating that Ca?* is not necessary for Wnt5a-induced
depolarization, and that membrane depolarization precedes intracellular Ca?* elevation in this

signaling cascade (Figure 2.4C and D). However, the PLC inhibitor U73122 significantly reduced
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Wntba-mediated depolarization to 2.2 = 0.7 mV, suggesting activation of a metabotropic pathway
involving cleavage of phosphatidylinositol to depolarize neurons (p < 0.05, ANOVA and Tukey’s
multiple comparison test, Figure 2.4C and D). Depolarization induced by Wnt5a pushed the resting
membrane potential of neurons closer to threshold, such that CA1 pyramidal neurons fired more
action potentials in response to current injections in the presence of Wnt5a. Wnt7a, as expected,
did not cause an increase in the firing rate (Figure 2.4E-H). In tandem with the observed
depolarization, this increase in firing frequency was seen within minutes of Wnt5a bath application

and reached a maximum 20-30 minutes after bath application of Wnt5a (Figure 2.4H).
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Figure 2.4 Wntba depolarizes CA1 neurons. A. Sample trace of resting membrane potential of a CA1 neuron in
cultured hippocampal slice before and during bath application of Wnt5a. B. Average change in resting membrane
potential over the course of 20 min. after bath application of Wnt5a (n=18), Wnt7a (n=9), or control conditioned
media containing no Wnt ligand (n=11) as indicated. C. Average change in resting membrane potential over the
course of 20 min. during bath application of Wnt5a to neurons recorded with 10 mM BAPTA in the patch pipette
(grey circles; n=11), in the presence of 10 uM nifedipine (black squares; n=8), or pretreated with 5uM U73122
(white triangles; n=16). D. Absolute change in resting membrane potential after 20 min. bath application of
Whntba for neurons treated as indicated. E-F. Input-output function for neurons before and 20 min after bath
application of Wnt5a (E; n=6) or Wnt7a (F; n=6). Current steps were 300 ms. G. Sample traces of voltage
response to a 0.06 nA, 300 ms, current injection before and during treatment with either Wnt5a (top) or Wnt7a
(bottom). H. Frequency of action potentials per 300 ms, 0.06 nA current injection over the course of 20 min.
during treatment with either Wnt5a (black circles; n=6) or Wnt7a (white squares; n=6). I. Quantification of firing
frequency after treatment with either ligand. * p< 0.05
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2.3.3. Wntb5a decreases current through K* channels, but does not affect resting ionic
conductances or In.

To further understand how Wnt5a depolarizes neurons, we tested the effect of Wnt ligands on
known contributors to the resting membrane potential. Wnt5a had no effect on resting leak currents
as measured at the soma (Figure 2.5A). We also studied the effect of Wnt5a on I, a depolarizing,
non-inactivating current mediated by hyperpolarization-activated cyclic nucleotide-gated ion
channels (HCN), which stabilizes the membrane potential. We predicted that Wnt5a would
decrease In if HCN were involved in this signaling cascade [91]. However, we saw no change in

Ih upon Wnt5a addition (Figure 2.5B).

Whntba significantly reduced the steady-state current through high-voltage activated K*
channels to 77 + 3% of baseline values (p < 0.0005, Figure 2.5C, E, and F). Wnt7a also
significantly reduced the potassium current to 86 = 2.2% (p < 0.005, Figure 2.4D and E), though
the reduction by Wn5a was significantly greater (unpaired t-test, p < 0.05). This reduction in high-
voltage activated K* currents provides a mechanism by which Wnt5a could depolarize the
membrane and initiate the Ca?* signaling cascade. Inhibition of PLC with U73122 prevented the
Whnt5a-induced reduction in these K+ currents (Figure 2.5G-I), indicating that activation of PLC

is upstream of membrane depolarization and increase in cytosolic Ca?".
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Figure 2.5 Wntba decreases current through high voltage activated K* channels, but does not affect resting
conductance or In. A. Current-voltage relationship for leak currents evoked by 100 ms, 2 mV steps in the presence
of 1 uM TTX to block voltage-gated sodium channels and 30 uM zd7288 to block I, (n=6). B. Top, sample traces of
Inevoked by a hyperpolarizing voltage step to -120 mV before and after 30 min treatment with Wnt5a. I, was
measured by subtracting the instantaneous current (white arrow head) from the steady state current (black arrow
head). Bottom, population data for normalized I, before and after bath application of Wnt5a. C-D. Current-voltage
relationship for K* currents acquired in the presence of 2 uM NBQX and 1 uM TTX before and 35 min after bath
application of Wnt5a (C; n=7) or Wnt7a (D; n=6). E. Quantification of the reduction in K* currents induced by
Whntba and Wnt7a following 35 min of treatment. F. Example traces of potassium currents evoked by a 100 ms step
to +20 mV before and after 35 minutes of treatment with either Wnt5a (top) or Wnt7a (bottom). Steady-state current
was measured at a window indicated by arrow-heads G. Current-voltage relationship for K* currents acquired in the
presence of 2 uM NBQX, 1 uM TTX, and 5 uM PLC inhibitor U73122 before and 35 min after bath application of
Whntba (n=9). Neurons were also pretreated with 5 uM U73122 at least 30 minutes before the experiment. H.
Quantification of reduction in K* currents induced by Wnt5a in the presence of U73122. I. Example traces of K*
currents as in E before and 35 min after Wnt5a treatment in the presence of U73122. ** p < 0.01, *** p < 0.001
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2.3.4. Wnt5a promotes trafficking of GluN2B-containing NMDARSs into synapses.
Whnt5a increases the amplitude of NMDAR-mediated EPSCs, the decay time constant of
EPSCs, and the sensitivity of currents to the GIuN2B specific antagonist ifenprodil, indicating an
increase in synaptic NMDARs containing the GIuN2B subunit [64]. We therefore asked if Wnt5a
increased NMDAR EPSC amplitudes by promoting the trafficking of GluN2B-containing

receptors to the surface.

To monitor surface expression of GluN2B-containing NMDARs, we tagged GIuN2B
subunits with pH-sensitive green fluorescent protein, super-ecliptic phluorin (SEP) [92] and
transiently transfected this construct into dissociated hippocampal neurons. This construct will
fluoresce only when exposed to the neutral extracellular space. Surface expression of NMDARs
could then be monitored as the mean fluorescence for a dendritic ROI. At the end of each
experiment, an impermeant low pH buffer (pH = 5.5) was added to the bath to quench surface
fluorescence and confirm the measuring of surface fluoresce, not intracellular background. Cells
were used for analysis only if the acid condition dropped fluorescence levels below baseline (not

shown).

Whntba addition to the bath significantly increased the surface expression of GIuN2B-
containing NMDARSs on primary and secondary dendrites by 20 + 9% (p < 0.05, Figure 2.6A-C).
In contrast, canonical Wnt ligand Wnt7a or control medium slightly reduced the surface expression
of GIuN2B-containing NMDARs, which may in part be due to photobleaching (Figure 2.6B and
C). Knockdown of RoR2 in neurons eliminated the Wnt5a effect on NMDAR trafficking,
confirming the specificity of the Wntba effect and the need of RoR2 for neuronal Wnt signaling

[65] (Figure 2.6D and E). Pretreatment of neurons with CPA to empty internal Ca?* stores (Figure
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Figure 2.6 Wntba promotes trafficking of GIuN2B-containing NMDARs. A. Dendrites of a dissociated
hippocampal neuron transfected with SEP-tagged GIUN2B at baseline and 45 minutes after adding Wnt5a to the
bath. Inset: whole dissociated hippocampal neuron transfected with SEP-tagged GIuN2B. Scale bar = 10 pm. B.
Normalized surface fluorescence intensity in dendrites of dissociated hippocampal neurons expressing SEP-tagged
GIuN2B receptors before and after bath application of Wnt5a (black circles; n=8), Wnt7a (white squares; n=5), or
control conditioned medium (grey triangles; n=3).C. Quantification of Wnt5a-induced change in mean fluorescence.
D. Surface expression of GIUN2B (as in B) in neurons expressing sShRNA targeting the RoR2 receptor before and
during treatment with Wnt5a (n=5). E. Quantification of Wntb5a induced changes in surface fluorescence in RoR2
knockout neurons. F. Surface expression of GIUN2B (as in B) in neurons pretreated and bathed with 30 uM CPA
before and during bath application of Wnt5a (n=5). G. Quantification of mean surface fluorescence change induced
by Wnt5a of SEP-tagged GIuN2B transfected neurons treated with CPA or U73122. H. Biotinylation of surface
endogenous GIUN2B. Top, sample immunoblot of total and surface GIuUN2B from control neurons or neurons treated
for 1 hr with Wnt5a. Bottom, quantification of immunoblots intensity (n=8). I. Top, sample NMDAR EPSCs evoked
at baseline, 20, and 50 min following Wnt5a addition to the bath with 10 uM SNAP25 in the patch pipette. Bottom,
normalized peak amplitude of isolated NMDAR-mediated EPSCs recorded at +40 mV from control CA1 neurons
(black circles; n=5) and neurons recorded with 10 uM Snap25 peptide in the patching pipette (white circles; n=5).
This experiment was performed in cultured hippocampal slices. J. Quantification of the effects of Wnt5a on
NMDAR EPSCS in the presence of SNAP25 in the patch pipette. * p < 0.05, ** p < 0.01.
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2.6F and G) and treatment of neurons with U73122 (Figure 2.6G) abolished the Wnt5a mediated

SEP-GIuN2B surface increase.

We further confirmed the increase in surface expression of GIUN2B by quantifying
endogenous surface GIUN2B in neuronal cultures using a biotinylation assay. Dissociated
hippocampal neurons were treated for 1 hour with Wnt5a and surface proteins were biotinylated,
immunoprecipitated, separated in SDS-PAGE, and immunoblotted using an anti-GluN2B
antibody. As shown in Figure 2.6H, Wnt5a increased the amount of surface GIuUN2B 30 + 4% (p
< 0.01) without affecting the total amount of GIuN2B. These data further corroborate that the

Wnt5a/Ca?* signaling pathway upregulates surface expression of NMDARS.

Insertion of glutamate receptors into the cell surface is a process mediated by SNARE proteins
[22, 93]. To electrophysiologically test the role of receptor trafficking in Wnt5a-mediated
NMDAR potentiation, we blocked receptor insertion using a SNAP25 peptide (aa 182-192,
MEKADANKTRI) in the patch pipette. This peptide disrupts the interaction of endogenous
SNAP25 with its binding partners, syntaxin-1 and VAMP2 [22]. Isolated NMDAR EPSCs were
monitored in hippocampal CA3-CAL synapses before and after bath application of Wntba. As
described before, Wnt5a induced a potentiation of NMDAR-mediated currents (Figure 2.61 and J).
Disruption of the exocytotic machinery with SNAP25 peptide blocked potentiation of NMDAR
EPSCs induced by Wnt5a, and instead induced a slow rundown (Figure 2.61). Together these
experiments indicate that Wnt5a triggers a neuronal Wnt/Ca?* signaling cascade that increases

NMDAR trafficking, and hence measured NMDAR currents.
2.4 Discussion

The role and mechanisms of Wnt signaling have been extensively studied in embryonic

development. Comparatively, its role in the postnatal brain is still elusive. Gene expression of Wnt
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signaling components occurs in the postnatal brain lasting into adulthood, suggesting Wnt
signaling has a role beyond early stages of development. It has been proposed that noncanonical

Whnt ligands can regulate brain function via regulation of synaptic NMDARs [64].

Here we describe a neuronal noncanonical Wnt signaling cascade that mobilizes
intracellular Ca?* to upregulate trafficking of NMDARs with the final consequence of enhancing
synaptic NMDAR-mediated currents. Figure 2.7 describes the signaling cascade: The non-
canonical Wnt5a ligand binds to the RoR2 receptor, a tyrosine kinase-like orphan receptor recently
identified as a receptor for noncanonical Wnt ligands [94, 95], and a mediator of Wnt5a-induced
NMDAR potentiation [65]. Wnt5a binding RoR2 activates PLC, leading to a decrease in potassium
currents, a subsequent rise in the membrane potential towards threshold, and VGCC-dependent
mobilization of Ca®" from intracellular stores. This ultimately increases the trafficking of

NMDARs into synapses.
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Figure 2.7 Model of Wnt/Ca?* signaling in neurons. Wnt5a binds to RoR2 to activate PLC, leading to a
decrease in potassium currents, a subsequent depolarization, and VGCC-dependent mobilization of Ca?*
from intracellular stores. This ultimately increases the trafficking of NMDARS into synapses.
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Whnt ligands used here as representative canonical and non-canonical Wnt ligands, Wnt7a and
Whnt5a respectively, are expressed in several regions of the brain of rodents. In particular, Wnt5a
expressing cells are scattered through the neocortex and hippocampal formation in pyramidal and
other layers in young adults [96], its MRNA is detected in the mature hippocampus [97], and the
Wntba protein is detected in the conditioned medium of primary cultured astrocytes and neurons
[84, 98]. This indicates Wnt5a may play a role regulating glutamatergic synaptic transmission. It
would be important in the future to determine how the secretion of neuronal Wnt ligands is

regulated and whether it is affected by synaptic activity.

The depolarization of the membrane observed upon Wnt5a addition to the bath may be
orchestrated by the closing of the KCNQ channels. These channels mitigate the m current, and are
up regulated by phosphatidylinositols, which leads to the intriguing possibility that cleavage of
PIP2 via PLC activation results in PIP2 depletion and channel closure [99]. The fact that Wnt5a
decreases the steady-state current through potassium channels in a PLC dependent manner is
supportive of this mechanism. The fact that we see no change in the currents at rest might be
attributable to a space-clamp issue of doing these recordings in the soma, while the change in input

resistance further away could be much greater.

Wntba depolarized neurons by roughly 6 mV, though again, if measured in distal dendrites,
this change in membrane potential could be greater. Our data suggest that this depolarization is
sufficient to engage VGCC and initiate a CICR response. Depolarization by local synaptic activity
could also be required to summate with the Wnt5a-induced depolarization in order to gate VGCCs.
This could represent a mechanism to upregulate NMDARs only on those dendrites where some

synaptic activity exists.
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The increase in intracellular Ca?* triggered by noncanonical Wnt5a is slow and depends on
the activation of PLC and VGCC, suggesting that the time course of the Ca* signal is not adequate
to cause potentiation of AMPAR-mediated responses, which requires short and fast Ca®
transients, as in long-term potentiation paradigms [11]. This explains the observed specificity of

noncanonical Wnt to potentiate NMDARs but not AMPARs [64].

We also show that surface expression of NMDARs is increased by Wnt5a in a manner
dependent of SNARE proteins. PKC activity is also necessary for Wnt5a-induced potentiation of
NMDAR-currents, suggesting that SNAP25 could be a target of PKC activated by Wnt5a [64, 65].
While the increase in surface NMDARs seems modest (~30%) compared to the increase in
synaptic NMDAR-mediated EPSCs (2-3 fold), this apparent discrepancy is because surface
expression is measured globally in dendrites while currents are measured only at synapses. Thus,
a global increase in surface GIuN2B-containing receptors would increase lateral diffusion of
NMDARSs into synapses [100]. The depolarization, together with larger synaptic NMDAR currents
mediated by the GIuN2B subunit, will increase subsequent synaptic plasticity [24], giving Wnt

signaling a key role in the regulation of brain function.

Our study describes a novel Wnt signaling cascade present in mature neurons that depolarizes
cells and increases trafficking of NMDARs into synapses [64, 65]. This provides a cellular
mechanism to explain how Wnt5a upregulates NMDA-mediated synaptic currents. Due to the
importance of NMDARSs in synaptogenesis, synaptic plasticity, and neuropathologies, regulation
of Wnts may be critical for brain function beyond embryonic development. In addition, this novel
Wnt/Ca?* signaling mechanism could contribute to the proper Ca?* handling that is necessary for

proper synaptic physiology and that is disrupted in neuropathologies. Future studies regarding the
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regulation and secretion of Wnt ligands in the mature hippocampus may lead to effective

treatments for neuropathologies where glutamatergic transmission is compromised.
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CHAPTER 3

Dynamic lateral exchange of synaptic and extrasynaptic NMDARS

3.1 Introduction
The N-methyl-D-aspartate receptor (NMDAR) is an ionotropic glutamate receptor

expressed throughout neocortex, permeable to calcium, and is fundamental for both
synaptogenesis and experience-driven synaptic plasticity. Although historically NMDARs have
been thought to be relatively stable components of synapses based on their tight association with
scaffolding proteins [7, 101], more recent evidence elucidates that NMDARs are dynamic,
making understanding the intracellular mechanisms that control their expression and function
imperative [51].

Decreasing neuronal activity promotes NMDAR function at synapses in the
hippocampus: pharmacological treatment of cultured hippocampal neurons with TTX increases
NMDAR surface expression [57]. Consistently, preventing glutamate from binding NMDAR
with APV treatment increases receptor localization to synapses [58]. APV also increases
NMDAR phosphorylation states in a manner supportive of surface expression [102]. However,
many of these pharmacological modifications have been studied over the course of hours or even
days. Considering that synapses can change their characteristics within minutes, it is crucial to
evaluate how activity might modify NMDAR representation within synapses on a shorter time
scale. We have previously shown that a 15-minute period of silence following 0.1 Hz stimulation
potentiates synaptic NMDAR currents [59], but the mechanisms behind this phenomenon are
still unclear.

One aspect of NMDAR regulation that has not been well elucidated is lateral surface

movement between extrasynaptic and synaptic compartments. On postsynaptic sites, NMDARs
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are located both synaptically and extrasynaptically, and synaptic vs. extrasynaptic NMDARs are
proposed to have different subunit compositions and functions via association with different
signaling platforms [103, 104]. Whether there is exchange between synaptic and extrasynaptic
receptor pools is unclear. Using the activity-dependent NMDAR inhibitor, MK-801, it has been
demonstrated in autaptic hippocampal dissociated neuronal cultures that NMDARs can move
laterally into synaptic regions [105]. Quantum receptor tracking further supports that NMDARS
diffuse quite readily on the plasma membrane surface at a rate determined by subunit
composition [100, 106]. However, this mobility has not been demonstrated in more intact
systems such as hippocampal slices, and some evidence supports that in the more physiological
paradigm, synaptic and extrasynaptic receptors are fixed, calling into question whether such
mobility occurs in vivo [107]. In addition, it is also unclear what mechanisms, whether
intracellularly or extracellularly, govern this lateral mobility.

In this report, we sought to re-investigate whether NMDARs move between synaptic and
extrasynaptic compartments in hippocampal slices. We have found evidence supportive of
NMDAR exchange, as responses can recover from synaptic block with MK-801. This recovery
is activity-dependent, but calcium independent, and may be attributable to NMDARS containing
the GIUN2B subunit. Consistent with previous studies of activity-dependent NMDAR regulation,
we also demonstrate that a period of silence following stimulation promotes this receptor
movement into synapses. Such exchange might produce a mechanism by which synapses can
rapidly change their threshold for plasticity. Considering the fundamental role of NMDARSs in
learning, and their implication in neuropathologies, it is of crucial importance to clarify if these
receptors traffic laterally between compartments as a means of fine-tuning synaptic

characteristics on a minute-by-minute basis.
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3.2. Materials and methods
Hippocampal slices

Organotypic hippocampal slices (400 um thick) were prepared according to standard
procedures from postnatal day (P)6-9 male and female Sprague Dawley rats and maintained in
culture for 3-8 days at 35°C. Animals were handled in accordance with University of
Washington (Seattle, WA) institutional animal care and use committee guidelines.
Electrophysiology

For each experiment, the CA1 area of a hippocampal slice was isolated by making two cuts
flanking the CA1 region, and then the slice was placed into the recording chamber containing
modified ACSF (mACSF): (in mM) 10 Glucose, 2.5 KCI, 118 NaCl, 1 NaH2PO4, 2 CaCl2, 2
MgCl2, 26 NaHCO3, pH 7.4, constantly circulating and bubbled with 95% O2, 5% carbon
dioxide. NMDAR mediated currents were recorded from CAL neurons patched under visual
guidance with glass pipettes (~2-4 MQ) filled with a cesium based internal solution: (in mM)
115 CsMeS04, 20 CsCI2, 10 Hepes, 2.5 MgCI2, 4 MgATP, 0.4 Na3GTP, 10 Na-
phosphocreatine, 0.6 EGTA, pH 7.25. Currents were evoked by holding the cells at depolarized
potentials below the NMDAR reversal potential (between -40 and -15 mV, average -30 mV) and
stimulating the Schaffer collaterals with a bipolar cluster electrode (CE2C55, FHC) placed about
100 um away from the cell of interest. To isolate NMDAR currents, NBQX (2uM) and
picrotoxin (100uM) were also included in the bath. Temperature was kept between 22.8-23.0°C.
Recordings were obtained with a MultiClamp 700B amplifier (Axon Instruments) and pClamp

10.1 software.

Statistics
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Where appropriate, statistical significance was determined using a Student’s standard t-test,
with p < 0.05 considered statistically significant.
3.3. Results

3.3.1 NMDAR EPSCs are rapidly and bidirectionally modified by activity.

We have previously reported that a decrease in stimulation frequency can potentiate
NMDAR currents, indicating that NMDARs within synapses can be rapidly regulated by
changes in activity [59]. These results were obtained from neurons voltage clamped at +40 mV
to activate NMDARs. We first repeated this experiment voltage clamping at hyperpolarized
potentials (average, ~-30 mV), which is closer to physiological conditions. The holding potential
and stimulation amplitude was adjusted for each cell to produce an EPSC of consistent size (~25-
50 pA). Similar to what we found previously, reducing the stimulation frequency from 0.1 Hz to
0.05 Hz for 20 min resulted in a significant potentiation of NMDAR currents by 44 + 12% when
compared with baseline (p < 0.05, Figure 3.1A-C). Once 0.1 Hz stimulation was resumed,
potentiated NMDAR EPSC response amplitudes began to decline back to baseline. In tandem,
when stimulation frequency was increased from 0.1 Hz to 0.5 Hz, NMDAR EPSC amplitudes
significantly declined to 87 + 5% of baseline values (p < 0.05, Figure 3.1D-F). Completely
stopping stimulation for only 5 minutes significantly increased NMDAR EPSC amplitudes over

baseline by 18 + 6% (Figure 3.1G-1, p < 0.01).
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Figure 3.1 Activity bidirectionally regulates NMDAR currents. A. Example isolated NMDAR EPSC traces
evoked from CA1 cells in hippocampal slices at baseline stimulation of 0.1 Hz (al), after 20 minutes at 0.05 Hz
stimulation (a2) and 10 minutes after 0.1 Hz stimulation was resumed (a3). B. Normalized average NMDAR peak
amplitudes when the stimulation frequency was decreased (n = 4). Points here represent the average of five
evoked currents. Here and in all figures, error bars represent the standard error of the mean. C. Quantification of
changes in NMDAR amplitude at the times indicated. D. Example isolated NMDAR EPSC traces at baseline
stimulation of 0.1 Hz (d1), after 5 minutes at 0.5 Hz stimulation (d2), and 10 minutes after 0.1 Hz stimulation was
resumed (d3). E. Normalized average NMDAR peak amplitudes when stimulation frequency was briefly
increased (n = 10). F. Quantification of changes in NMDAR amplitude at the times indicated. G. Example
isolated NMDAR EPSCs evoked from CA1 cells in hippocampal slices at baseline (g1) after 5 minutes without
stimulation (g2), and 10 min after resuming stimulation (g3). H. Average peak amplitude of NMDAR EPSCs
normalized to baseline when stimulation was briefly turned off (n =11). Gray bar indicates a period where there
was no stimulation. I. Quantification of changes in NMDAR EPSC amplitude at the times indicated. * p < 0.05,
**p <0.01.
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Similar to Figure 3.1B, resuming 0.1 Hz stimulation returned responses back to baseline over the
course of 10 minutes. Together, these data suggest that NMDARs can be rapidly modified by
changes in activity [59].

3.3.2 NMDAR potentiation is due to lateral movement of surface receptors.

The observation that NMDARs potentiate following a period of silence led us to
investigate the underlying mechanism. Considering the five-minute, relatively short time scale,
one possibility is that the potentiation is carried by surface extrasynaptic receptors diffusing
laterally into synapses. To investigate whether receptors were mobile, we used the activity -
dependent non-competitive NMDAR antagonist, MK-801, which will irreversibly block
activated receptors within stimulated synapses. Should receptors be fixed within synapses, each
stimulus iteration should decrease the NMDAR EPSC amplitude until all receptors are
eliminated and responses reach zero. We recorded a baseline at 0.1 Hz, then turned off
stimulation for 5 minutes, at which time 5, 10, or 40 uM MK-801 was washed into the bath.
These concentrations are well above the 1C50 of MK-801 [108, 109]. The 5 minutes of silence
allowed adequate time for even dissemination of the MK-801 throughout the ACSF. When
stimulation was resumed, NMDAR EPSCs rapidly declined as expected. However, responses did
not reach zero over the ten-minute period, and instead flattened out at a non-zero value following
10 minutes of exposure (60 stimulus pulses) for all three concentrations of MK-801 (Figure
3.2A-D). Responses only reached zero upon co-application of the competitive NMDAR
antagonist DL-APV to the bath (100 uM). This pattern of blockade matches what has been seen

by others [110] and can be fit with a single order exponential decay function (Figure 3.2F).
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Figure 3.2 MK-801 and stimulation do not completely block synaptic NMDARs. A. (Top) Example
NMDAR EPSCs obtained at baseline (al), after ten minutes of 0.1 Hz stimulation in the presence of 5 uM
MK-801 (a2), and in the presence of 100 uM DL-APV. (Bottom) Average NMDAR EPSC peak amplitude
normalized to baseline (n =5). Gray bar indicates a period of no stimulation. B. Same as in A with 10 uM
MK-801 (n =5). C. Same as in A with 40 uM Mk-801 (n=5). D. NMDAR EPSCs evoked at baseline and
after ten minutes of 0.1 Hz stimulation in the presence of 40 uM MK-801 (same traces as in c1 and c2),
normalized to the peak. E. Percent of baseline blocked by 60 stimulus pulses in the presence of MK-801 as a
function of MK-801 concentration. F. Single exponential curves (A = A,*et"2Y) fit to the average NMDAR
EPSC blockade with 5, 10, or 40 uM MK-801 as indicated. G. Calculated time constant of the MK-801
blockade of NMDAR EPSCs as a function of MK-801 concentration.
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Fits for all three concentrations reveal that the percentage of MK-801 blockade from baseline
and the time constant of the blockade were dependent on MK-801 concentration in a non-linear
manner (Figure 3.2E-G). The inability to reach complete blockade at this timescale and
stimulation frequency suggests that synaptic receptors are not fixed, and potentially another
population of receptors less susceptible to MK-801 prevents complete blockade.

If a decrease in activity potentiates synaptic NMDARs (Figure 3.1), and the potentiation

is governed by receptors moving between extrasynaptic and synaptic compartments, (Figure 3.2),
then a five-minute period of silence should result in at least a partial recovery from MK-801 and
synaptic blockade. To ask if NMDAR EPSCs could recover from MK-801 blockade, stimulation
was turned off following a 5-minute baseline, and MK-801 washed in as done in Figure 3.2. For
these experiments, we consistently used 10 uM MK-801. Partial MK-801 blockade was induced
by a total of 30 pulses delivered at 0.1 Hz. This rapidly reduced the amplitude of evoked
NMDAR EPSCs to 45 + 8% of baseline levels. Stimulation was turned off again for 5-minutes,
during which MK-801 was washed out. Stimulation at 0.1 Hz was then resumed. NMDAR EPSC
amplitudes recovered to on average 71 + 9% of baseline (p < 0.01, compared with the end of
blockade) (Figure 3.3A-C). Over the course of 10 minutes, response amplitudes decreased back
to values similar to the end of the MK-801 block (41 + 9%), but did not decrease further. This
decrease in the EPSC amplitude likely reflects the activity-dependent modulation of NMDAR
EPSCs shown in Figure 3.1. The recovery was accompanied by significant increase in the EPSC
time to half-decay (Figure 3.3C). There was no correlation between holding potential and percent
recovery (not shown). Neither the percent blockade nor the percent recovery were dependent on

baseline amplitude (blockade, R? = 0.08; recovery, R? = 0.04, Figure 3.3D).
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Figure 3.3 NMDAR EPSCs recover following synaptic blockade. A. Example NMDAR EPSCs obtained
at baseline (al), after 5 minutes of stimulation in the presence of 10 uM MK-801 (30 stimulus pulses) (a2)
and immediately following washout (a3). B. Average NMDAR EPSC peak amplitude normalized to baseline
during recovery experiment (n =11). Gray bar indicates periods of no stimulation. C. (Top) Quantification of
NMDAR EPSC peak amplitude at the times indicated. (Bottom) Quantification of NMDAR EPSC time to
half decay. D. Percent of baseline blocked as a function of the initial baseline EPSC amplitude (left), and
percent of baseline recovered as a function of initial baseline EPSC amplitude (right) E. Left, average
NMDAR EPSC peak amplitude during NMDA and MK-801 co-application experiment (n =5). Gray box
indicates period of no stimulation. Right, the holding current (top) and series resistance (bottom) for the
same example cell. ** p < 0.01, *** p < 0.005.
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To rule out whether this potentiation results from delivery of intracellular receptors to the
surface, we co-applied the agonist NMDA (25 uM) with MK-801 to block all surface receptors,
followed by a period of silence and washout as before. NMDA application resulted in a large
depolarization as shown by the holding current, which quickly returned to baseline as MK-801
blocked open channels. Under these conditions, we observed no recovery when stimulation was
resumed (Figure 3.3E).

These results support that NMDAR recovery from MK-801 block is mediated by
receptors located on the surface that can move into synapses.

3.3.3. Exchange between synaptic and extrasynaptic NMDARs is rapid.

We also found a negative correlation between the percent of baseline MK-801 blocked
and the percent of baseline recovered following washout (R?= 0.5, Figure 3.4A). This suggests
that the receptors contributing to the recovery are influenced by the amount of induced blockade.
In dissociated neurons, GIuN2B-containing NMDARSs move freely across dendrites, possibly
continuously entering and leaving synaptic spaces [100]. It therefore follows that a constant level
of receptor movement into or out of synapses might reach an equilibrium at a certain level of
stimulation. To further examine this observation, we repeated the recovery experiment at 0.2 and
0.3 Hz stimulation frequency, which would increase the level of blockade by exposing receptors
to an increased number of glutamate pulses and blockade by MK-801. We hypothesized it would
concomitantly decrease the percent of baseline recovered. At 0.2 Hz (60 pulses), MK-801

blocked NMDAR EPSCs to 26 + 7% of baseline values.
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Figure 3.4 Increasing levels of block limits recovery. A. Percent of baseline recovered as a function of
percent blockade. Each point (black circles) is one cell from Figure 3B. The gray diamond represents the
average. B. Average NMDAR EPSC peak amplitude normalized to baseline, same experiment as in Figure 3B,
but stimulation frequency was increased to 0.2 Hz (n = 5). C. Quantification of NMDAR EPSC amplitude at
the times indicated. D. Percent of baseline recovered as a function of percent blockade for the 0.2 Hz
experiment. E. Average NMDAR EPSC peak amplitude normalized to baseline when stimulation frequency
was increased to 0.3 Hz (n =6). F. Quantification of NMDAR EPSC amplitude at the times indicated. G.
Percent of baseline recovered as a function of percent blockade. H. Single order exponentials fitted to the
average decay in the presence of MK-801 (left) and during the recovery (right) for each of the stimulation
frequencies as indicated. 0.1 Hz data was fit to those cells presented in Figure 3. 1. Percent of baseline
blocked and percent of baseline recovered on average as a function of stimulation frequency. ** p < 0.01, ***
p < 0.005.
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NMDAR responses still recovered significantly following MK-801 blockade and washout (to 53
+ 7% of baseline values, p < 0.05 compared with the end of blockade), though to a lesser extent
than with 0.1 Hz stimulation (Figure 3.4B-D). At 0.3 Hz (90 pulses), MK-801 blocked NMDAR
EPSCs to 20 + 7% of baseline, and EPSCs recovered 32 + 6% of baseline, but the recovery was
not significant (p = 0.09, Figure 3.4E-G). Increasing the stimulation frequency also increased the
rate of the activity dependent decay in EPSC amplitudes following washout (Figure 3.4H, right).
The increased blockade in both the 0.2 and 0.3 Hz conditions correlated with decreased recovery
(Figure 3.41). These data support a continuous lateral receptor movement between synaptic and
extrasynaptic compartments, such that receptors potentially contributing to the recovery are
blocked during MK-801 exposure.

3.3.4. NMDAR diffusion is not mediated by [Ca2*];.

Given that NMDARs can be regulated by changes in the stimulation frequency, we next
investigated the role of calcium. Intracellular calcium has been shown to regulate the trafficking
of NMDARs to the surface [25, 51, 63] as well as NMDAR rundown [61]. We therefore
predicted that intracellular calcium might play a role in the recovery. To this end, we repeated
the 0.1 Hz MK-801 blockade experiment with BAPTA in the patch pipette. Surprisingly, neither
10 nor 15 mM BAPTA had any effect on the degree of blockade or recovery observed (Figure

3.5A and B).
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Figure 3.5 Recovery is not regulated by levels of intracellular calcium. A. Average peak NMDAR EPSC
amplitude normalized to baseline with 10 mM BAPTA in the patch pipette (n =6). B. Quantification of
NMDAR EPSC amplitudes during recovery experiment (Normal conditions, black bar (from Figure 3), 10
mM BAPTA, (gray bar, n = 6), 15 mM BAPTA (white bar, n =4). C. Average peak NMDAR EPSC
amplitude normalized to baseline with increased frequency of block (n =6). D. Quantification of NMDAR
amplitude as a percent of baseline (gray bar, n = 6) compared with normal conditions (black bar, from Figure
3).
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To address whether it was the number of glutamate pulses delivered or the frequency at
which the pulses were given, we doubled the frequency of stimulation during the MK-801
blockade, while cutting the blockade time in half, ultimately resulting in the same number of
glutamate pulses delivered at twice the frequency. Should [Ca?*]; participate in receptor
mobility, increasing the stimulation frequency and the subsequent [Ca?*]i accumulation should
change both the rate of blockade and recovery following potentiation. We also saw no significant
difference in this experiment, further indicative that [Ca?*]i does not regulate this process (Figure
3.5C-D). Together, these results would suggest another activity-dependent, but calcium-
independent mechanism governs receptor diffusion. We postulated that the binding of glutamate
to NMDAR alone might be enough to induce a conformational change that promotes receptor
movement out of synapses.

3.3.5. NMDAR diffusion is regulated by subunit composition.

NMDARs are heterotetramers, containing two obligatory GluN1 subunits and two GluN2-
3 subunits, with the subunits the receptor contains conferring its kinetic and spatial properties.
GIuN2A-containing receptors demonstrate faster decay kinetics, and weak if any association
with CaMKII, while GIuN2B-containing receptors demonstrate slower decay kinetics, and tight
association with CaMKII [21, 27]. The subunit composition of NMDARs located within synaptic
vs. extrasynaptic zones has been a source of contention over the last decade, with a prevailing
ideology that extrasynaptic receptors contain primarily GIuN2B, and synaptic receptors GIuN2A,
though drawing definitive lines between the two has been complicated by the limitations of

various experimental paradigms [104].

55



Baseline MK-801 (10 uMm) After washout

WT
GIluN2A OE

50 pA

50 ms 50 ms

MK-801(+)  Washout 12 - X
Q *
4
2 o1 17
o P
& 15 A = e
-4 o 0.8 A * * S
< = > 12 A LIPS
a = o
= - 0.6 A §
: z g o
= TEU 0.4 g 07 - °
g 5 53 ° °
£ 2 02 4 e
(=] 0.2 4
z o |
0 10 20 30 @ o == 29 03 02 07 12
X ) £ I 5 o® 03 A
Time (min) < X 28 2=
@ s S o Percent block
[21] (] [}
o o
MK-801 After
1.2 H 1.2 -
o) Washout
Q [
(%2} a 14
o w
w o
g ‘é 038 - q
S
I
2 Z 06 A ST
° Q - -
N
= = 04 A
e €
€ =
5 0.2 A § 0.2
z
0 0
0 1 2 3 4 5 0 2 4 6 8 10
Time (min) Time (min)

Figure 3.6 GIUN2A overexpression does not prevent recovery. A. Sample traces of NMDAR EPSCs
evoked from a cell overexpressing GIUN2A-GFP and an adjacent wild type cell. These traces were acquired
at +40 mV for maximal NMDAR activation. B. Sample NMDAR EPSCs acquired from cells overexpressing
GIuN2A-GFP at baseline, after 30 stimulus pulses in the presence of MK-801, and after washout. C. Average
peak NMDAR EPSC amplitude normalized to baseline for recovery experiment (n = 6). D. Quantification of
NMDAR EPSC amplitude compared to baseline at the times indicated. E. Percent of baseline recovered
following washout as a function of percentage of baseline blocked. F and G. Single order exponential
functions fit to the average NMDAR decay in the presence of MK-801 (F) and following washout (G).
Dotted traces are from WT cells stimulated at 0.1 Hz (from Figure 4H). * p < 0.05.
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The increase in the NMDAR EPSC time to half decay following MK-801 blockade (Figure
3.3C) suggests NMDAR diffusion is primarily mediated by GIuN2B-containing receptors.
Studies in cultured dissociated neurons distinguish GIuN2B-containing receptors as more mobile
than their GIUN2A counterparts [100]. We therefore tested whether subunit composition had any
role in either the blockade or recovery that we observed.

First, we overexpressed GIUN2A-GFP and equimolar amounts of GIUN1-GFP in
organotypic hippocampal slices via biolistic transfection. Because GIuN2A-containing receptors
are considered more stable than their GIUN2B counterparts, and thus receptors would not be able
to escape synaptic block, we predicted that GIUN2A overexpression would result in a fast decay
in EPSC amplitudes during MK-801 exposure. We also predicted that there would be decreased
recovery after washout. In this experiment, endogenous levels of GIuUN2B were left intact. Cells
overexpressing the GIuUN2A construct were identified using the GFP tag. NMDAR-mediated
currents evoked from these cells held at +40 mV demonstrated shorter time constants of decay
than adjacent wildtype cells in the same slice, consistent with an increased GIUN2A/GIuN2B
ratio (Figure 3.6A).

Contrary to our predictions, MK-801 blocked NMDAR EPSCs to only 58 + 13% of
baseline levels in these cells. A robust recovery was also observed (88 + 17%, p < 0.05
compared with the end of blockade) almost achieving baseline levels, which is consistent with
our previous results that decreased blockade allows for better recovery (Figure 3.6C-E). The rate
of blockade via MK-801 was also slowed (Figure 3.6F).

The lesser extent of the MK-801 blockade observed in GIuUN2A expressing cells when
compared to our previous experiments may be related a decreased efficiency of MK-801 for

blocking GIuN2A than GIuN2B. This may be due to the relatively faster decay kinetics of the
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GIuN2A subunits. Since endogenous levels of GIuUN2B-containing receptors were intact,
responses might still be able to recover. We concluded from this experiment that heightened
expression of GIUN2A subunits at least does not preclude recovery.

If increased expression of GIUN2A does not prevent recovery only because GIuN2B-
containing receptors are still available to move into synapses, then eliminating GIuN2B receptors
should prevent recovery. To eliminate endogenous GIuN2B, we used the subunit specific
inhibitor, Ro 25-6981 (1 uM). Due to the activity dependence of this antagonist [111] we
acquired a baseline of relatively large amplitude (50 — 100 pA) before adding Ro 25-6981.
Fifteen minutes of Ro 25-6981 treatment at 0.1 Hz stimulation reduced NMDAR EPSCs to 57 £
9% of baseline values (Figure 3.7A and C). From there, we repeated the MK-801 blockade
paradigm. MK-801 blockade for 5 minutes decreased EPSCs to 33 + 6% of baseline amplitude
after Ro 25-6981 treatment. Following washout, responses did recover to 50 + 8% on average,
but it was not significant when compared to the end of the blockade (p = 0.09) and the response
amplitudes decayed quickly (Figure 3.7B, D and E). Furthermore, Ro 25-6981 treatment before
beginning the paradigm disrupted the correlation between percentage block and percent recovery
(R?=0.12, Figure 3.7F).

In combination, these data support that GIuN2B-containing receptors are primarily

responsible for the recovery observed after MK-801 block.
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Figure 3.7 Pharmacological inhibition of GIUN2B prevents recovery. A. Sample NMDAR EPSCs
evoked at baseline and after 10-minutes treatment with Ro 25-6981. B. Average peak NMDAR EPSC at
baseline and in the presence of 1uM Ro 25-6981 normalized to baseline. C. Sample NMDAR EPSCs
evoked after ten minutes Ro 25-6981 treatment (same trace as in A), after 30 stimulus pulses in the
presence of MK-801, and after washout. D. Average peak NMDAR EPSC amplitude normalized to the last
three minutes in the presence of Ro 25-6981 before washing in the MK-801. Otherwise, same experiment
as in Figure 3B (n =7). E. Quantification of NMDAR peak amplitude at the times indicated compared with
the last three minutes of currents in the presence of Ro 25-6981. F. Percent of baseline recovered following
washout as a function of percentage of baseline blocked. G and H. Single order exponential functions fit to
the average decay in the presence of MK-801 (G) and after washout (H). Dotted traces are from WT cells
stimulated at 0.1 Hz (from Figure 4H). *** p < 0.005
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3.4. Discussion

We have demonstrated here that NMDAR can be rapidly and bidirectionally modified by
activity, and that NMDAR EPSCs can recover following MK-801 synaptic block and a period of
silence. This may be attributable to NMDAR lateral movement between synaptic and
extrasynaptic sites, which is regulated by activity but not intracellular calcium. Our results lead
us to a model where NMDARs, primarily those containing the GIuN2B subunit, diffuse readily
on the surface of neurons. In the absence of activity, they are more likely to stop in a synaptic
domain and associate with MAGUK scaffolding proteins. NMDAR binding glutamate releases it
from scaffolding, and promotes return of the receptor to the diffusible pool. Under constant
stimulation, receptors reach an equilibrium of movement between synaptic and extrasynaptic

spaces that results in a stable number of receptors within synapses (Figure 3.8).

l"'l p~ Atconstant stimulation frequency

|

I.l With decreased stimulation

D With increased stimulation

Figure 3.8 Proposed model of NMDAR diffusion. At a given level of stimulation, NMDARs diffuse
into and out of synaptic domains at an activity-dependent equilibrium (top). Decreasing the stimulation
frequency or the absence of stimulation can bias the equilibrium towards the presence of NMDARsS in the
synaptic site (middle). In contrast, increasing the stimulation frequency will bias the equilibrium towards
the movement of NMDARs away from synapses (bottom).
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If it is assumed that receptors can occupy either two discrete spaces, synaptic and
extrasynaptic, then one simple way to describe this movement is to equate the change in the
probability that the NMDAR will occupy the synapse to the difference between the rate of

entering the synapse and the rate of leaving the synapse. That is:

& — . (HA=71)=B(Hr eq. 3.1

dat

Where r represents the probability that a receptor will occupy the synapse, f is the
stimulation frequency (or exposure to glutamate), a is the rate of receptors moving into the
synapse, and [ the rate of receptors moving away from a synapse. The terms 1-r and r represent
the probability receptors in a given period of time are located extrasynaptically or in the synapse,
respectively. Note that o and B are both independent functions of the stimulation frequency, such
that increasing the stimulation frequency could lead to higher values of  and/or lower values of
a, until a new equilibrium is reached. Decreasing the stimulation frequency would be predicted
to have the opposite effect on these rates. In a simple computational simulation of MK-801
blockade that inlcudes both mobile and fixed receptor populations, solving this differential with
constant values of o and [ yields data similar to those acquired in Figure3.2A-C (model data not
shown).

An alternative to this hypothesis is that silence leads to a modification, such as receptor
phosphorylation, that increases channel open time, and this is the mechanism contributing to the
increased NMDAR EPSC amplitude following synaptic MK-801 block. Because in our recovery

experiments, we are not blocking all synaptic NMDARSs, this is a real possibility. However, we
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would still expect NMDAR-mediated EPSCs to be completely eliminated following extended
exposure to MK-801, and this was not the case (Figure 3.2).

It is also possible that the failure to achieve complete blockade after 60 pulses of MK-801
(Figure 3.2) might be because of glutamate spillover during each stimulus pulse that could
activate fixed extrasynaptic receptors. If this were the case, however, we would not expect an
increase in that population following a period of silence, as in Figure 3.3.

Another possibility is that MK-801 unbinding from NMDAR during the silent period
could account for the observed recovery. Although MK-801 is considered irreversible, there are
reports stating that MK-801 can dissociate from receptor if the pore is open [105]. Since
NMDARs close with MK-801 bound, NMDAR require binding glutamate in order for the MK-
801 to dissociate. In our paradigm, this would lead to an increase in NMDAR-mediated currents
once stimulation was resumed for the recovery phase. We, however, see an activity-dependent
decrease in NMDAR-mediated currents, pointing against MK-801 unbinding as the mechanism
behind the recovery.

The discrepancies between the results obtained here and those suggesting that NMDARs
form stable synaptic and extrasynaptic pools in intact systems may be related to differences in
MK-801 concentration, and the duration of exposure. For the majority of the experiments here,
we used a relatively low MK-801concentration (10 uM), for a short duration and deliberately
avoided inhibiting all receptors, since they are needed to contribute to the observed recovery. It
is also possible that synapses on spines are not homogenous, but rather a collection of synaptic
nanoscaffolding domains, where it has been shown that AMPAR are concentrated [112], such
that inhibiting all NMDARs on a spine head could block recovery carried by receptors moving

between domains.
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The mechanism by which glutamate binding results in movement of receptors away from
synapses also warrants further study. A calcium-independent metabotropic function of NMDARS
has only recently come to light, whereby glutamate binding stimulates movement of the
NMDAR C-terminus and changes receptor signaling properties [46, 49]. It is possible glutamate
binding could also trigger a conformational change in receptor to promote diffusion away from
synapses.

Taken together, this work supports a body of literature supporting the ability of
NMDARs to diffuse between the synaptic and extrasynaptic spaces on a short time scale. This
ability of NMDARs might control the GIuN2B content of synapses and modify the ability of
synapses to undergo potentiation or depression on a minute-by-minute basis. Full understanding
of processes that regulate NMDARs will help develop novel therapeutics for neuropathologies

where the ability of these receptors to coordinate plasticity has gone awry.
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CHAPTER 4. CONCLUSION

I have shown in this work that synaptic NMDARs can be regulated acutely via two
separate mechanisms that both impact receptor mobility, in support of a body of literature
supporting that NMDARs can be dynamically regulated like their AMPAR counterparts.

In the second chapter, | demonstrated that Wnt5a can promote the delivery of new
GIluN2B-containing receptors into synapses. This trafficking was mediated by calcium release
from the intracellular stores of neurons, which is initiated by membrane depolarization and the
opening of voltage-gated calcium channels. This novel wnt/calcium signaling cascade in mature
hippocampal neurons details a molecular mechanism by which neurons continue to regulate
synaptic NMDAR content over the course of an organism’s lifetime.

In the third chapter, by using the activity-dependent NMDAR antagonist, MK-801, |
demonstrated that NMDARs could diffuse laterally into and out of synapses. This has previously
has not been demonstrated in the physiological paradigm of the hippocampal slice, and supports
that synapses can regulate their NMDAR content on a minute-by-minute basis through the
diffusion between synaptic and extrasynaptic compartments. Evidence here suggests this
mechanism is regulated by activity, but not intracellular calcium. Both of these mechanisms can
increase the number of NMDARs within a synapse, shaping the EPSC, and therefore regulating
the ability of that synapse to undergo plasticity.

In addition, both mechanisms point to the role of the GIUN2B subunit as a primary
contributor to this mobility. Given the constitutive nature of GIUN2B trafficking [24], its ability
to pass greater amounts of calcium than GIuN2A-containingreceptors [21], and its association
with CaMKII [27], if these mechanisms do increase levels of GIUN2B, they are likely to have a

significant impact on plasticity. The work also demonstrates that mobility, both in forward
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trafficking (Chapter 2) and lateral diffusion (Chapter 3) of the GIuN2B subunit persists in mature
animals, and could be important for maintaining plasticity following the critical period and
development. These detailed analyses of NMDAR dynamism on two different time scales
challenges the notion that NMDARs are static components of synapses.

The studies shown here are concerned with NMDAR mobility, which is by far not the
only means of regulating synaptic NMDAR. For example, receptors could be phosphorylated on
their C termini to change channel open probabilities, or be subject to extracellular allosteric
modulation. New roles and functions for NMDARs in neuronal physiology are also emerging.
Thus, while these studies begin to elucidate a platform on which novel therapeutics might be
developed, a deeper understanding of these receptors and how precisely they can be modified on
specific time scales will be necessary for truly understanding neurodegenerative and other
neuropsychiatric disorders.

This work exemplifies that the adult human brain is intrinsically plastic; both individual
neurons and the brain as a whole contain mechanisms to ensure that proper changes in
connectivity can occur in response to the external or internal environment throughout one’s
lifetime. This plasticity allows us the ability to change the way we see ourselves, and the realities

we inhabit.
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