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Abstract

The coordinated activation of a number of neuronal activity-regulated kinases is required
for the full expression of LTP. Modulating the efficacy of synaptic transmission, suc;h as
occurs in LTP and LTD, is thought to be a cellular mechanism for storing information in
the brain. In particular, a variety of pharmacological and genetic studies have established
important roles for CaMKII and ERK in excitatory synaptic plasticity, as well as
hippocampal-dependent memory formation [1-3]. In hippocampal area CAl, CaMKII
activity increases synaptic strength by two known mechanisms: modification of AMPAR
channel properties [4] and regulation of AMPAR trafficking [5]. The ERK pathway also
contributes to synaptic strengthening, in part through the regulation of mRNA translation
[6], as well as through regulation of AMPAR trafficking mediated by the Ras pathway [5,
7]. As opposed to the classical routes for ERK activation in many cell types by growth
factors, a calcium-dependent pathway upstream of Ras triggers the activation of ERK
during NMDA receptor-dependent LTP in neurons, but precisely how this occurs
remained unexplained. Previous investigations have focused on CaMKII as a potential
mediator of calcium-dependent ERK activation in via the Ras GTPase activator SynGAP,
but recent studies fail to support this hypothesis [8-11]. Interestingly, the
CaMKK/CaMKI pathway was recently shown to mediate depolarization-induced
activation of ERK via Ras in NG-108 cells [12]. Therefore, it was important to determine
whether ERK can be similarly regulated by CaMKK/CaMKI in neurons, and to
determine whether this pathway provides a biochemical link between the calcium-

permeable NMDA receptor and ERK activation, which is required for the full expression
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of LTP. This work and its findings are presented in chapter 2, and constitute the first half

of this thesis.

In addition to kinases, small GTPases (G-proteins) such as Rac, Ras, and Rap likely play
an important role in LTP and its counterpart LTD. However, the role of small G-proteins
in LTP/LTD is less well characterized than that of CaMKII and ERK. Recent evidence
suggests that activation of these G-proteins is somehow required for proper AMPAR
trafficking during synaptic plasticity [7, 13], one of the primary mechanisms of LTP/LTD
expression. Small G-proteins generally act as molecular switches for various cellular
processes, including regulation of the actin cytoskeleton and regulation of gene
transcription, via the binding and activation of multiple downstream effectors [14]. In
LTP and LTD, these effectors and their signaling partners are believed to coordinate the
cytoskeletal rearrangements underlying the morphological changes that accompany
synaptic plasticity [15]. Interestingly, cytoskeletal dynamics may also contribute to
activity-dependent AMPAR trafficking [16, 17]. Analyses of model organisms and gene
mutations in inherited forms of mental retardation also implicate small G-proteins in the
underlying alterations to synaptic plasticity and neuronal network wiring that accompany
these cognitive disorders [18-21], which are commonly associated with abnormalities in
dendritic spine morphology. Rac-1, as with other Rho-GTPase family members, is
believed to contribute to the remodeling of actin in response to extracellular stimuli. Rac-
1 couples to dynamic actin, in part, through its interaction with the scaffolding protein
WAVE-1 [22, 23]. The importance of this pathway in learning and memory was recently

demonstrated by genetic disruption of WAVE-1, which resulted in sensory motor

Xiv



retardation and reduced learning in mice [24]. It was therefore of great interest to
determine whether loss of WAVE-1 was also associated with alterations in dendritic
spine morphology, neuronal connectivity, and synaptic plasticity. Furthermore, WAVE-1
was found to regulate a form of synaptic metaplasticity, which I have termed capacitative
metaplasticity. On theoretical grounds, this form of synaptic plasticity may more
accurately reflect the cellular process underlying learning and memory than LTP and
LTD. This work and its findings are presented in chapter 3 and constitute the second half

of this thesis.
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Chapter 1

Introduction and Background Theory




1.1 On Synaptic Plasticity, Learning and Memory

The function of the nervous system is to communicate: to process, store, and transmit
information about an organism and its environment on levels ranging from the molecular
to the societal. The ability of an organism to adapt its behavior in response to
environmental stimuli is essential for survival. The acquisition of such an adaptation is
termed learning, and the process through which this learned information is stored is
termed memory. A basic tenet of modern neuroscience is that memory has a physical
correlate, which is measured as a corresponding change in the ’strength of synaptic
connections between neurons. Changes in synaptic strength occur in a use-dependent
manner, altering various network properties of the nervous system and thereby producing
behavioral adaptations. The process whereby such experience-dependent changes in
synaptic strength are acquired is termed neuronal activity-dependent synaptic plasticity.
Accordingly, activity—depen(ient synaptic plasticity is believed to be a process that
underlies learning. Understanding the cellular and molecular basis of synaptic plasticity 1s

thus of great practical and intellectual interest to the field of neuroscience.

Relatively simple model organisms, as exemplified by the sea slug Aplysia californica,
are capable of robust and experimentally accessible learning paradigms such as
habituation, behavioral sensitization, and associative learning. Indeed, this model system
was used by Nobel Laureate Eric Kandel and colleagues in pioneering studies on the
cellular basis of learning and memory. Associative learning is an intriguing and
commonly studied form of learning particularly applicable to higher organisms, and can

be described as the encoding of cause-and-effect relationships by neural tissue. A set of



theoretical concepts formulated by Donald O. Hebb (1949) are usually applied in
describing the neural basis of associative learning, and can be conveniently summarized

with the saying “neurons that fire together, wire together”.

The model system of choice for the majority of studies of mammalian learning and
memory is the hippocampus. The most famous demonstration of the essential role of the
hippocampus in memory formation came through studies of a patient known as “H.M.”.
Following surgical, bilateral lesions of the hippocampal formation (given to treat his
epilepsy), H.M. lost practically all ability to form new memories (lasting more than a few
seconds) while preserving his pre-existing memories. Extensive behavioral studies in
rodents and other mammals have further established the role of the hippocampus in
learning and memory, as well as defined additional physiological functions for this bfain
structure in cognition. The hippocampus and its surrounding tissues are widely
interconnected with a diverse array of brain regions and play a role in both multimodal
sensory information processing and memory consolidation. The hippocampus mediates
complex associations, as well as encoding features of space and time. Accordingly, the

hippocampus can be thought of as a sensory information “hub” in the brain (Fig. 1.1).



Figure 1.1) Hippocampal Connectivity in the CNS
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Fig. 1.1) Hippocampal connectivity in the CNS. Illustration of hippocampal
connectivity with the primary sensory cortex via the perirhinal and entorhinal cortices.
The hippocampus receives input from essentially all sensory cortices and the olfactory
bulb. Outputs of the hippocampus in turn innervate the entorhinal cortex and sensory
cortex, as well as other brain areas such as the lateral septum and amygdala. This
extensive and diverse hippocampal interconnectivity with cortex is believed to subserve

its role as a multimodal sensory information processor. Adapted from [1].



1.2 Hippocampal LTP and LTD

Memories can be very long lasting, and their effects can be measured minutes or decades
after they have been acquired. Obviously, a comprehensive cellular model of learning and
memory must satisfy this temporal durability, among other requirements. Timothy Bliss
and Terje Lomo first discovered activity-dependent changes in synaptic strength that
satisfied Hebb’s postulate for associative learning, while artificially stimulating and
recording responses within the hippocampal formation of rabbits [2]. In their discovery,
they described for the first time a robust and long-lasting increase in synaptic strength, in
response to patterned stimulation (a brief high-frequency tetanus) of the perforant
pathway. They called this phenomenon Long-Term Potentiation (LTP). This seminal
work formed the foundation for decades of work on the mechanisms and properties of
LTP and its relationship to mammalian learning and memory. Several other labs have
subsequently described a complementary property of excitatory synapses, which was
termed Long-term depression (LTD): a long-lasting decrease in synaptic strength
following low-frequency stimulation (1-3Hz). LTP and LTD together constitute what is
now termed bidirectional synaptic plasticity, which are known to be associated with
regulatory phosphorylation of the GluR1 subunit of the AMPA-type glutamate receptor
(AMPAR) (Fig. 1.2). Indeed, the ability of synapses to change strength in both directions
(bidirectional) is integral to modern theories of memory encoding [3-5]. Some of the
most commonly used behavioral models (typically involving rodents) in studies of
associative learning and memory are the Morris water and Barnes mazes, conditioned
taste aversion, and cued and contextual fear conditioning. Generally, there is very good

experimental agreement between the properties of learning and memory and those of



LTP/LTD in the brain regions that subserve these behavioral phenomena, with important
exceptions, however. A more careful examination of one of these exceptions will be a
topic of chapter 3, in which I propose the hypothesis that use-dependent changes in the‘
capacity for bidirectional synaptic plasticity ex vivo may better reflect the capacity for
learning and memory in vivo than simple measurement of LTP and LTD magnitudes (see

Table 3.1).

Although various forms of synaptic plasticity occur in most brain structures, LTP was
first described, and has been most extensively studied in the hippocampus. Beyond the
obvious roles of the hippocampus in spatial and contextual learning, which makes it a
good structure for examining the cellular basis of associative learning, the hippocampus
is a highly ordered on the cellular level. This property facilitates electrophysiological
studies. Furthermore, the hippocampus is also highly enriched with excitatory synapses,
enabling the biochemistry underlying LTP and LTD to be more easily studied.
Hippocampal LTP and LTD have emerged as the predominant cellular model of activity-
dependent excitatory synaptic plasticity in the mammalian brain. With LTP and LTD, the
postsynaptic response to a given presynaptic stimulus (usually an action potential)
exhibits a stable variation in intensity following certain temporal presynaptic firing
patterns. The post-synaptic response is typically measured as an excitatory post-synaptic
potential (EPSP) or current (EPSC), using an electrode coupled to an amplifier. LTP and
LTD have also been demonstrated following the correlation of presynaptic activity with
post-synaptic depolarization, a phenomenon known as spike-timing dependent plasticity.

The most extensively characterized forms of LTP and LTD (NMDAR-dependent,



associative) occur within the hippocampus at the Schaffer collateral-CA1 (CA3-CAl)
pyramidal cell synapse, but essentially all excitatory pathways in the mammalian brain
studied to date also express some form of activity-dependent synaptic plasticity akin to
LTP or LTD. Moreover, these phenomena are not limited to excitatory synapses.
Accordingly, many as yet undiscovered biochemical mechanisms of synaptic plasticity
surely remain, and will undoubtedly be the subject of future investigations. The
identification and characterization of two novel biochemical mechanisms of excitatory
synaptic plasticity in hippocampal area CAl, and their relationship to learning and
memory, will be the focus of this thesis (Chapters 2 & 3). These novel mechanisms
pertain to the role of the Calcium Calmodulin-dependent Kinase Kinase/ Calcium
Calmodulin-dependent Kinase I (CaMKK/CaMKI) cascade in LTP (Chapter 2), and the
role of the cytoskeletal regulatory molecule WAVE-1 in LTP, LTD, and metaplasticity

(Chapter 3).

Metaplasticity, or the plasticity of synaptic plasticity, is believed to be a necessary
component of comprehensive cellular models of learning and memory [6-9], and may
also serve as a homeostatic tuning mechanism during critical periods of developmental
plasticity [10]. It is hypothesized to play a role in stabilizing networks, preventing their
saturation over time, preventing seizures, and adjusting the activity thresholds for
synaptic plasticity. One concept that laid the foundation for later models of metaplasticity
was called the covariance rule. Simply stated, if the activities of the pre- and postsynaptic
compartments of a synapse are positively correlated over time, synaptic strength

increased, while negatively correlated activity leads to a decrease in synaptic strength. In



1982, Bienenstock, Cooper, and Munro further adapted this rule to render it more
comprehensive [10]. The new rule they proposed models the relationship between
correlation and synaptic strength non-linearly, introduces a threshold for synaptic
depression in addition to synaptic strengthening, and most importantly, the threshold for
LTP versus LTD induction varies as a function of the average activity of the postsynaptic
neuron. This relationship is now called the B.C.M. or sliding modification rule (Fig. 1.3).
Such flexibility or “plasticity” of the properties of synaptic plasticity itself is the hallmark
of metaplasticity. While the sliding modification rule deals explicitly with the plasticity
of the threshold for LTP induction, other forms of metaplasticity are possible, such as
use-dependent changes in the magnitude of synaptic plasticity resulting from a given

stimulus (see chapter3).



Figure 1.2) Biochemical Model of Bidirectional

Synaptic Plasticity

HFS

LFS

GIuR1

CaMKIl _

—rl
—

PP1/2A
5845

LTD Naive

Weak <« . P Strong
Synaptic strength

10



Fig. 1.2) Biochemical model of bidirectional synaptic plasticity. A graphical model
depicting NMDAR-dependent bidirectional synaptic plasticity in hippocampal area CAl,
and associated regulatory AMPA-receptor phosphorylations. High-frequency or theta-
burst stimulation (HFS) of the Schaffer Collateral Pathway in hippocampal slices induces
persistent synaptic strengthening (LTP) in area CAl. LTP in naive slices is associated
with phosphorylation of the GluR1 subunit of the AMPAR on S831 (CaMKII/PKC site).
In contrast, low frequency stimulation (LFS) of the Schaffer Collateral Pathway induces
persistent synaptic weakening (LTD). LTD of naive slices is associated with
dephosphorylation of S845 (PKA site), due to activation of protein phosphatases
(including PP1/2A). LTP and LTD are reversible processes, but the biochemical
mechanisms underlying the responses to HFS or LFS may differ according to the prior
history of the synapse. For example, LFS of a previously potentiated pathway
(depotentiation) leads to the dephosphorylation of S831 rather than S845. Similarly, HFS
of a previously depressed pathway (dedepression) leads to phosphorylation of S845

rather than S831. Adapted from [11].
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Figure 1.3) Metaplasticity and the Sliding Modification Rule
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Fig. 1.3) Metaplasticity and the sliding modification rule. The sliding modification
rule (also known as the B.C.M. rule) describes the relationship between the threshold for
LTP/LTD induction and the average correlated network activity. The higher the average
correlated activity in the postsynaptic neuron, the higher the amount of correlated activity
that is required to induce LTP, and visa versa. (i.e. the threshold 6m becomes larger and

smaller). The relationship is described by the following equations:

AW 5 = O(ap,ap)ss

and

where W5 represents the synaptic strength or “weight” of a synapse between neurons A
and B, ¢ is a non-linear function relating changes in synaptic weight to the correlated
activity (ag) of neurons A and B and the average correlated activity (3s); sg is a local
variable for the synapse AB; and 6y is the modification threshold for LTP versus LTD.

Adapted from [12].
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1.3 Physiological Mechanisms of Synaptic Plasticity

Synaptic plasticity can be characterized by it various properties, such as duration (e.g.
‘short or long forms), location (brain region, pre- or postsynaptic expression), and means
of induction (type of activity). Here I provide a brief overview of some of these
mechanisms. It is worth noting that there is considerable overlap between many of the
mechanisms thus far described for synaptic plasticity. For example, there is generally a
lack of distinct limits pertaining to the time durations that describe various forms of
synaptic potentiation and depression. Furthermore, while much is known regarding the
locus of expression (i.e. pre- vs. post-synaptic) for many of these forms, for some there is
not a good scientific consensus, especially pertaining to the locus of induction. In my
view, this lack of consensus may be confounded by an under-appreciated degree of
communication and cooperation between the presynapse and postsynapse, which has
been demonstrated to occur through the production and release of retrograde messengers
[13], integrin-mediated signaling [14, 15], and enzymatic reactions in the extracellular

matrix [16, 17].

Presynaptic plasticity is characterized by an increase or decrease in presynaptic efficacy,
and occurs at many different types of synapses. Factors that influence presynaptic
efficacy include calcium homeostasis and the actions of neurotransmitters and hormones
on presynaptic receptors. The changes in synaptic efficacy occur mechanistically through
the modulation of factors which influence the concentration and availability of
neurotransmitter in the synaptic cleft, such as the concentration and compliment of

neurotransmitters loaded into vesicles, the availability of readily releasable synaptic
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vesicles and their release probabilities, and synaptic cleft geometry (e.g. synaptic cleft
volume —while geometry is technically a synaptic property, the effects on postsynaptic
physiology can resemble presynaptic changes). Furthermore, the availability (potentially
sensitive to pH or enzymatic reactions), rates of diffusion,‘and uptake or release of
neurotransmitter by glia also may affect activation of postsynaptic neurotransmitter
receptors [18, 19]. While presynaptic plasticity mechanisms appear to contribute
substantially to the modulation of excitatory synaptic efficacy on short time scales
(milliseconds to minutes), a strong consensus exists favoring the post synapse as the

primary locus of LTP and LTD in hippocampal area CA1l.

At the Schaffer collateral-CA1 synapse, the primary final effector of LTP and LTD is the
postsynaptic AMPAR, whose conductance upon activation by glutamate contributes the
majority of the postsynaptic response. This occurs through two major mechanisms,
changes in the number of AMPA receptors at active sites (Fig. 1.4), or changes in single-
channel efficacy upon glutamate binding. Changes in AMPAR number occur through
trafficking, which entails the endocytosis or exocytosis, lateral plasma membrane
diffusion, and clustering of AMPARs at sites opposing the presynaptic release of
glutamate [20-23]. Changes in single channel efficacy occur through rapid post-
translational modification of the receptor by phosphorylation [11, 24], or by subunit
recomposition [25], among other mechanisms. Regulatory phosphorlyation of the GluR1
subunit of the AMPAR has been well characterized at two sites: S831 and S845. At least
in AMPARs composed of homomeric GIluR1, phosphorylation of S831 results in an

increase in single channel conductance [26], a property of AMPARs that has been
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observed in dendrites following the induction of LTP [27, 28]. Phosphorylation of S845
results rather in an increase of open channel probability [29]. Current evidence supports a
role of S845 dephosphorylation in LTD, and a role of S845 phosphorylation in regulating
the levels of extrasynaptic surface AMPARs [30]. All of these changes to AMPARSs may
affect whole-cell or synaptic currents similarly, but often can be differentiated through

the use of appropriate techniques.

Other potential means of regulating synaptic efficacy during synaptic plasticity exist. For
example, as mentioned above, AMPAR subunit recomposition has recently been shown
to occur in an activity-dependent manner at some synapses. This has generally been
assumed to occur through trafficking mechanisms, although this assumption has not been
tested. AMPAR kinetics can also be modulated (e.g. by ampakines), and the efficacy of
the charge itself in contributing to the generation of an action potential can be modulated
postsynaptically through regulation of dendritic cable properties (e.g. leak currents, the
conductance of the spine neck, etc) and voltage gated ion channels. Good evidence exists
that this latter mechanism can alter the threshold for action potential generation, as occurs
with “pop-spike” or E-S potentiation [31]. Finally, potential alterations to AMPAR
cooperativity/stochastics, and glutamate affinity are additional hypothetical mechanisms

for regulating postsynaptic strength.

The temporal stages of synaptic plasticity in CA1 differ by mechanism and are generally

divided into four stages. Facilitation occurs when two or more presynaptic action

potentials are triggered within 10’s or 100’s of milliseconds of each other, and is believed
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to result from an increase in presynaptic vesicle release probability due to a residual
elevation of intracellular calcium levels from the first pulse at the time of the second
pulse (the residual calcium hypothesis). Post-tetanic potentiation (PTP) occurs following
high-frequency stimulation (such as a 100 Hz tetanus or theta-bursts) and generally lasts
less than a minute. Short-term potentiation (STP) lasts roughly 10 minutes or so. The
mechanism and locus of STP remains a topic of some debate, and probably results from a
combination presynaptic and postsynaptic mechanisms. Long-term potentiation (and
long-term depression) can be measured for up to as long as the recording preparation
lasts, around 12 hours for acute brain slices or weeks irn vivo (the limit of the durability of
LTP seems, so far, to be a function of the stability of the recording preparation). LTP and
LTD themselves are dived into two phases, early (E-LTP/D, lasting out to 1-2 hours) and
late (L-LTP/D, lasting longer than 2 hours). Despite a differential dependence of the early
and late forms of LTP/D on sensitivity to transcriptional inhibition by pharmacological or
genetic techniques, the transition between them is smooth and indistinct (Fig. 1.5).
Indeed, a failure of L-LTP/D results gradually from stimuli that are too weak or brief to
induce sustained transcriptional activation, and mouse models which harbor deficits in
the function of the transcription factor CREB, or its activation, have been shown to have
selective deficits in L-LTP [32, 33]. Deficits in L-LTP also result from an inhibition of
protein translation, but importantly, this latter manipulation can also produce significant
impairment of the early phase of LTP [34-38]. This effect of translational inhibition on E-

LTP differs among labs and experimental preparations, however.
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Figure 1.4) AMPAR Trafficking Model of Bidirectional
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Fig. 1.4) AMPAR trafficking model of bidirectional synaptic plasticity. Depiction of
AMPARSs and their movements in spines during activity-dependent bidirectional synaptic
plasticity. LTP and dedepression are believed to be associated with increases in the
number of synaptically localized AMPARs, while LTD and depotentiation are believéd to
be associated with corresponding decreases. The discovery of proteins that directly bind
to AMPAR subunits has facilitated the understanding of the molecular mechanisms of
rapid AMPAR trafficking at synapses. Shown are a variety of these protein interactions,
many of which are regulated by phosphorylation. AMPAR-interacting proteins play
active and passive roles in the anchoring, exocytosis, endocytosis and lateral membrane
diffusion of AMPARs in dendrites, both basally (activity-independent) and in response to

LTP and LTD inducing stimuli (activity-dependent). Adapted from [21].
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Figure 1.5) Temporal Stages of LTP
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Fig. 1.5) Temporal stages of LTP. Following high-frequency stimulation (HFS) of the
Schaffer collateral pathway in area CA1 with 100 Hz tetani or a trains of theta-bursts, a
sustained increase in synaptic strength (LTP) results. Top panel, left: diagram of
recording arrangement in a hippocampal slice, showing stimulating and recording
electrode placement in area CAl and trace pattern of high frequency stimulation (theta-
bursts). Top panel, right: recording traces of excitatory postsynaptic potentials (EPSP)
before and 60 minutes after HFS stimulation of control slices. Bottom panel: graph of
LTP showing sustained increase in synaptic strength due to HFS in control slices. The
increase in synaptic strength can be divided into stages by the mechanism and locus of
expression. In area CAl, the locus of LTP expression is primarily postsynaptic. In
contrast, PTP and STP are associated with an increase in presynaptic neurotransmitter
release. The degree to which postsynaptic strength is altered during PTP and STP remains
unclear. LTP lasting longer than 1-2 hours requires gene transcription and protein

synthesis, as shown by the effects of the transcriptional inhibitor Actinomycin D.
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1.4 The Essential Role of Calcium and the NMDA Receptor in LTP and LTD

At the Schaffer Collateral-CAl synapse, LTP and LTD induction occurs primarily
through the activation of NMDA-type glutamate receptors (NMDARs), voltage-gated
calcium channels (VGCCs), and metabotropic glutamate receptors (mGluRs). All three of
these membrane proteins mediate transient increases in intracellular calcium levels under
physiological conditions. Calcium entry via postsynaptic NMDARSs is critically important
for associative LTP and LTD in area CAl, where expression lies primarily in the
dendrites of CA1 pyramidal cells [39, 40]. It has been known for some time that calcium
is the central regulatory master molecule of synaptic plasticity, and CaMKII has received
much attention as a conveyor of calcium signaling in LTP [41, 42]. Additionally, calcium
regulated protein phosphatases are important mediators of LTD in area CA1 [43, 44].
Thus, intracellular calcium elevations are required for both LTP and LTD, and the
determinant of whether LTP or LTD results from a given stimulus appears to be a
function of both the magnitude and the spatial and temporal patterns of those intracellular

calcium increases.

A comprehensive cellular and molecular model of learning and memory must satisfy
certain requirements. This thesis will focus on the most extensively studied form of
activity-dependent synaptic plasticity, NMDA receptor-dependent LTP and LTD. The
NMDAR in particular has received attention for its ability to function as a molecular
coincidence detector, a property that is implicit in associative memory formation. The
NMDA receptor is able to accomplish this through a voltage-dependent block of calcium

conductance by magnesium at resting membrane potentials [45]. Thus, full conductance
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of calcium by the NMDA receptor requires simultaneous binding of its ligand glutamate,
and post-synaptic depolarization to relieve magnesium binding from the channel. Such a
situation occurs at a synapse when its activity is correlated with several other synapses on
the same neuron over a short time duration (milliseconds). Following is a brief list of
requirements satisfied by NMDAR-dependent LTP, which displays properties that are

highly suggestive of an information storage device:

*Coincidence detection: simultaneous strong postsynaptic depolarization and the
presence of glutamate in the synaptic cleft

Input specificity: the synapses used to generate LTP are the same synapses that respond
with an increase in synaptic strength

*Persistent over time: the limits of LTP duration, so far, appear to be a function of the
stability of the recording preparation — the current record is more than a month in vivo
*Naturalistic patterns of activity can induce LTP: e.g. theta-bursts, which mimic the
endogenous rhythmic bursting pattern within the hippocampus during exploratory
behavior

*Anterograde alteration: interventions that block LTP inhibit memory formation (e.g.

both require CaM Kinases, and both are blocked by NMDAR antagonists)
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1.5 The Roles of CaM Kinases in LTP

As mentioned above, CaMKII is activated by NMDAR-mediated calcium influx during
LTP. However, the CaMK family contains other members that are generally more
sensitive to activation by calcium/calmodulin than CaMKII. The CaM Kinase family
consists of 4 principal family members, CaMKK, CaMKI, CaMKII, and CaMKIV (Fig.
1.6), with each family member generally displaying activity towards a distinct set of
cellular substrates despite having similar substrate recognition motifs as defined using
synthetic peptides. The CaM Kinases share the trait of binding to calcium-bound
calmodulin, which then relieves a tonic inhibition of kinase activity due to N-terminal
autoinhibitory domains. CaMKK has 3 known cellular substrates, for each of which it
functions as an upstream activator: CaMKI, CaMKIV, and in some cell types Akt (PKB).
CaMKK and its substrates are collectively referred to as the CaMKK cascade. CaMKII
on the other hand, is not activated by CaMKK, but rather functions as it’s own
“upstream” activator by undergoing calcium/calmodulin-dependent intersubunit
autophosphorylation at T286 of its autoinhibitory domain. This event results in sustained
calcium/calmodulin-independent activity. This property of CaMKII has drawn extensive

attention for its ability to function as a molecular memory switch [42].

A critical role for the CaM Kinases in CA1 LTP is well established. CaMKII is by far the
most extensively studied CaMK in NMDAR-dependent LTP, with a large body of
evidence supporting its role. CaMKII appears to regulate several neuronal functions
underlying LTP, including regulatory phosphorylation of the AMPA receptor subunit

GluR1 at S831 [44, 46]. CaMKII has also been reported to mediate rapid activity-
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dependent trafficking of AMPARs to synaptic sites in spines, which is believed to occur
following LTP induction [47-50]. Much of the work implicating CaMKII in LTP has
relied on use of the general CaMK inhibitors KN-62 and KN-93, which completely block
LTP induction in slices from mice older than about 3 weeks of age [51, 52]. However, the
lack of selectivity of these “KN” compounds, which function as calmodulin antagonists,
among the CaM Kinase family members is often overlooked. Indeed the mechanisms
whereby these KN compounds inhibit LTP induction probably include actions on all of

the CaM Kinases.

Other work implicating CaMKII in LTP relies on aCaMKII knockout mice and an
oCaMKII T286A transgenic mouse. Expression of aCaMKII is developmentally
regulated, appearing around 1 week postnatally and reaching a maximum in adult brain.
However, with the possible exception of fully matured mice (3 months or older), the loss
of LTP in aiCaMKII-deficient mice is incomplete in both hippocampus and visual cortex,
with ~50% of wild-type LTP typically remaining [53, 54]. It has been suggested that
BCaMKII may mediate the residual LTP in these o-CaMKII mutant mice, but it is
equally possible that the CaMKK cascade performs this function. Furthermore, paired-
pulse facilitation in the -CaMKII knockout mice is deficient [S5] and the synaptic input-
output curve is less steep. These effects may result in weaker synaptic activation and thus
produce in an indirect impairment of postsynaptic calcium-dependent processes during
LTP induction in mufant mice, compared to their wild-type counterparts. Other studies
address the role of CaMKII in LTP by overexpressing recombinant genetic constructs

(which may have non-specific effects due to alteration of substrate specificity,
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overexpression, and subcellular mislocalization), or by intracellular perfusion of inhibitor
peptides such as AIP, which are not entirely specific for CaMKII, esp. at higher
concentrations [56, 57], or by overexpression or intracellular perfusion of
CaMKIIN/CaMKIINtide [51]. This last study used 5-10 uM CaMKIINtide and is perhaps
the strongest evidence for CaMKII mediating the majority of CA1 HFS LTP, at least in
animals or cultures 3-4 weeks of age. However, because the cellular function of
CaMKIIN is not known, and the high concentration used, it might have non-specific
effects on the CaMKK cascade. Indeed, it is also possible that the CaMKK cascade may
not be completely independent of CaMKII activity in a cellular context. For example,
CaMKII interacts with and phosphorylates the NMDAR [58, 59], and CaMKIINtide
might therefore reduce calcium influx during LTP induction, which could impair
activation of CaMKK and CaMKI. Thus, it remains to be determined whether the
CaMKK cascade mediates a significant component of CaM Kinase-sensitive E-LTP.
These common oversights may be one reason why a role for CaMKK and CaMKI in E-
LTP has not been carefully considered. With the recent development and characterization
of STO-609 [60], a selective, membrane-permeable inhibitor of CaMKK, we now have a
convenient way of specifically testing the function of the CaMKK cascade in both the

early and late phases of LTP in brain slices, while leaving CaMKII activity intact.

CaMKIV also plays a role in LTP, but its role appears to be limited to the late phase of
expression [61, 62]. CaMKIV is primarily, but not exclusively, restricted to the nucleus
[63-65], where it stimulates gene transcription vrequired for maintenance of late-phase

LTP through phosphorylation of the transcription factors CREB (cAMP response
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element-binding protein) and CBP (CREB binding protein) [66, 67]. As CaMKK activity
is required to fully activate CaMKIV, its role in L-LTP can be inferred from the studies
that have implicated CaMKIV, and this was recently confirmed in a mouse lacking the

BCaMKK isoform [68]. A role for the a-CaMKK isoform in LTP has not been assessed.
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Figure 1.6) The CaM Kinase Cascade in LTP
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Fig. 1.6) The CaM Kinase Cascade in LTP. The role of CaM Kinases in LTP. Calcium
entry via the NMDAR, during LTP induction, binds to calmodulin. Calcium-bound
calmodulin then activates all four CaM Kinases. CaMKI and CaMKIV are substrates of
CaMKK, whose phosphorylation further increases their activities. CaMKII activity is
believed to play a role in LTP induction through the regulation of AMPAR trafficking
and through the regulatory phosphorylationi of the GluR1 subunit of the AMPAR.
CaMKIV plays a role downstream of CaMKK in the regulation of L-LTP through the
regulatory phosphorylation of transcription factors. A role for CaMKI in LTP has not
previously been identified. The Ras-ERK pathway also plays a role in LTP induction, but
precisely how calcium activates ERK has not been resolved. The CaM Kinases are good
candidates for Ras-ERK activation during LTP (see chapter 1.7). The selective CaMKK
inhibitor, STO-609, and the selective MEK inhibitor, U0126, are membrane-permeable

and can be used to measure the role of these two signaling pathways in LTP.
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1.6 Cellular Functions of CaMKI

A role for cytosolic CaMKI in either early- or late-phase LTP has not previously been
addressed, but CaMKI has been shown to modulate other processes relevant to neuronal
plasticity such as cytoskeletal organization [69], cell morphology [70], and axonal growth
cone motility [71]. Furthermore, CaMKI was recently shown to mediate extracellular
signal-regulated kinase (ERK) activation in response to membrane depolarization in NG-
108 cells [72]. Despite the identification of CaMKI contemporaneously with CaMKII,
only a few cellular substrates have thus far been identified, including synapsin, myosin II
regulatory light chain (MRLC) [69], Numb [73], and the translation factor eIF4GII [74].
Indeéd, the regulatory phosphorylations of MRLC and Numb further suggest a role for
CaMKI in the reorganization of actin cytoskeleton. As opposed to CaMKII and CaMKIV,
activation of CaMKI does not result in calcium/calmodulin-independent activity, but
phosphorylation of CaMKI at T177 in its activation loop by CaMKK is required for its
full activation [75, 76], and may regulate its ability to recognize substrates [73]. Four
isoforms of CaMKI, encoded by separate genes, have thus far been identified

(a,B,Y, and 8).
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1.7 MAPK-Dependent LTP

In hippocampal area CAl, patterned elevations of postsynaptic intracellular calcium via
NMDAR activation results in protein phosphorylation cascades that are critical for both
the induction and expression of LTP. In addition to the CaMK cascade, the ERK cascade
also plays an important role in LTP. Both signal transduction cascades are required for
full expression of LTP and for proper hippocampal-dependent learning and memory [77].
However, one elusive bit of knowledge has been: how is the MAPK pathway is activated
by calcium during NMDAR-dependent LTP? The ERK family of MAP (mitogen-
activated protein) kinases are activated by growth factors, neurotransmitters, and
hormones, as well as by the NMDA receptor, voltage-gated calcium channels, mGluRs
and AMPARs in neurons [78-81]. Activation of ERK during neuronal depolarization or
NMDA receptor stimulation requires elevation of intracellular calcium, and it appears to
be mediated through the classical Ras/Raf/MEK/ERK cascade [82, 83]. Molecules that
may couple NMDAR-mediated calcium influx to ERK activation in neurons include
SynGAP, CalDAG-GEF’s, and RasGRF1, among others (Fig. 1.7). Recent studies
highlight a role for Ras-GRF1 (Ras-guanyl-nucleotide releasing factor) in coupling the
NMDA receptor to Ras and ERK activation in neurons [84, 85]. Phosphorylation of S916
of Ras-GRF appears to play a role in its physiological functions and serves as a readout
for activation [86-88]. However, a calcium sensitive molecule, likely acting via RasGRF
upstream of Ras-dependent ERK activation during LTP, has not yet been conclusively

identified.
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Induction of LTP in area CA1l activates ERK, and inhibitors of the ERK pathway (e.g.,
PD098059, U0126) suppress E-LTP on the order of 50%, an effect that appears rapidly
(often within seconds, depending on the stimulus) following LTP induction [31, 78, 89]
(Fig. 1.8). CaM kinases were first proposed to mediate calcium-dependent ERK
activation in some cell types nearly a decade ago. Thié work implicated CaMKIV, which
is homologous to CaMKI, upstream of depolarization-induced ERK activation in PC12
cells [66]. However, this study used cotransfection of constitutively active forms (ca) of
CaMKK and CaMKIV, and it has since been discovered that overexpression of
caCaMKIV results in the mislocalization this normally nuclear protein to the cytoplasm,
where it may function similarly to cytoplasmic, activated CaMKI. Furthermore,
subsequent studies using a CaMKIV knockout mouse [61] and a dominant-negative
CaMKI1V (CaMKIVdn) mouse [62] found that activity-dependent activation of ERK was
normal in hippocampal neurons. Other studies have implicated, retracted, and refuted
roles for CaMKII in calcium-dependent Ras activation via SynGAP [90-92], a protein
that negatively regulates Ras activity by stimulating hydrolysis of bound GTP. Current
evidence supports a model where CaMKII phosphorylation negatively impacts Ras
activation via SynGAP in vitro; however it remains unclear whether regulation of
SynGAP by CaMKII translates into significant attenuation of ERK }activation in the
cellular context of neurons [91-94]. Consequently, since neither CaMKII nor CaMKIV
appear to mediate CaMK-dependent (i.e. KN-sensitive) ERK activation, CaMKI is a
likely candidate for regulation of ERK activation during LTP. This hypothesis was
recently made quite compelling by the discovery that CaMKK and CaMKI function

upstream of depolarization-induced ERK activation in NG-108 cells, a pathway that was

32



found to regulate neurite outgrowth [72]. Because of the key role of ERKs in both CA1l
LTP and hippocampal-dependent learning and memory, it will be important to determine
whether this recently identified crosstalk between CaMKK/CaMKI and ERK in NG-108
cells also occurs in hippocampal neurons, and if so whether it plays a role in LTP. Yet
another possible mediator of CaMK-dependent ERK activation in neurons is Akt, but this
seems less likely to play a role in E-LTP since activation of Akt, but not induction of
LTP, was blocked by inhibitors of PI3K [95], and since the activation of Akt by NMDAR

activation requires 30-60 minutes or more [96].

Other signaling molecules have been proposed to mediate activation of ERK during LTP,
in particular PKA and PKC. PKA is capable of mediating ERK activation in hippocampal
slices via Rapl [97]. Developmentally however, a disconnection is seen between the
effects of inhibition of PKA with the inhibitory peptide PKI and inhibition of MEK
activity with PD098059 in the generation of LTP in area CA1l: PKI alone was effective at
suppressing LTP in slices obtained from one week old rats whereas PD098059 and KN-
93, but not PKI, were effective in slices from rats 4 weeks or older [51](supplemental
data). This finding raises the likelihood that the role of PKA in E-LTP lies outside the
ERK-MAPK pathway, and that the cellular pool of ERK regulated by PKA may not
participate in the generation of postsynaptic E-LTP. PKC also has been suggested to be
an upstream activator of ERK in LTP [98], but a role for PKC in LTP induction appears
to be upstream of NMDAR function [99]. Further complicating these biochemical studies
of ERK’s role in LTP, the signaling cascades that participate in LTP may differ not only

with age, but also with the induction stimulus, the stimulus intensity, recording
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conditions, and electrode placements. This was apparent in a recent study, performed in
mice, of ERK’s role in LTP: the sensitivity of CA1 LTP to inhibitors of MEK, the
upstream activator of ERK, was lost during high-intensity tetan'us-induced LTP (100Hz),
but not high-intensity rheta-bursts LTP [31]. However, given that the CaMK inhibitors
KN-62 and KN-93 completely block LTP in response either HFS or theta-burst (in
mature slices) and potently attenuate ERK activation, the role of CaM Kinases in ERK-

dependant LTP is explicit.

Despite the well-characterized role of the ERK pathway in LTP, precisely how ERK
modulates hippocampal physiology during LTP is less clear. However, there are a few
known examples: the potassium channel Kv4.2 is inhibited when phosphorylated by
ERK?2, decreasing outward potassium conductance. In this model, PKA and Rapl-
mediated ERK activation results in increased dendritic excitability and enhanced action
potential backpropagation during some forms of LTP [31, 97]. Other known targets of
ERK are factors that regulate protein synthesis: RSKs, MSKs, CREB, eIF4E, and 4EBP1.
The cAMP-specific phosphodiesterase PDE4 has also been identified as a substrate and
possible mediator of ERK’s effects in learning and memory [100]. Perhaps most relevant
to this thesis, however, is the finding that activity in the Ras/ERK pathway can potentiate
synaptic AMPAR responses [89, 101], and this effect is mutually occlusive with CaMK’s
effects on AMPAR function [101]. These effects include CaMK- and Ras-mediated
changes in synaptic rectification in neurons overexpressing GluR1, and thus are
consistent with a role for the ERK pathway in the regulation of AMPAR trafficking

during activity-dependant plasticity.
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Given the considerations raised in sections 1.5 and 1.6, a direct examination of the role of
CaMKK and CaMKI in MAPK-dependent E-LTP was warranted, and will be the subject

of chapter 2 of this thesis.
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Figure 1.7) Potential Biochemical Routes for ERK Activation

by Calcium During LTP
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Fig. 1.7) Potential biochemical routes for ERK activation by calcium during LTP.
Schematic of potential biochemical routes for cytoplasmic ERK activation, downstream
of Ras, during NMDAR-dependent LTP. NMDAR activation results in significant
elevations of intracellular calcium. Elevated levels of intracellular calcium activate the
CaMKK cascade. A number of pathways linking calcium to the Ras-ERK pathway have
been proposed, including the Src cascade and exchange factors for small G-proteins such

as RasGRF-1.
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Fig. 1.8) ERK Activation is required for full LTP induction. Hippocampal field
recordings from area CAl of acute mouse hippocampal slices, demonstrating the
requirement for the ERK pathway in LTP. Preincubation of hippocampal slices with the
MEK inhibitor U0126 (open squares), results in a partial suppression of LTP in response
to theta-bursts (arrows), compared to vehicle (closed circles, DMSO). For further details

see [47].
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1.8 Role of the Actin Cytoskeleton in Neuronal Plasticity and Learning & Memory

Actin filaments are highly dynamic in dendritic spines with an average turnover rate of
approximately 44 seconds [102]. Actvin polymerization, depolymerization, and branching
are regulated by small G-proteins that serve as molecular switches for controlling and
coordinating a variety of cellular processes in response to extracellular stimuli. Small G-
proteins such as Rac, Rho, and Ras, among others, have been implicated in the
cytoskeletal dynamics that accompany developmental, morphological, and physiological
plasticity of excitatory synapses [101, 103]. Historically, the morphological and
developmental plasticity of spines and dendrites have received attention as a component
of learning and memory, as cellular alterations to the structure of excitatory circuits
correlate with diseases that affect these cognitive functions [104]. However, the role of
actin filaments is not limited to morphology: they also serve as anchors for cytoplasmic
and membrane proteins, coordinate and maintain dynamic cellular compartmentalization,
and mediate vesicle trafficking. It is thus not surprising that recent work has implicated
small G-proteins in LTP and LTD, although the mechanistic details of these roles are still
forthcoming. Progress has been hindered, in part, by the considerable crosstalk that
occurs among these signal transduction pathways (e.g. Ras can activate Rac), as well as
the realization of the diversity of their effects on cellular processes (which often differs
according to cell-type). However, research over the past decade, which began in
fibroblasts, has highlighted the role of small G-proteins as principal regulators of
cytoskeletal organization in all eukaryotic cells, and uncovered their relationship with

adhesion molecules such as integrins and cadherins [105], which have been shown to
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play a role in both synaptic plasticity and the regulation of MAP Kinase signaling [14,

106].

Genetic mutations or deletions of signaling proteins that regulate dynamic aspects of the
actin cytoskeleton have been associated with impairments to learning and memory,
abnormal dendritic spine structure, and abnormal LTP and LTD. Interestingly, the brains
of patients with human forms of mental retardation commonly show abnormal
filamentous actin structures and abnormal spine morphology, such as decreases in the
number of “mushroom” shaped spines [104]. In recent years, attention has been turning
towards the link between morphological and electrophysiological plasticity, and its
apparent relationship with learning and memory. In particular, two proteins that
participate in the regulation of actin dynamics upstream of the actin depolymerization
factor ADF/Cofilin have recently been highlighted: PAK [107-109] and LIMK [110-
112]. LIMK has been implicated in a form of human mental retardation known as
Williams Syndrome, which is associated with its deletion, as well as other genes, on
chromosome 7 [113, 114]. LIMK is a target of the Rac, Rho, and PKC cascades, which
regulate depolymerization of filamentous actin upstream of ADF/Cofilin. PAK, which
functions downstream of Rac and Cdc42, has also been shown to regulate synaptic

architecture upstream of ADF/Cofilin.

As expected, LIMK homozygous knockout mice, as well as mice deficient in PAK

signaling, have alterations to actin structure due to derangements in actin turnover that

produce abnormal dendritic spine morphology [111]. Interestingly, LTP magnitude is
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increased in both the LIMK knockout and dominant-negative (dn) PAK mice, and LTD
magnitude is also reduced in the dnPAK mice. Finally, LIMK knockout and dnPAK mice
show decreased learning and memory. In particular the LIMK knockout mice exhibit a
decreased capacity for extinction (a type of “unlearning”) in the Morris water maze (a
hippocampal-dependent learning task), and the dnPAK mice exhibit defects in the
consolidation of hippocampal-dependant learning. These and other findings add to the
observations that dynamic regulation of the cytoskeleton is critical for proper cognitive
function, as well as normal bidirectional synaptic plasticity. Also notable is the
observation that larger LTP does not always equate to enhanced learning and memory,
which highlights the importance of bidirectional synaptic plasticity in learning and
memory (Chapter 3, Table 3.1). Thus, it is becoming clear that proteins which regulate
the actin cytoskeleton, and hence spine morphology, are potent regulators of synaptic
plasticity and learning and memory, but exactly how changes in bidirectional plasticity

produce deficits to learning and memory is less clear.

As mentioned above, dendritic spines are rich in filamentous actin, which serves a role in
structural dynamics. Additionally, actin interacts with protein complexes such as the PSD
and anchors cytoplasmic vesicles and signaling complexes (Fig. 1.9). Importantly, actin
interacts directly or indirectly with postsynaptic proteins implicated in the trafficking of
AMPARs, including GRIP/ABP, protein 4.1N, SAP-97, PSD-95, and others [115]. For
this reason, it is reasonable to suspect that dynamic actin plays a role in neurotransmitter
receptor trafficking. Indeed, good evidence exists to support this hypothesis [116-119].

Additionally, electrical and chemical stimuli which induce AMPAR trafficking-
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dependent LTP and LTD regulate actin polymerization and depolymerization [102, 120,
121], and pharmacological disruption of actin dynamics inhibits LTP [122], perhaps
through a disruption of activity- and cytoskeleton-dependent AMPAR trafficking.
Consistent with this idea, pharmacological manipulation of actin polymerization with
latrunculin A (depolymerizer) and jasplakinolide (stabilizer), results in the stimulation
and inhibition of constitutive AMPAR internalization, respectively [119]. This perhaps
suggests an additional role of the actin cytoskeleton in homeostatic maintenance of
synaptic strength over time as proteins are turned over. When these findings are
considered in the context of the role of small G-protein-coupled pathways in regulating
AMPAR trafficking during synaptic plasticity, a clear picture begins to emerge regarding
the molecular mechanisms that may underlie disorders of learning and memory resulting

from their disruption.
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Figure 1.9) Actin at the Synapse: Dual Roles in Structure and
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Fig. 1.9) Actin at the synapse: dual roles in structure and vesicular trafficking. Top
panel: stereo computer graphic reconstruction from electron micrographs (phaloidin-
eosin photo conversion) of actin structure in a hippocampal area CAl synapse. Actin
labeling (blue) is concentrated between the lamellae of the spine apparatus (yellow), the
postsynaptic plasma membrane (orange), and the post synaptic density (fuchsia). The
presynaptic structure (green, with purple vesicles) is largely devoid of F-actin. Adapted
from [123]. Bottom panel: model for constitutive and regulated (activity-dependent)
AMPAR trafficking. Shown are GRIP- and PICK-containing protein complexes, which
interact with both GluR2-containing vesicles and the actin cytoskeleton (not shown). “P”
indicates regulatory phosphorylation of GluR2 at S880 by PKC. Interaction with GRIP
blocks phosphorylation of S880 and keeps AMPARSs anchored to the cytoskeleton and

sequestered within the cytoplasm. Adapted from [124].
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1.9 Cellular and Cognitive Functions of WAVE-1

Rac-1 couples to dynamic actin, in part, through its interaction with the WAVE-1
complex [125] (Fig. 1.10), but thus far a role for WAVE-1 in synaptic plasticity has not
been tested. WAVE-1, or Wiskott-Aldrich syndrome protein (WASP)-family VErprolin
homologous protein-1, is technically an A-Kinase Anchoring Protein (AKAP), but has
also been shown to function as a molecular scaffold for a variety of signaling molecules
other than PKA, including Abl, Abi, HSPC300, CYFIP, actin, Arp 2/3, and WRP [126].
Rac promotes activation of WAVE-1 by causing the release of a multiprotein inhibitory
complex [127, 128]. As opposed to LIMK and PAK, which regulate actin
depolymerization, WAVE-1 regulates actin via a direct association with the ARP 2/3
complex, which catalyzes actin nucleation and branching at the leading edge of cells[129,
130]. Interestingly, Rac signaling is terminated by a WAVE-1 associated GTPase

activating protein (GAP) called WRP [128].

The WAVE family of proteins is thought to guide local actin polymerization required for
morphological plasticity of neurons, including structures such as the axon growth cone
and dendritic spines [131]. WAVE-1 clusters demonstrate a high degree of F-actin-
dependent motility and translocate to the leading edge of lamellipodia in response to Rac
activity, where it may play a role in spinogenesis and regulation of spine morphological
plasticity. In the fruit fly Drosophila melanogaster, the WAVE complex has been shown
to regulate neuronal function and connectivity, including nerve and synapse formation
[132]. Members of the WASP/WAVE family of proteins have a conserved modular

structure and share most of their interacting partners, but have distinct physiological
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roles. For example, WASP knockout mice display cytoskeletal abnormalities in
lymphocytes and platelets (similar to the immunodeficiency seen in Wiskott-Aldrich
syndrome patients), whereas N-WASP (neuronal WASP) gene disruption results in
embryonic lethality that is associated with neural tube and cardiovascular defects [133].
WAVE has 3 isoforms, WAVE 1-3. WAVE-1 is a brain-specific isoform and, disruption
of WAVE-1 signaling by gene knockout reproduces behavioral learning and memory
deficits comparable to 3p-syndrome, a form of human mental retardation [134]. Thus, the
finding that WRP interacts with WAVE-1 is particularly interesting since WRP has been
identified as a gene that is disrupted in 3p-syndrome [135]. In addition to runting and
reduced viability, WAVE-1 knockout mice exhibit poor balance, reduced coordination,
reduced anxiety, and impaired spatial learning and memory, as demonstrated by a failure
to learn the location of a hidden platform in the Morris water maze [134]. WAVE-1
knockout mice also have strong impairment in novel-object recognition, a non-spatial
hippocampus-dependent learning and memory task. Thus, WAVE-1 is known to be
important for both proper regulation of the actin cytoskeleton by Rac, and for normal
hippocémpal—dependent brain functions, but the physiological mechanisms underlying
the alterations to cognitive function in knockout mice have not been explored. A detailed
cellular and electrophysiological characterization of two models of WAVE-1 function in
the hippocampus, the WAVE-1 knockout and the A-WRP knock-in mouse will be the

subject of chapter 3 of this thesis.
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Figure 1.10) The WAVE-1 Signaling Complex
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Fig. 1.10) The WAVE-1 Signaling Complex. A schematic diagram of protein
components of the WAVE-1 signaling complex. WAVE-1 couples Rac signaling to
regulation of the actin cytoskeleton. Rac binds indirectly to WAVE-1 via Sra-1, Napl,
and Abi. WAVE-1 directly binds a number of signaling molecules including HSPC300,
Abl, WRP (a Rac-GAP), PKA. WAVE-1 also binds actin, and binds and activates the
ARP 2/3 complex, which catalyzes acting nucleation and branching. Individual enzymes

and effector proteins are labeled.
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Chapter 2

CaMKK/CaMKI Activity Gates ERK-dependent

Long-term Potentiation

"John M. Schmitt, “Eric S. Guire, Takeo Saneyoshi and Thomas R. Soderling
"Co-first authors.

Published Feb. 2, 2005; Journal of Neuroscience; 25(5):1281-90.

My contribution to the findings presented in this chapter included most of the design,
acquisition, analysis, and interpretation of the electrophysiology data. I also contributed
to the design, acquisition, and interpretation of the biochemical work, and preparation of
the manuscript. However, the majority of the biochemistry was masterminded and
executed by my colleague Dr. John Schmitt, a post-doctoral fellow in Tom’s lab at the
time of this collaboration. Some time before this project was initiated in force, while
investigating the role of CaMKIV downstream of CaMKK in late-phase LTP, I saw
unexpected effects of the novel CaMKK inhibitor STO-609 on LTP. As expected, I had
found that the early phase of LTP was unaffected in a CaMKIV knockout mouse, and the
late phase of LTP was abolished by STO-609. Unexpected, however, was the partial
suppression of the early phase of LTP by STO-609 (Supplemental Fig. 2.1). I shared this
finding with John, whom it turns out was investigating a potential role for CaMKI
(another target of CaMKK) upstream of ERK activation in NG-108 cells. Knowing the
established role of ERK in E- LTP, we began our collaboration as soon as John’s findings

were made conclusive. Thus, the conception, design and execution of this project
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reflected an equal contribution on both of our parts. In accordance with this, we
determined the order of co-first author listing by coin-toss. Work performed by Takeo,
was instrumental to our investigation of the role of Ras-GRFI in this pathway. Finally,
Tom’s scientific guidance and wisdom elevated this project to the high standards that are

characteristic of the publications that come from his lab.
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2.1 Abstract

Intracellular Ca®* and protein phosphorylation play pivotal roles in long-term potentiation
(LTP), a cellular model of learning and memory. Ca** regulates multiple intracellular
pathways including the calmodulin-dependent kinases (CaMKs) and the extracellular
signal-regulated kinases (ERKs), both of which are required for LTP. However, the
mechanism by which Ca®* activates ERK during LTP remains unknown. Here, we
describe a requirement for the CaMK-kinase (CaMKK) pathway upstream of ERK in
LTP induction. Both the pharmacological inhibitor of CAMKK STO-609 and dominant-
negative CaMKI (dnCaMKI), a downstream target of CaMKK, blocked neuronal NMDA
receptor-dependent ERK activation. In contrast, an inhibitor of CaMKII and nuclear-
localized dnCaMKIV had no effect on ERK activation. NMDA receptor-dependent LTP
induction robustly activated CaMKI, the Ca**-stimulated Ras activator Ras-GRF1 and
ERK. STO-609 blocked the activation of all three of these enzymes during L'TP without
affecting basal synaptic transmission, activation of CaMKII or cAMP-dependent
activation of ERK. LTP induction itself was suppressed about 50% by STO-609 in a
manner identical to the ERK inhibitor U0126 - either inhibitor occluded the effect of the
other, suggesting they are part of the same signaling pathway in LTP induction. STO-609
also suppressed regulatory phosphorylation of two downstream ERK targets during LTP,
the general translation factors eIF4E and its binding protein 4E-BP1. Furthermore,
suppression of mRNA translation with anisomycin occluded the effects of STO-609
during early-phase LTP. These data indicate an essential role for CaMKK and CaMKI to

link NMDA receptor-mediated Ca** elevation with ERK-dependent LTP.
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2.2 Introduction

Protein phosphorylation is one of the most prevalent mechanisms for modulating
neuronal functions including long-term potentiation [41, 136], a cellular model of
learning and memory [137, 138]. Two protein kinase families highly expressed in brain
that have been implicated in molecular mechanisms regulating LTP are the
Ca**/calmodulin-dependent kinases (CaMKs) and the extracellular signal-regulated
kinases (ERK 1 & 2) [139, 140]. The CaMK family, which is activated in response to
elevations of intracellular Ca2+, includes CaMKII [41, 141, 142] and the CaMKK cascade
consisting of CaMKK and its two major downstream targets CaMKI and CaMKIV [143,
144]. CaMKII regulates numerous neuronal functions including phosphorylation of the
AMPA-type glutamate receptor, resulting in increased conductance during early-phase
LTP (E-LTP) [44, 46]. CaMKIV is largely restricted to the nucleus [64, 145] where it
stimulates gene transcription required for late-phase LTP (L-LTP) [146] through
phosphorylation of transcription factors such as CREB and CBP [147, 148]. Cytosolic
CaMKI modulates cytoskeletal organization [69] and axonal growth cone motility [71],

but a potential role for CaMKI in LTP has not been previously examined.

The ERK family of MAP-kinases are activated by growth factors, neurotransmitters, and
hormones as well as by Ca**-permeable N-methyl-D-aspartate receptor (NMDA-R) and
voltage-gated channels in neurons [78, 79]. The NMDA-R gates many forms of synaptic
plasticity including hippocampal CA1 LTP [149]; Activation of ERK upon neuronal
depolarization or NMDA-R stimulation requires elevations of intracellular Ca®*, and it

appears to be mediated through the classical Ras/RaffMEK/ERK cascade [83, 150].
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Recent studies suggest that the Ras-guanyl-nucleotide releasing factor, Ras-GRF1 may

couple the NMDA-R Ca?* elevation to Ras and ERK activation in neurons [84, 85].

Induction of LTP activates ERK, and inhibitors of the ERK pathway (e.g., SL327 and
U0126) partially suppress LTP induction [78, 140]. A role for ERK in the regulation of
gene transcription during late-phase LTP (L-LTP) is well established [151, 152], and a
role of ERK in mRNA translation has recently been reported [152]. Expression of
dominant-negative (dn) MEKI1 in region CAl of the hippocampus suppresses
hippocampal-dependent memory tasks in mice, ERK activation, and anisomycin-sensitive
LTP in hippocampal slices, as well as mRNA translation in cultured hippocampal

neurons.

Because of the key role of ERKs in modulating Ca2+-dependent neuronal plasticity, it was
important to determine whether the recently identified cross-talk between
CaMKK/CaMKI and ERK [72] regulate LTP. The results of this study provide strong
evidence that CaMKK and CaMKI are essential for the full expression of LTP and ERK-

dependent translational activation.
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2.3 Materials and Methods

Antibodies and plasmids. The following reagents were purchased from the indicated
sources: U0126 and Forskolin, Calbiochem (Riverside, CA); STO-609, NMDA, and
APV, Tocris Cookson, Inc. (Ellisville, MO); Anisomycin, Alexis Biochenﬁcals (San
Diego, CA): Phospho-specific antibodies; ERK1/2 (Thr®2, Tyr*™), Ras-GRF1 (Ser’'®),
eIF4E (Ser’™), 4E-BP1 (Ser®™), Akt (Thr’®), Cell Signaling (Beverly, MA); CaMKII
(Thr286), GIuR1 subunit of the AMPA-R (Ser®), Affinity Bioreagents (Golden, CO);
CaMKI (Thr'”"), Dr. Naohito Nozaki [71, 72]. Other antibodies: Akt, Ras-GRF1, eIF4E,
and 4E-BP1, Cell Signaling; ERK2 (D-2), Santa Cruz Biotechnology; CaMKII,
Transduction Lab.; CaMKI, Dr. Kohji Fukunaga (Tohoku Univ., Sendai, Japan); FLAG
(M2), Sigma. The dominant-negative (dn) CaMKK (K71A, T108A, S458A), dnCaMKI
(K49E, T177A, 7IHQS286EDDD, F307A), dnCaMKIV nuclear (T196A, K7IE,
HMDT305DEDD), and CaMKIIN plasmids have been previously described [71, 72].
The Flag-ERK2 plasmid was provided by Dr. Philip Stork (Vollum Institute, Portland,

OR). The Ras-GRF1 construct was purchased from Open Biosystems.

Primary hippocampal neuronal culture and treatments. Neurons were isolated from the
hippocampus of postnatal day 1-2 Sprague Dawley rats. Neurons were grown 5-6 days in
vitro (unless otherwise indicated) and placed in serum-free isotonic media consisting of
130mM NaCl, 2.5 mM KCl, 1mM MgCl,, 2 mM CaCl,, 25 mM HEPES-HCI, and 30
mM d-Glucose for 60 minutes at 37 °C with pharmacological inhibitors (5 uM STO-609

for 60 minutes; 10uM U0126 for 20 minutes), as indicated prior to stimulation. Cells
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were stimulated with serum- and magnesium-free isotonic media containing NMDA (25

uM) and glycine (1 uM) for the indicated times.

For transfections, 5-day old hippocampal neurons were co-transfected with Flag-ERK?2,
along with the control vector pcDNA3, or the indicated plasmids using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s guidelines. Following transfection,
neurons were allowed to recover in complete media for 24 hours, placed in serum-free
isotonic media for 60 minutes (see above) treated as indicated and lysed in ice-cold lysis
buffer as detailed below. Lysates were then examined for the presence of Flag-ERK?2 or
myc-Ras-GRF1 (Open Biosystems) expression by western blotting, and Flag-ERK2 or
myc-Ras-GRF1 were immunoprecipitated and examined by western blotting for

activation.

Western blotting and immunoprecipitation of primary hippocampal neurons. For direct
western blotting following primary hippocampal neuron stimulations, media was
aspirated and boiling Laemmeli buffer (supplemented with 200 mM EDTA, 20 mM
EGTA, 200 mM NaF, 20 mM B-glycerophosphate, | mM PMSF, and 5 pM microcystin)
was added to each plate of cells. Plates were scraped and cellular lysates were placed in
microcentrifuge tubes, rapidly vortexed, boiled for 5 minutes, and centrifuged at 8,000
rpm for 3 minutes to pellet insoluble materials. Equivalent amounts of protein were
resolved by SDS-PAGE, blotted onto polyvinylidene difluoride membranes (PVDF), and

examined by western blotting with the indicated antibodies.
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For immunoprecipitations following primary hippocampal neuron stimulations, media
was aspirated and ice-cold lysis buffer (10% glycerol, 1% NP40, 50mM Tris-HCI pH 7.4,
200mM NaCl, 2mM MgCl,) containing freshly added inhibitors (1mM PMSF, 2ug/ml
Aprotinin, 1pg/ml Leupeptin, 10pg/ml Trypsin inhibitor, ImM sodium orthovanadate)
was added to each plate of cells on ice. Plates were scraped and cellular proteins placed
in ice-cold microcentrifuge tubes. Briefly, cell lysates were spun at 8,000 rpm for 5
minutes at 4 °C to pellet the cytoskeleton and nuclei. Immunoprecipitations were carried
out at 4 °C for 4 hours in ice-cold lysis buffer [72]. Precipitated proteins were washed 2
times with lysis buffer, placed in Laemmeli buffer, resolved by SDS-PAGE and western
blotted for phosphorylated Flag-ERK2 (pFlag-ERK2, pFlag-ERK2 or myc-Ras-GRF1).
Western blotting for total Flag-ERK?2 with anti-Flag antibody was performed on lysates
to serve as a loading and transfection control. For quantitation of western blots,
autoradiographs were scanned and densitized using Kodak ID 3.0.2 system software
(New Haven, CT). For each phospho-protein of interest, separate western blots were run
for that phospho-protein (e.g., pCaMKI) and for the total protein (CaMKI). For each
western blot, band densities were first normalized to untreated controls, and then
phospho-protein was normalized to total protein and the value presented as fold-increase

in phosphorylation relative to the control.

Mouse hippocampal slice production and treatments. Adult male C57BL6 mice (8-12
Weéks old, Charles River) were anesthetized with pentobarbital (60 mg/kg 1.P.) and
decapitated using procedures reviewed and approved by IACUC at the OHSU

Department of Comparative Medicine. Brains were removed within one minute of
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decapitation and immediately submerged in ice-cold, sucrose-modified artificial
cerebrospinal fluid (S-ACSF) for hippocampal dissection and slicing (in mM): sucrose
110, NaCl 60, KC1 2.5, NaHCOs 28, NaH3;PO, 1.25, CaCl; 0.5, MgCl, 7, glucose 5,
sodium ascorbate 0.6, pH 7.4@4 °C (pre-saturated by bubbling with 95% 0,/5% CO, at
21-22°C). Hippocampal slices (400 pum, transverse) were prepared using a vibratome and
an agar backing (2%), and each slice was transferred to warm ACSF (in mM: NaCl 125,
KCl 2.5, NaHCOs3 22.6, NaH;PO, 1.25, CaCl, 2, MgCl, 1, glucose 11.1, continuously gas
saturated with 95% O,/5% CO,, pH 7.4 @ 32°C) for recovery (30 minutes, 37°C). Slices
from the dorsal and ventral thirds of the hippocampus were discarded. Following
recovery, the chamber was equilibrated at 21-22 °C, and slices were held for 2-8 hours
before recording, or 1 hour before beginning NMDA and Forskolin treatments. For
NMDA and Forskolin treatments, slices were then placed at 30° C for an additional hour,
in the presence or absence of pharmacological inhibitors (5 uM ST0-609 for 60 minutes,
10 uM UO0126 for 20 minutes, and 50 uM APV for 20 minutes), prior to chemical
stimulations. Hippocampal slices were then stimulated with NMDA plus glycine (25
uM, 1uM, respectively) or Forskolin (50 uM) for the indicated times in ACSF, in the
presence or absence of STO-609 or U0126. Following chemical stimulation, and at
various time points following the electrical induction of LTP, slices were frozen on a
filter paper-covered liquid nitrogen-cooled aluminum block, and placed in
microcentrifuge tubes in pairs. Slices were kept submerged at all times until frozen. For
LTP experiments, area CA1 was isolated by microdissection following freezing. Ice-cold
lysis buffer (10% glycerol, 1% NP40, 50 mM Tris-HCI pH 7.4, 200 mM Na(Cl, 2 mM

MgCl,) plus freshly added inhibitors (1 mM PMSF, 2 ug/ml Aprotinin, 5 uM
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microcystin, 1 pg/ml Leupeptin, 10 pg/ml Trypsin inhibitor, 1 mM sodium
orthovanadate) was added to each tube containing frozen slices, which wefe rapidly
homogenized as they thawed in lysis buffer. 6X Laemmeli buffer was then added, and
tubes were rapidly vortexed and boiled for 5 minutes. Equivalent volumes of lysate were
resolved by SDS-PAGE, blotted onto polyvinylidene difluoride membranes (PVDF), and

examined by western blotting with the indicated antibodies.

Electrophysiology. For electrophysiological recordings, submerged hippocampal slices
were suspended in pairs on a nylon mesh in a small (350-400 pL) recording chamber, and
perfused with ACSF at a rate of 2.5-3 mL/minute. The temperature in the recording
chamber was raised to 30-32 °C over the course of a few minutes and held for the
duration of the experiment. Synaptic responses were evoked by Schaffer collateral
stimulation using a bipolar tungsten electrode (FHC, inc., tip spacing 140um) and a 100
psec square wave test-pulse (typically 30-40 pA) delivered at 60 second intervals. The
stimulation intensity was adjusted to produce a basal response of 1.2-1.4 mV (typically
25% of the maximum fEPSP amplitude). Recordings were made using ACSF filled glass
micropipettes (2-4 MQ) placed in the stratum radiatum area of CA1 (see Fig. 2.2C), and
connected via head-stages to an A-M Systems model 1800 amplifier. Signals were
digitized at 100 kHz using Axon Instrument’s digidata 1200 series interface running
Clampex 8.0, and the initial slope (linear portion of the first msec) of the fEPSPs were
analyzed with Clampfit 8.0 software. Drug treatments began 30 minutes (STO-609,
U0126, and anisomycin) or 20 minutes (APV) before, and ended (with the exception of

anisomycin) 5 minutes following the induction of LTP using theta-bursts. Anisomycin
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treatments persisted for the duration of the recordings. E-LTP was induced using an acute
theta-burst protocol: 4 pulses/burst (100 Hz), 5 bursts/train (5 Hz), 3 trains (beginning 20
seconds apart). L-LTP was induced using a recurrent theta-burst protocol: 4 epochs of the
acute rheta-burst protocol delivered 5 minutes apart. With the exception of the first data
point following LTP induction (PTP), 3-minute fEPSP averages are shown. The first
data point following LTP induction was taken 20 seconds following the final train of
theta-bursts. All treatment groups were balanced such that the average time of the slices

in the recording chamber was equal, and the average age of animals was equal.

Statistics. To determine whether significant differences existed among treatments, an
analysis of variance (ANOVA) was performed on the data with significance set at 0.05.
To compare whether significant differences existed between two treatments a Student’s
T-test was performed on the data with significance set at 0.05. Significance levels (p
value) are indicated in the Figures: * indicates p < 0.05, ** indicates p < 0.01, and ***

indicates p < 0.001.
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2.4 Results

NMDA activation of ERK requires CaMKK and CqMKI. To investigate the potential role
of CaMKs in NMDA-dependent ERK activation in hippocampal neurons, we used the
membrane-permeable CaMKK inhibitor STO-609 [60] or expression of dominant-
negative CaMKs (dnCaMK) or the CaMKII inhibitor protein CaMKIIN [153]. STO-609
appears to be highly specific for CaMKK: 1) it has an in vitro ICso of 0.13-0.38 uM for
CaMKK and 32 uM for CaMKII with little or no inhibition of CaMKI, CaMKIV, PKA,
PKC, ERK or myosin light chair kinase [60], and 2) in cultured hippocampal neurons
[71] and NG108 cells [72] subjected to depolarization, STO-609 inhibits CaMKK

activation, as assessed by its ability to block phosphorylation of the activation loop Thr'”’

in CaMKI, with no effect on CaMKII activation (i.e., autophosphorylation of Thr*®).
Furthermore, we used dnCaMKs as an independent confirmation of the involvement of
this pathway. CaMKIIN is an endogenous CaMKII inhibitor protein (ICso of 50-100 nM)
that exhibits no in vitro inhibition of CaMKI, CaMKIV, CaMKK, PKA, PKC [153] or
ERK (Nygaard, S., and Soderling, T.R., unpublished result). When transfected into
cultured hippocampal neurons, CaMKIIN potently blocks CaMKII activation [71] but not

ERK activation [72] upon depolarization.

Stimulation of cultured hippocampal neurons with NMDA activated endogenous ERK
within 5 minutes, an effect that was completely blocked by either the MEK inhibitor
U0126 or by STO-609 (Fig. 2.1A), indicating involvement of the CaMKK cascade. To
confirm the specificity of STO-609, we used a mutant (L233F) of CaMKK [60] that is

insensitive to inhibition by this compound. Transfection of neurons with CaMKK| 233
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completely rescued inhibition by STO-609 (Fig. 2.1A), establishing that STO-609 was
exerting its effect through CaMKK. To further characterize which member of the
CaMKK cascade mediated ERK activation, hippocampal neurons were co-transfected
with Flag-ERK?2 plus various dominant-negative (dn) CaMK constructs. ERK activation
was completely inhibited by dnCaMKK as well as by dnCaMKI (Fig. 2.1B).
Endogenous CaMKIV is predominantly nuclear restricted [145], and nuclear-localized
(nuc) dnCaMKIVnuc did not block ERK activation (Fig. 2.1B) even though we have
previously shown that it suppressed NMDA-stimulated CREB-dependent transcription in
neurons [71]. To examine the role of CaMKII, we expressed the specific CaMKII
inhibitor protein CaMKIIN [153] that completely blocked neuronal CaMKII activation in
response to depolarization [71]. CaMKIIN had no effect on NMDA-dependent ERK
activation (Fig. 2.1B). These results demonstrate in cultured hippocampal neurons that
NMDA-dependent activation of ERK was mediated by the CaMKK and CaMKI pathway

but not by CaMKII or nuclear CaMKIV.

Next, we examined the role of CaMKK in ERK activation using acute mouse
hippocampal slices. The rapid activation of ERK in response to NMDA treatment was
blocked by the NMDA receptor antagonist APV, the MEK inhibitor U0126 and the

CaMKK inhibitor STO-609 (Figs. 2.1C, D). CaMKK and CaMKI were also rapidly

activated by NMDA as assessed by phosphorylation of the activation loop Thr'”” in

CaMKI (a target of CaMKK), and, as expected, these were also inhibited by STO-609 but
not U0126 (Fig. 2.1E). In agreement with previous studies [154], CaMKII was also

286

activated (i.e., autophosphorylation of Thr°) by NMDA stimulation, and one of its
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substrates, Ser®®! in the GluR1 subunit of the AMPA-R, was phosphorylated [155], but
neither of these reactions was inhibited by STO-609 or U0126 (Fig. 2.1F). This result
confirms our previous observation that STO-609 does not block CaMKII activation in
hippocampal neurons [71] or NG108 cells [72]. The specificity of STO-609 for CaMKK
was further demonstrated by the fact that activation of ERK in response to Forskolin
treatment, which was NMDA-receptor independent (Fig. 2.1C), was not blocked by

STO-609 but was suppressed by U0126 (Fig. 2.1G).

We have previously shown a requirement for the small G protein Ras in the
CaMKK/CaMKI activation of ERK upon depolarization [72]. Ras is required for NMDA
receptor-dependent activation of ERK in neurons [101], and the dnRas RasN17 blocked
ERK activation in response to NMDA treatment of cultured hippocampal neurons in our
experiments (data not shown). Furthermore, recent studies demonstrate the involvement
of the Ca2+—dependent Ras activator, Ras-GRF1 in ERK activation [84, 85].
Phosphorylation of Ras-GRF1 at Ser’'® appears to play a pivotal role in its physiological
functions and serves as a read-out for activation [87, 88]. Endogenous Ras-GRF1 was
rapidly phosphorylated on Ser’’® in response to NMDA treatment, an effect that was
blocked by STO-609 but not U0126 (Fig. 2.1H). To confirm the roles for CaMKK and
CaMKI in Ras-GRF1 phosphorylation, cultured hippocampal neurons were co-
transfected with myc-Ras-GRF1 plus dnCaMKI or CaMKIIN. Ras-GRF1
phosphorylation was completely suppressed by dnCaMKI but not by the CaMKII

inhibitor (Fig. 2.11). Taken together, the data of Figure 2.1 support the specificity of
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STO-609 for CaMKK and suggest that the requirement for CaMKK/CaMKI in NMDA-

dependent ERK activation in hippocampal neurons is upstream of Ras-GRF1.

Induction of LTP requires the CaMKK pathway. The CaMKK cascade can mediate
NMDA receptor-dependent ERK activation (Fig. 2.1) and ERK plays an important role in
LTP induction [78, 140], so we investigated the role of CaMKK in LTP induction.
Mouse hippocampal slices treated with STO-609 exhibited a normal input-output
relationship over a wide range of stimulus intensities (Fig. 2.2A) as well as normal
paired-pulse facilitation (Fig. 2.2B), indicating that acute blockade of the CaMKK
pathway does not effect basal synaptic transmission. Additionally, we integrated the area
above the curve of the fEPSPs during stimulation with theta-burst trains (E-LTP protocol,
see Methods) and found no significant difference among the dendritic field responses of
STO-609 or U0126 treated and untreated slices during E-LTP induction (Fig. 2.2C).
This finding held true for the first (naive) theta-bust, each individual train, the plasticity
within each train (area of burst 5/burst 1) as well as the sum of all trains. These results
indicate that STO-609 does not impair normal synaptic transmission nor the dendritic
field response to high frequency theta-burst trains, important prerequisites for our study

of CaMKK’s role in LTP.

To determine if CaMKK and its downstream targets are involved in the induction of
early-phase LTP (E-LTP), we treated acute hippocampal slices with 5uM STO-609.
Analysis of the initial slope of field excitatory post-synaptic potentials (fEPSPs) taken

from area CA1 (Fig. 2.2C) before and after thera-burst stimulation (Methods) revealed a
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significant (~50%) STO-609 sensitivity of E-LTP out to 60 minutes (Fig. 2.2D). Our
acute theta-burst protocol produced activation of CaMKI and ERK within 5 minutes,
effects that were completely blocked by the NMDA receptor antagonist APV, as was the

induction of E-LTP (Fig. 2.2E).

The role of CaMKK in L-LTP lasting 3 hours was examined using a recurrent theta-burst
protocol spaced over 15 minutes (see Methods). Again, STO-609 treatment gave
approximately 50% suppression over the first hour and completely obviated LTP at 3
hours (Fig. 2.2F), demonstrating that the requirement for CaMKK in the first hour of
LTP was not overcome by a more robust induction protocol. Although CaMKIV is also
activated by CaMKK, it does not participate in E-LTP induced with either HFS or
recurrent theta-bursts in mouse hippocampal region CA1 but is thought to contribute to
CREB/CBP-dependent transcription during L-LTP [146, 156]. Based on these
observations we conclude that CaMKI mediated the downstream effects of CaMKK

during E-LTP whereas CaMKIV may contribute significantly to L-LTP.

CaMKK mediates ERK activation in E-LTP. Induction of E-LTP in hippocampal slices
activates ERK, and this activation is required for full expression of LTP [31]. In light of
our findings that CaMKI functions upstream of ERK activation, we examined whether
the effects of STO-609 on LTP occurred upstream of ERK. Induction of LTP with our
acute theta-burst protocol (see Methods, Figs. 2.2D, E) resulted in 3- to 4-fold activation
of CaMKI and ERK within 5 minutes that was sustained for at least 60 minutes (Fig.

2.3A, B). Both CaMKI and ERK activation were suppressed by STO-609 at all time
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points examined. Another cytoplasmic target for CaMKK is the protein kinase AKT,
which is slowly phosphorylated upon depolarization of NG108 cells [72, 157]. A dnAKT
[72, 157] did not block ERK activation by NMDA treatment of cultured hippocampal
neurons (data not shown) or upon depolarization of NG108 cells [72, 157]. Induction of
LTP in hippocampal slices produced a slow phosphorylation of AKT that was blocked by
STO-609 (Fig. 2.3B). However, ERK was maximally activated within 5 minutes
following LTP induction whereas robust AKT activation was not observed until after 15
minutes (Fig. 2.3B). Therefore, we propose that CaMKK was not acting through AKT to
activate ERK or to mediate LTP induction. However, endogenous Ras-GRF1 was
significantly phosphorylated within 5 minutes, and this was obviated by STO-609
treatment (Fig. 2.3C). LTP induction also resulted in rapid activation of CaMKII and
phosphorylation of its substrate Ser®! in the GluR1 subunit of the AMPA-R [155], but
these effects were not suppressed by STO-609 (Fig. 2.3D). This confirms that STO-609
does not suppress other Ca”*-dependent pathways such as CaMKII These data support
our conclusion that ERK activation during LTP is mediated by CaMKK acting through

CaMKI.

CaMKK and ERK mediate E-LTP by the same pathway. As reported previously [31], the
MEK inhibitor U0126 produced a partial suppression of E-LTP elicited with thera-bursts
(Fig. 2.4A). The same drug application and acute theta-burst protocol was used here as in
Figures 2.2D and E. The inhibition of E-LTP by UO0126 (Fig. 2.4A) was strikingly
similar to that produced by STO-609 (Fig. 2.2D), consistent with the data in Figure 2.3

demonstrating that ERK activation during LTP is mediated by CaMKK. If this model is
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correct and CaMKK’s role in LTP induction is upstream of ERK, then the effect of
U0126 should be occluded by STO-609 and visa versa. As shown in Figure 2.4B,
combined bath treatment with U0126 plus STO-609 was no more effective at blocking E-
LTP than treatment with STO-609 alone. In these experiments, U0126 completely
blocked ERK activation at both 5 and 60 minutes (Fig. 2.4C). The specificity of U0126
was confirmed in that it did not inhibit activation of CaMKI, AKT, CaMKII or Ras-
GRF1 (Fig. 2.4D). This data demonstrates that the role of CaMKK in E-LTP is mediated

by an ERK-dependent mechanism.

Role of CaMKK in translational activation during LTP. A recent study [152] shows that
protein synthesis-dependent L-LTP induced by four trains of HFS is partially suppressed
in mice expressing a dominant-negative MEK1 (the upstream activator of ERK) in region
CAl. In fact, the degree and kinetics of L-LTP suppression in the dnMEK1 mice was
equivalent to suppression of L-LTP in wild-type mice by the mRNA translation inhibitor
anisomycin. These authors did not observe any decrement in E-LTP induced by two
trains of HFS in the dnMEK1 mice, but the decrement of L-LTP (induced by four trains
of HFS) developed within minutes in both dnMEK1 and anisomycin-treated mice. This
is consistent with our results since E-LTP induced by two trains of HES in mouse is not
sensitive to the MEK inhibitors U126 or SL327 [31]. Therefore, we tested whether E-
LTP induced with our acute theta-burst protocol was dependent on protein synthesis
using anisomycin. Not only did anisomycin produce a partial suppression of this E-LTP,
but also both the magnitude and kinetics of E-LTP blockade with anisomycin (Fig. 2.5A)

were nearly identical to those of U0126 (Fig. 2.5B) and STO-609 (Fig. 2.5C), indicating
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that the CaMKK/ERK pathway in E-LTP may exert its effects largely through a
translation-dependent mechénism. Furthermore, anisomycin treatment did not
significantly affect the dendritic field responses (area above the curve) during theta-bursts
(data not shown), as was the case with STO-609 and U0126 (Fig. 2.2C). Our observation
that E-LTP generated by theta-burst stimulation are equally sensitive to STO-609 (Fig.
2.2D) and anisomycin (Fig. 2.5A), suggest that protein synthesis during theta-burst E-
LTP is regulated by CaMKK and is required for concurrent CaMKK-dependent LTP
expression. Indeed, treatment of slices with STO-609 was able to occlude further

inhibition of E-LTP by anisomycin (Fig. 2.5D).

Regulation of general mRNA translation by ERK during LTP may be related to
phosphorylation of several translation factors including eIF4E and its inhibitory binding
protein 4E-BP1 [152]. Induction of LTP with our acute theta-burst protocol produced a
rapid (5 minutes) and sustained (60 minutes) phosphorylation of e[F4E and 4E-BP1 (Fig.
2.6A-D), both of which required CaMKK activity since STO-609, when present during
LTP induction, was inhibitory at all time points examined. U0126 completely blocked
phosphorylation of eIF4E and 4E-BP1 (Fig. 2.6D), suggesting a role for eIF4E and 4E-
BP1 in translation-dependent LTP downstream of ERK. We conclude that regulatory
elF4E and 4E-BP1 phosphorylations are mediated by the CaMKK/ERK pathway in

NMDA receptor-dependent theta-burst LTP.
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Figure 2.1) NMDA Activation of ERK and Ras-GRF1 in

Hippocampus Requires CaMKK and CaMKI
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Fig. 2.1) NMDA activation of ERK and Ras-GRF1 in hippocampus requires
CaMKK and CaMKI. Primary cultures of rat hippocampal neurons (A, B, I 6 DIV) or
acute mouse hippocampal slices (C-H, 8-12 weeks old) were pre-incubated with the
indicated pharmacological reagents (STO-609, 5 uM, 60 minutes; U0126, 10 uM, 20
minutes; APV, 50 uM, 20 minutes) prior to stimulation by NMDA/glycine (25/1 uM) or
Forskolin (50 uM) for 5 minutes. (A, B, I). Cultured rat hippocampal neurons (5 DIV)
were co-transfected with Flag-ERK2 and either CaMKKj.33r (L233F, a STO-609
insensitive mutant, panel 1A, lower graph) or myc-Ras-GRFI plus control vector
pcDNA3 or the indicated dominant negative (dn) CaMKs or CaMKIIN as indicated.
Cells were stimulated with NMDA, and Flag-ERK2 or myc-Ras-GRF1 phosphorylation
was determined (see Methods). In all experiments of Figure 2.1, the activation states of
the indicated proteins were determined by western blots using phospho-specific
antibodies (see Methods). The ratio of the phospho-protein to total amount of that same
protein was set equal to 1 for the control and relative values for treatments are shown as
fold-stimulation over basal. Means i S.D; n=6 (A),n=3 (B),5(D-H)or 6 (I). “*" =p <

0.05 ; “**” = p <0.01; “***” = p < 0.001.
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Figure 2.2) Inhibition of CaMKK Markedly Attenuates NMDA

Receptor-Dependent LTP
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Fig. 2.2) Inhibition of CaMKK markedly attenuates NMDA receptor-dependent
LTP.

A. STO-609 does not affect basal synaptic transmission. Input-output relationship for
Schaffer collateral stimulation and fEPSP initial slopes recorded from area CA1 of mouse
hippocampal slices pre-incubated without or with 5 uM STO-609 for 30 minutes. Inset,
0-20 pA. n=8.

B. Paired-pulse facilitation is normal during STO-609 treatment. Paired-pulse facilitation
at 10, 50, and 200 msec inter-pulse intervals. Values presented are ratios of fEPSP initial
slopes (pulse 2/pulse 1). n=8.

C. Left: schematic drawing of electrode placements during recording and E-LTP
induction paradigm (see Methods). Middle: representative first burst responses from
mock-treated (CTL) and treated (STO) slices (scale bars = 0.5 mV and 10 msec). Right:
integrated dendritic theta-burst responses of control slices and treated slices: n=24,
control; n=11, STO-609; n=10, U0126; n=10, U0126 + STO-609. The rheta-burst
responses were calculated by integrating the fEPSP response during stimulation of naive
slices with our E-LTP generating protocol.

D, E. Inhibition of CaMKK partially inhibits NMDA receptor-dependent E-LTP. After
20 minutes of stable baseline recording (1 test pulse/min), slices were treated for 30
minutes without or with 5 uM STO-609 for 30 minutes (D) or with 50 uM APV for 20
minutes (E) prior to and 5 minutes after theta-burst stimulation (4 pulses/burst (100 Hz),
5 bursts/train (5 Hz), 3 trains (20 sec apart)). STO-609 had no significant effect on
baseline fEPSP amplitude or initial slope kinetics. Control slices (LTP = 144 + 5.4%,

n=24) exhibited approximately 2-fold greater LTP than STO-treated slices (LTP = 120 +
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5.9%, n=11) at 60 minutes whereas APV treatment (n=8) completely blocked LTP. D
inset: average of 10 responses, 1-10 minutes before (a) and 50-60 minutes after LTP

induction (b). E inset: Western blots from micro-dissected region CA1 showing pCaMKI

and pERK 5 minutes after mock-stimulation (Control) or theta-burst stimulation without
or with APV treatment.

F. Inhibition of CaMKK blocks L-LTP. Slices were treated without or with STO-609 as
in panel D prior to stimulation with recurrent theta-burst patterned activity (4 pulses/burst
(100 Hz), 5 bursts/train (5 Hz), 6 trains (20 sec apart), 4 epochs (5 minutes apart)) to

generate late-phase LTP. (Control, n=6; STO-609, n=6)
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Figure 2.3) LTP-Activation of CaMKI, Ras-GRF1, and ERK

Requires CaMKK
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Fig. 2.3) LTP-activation of CaMKI, Ras-GRF1, and ERK requires CaMKK. Mouse
hippocampal slices were pre-incubated without or with STO-609 (5 uM, 30 minutes) and
subjected to thera-burst stimulation as in Figure 2.2D. The activation states, assessed by
phospho-specific antibodies (see Figure 2.1), of ERK1/2, CaMKI and AKT (A, B), Ras-
GRF1 (C) CaMKII and the GluR1 subunit of the AMPA-type glutamate receptor (a
CaMKII substrate) (D) were determined at the indicated times. Mean + S.E., n=6. *p

<0.05; “'p <0.01. C, Control.
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Figure 2.4) CaMKK and ERK Mediate E-LTP via a Common

Mechanism
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Fig. 2.4) CaMKK and ERK mediate E-LTP via a common mechanism.

A, B. Mouse hippocampal slices were treated without or with the MEK inhibitor U0126
(10 uM) and/or the CaMKK inhibitor STO-609 (5 uM) by bath application as in Figure
2.2D for 30 minutes prior to and 5 minutes after E-LTP induction. Control, n=24; U0126,
n=10; STO-609, n=11; UO+STO, n=10. C, D. At various times after E-LTP induction
(as in Figure 2.2D) the activation status of ERK (panel C), CaMKI, AKT, CaMKII and
Ras-GRF1 (panel D) were determined at the indicated times. Mean + S.E., n=5. “p

<0.01.
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Figure 2.5) Inhibitors of CaMKK and MEK Suppress LTP by

a Translation-Dependent Pathway
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Fig. 2.5) Inhibitors of CaMKK and MEK suppress LTP by a translation-dependent
pathway.

A. Mouse hippocampal slices were treated by bath application with the translation
inhibitor anisomycin (40 pM) 30 minutes prior to and for the duration of recording after
E-LTP (as in Figure 2.2D). n=8. Note that the magnitude and kinetics of anisomycin
suppression of LTP are identical to those of U0126 (B) and STO-609 (C), and are

occluded by STO-609 (D).
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Figure 2.6) Translation Faétor Activation in E-LTP Requires

CaMKK and ERK
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Fig. 2.6) Translation factor activation in E-LTP requires CaMKK and ERK. Mouse
hippocampal slices were pre-incubated with the indicated pharmacological reagents (see
Figure 2.1) and then subjected to E-LTP induction (as in Figure 2.2D). The activation
state of translation factors eIF4E and its inhibitory binding protein 4E-BP1 were

determined using phospho-specific antibodies against their respective activation sites.

Mean + S.E., n=6 (B) or 5 (D). "p <0.05; "p <0.01.

81



2.5 Discussion

Ca®* signaling and protein phosphorylation play essential roles in regulating the multiple
mechanisms that produce hippocampal CA1 LTP, and recent studies have focused on the
roles of CaMKII [41, 141], CaMKIV [63, 146], and ERK [31, 97, 152]. Although ERK
activation upon LTP induction is Ca**-dependent, the mechanisms responsible for this are
unclear [78]. Utilizing cultured hippocampal neurons and acute slices, we reveal a robust
Ca**-mediated activation of CaMKI by CaMKK that is required for both the activation of
ERK and the full expression of NMDA-receptor dependent LTP. Additionally, our study
suggests that CaMKK mediates mRNA translation, as measured by regulatory
phosphorylation of several translation initiation factors, via ERK during LTP. Taken
together, our data demonstrate that CaMKK and CaMKI are required for ERK activation,
regulatory phosphorylation of two limiting general translation factors and E-LTP at the

Schaeffer-collateral CA1 synapse.

A role for CaMKI in E-LTP. Previous studies have examined the role of the CaMKK
cascade in LTP, focusing on the role of CaMKIV in CREB/CBP-mediated gene
transcription. LTP induction does result in activation of CaMKIV [63], but since
CaMKIV is predominantly nuclear it is unlikely to play a major role in cytoplasmic ERK
activation. Indeed, nuclear-localized dominant-negative CaMKIV has no effect on ERK
activation in NG108 cells [72] or cultured hippocampal neurons (Fig. 2.1B).
Furthermore, Ca**-dependent ERK activation in dnCaMKIV-expressing [146] and
CaMKIV knockout mice [156] was normal. Moreover, expression of dnCaMKIV in

region CA1 of hippocampus does not inhibit E-LTP induced with theta-burst [146], nor
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does knocking out the CaMKIV gene inhibit E-LTP induced by HFS [156]. These
findings support the conclusion that CaMKI, but not CaMKIV or AKT, mediates the

CaMKK-dependent portion of LTP induction and E-LTP.

Although LTP induced with theta-bursts, was sensitive to U0126 or STO-609, it was not
completely inhibited during the first hr. (~50% inhibition) (Fig. 2.2E,F). This
observation is consistent with the well-established role in LTP of CaMKII to
phosphorylate the AMPA receptor subunit GluR1, thereby enhancing its conductance
[158]. This mechanism is thought to mediate about 50% of the change in synaptic
efficacy that occurs during E-LTP [27, 159]. We found that neither the activation of
CaMKII nor the phosphorylation of GluR1 at Ser®®! were affected by STO-609 during
LTP, demonstrating both the specificity of STO-609 and that CaMKK and ERK effects
were independent of CaMKII actions. We interpret these findings as evidence that the
CaMKK/ERK and CaMKII pathways mediate E-LTP by distinct mechanisms. However,
STO-609 did completely suppress L-LTP after about 2 hrs, consistent with a dual role for
CaMKXK in regulation of CaMKI (E-LTP) and CaMKIV (L-LTP). This is consistent with
the report that a mouse lacking the B isoform of CaMKK, which is thought to be
predominantly nuclear and to regulate CaMKIV, showed no deficit in E-LTP but lacked

L-LTP [68].

CaMKI has previously been shown to promote hippocampal axon outgrowth and growth
cone dynamics [71], structural components of plasticity. In this study we find that

CaMKI is robustly activated by CaMKK following induction of E-LTP with theta-bursts.

83



This stimulation of the CaMKK/CaMKI pathway was required for ERK activation,
providing a compelling mechanism for Ca’*-mediated ERK activation during LTP.
Accordingly, the effects of pharmacological inhibition of CaMKK and ERK (with STO-
609 and U0126, respectively) on E-LTP are mutually occlusive, indicating that these
kinases share the same pathway. We chose theta-burst rather than HFES to induce E-LTP
as it has been shown in mice that U0126 does not block E-LTP resulting from HFS (2
trains of 100 Hz) but is partially inhibited using theta-burst induction [31]. However, we
should point out that we used lower stimulation intensity, as well as older animals, than
used by Selcher et al. to demonstrate a role for ERK in temporal integration during LTP
induction. These differences may help explain why inhibition of the ERK pathway did
not significantly reduce the integrated field responses during E-LTP induction in our
study. It is interesting that induction of LTP by both of our fheta-burst protocols was
partially suppressed by STO-609 (Fig. 2.2F) and induction of L-LTP by HFS (4 trains of
100 Hz, 5 minutes apart) was partially suppressed by anisomycin [152], even during the
E-LTP phase (first 60 minutes). These results suggest that the CaMKK, ERK, and
protein synthesis-dependent processes can affect LTP within minutes depending on the

induction protocol.

In addition to CaMKII-mediated phosphorylation of AMPARs to enhance conductivity
[158], recruitment of additional AMPARs to synapses is thought to be a second major
postsynaptic mechanism of E-LTP expression at the CA1 synapse [160]. One possible
explanation for the rapid deficit of LTP following STO-609, U0126 or anisomycin

treatment could be that synaptic delivery of AMPA receptors may be coupled to
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translation. Indeed, it has been shown that the Ras/ERK pathway is required for this
rapid trafficking of AMPARs [101]. AMPA-R trafficking is also dependent on CaMK
activity, with current evidence supporting a role for CaMKII [159]. However, since
recent work indicates that CaMKII probably has either an inhibitory effect on ERK [161]
or no effect [93], we propose that the requirement for a CaMK in AMPA-R trafficking

may be due to CaMKK/CaMKI activation of ERK.

ERK Regulation in Synaptic Plasticity. A role for ERK1/2 in NMDA-receptor-dependent
hippocampal LTP is well established [78, 140], and a number of mechanisms for how
Ca®* may activate ERK have been proposed including roles for Pyk2 and Src, CalDAG-
GEFs, EGF receptor transactivation, and Ras-GRF1/2. The data presented here
demonstrate that NMDA receptor-dependent ERK activation during E-LTP requires
CaMKK acting through CaMKI. Other components of NMDA receptor-dependent ERK
activation include Ras [78] and its activator Ras-GRF1 that directly interacts with the
NMDA-receptor and is required for ERK activation [84, 85]. Ras-GRF is regulated
through phosphorylation of Ser’'® by several kinases including PKA and CaMKII, and
this phosphorylation is required for full activation of Ras and for neurite outgrowth [86-
88]. We find that Ser’'® is rapidly phosphorylated in response to NMDA treatment and
theta-burst stimulation in a CaMKK-dependent manner. It should be noted that Ras-
GRF1 contains multiple phosphorylation sites [86] and activation appears complex and
may be regulated by the binding of co-factor(s) such as CaM and/or by its subcellular

localization [162, 163]. In this context, Ras-GRF1 is a very poor in vitro substrate for
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activated CaMKI relative to PKA (unpublished observation). The precise mechanism for

CaMKK-mediated activation of the Ras pathway remains an area of investigative interest.

Regulation of translational activation by CaMKK and ERK. ERK activation has been
implicated in regulating multiple aspects of LTP including gene transcription [78],
AMPA-R trafficking [101], dendritic excitability [97] and translation factor
phosphorylation [152]. The data presented here is consistent with a role of ERK in
regulation of mRNA translation via phosphorylation of both eIF4E and 4E-BP1 (Fig.
2.6). Phosphorylation of 4E-BP1 frees up additional eIF4E, a limiting translation factor,
and phosphorylation of eIF4E enhances its functionality [164]. Moreover, the partial
inhibition of E-LTP by the protein synthesis inhibitor anisomycin was identical to
inhibition by U0126 and STO-609, and occluded by STO-609, implying that CaMKK

and ERK regulate E-LTP by a translation-dependent mechanism.

There are several reports documenting inhibition of NMDA receptor-dependent LTP by
anisomycin and other translation inhibitors during the early phase in hippocampus and
amygdala [37, 152]. The partial inhibition of E-LTP by anisomycin in our acute theta-
burst protocol was very rapid (Fig. 2.5), but it should be noted that translation of a typical
50 kDa protein, at a rate of 7 amino acids per second, would only require about 1 minute.
Indeed, a significant increase in dendritic CaMKII, due to localized synthesis, was
observed within 5 min of LTP induction [165]. Additionally, anisomycin was present for
30 minutes prior to LTP induction, and, although it had little effect on basal synaptic

transmission, it could suppress basal synthesis of some component necessary for the rapid
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insertion or modulation of AMPARs upon induction [160]. Alternatively, it is possible
that translation and post-synaptic exocytosis are coupled through the secretory pathway,
and that inhibiting one process may affect the other. Furthermore, it is now recognized
that protein synthesis from mRNAs localized within dendrites and even dendritic spines
is essential for synaptic plasticity, so the possibility that protei‘n synthesis may have acute
regulatory effects has to be considered. CaMKK, CaMKI [71], ERK [166], and eIF4E
[167, 168] are all localized in dendrites as is the mRNA for the GluR1 subunit of the |
AMPA-R [169]. Thus, it will be important to determine whether the CaMKK/CaMKI
pathway regulates a pool of ERK that in turn stimulates AMPAR synthesis and/or

trafficking to synapses.
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Supplemental Fig. 2.1) CaMKK plays an important role in CaMKIV-independent
E-LTP. Electrophysiological analysis of hippocampal L-LTP in area CAl of wild-type
(Ctl) +- treatment with the CaMKK inhibitor STO-609, and CaMKIV knockout (Ko)
mice. A) Graph comparing L-LTP induced by 4 epochs of theta-burst stimulation,
spaced 5 minutes apart (arrows). Data represents mean +/- SEM. In early-phase LTP (30-
60 minutes post-induction), the responses of CaMKIVko mice do not differ significantly
from those of wild-type mice, whereas early-phase LTP in STO-609 treated wild-type
slices is significantly suppressed (p<0.05). STO-609 treatment results in a complete

suppression of late-phase L'TP (150-180 minutes post-induction).
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Chapter 3
Regulation of Spine Morphology, Bidirectional Synaptic

Plasticity, and Metaplasticity by WAVE-1

My contribution to the findings presented in this chapter included most of the design,
acquisition, analysis, and interpretation of data, except for those findings presented in
Figures 3.1 and 3.2. This project was initiated by Dr. Scott Soderling, who initially
approached me about looking at LTP in the WAVE-1 knockout mouse. Scott has done a
tremendous amount of work (including the generation of both mouse models) on this
project that will not be presented here for the sake of brevity. Scott, as well as Drs. Victor
Derkach and Thomas Soderling were consulted during the design of the
electrophysiology and AMPAR trafficking experiments. Scott, Victor, and Tom, and Dr.
John Scott, contributed meaningfully to the interpretation of this data. In particular,
discussions with Victor greatly facilitated my efforts to build a simple and coherent
model which conveys my interpretation of the depotentiation and dedepression findings
in the WAVE-1 knockout mouse. Finally, I would like to thank Daniel Silverman for
assistance with the data analysis. The findings that I present in this chapter are currently

in preparation as two separate manuscripts, as follows:
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1) Regulation of Spine Density, Bidirectional Synaptic Plasticity, and Memory by
WAVE-1 (working title). Scott H. Soderling, Eric S. Guire, Stefanie Kaech, & John D.

Scott

2) WAVE-1 Regulates Synaptic Metaplasticity: Implications for Cellular Models of
Learning and Memory (working title). Eric S. Guire, Scott H. Soderling, Victor A.

Derkach, John D. Scott and Thomas R. Soderling.
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3.1 Abstract

The WAVE family of scaffolding proteins (WAVE-1,2,3) coordinate signaling between
the small GTPase Rac and the actin cytoskeleton. Mutations in genes encoding effectors
of the Rho-family of GTPases have been linked to mental retardation [104], a family of
disorders associated with alterations in dendritic spine morphology and defects in
synaptic plasticity. Mice lacking WAVE-1 exhibit impairments in hippocampal-
dependent learning and memory tasks [134], but the cellular and electrophysiological
defects underlying these impairments are not known. One attractive hypothesis is that
WAVE-1 functions in the regulation of excitatory spine density (i.e. network
connectivity), spine morphology, and use-dependent synaptic plasticity. Accordingly,
alterations in WAVE-1 signaling may adversely impact hippocampal Long-Term
Potentiation (LTP) and Long-Term Depression (LTD), two complimentary cellular
models of learning and memory. Here we reéport that the WAVE-1 knockout mouse has
altered bidirectional synaptic plasticity in area CAl of adult hippocampal slices, a
decrease in the synaptic input-output curve, and a basal redistribution of AMPARs
towards the plasma membrane, likely at extrasynaptic sites. This is accompanied by a
reduction in density and a decrease in the head-to-neck ratio of hippocampal spines.
Genetic deletion of the WRP binding domains of WAVE-1 also results in alterations to
LTP, the synaptic input-output curve, and spine morphology, suggesting that the
interaction of WRP with WAVE is important for the proper regulation of actin dynamics
in spines by the Rac pathway. Furthermore, slices from WAVE-1 knockout mice exhibit
pronounced alterations in metaplasticity. In naive slices, the basal synaptic strength set

point is depressed such that LTP is bigger and LTD is smaller in WAVE-1 knockout
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mice relative to wild-type mice. However, following the expression of naive LTP and
LTD, the dynamic range of synaptic strengths occurring during Depotentiation and
Dedepression becomes dramatically reduced in knockout slices, whereas the dynamic
range remains stable or increases in wild-type slices. This use-dependant decrease in the
capacity for synaptic plasticity in area CA1 of WAVE-1 knockout mice likely underlies
the previously observed spatial learning deficits, and may in general be a better predictor

of the capacity for learning and memory than measurements of LTP and LTD alone.
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3.2 Introduction

Dynamic changes in the actin cytoskeleton play a role in neuronal development and
experience-dependent synaptic plasticity [104, 170]. Members of the Rho family of small
GTPases have emerged as key regulators of the actin cytoskeleton. Through their
interaction with scaffolding proteins and multiple effectors, they coordinate diverse
neuronal processes such as protein synthesis and morphological plasticity [105]. Recent
work has also demonstrated a link between actin dynamics and the expressio’h of activity-
dependent forms of synaptic plasticity, in particular LTP and LTD: agents which perturb
the actin cytoskeleton interfere with LTP and LTD [122], and the electrical or chemical
stimuli used to generate these changes in synaptic strength alter the structure of actin in
spines and dendrites [102, 120, 121]. Interestingly, dynamic changes in the actin
cytoskeleton not only mediate the morphological plasticity of spines [102, 120-122, 171,
172] but also influence the trafficking of postsynaptic neurotransmitter receptors [119,
173, 174], providing one potential mechanism whereby the cytoskeleton regulates L'TP
and LTD and hence learning and memory. Consistent with these observations,
cytoskeletal abnormalities, as well as genes encoding effectors of Rho-family GTPases
such as aPIX, PAK3, LIMK, and oligophrenein 1, have been linked to mental retardation

[175-177].

Downstream targets for Rac, a Rho-family GTPase, include the WAVE family of
Wiskott-Aldrich-syndrome (WASP) scaffolding proteins. WAVE has 3 isoforms
(WAVE-1, WAVE-2 and WAVE-3), which assemble multi-protein complexes that

appear to function as cytoskeletal signal integrators. Importantly, WAVE is thought to
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relay Rac signaling to the Arp 2/3 complex, a group of seven proteins that catalyze actin
nucleation and branching. The WAVE-1 isoform is selectively expressed in neurons
[134], and removal of this core component is likely to impede assembly of signaling
complexes that regulate neuronal actin dynamics. In addition to the Arp 2/3 complex,
WAVE-1 binding partners include Abi 1/2 (a Rac activator), Abl, actin, HSPC300, PKA
and a recently identified Rac-selective GAP called WRP [125]. The interaction of
WAVE-1 with WRP vig its SH3 domain may serve to terminate Rac signaling following
activation of the WAVE-1 complex [128]. This interaction may be important for WAVE-
I’s role in cognitive function, as WRP has been identified as a gene that is disrupted in a

human form of mental retardation known as 3p-syndrome [135].

WAVE-1-dependent neuronal defects may be particularly acute at excitatory synapses, as
the vast majority of excitatory synapses located in actin-rich dendritic spines.
Accordingly, WAVE-1 knockout mice exhibit pronounced deficits in sensorimotor
function and perform poorly in behavioral tests of hippocampal-dependent learning and
memory [134], likely due to functional defects in hippocampal network plasticity and
neuronal connectivity. Therefore, we have investigated the morphological and
electrophysiological properties of excitatory hippocampal synapses in a WAVE-1
knockout mouse, as well as a newly generated model for testing WAVE-1 function, the
delta-WRP knock-in mouse (in which WRP binding to WAVE-1 is partially disrupted).
Importantly, we find that delta-WRP mice harbor selective deficits to hippocampal-
dependent memory, in the absence of potentially confounding alterations to sensorimotor

function, strongly implicating WAVE-1 as an essential component of normal
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hippocampal function. Through our investigation we reveal that WAVE-1 is an important
molecule for regulating hippocampal spine morphology, AMPAR trafficking, and
bidirectional excitatory synaptic plasticity. Furthermore, we show that WAVE-1 also
plays a pronounced role in the regulation of metaplasticity. Metaplasticity, or the
plasticity of synaptic plasticity, is thought to play an important role in maintaining
synaptic strengths within a dynamic range that is optimal for learning and memory [7],
and facilitate integration of synaptic events over relatively long time periods [178]. Our
finding that WAVE-1 regulates synaptic metaplasticity may have signiﬁcant implications
for studies of the relationship between bidirectional synaptic plasticity and learning and

memory.
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3.3 Methods

Cultured hippocampal neurons and quantitative image analysis.

Primary neuronal cultures were prepared for imaging from hippocampi of E18 rats, as
previously described [179]. Dissociated neurons were plated onto poly-L-lysine-treated
glass coverslips at a density of 25-50 cells/mm® and co-cultured over a monolayer of
astrocytes. Cells were maintained in Neurobasal medium (Invitrogen, Carlsbad, CA)
supplemented with B27 and Glutamax. Plasmid DNA was introduced by electroporation
using the AMAXA nucleofection protocol (Amaxa, Gaithersburg, MD). Transfected
neurons were plated on coverslips previously plated with 15 cells/mm” and imaged on
DIV21. Digital images were collected using high-numerical aperture objectives either on
a MicroMax 1300YHS CCD camera (Roper Scientific, Tucson, AZ) mounted on a Leica
DM-RXA microscope or through a Yokogawa CSU-10 Nipkow Spinning Disk confocal
head (Solamere Technologies, UT) on a Cascade 512B CCD camera (Roper Scientific,
Tucson, AZ) mounted on a Nikon TE-2000 microscope. Representative imageé are
presented as maximum projections of z-series. Quantitative analysis from 3 independent
experiments was performed using Image J software (Research Services Branch, NIH).
Spine heads were defined as terminal enlargements that were at least twice the width of

the spine shaft. Data obtained were compared by a Students ¢ test analysis.

Histological and Morphological analysis.
Brains from three wild-type and three age matched WAVE knockout adult mice were
impregnated according to the Golgi procedure (Ramon-Moliner, E. (1970). The Golgi-

Cox technique (New York: Springer) using Rapid GolgiStain reagents (FD
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NeuroTechnologies, Ellicott City, MD), cut at 150 uM with a cryostat and mounted in
Permount (Fisher Scientific, Pittsburgh, PA). Brightfield z series images from area CAl
were acquired using a CoolSnap HQ CCD camera (Roper Scientific, Tuscan, AZ)
mounted on a Leica AS MDW (Fig. 3.1H-K). Representative images displayed are
minimum projections from z series stacks. Spine density was obtained in different
lengths of dendrites and maximum spine diameter was calculated from each dendrite

imaged. Data obtained were compared by a Students ¢ test analysis.

Post-synaptic density (PSD) fractionation and immunoblot detection.

PSD fractions were prepared from frozen rat brains as previously described [180].
Briefly, PSD fractions were separated by SDS-PAGE on a 12% gel, electrotransferred to
nitrocellulose membranes (Schleicher & Schliell, Florham, NJ). Antibodies used were
WAVE-1 (VblOl), Arp3 (Upstate, Charlottesville, VA), ArpC2 (Upstate,
Charlottesville, VA), PSD-95 (Upstate, Charlottesville, VA), and SNAP-25

(Clontech/Transduction labs, Palo Alto, CA).

Plasmids.

For all experiments a vector using the chicken B-actin promoter (pBetaActin) was used to
drive expression in neurons [181]. Plasmids encoding WAVE-1 and fragments were
generated by PCR amplification of DNA and ligation of the restriction digested insert at
sites downstream of EGFP (Clontech, Palo Alto, CA).  The WAVE-1 444-
559(R512Ks13/EE) actin binding mutant [126] was produced in an expression vector

driven by the pBetaActin promotor. The coding region of y-actin was ligated into the
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pBetaActin vector downstream of EYFP (Clontech, Palo Alto, CA) and used as a marker

for dendritic spines. All constructs were verified by sequencing.

Hippocampal slice production.

Adult male mice (2-6 months old) were anesthetized with pentobarbital (60 mg/kg, i.p.)
and decapitated using procedures reviewed and approved by Institutional Animal Care
and Use Committee at the Oregon Health and Sciences University Department of
Comparative Medicine. Brains were removed within 1 min of decapitation and
immediately submerged in ice-cold, sucrose-modified artificial CSF (ACSF) for
hippocampal dissection and slicing (in mM): 110 sucrose, 60 NaCl, 2.5 KCl, 28 NaHCOs3,
1.25 NaH3POy, 0.5 CaCl,, 7 MgCl,, 5 glucose, and 0.6 sodium ascorbate, pH 7.4 at 4°C
(presaturated by bubbling with 95% 0,/5% CO, at 21-22°C). Hippocampal slices (400
um, transverse) were prepared using a vibratome and an agar backing (2%), and each
slice was transferred to warm ACSF [in mM: 125 NaCl, 2.5 KCl, 22.6 NaHCO,, 1.25
NaH;PO,, 2 CaCl,, 1 MgCl,, and 11.1 glucose (continuously gas saturated with 95%
0,/5% CO,, pH 7.4 at 32°C)] for recovery (30 min, 37°C). Slices from the dorsal and
ventral thirds of the hippocampus were discarded. After recovery, the holding chamber
was equilibrated at 21-22°C, and slices were held for 2-8 h before recording or 3-4 h

before biotinylation.

Slice biotinylation and immunoblotting
For biotinylation, unstimulated hippocampal slices (from animals 8-12 weeks old) were

placed in ice-cold HEPES buffered saline, pH 7.4, with 1 mg/mL Sulfo-NHS-SS-biotin
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(Pierce Biotechnology, Rockford, IL) for 30 minutes with gentle agitation to selectively
label surface proteins. Slices were then rinsed 4 times for 10 minutes each in ice cold
TBS, pH 7.4, to quench the biotinylation reaction. Following quenching, slices were
rapidly frozen on a filter paper-covered liquid nitrogen-cooled aluminum block and
pooled in microcentrifuge tubes in pairs, and stored at -80°C. Frozen hippocampal slices
were lysed in ice-cold lysis buffer (TBS supplemented with 1% SDS, 10mM EDTA,
ImM Orthovanadate, S0mM NaF, 25mM NaPPi, protease inhibitor cocktail (Pierce
Biotechnology, Rockford, IL) and phosphatase inhibitor cocktail (Calbiochem, San
Diego, CA), pH 7.4) and homogenized. Following homogenization, lysates were diluted
1:10 with RIPA buffer (Triton X-100 substituted for SDS in the above recipe) to dilute
SDS prior to incubation with avidin beads. A sample was removed for analysis of total
proteins, and the remaining lysates were then centrifuged (15 minutes at 20,000g, 4 deg.
C). Following centrifugation, the supernatant was incubated with ImmunoPure
Immobilized Avidin (Pierce Biotechnology, Rockford, IL) at 4°C overnight. Supernatant
from the avidin precipitation was removed (intracellular protein fraction), and the avidin
beads (surface protein fraction) were washed 4 times in 10:1 RIPA:lysis buffer, before
resuspension in an equal volume of the same. Laemmeli's buffer (6x) was then added to
all samples, and tubes were heated for 10 min at 95°C. Lysates were resolved by SDS-
PAGE, transferred to Immobilon-FLL membranes (Millipore), and examined by
immunoblotting. Primary antibodies: GluR2 1:500 (Zymed/ Invitrogen, Carlsbad, CA),
tubulin 1:5000 (E7). Secondary antibody: mouse IgG IR800 conjugated 1:2000
(Rockland Immunochemicals, Gilbertsville, PA). Immunoreactivity was imaged and

quantified using the Odyssey Li-Cor system (Li-Cor, Lincoln, Nebraska). Total receptor
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levels were calculated from combined measurements of intracellular and surface levels

and all data collected were compared by a Students z-test analysis.

Electrophysiology.

For electrophysiological recordings, submerged hippocampal slices were suspended in
pairs on a nylon mesh in a small (350-400 ul) recording chamber and perfused with
ACSF (see above) at a rate of 2.5-3 ml/min. The temperature in the recording chamber
was raised to 30-32°C over the course of a few minutes and held for the duration of the
experiment. Synaptic responses were evoked by Schaffer collateral stimulation using a
bipolar tungsten electrode (tip spacing, 140 pm; Frederick Haer Company, Bowdoinham,
ME) and a 100 ps square wave test pulse (typically 30-40 pA) delivered at 60 s intervals.
The stimulation intensity was adjusted to produce a basal response of approximatelyl.2
mV for E-LTP/LTD, and approximately 1.5 mV for L-LTP/LTD experiments.
Recordings were made using ACSF-filled borosilicate micropipettes (2-4 M{2) placed in
the stratum radiatum area of CAl and connected via head stages to an A-M Systems
(Carlsborg, WA) model 1800 amplifier. Signals were digitized at 100 kHz using Axon
Instruments’ Digidata 1200 series interface running Clampex 8.0, and the initial slope of
the fEPSPs were analyzed with Clampfit 8.0 software. LTP was induced using theta-
bursts: four pulses per burst (100 Hz), five bursts per train (5 Hz), three trains (at 20
second intervals) per epoch. For E-LTP experiments one epoch was used, for L-LTP
experiments 4 epochs were used (at 5 minute intervals). E-LTD was induced with low
frequency paired-pulse stimulation [900 paired-pulses, 50 msec isi (20 Hz), delivered at 1

Hz]. L-LTD was induced with 900 triplet-bursts [S0 msec isi (20 Hz), delivered at 1 Hz].
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3 minute fEPSP averages are shown. The first data points after LTP/LTD induction were
taken 20 seconds after the final stimuli. WAVE-1 knockout (animals 8-12 weeks old)
and A-WRP knock-in (animals 3-6 months old) slices were balanced with wild-type
littermate slices across experiments such that the average time ex vivo was equal and the

average age of animals used to prepare slices were matched.
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3.4 Results

Subcellular localization of WAVE-1 in hippocampal neurons. Immunocytochemistry
revealed that WAVE-1 was prevalent in actin-rich spines of mature cultured hippocampal
neurons and overlapped with PSD95, a postsynaptic marker (data not shown). ArpC2 and
Arp 3, subunits of the Arp2/3 complex were also enriched within the dendritic spine (data
not shown). Postsynaptic localization of WAVE-1, ArpC2 and Arp3 was corroborated
biochemically, as each protein was present in postsynaptic density fractions isolated from
rat brain (Fig. 3.1A-E). Imaging experiments confirmed that GFP-tagged WAVE—1 was
concentrated within spines of hippocampal neurons (Fig. 3.1F & G). Expression of an
amino-terminal fragment, WAVE 1-225-GFP, was targeted to dendritic spines suggesting
that this region of the scaffolding protein contains determinants for subcellular

localization (Fig. 3.1H).

WAVE-1 regulation of dendritic spine architecture. Since WAVE-1 appears to be
concentrated at synapses, we investigated its importance for spine morphology by
examining spine architecture in knockout mice. Hippocampal neurons from WAVE-1
knockout mice had altered spine morphology as revealed by Golgi impregnation (Fig.
3.2A & B). Quantitative image analysis revealed a 19% reduction in spine number
(spines/um: +/+ = 1.04 + 0.05; -/- = 0.83 = 0.04, p<0.01, Fig. 3.2C) and an 18%
reduction in the maximum diameter of the spine heads when compared to wild-type (um:
++ =125 £ 0.07; -/- = 1.03 = 0.06, p<0.01, Fig. 3.2C). One explanation for these
findings is that signaling through WAVE-1 is required for the maintenance of proper

spine density and morphology. Previous studies have shown that WAVE-1 binds the
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Arp2/3 complex, and that coordinated actin binding is required for. stimulation of actin
polymerization and branching [126, 182-184]. Thus WAVE-1 domains that bind Arp2/3,
but not actin, act as functional inhibitors of Arp2/3-mediated actin reorganization [184].
To test this hypothesis a dominant interfering mutant (WAVE-1 444-559, Rs1,K513/EE)
that competes for recruitment of Arp2/3 was expressed in hippocampal neurons. This
resulted in a 29% reduction in spine density (spines/um: control = 0.4460 + 0.03;
WAVE-1 444-559EE = 0.3218 + 0.03, p<0.01); the remaining spines adopted a more
filopodial morphology (1.5 fold reduction in head/filopodial ratio, control = 2.52 + 0.3;
WAVE-1 444-559EE = 1.72 = 0.2, p<0.01; Fig. 3.2E-H). Similar effects on spine
density and morphology were obtained using the WAVE-1 AWRP (A320-332, A420-433)
construct, both by transfection of neuronal cultures and by genetic knock-in (data not
shown). Collectively, the data in Figures 3.1 and 3.2 demonstrate that WAVE-1

accumulates in dendritic spines where it controls their shape and density.

Regulation of basal synaptic properties and AMPAR distribution by WAVE-1 signaling.
Electrophysiological analysis of hippocampal slices (area CA1) isolated from WAVE-1
knockout and A-WRP mice revealed basal alterations of synaptic properties. Loss of
WAVE-1 resulted in a 29% reduction, and interference of WRP binding to WAVE-1
resulted in a 14% reduction, in the maximal evoked field excitatory postsynaptic potential
(fEPSPs; p<0.01 using repeated measures ANOVA, Fig. 3.3A & B). For the A-WRP
knock-in mouse, significant alterations to the input-output curve were limited to higher
stimulation intensities (> 100 pA). Paired-pulse facilitation, however, was unaltered in
both genotypes, suggesting that neurotransmitter release probability is not regulated by

WAVE-1 (Fig. 3.3C & D). Furthermore, the observation that the synaptic input-output
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curves in our two mouse models were shifted downwards, but not to the left or right, is
evidence that WAVE-1 signaling likely does not regulate presynaptic excitability (Fig.

3.3A & B).

Interestingly, the absence of WAVE-1 was found to significantly alter the basal
subcellular distribution of AMPARs. We covalently labeled surface proteins using a
membrane-impermeable form of biotin, and then quantified the distribution of AMPARSs
between the surface and cytosolic fractions in adult hippocampal slices by Western
blotting. Equal protein loading in the samples, and the specificity of the biotinylation
reagent towards surface proteins, was confirmed in Western blots for tubulin, which was
protected from surface biotinylation by its cytoplasmic localization (Fig. 3.4A). WAVE-1
knockout mice (-/-) exhibited 42% higher basal levels of surface GluR2 subunit
compared to wild-type controls (+/+) (Fig. 3.4B, surface/total ratio: +/+ = 0.4 + 0.03; -/-
= 0.57 £ 0.05, p<0.01). Similar results, although less robust, were obtained using an anti-
GluR1 subunit antibody (data not shown). GluR2 was chosen as the preferred subunit for
quantitation because most AMPARSs in hippocampal neurons contain the GluR2 subunit,
and its expression is largely restricted to the neuronal population [185]. The finding that
basal subcellular AMPAR distribution is altered in the WAVE-1 knockout mouse reveals
a previously unknown relationship between WAVE-1 regulation of the actin

cytoskeleton, dendritic spine morphology, and the basal trafficking of AMPAR:s.

The role of WAVE-1 signaling in bidirectional synaptic plasticity. Recent evidence

suggests that actin remodeling in dendritic spines correlates with changes in synaptic
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transmission [102, 121, 122]. Given that WAVE-1 functions as a signal integrator for
regulation of the actin cytoskeleton, and that the WAVE-1 knockout mouse was shown
previously to harbor deficits in hippocampal-dependent learning and memory tasks [134],
we investigated activity-dependent synaptic plasticity in area CA1 of hippocampal slices
to better understand the physiological roles of WAVE-1. The magnitude of E-LTP in
response to rtheta-burst stimulation (TBS) was increased approximately 2-fold in the
WAVE-1 knockout mouse (Fig. 3.5A, p<0.01 using repeated measures ANOVA for
responses from 0-60 min.). Additionally, the magnitude of E-LTD in response to paired-
pulse low-frequency stimulation (PP-LFS, 1 Hz) was reduced in the knockout by
approximately 50% (Fig. 3.5B, p<0.05 using repeated measures ANOVA for responses
0-60 min.). Finally, L-LTP using 4 epochs of theta burst trains spaced at 5 minute
intervals revealed that the increased LTP magnitude in WAVE knockout mice persisted
during strong, repetitive stimulation (data not shown). This finding suggests that the
knockout mice have a higher capacity for LTP, as opposed to more efficient induction.
The altered LTP and LTD recorded in area CA1 of the WAVE-1 knockout mice likely
reflects the hippocampal-dependent behavioral abnormalities previously noted in these

animals.

In contrast, the A-WRP knock-in mice showed an initial tendency towards increased post-
tetanic potentiation (PTP) and short-term potentiation (STP), but E-LTP was not
significantly altered 60 minutes following its induction (Fig. 3.5C). Additionally, the
course of E-LTD was unaffected (Fig. 3.5D). The A-WRP mouse exhibits about a 50%

reduction in the coimmunoprecipitation of WRP, a Rac-selective GAP [128], by WAVE-
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1 (Scott Soderling, unpublished). This interference of WAVE-1-WRP interaction,
although partial, is thought to lead to an impaired termination of Rac activity subsequent
to its interaction with the WAVE-1 complex. This defect in WAVE-1 signaling produces
similar alterations to spine density as in the WAVE-1 knockout mouse, but produces
more subtle alterations to hippocampal-dependent learning and memory (Scott Soderling,
unpublished results). In contrast to the WAVE-1 knockout mice, A-WRP knock-in mice
display relatively normal acquisition in the Morris water maze, but subsequently
performed poorly during delayed probe trials, findings suggestive of a selective deficit in
long-term memory. We therefore evaluated late-phase LTP (L-LTP) and L-LTD [186] in
the A-WRP mouse. L-LTP was significantly altered, approximately 2-fold higher than in
wild-type mice (Fig. 3.6A, p<0.01). This finding held true for both theta-burst LTP (Fig.
3.6A) and 100 Hz HFS LTP (data not shown). Furthermore, slices from A-WRP mice
displayed an increased capacity for further potentiation during repetitive stimulation with
spaced epochs of theta-burst trains during L-LTP induction (Fig. 3.6A, inset), and the
evolution of L-LTP expression was significantly different between genotypes (genotype x
time period interaction using repeated measures ANOVA, p < 0.05). This effect likely
explains why L-LTP was altered but E-LTP was not. As with E-LTD, no significant
impairment existed in the knock-in slices during the course of L-LTD in response to our
induction protocol (Fig 3.6B). We should also note, that since the A-WRP knock-in mice
did not display significant alterations to sensory motor function, they represent stronger
evidence for a specific role of WAVE-1 in hippocampal-dependent learning and memory
tasks than do the WAVE-1 knockout mice. Collectively, these findings indicate an

important role of WAVE-1 signaling in the regulation of hippocampal synaptic plasticity.

108



Abnormal Reversal of synaptic plasticity in the WAVE-1 knockout mouse: Depotentiation
and Dedepression. The capacity for bidirectional synaptic plasticity is a hallmark of
modern theories of neural network processing [3-5]. However, it is becoming
increasingly clear that alterations to LTP and LTD resulting from genetic or
pharmacological manipulations in mammals are not, on their own, accurate predictors of
performance on learning and memory tasks (see table 3.1). We therefore examined the
reversibility of LTP and LTD in a subset of experiments from the WAVE-1 knockout
mice. The reversal of previously established LTP and LTD, known respectively as
depotentiation and dedepression, are phenomena which more likely reflect the neural
processes underlying learning and memory (see Chapter 4). Following the establishment
of LTP, the resulting change in synaptic strength, as expected, was reversible. However,
in contrast to LTD, (Fig. 3.5B), normalized reversal of LTP with low frequency paired-
pulse stimulation in the knockout was comparable to wild-type slices (Fig. 3.7A),
indicating that the mechanism leading to impaired synaptic depression had been relieved
by prior LTP induction. This finding is consistent with a model in which synapses in
slices taken from knockout mice are basally depressed (Fig. 3.10). Following the
establishment of LTD, the resulting change in synaptic strength was also reversible with
high frequency theta-burst stimulation, but less so in the knockout mouse (Fig. 3.7B).
This 1s in striking contrast to the relatively large degree of synaptic potentiation
expressed in naive knockout slices in response to high frequency theta-burst stimulation
during L'TP (Fig. 3.5A, Ko). Thus, prior induction of LTD in knockout slices reverses the

tendency for WAVE-1 lacking synapses to hyperpotentiate following theta-burst
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stimulation. This finding suggests that the alterations to bidirectional plasticity in the
knockout mouse likely do not result from an innate hyperexcitability of CA1 pyramidal
neurons. In summary, our measurements of synaptic depotentiation and dedepression in
the WAVE-1 knockout mouse reveal that plastic responses to patterned activity can
depend strongly on prior synaptic events, in sharp contrast to depotentiation and

dedepression in wild-type mice.

Effects of prior synaptic experience on the response to pattered stimuli in the WAVE-1
knockout mouse. Prior induction of LTP bestowed knockout slices with an increased
capacity for synaptic depression in response to paired-pulse low frequency stimulation.
Furthermore, prior induction of LTD blunted the response to theta-burst stimulation in
knockout slices. In contrast, wild-type slices were relatively insensitive to the effects of
prior synaptic plasticity, as has been reported previously [11]. To better visualize the
effects of prior experience on subsequent plasticity, we first grouped, normalized and
overlayed the traces from all theta-burst responses (Fig. 3.8A) and all paired-pulse low
frequency responses (Fig. 3.8B). We next defined and calculated the “synaptic history
quotient” to measure the effect of prior plasticity on the responses to patterned stimuli
(Insets). Comparison of these values revealed a significantly heightened dependency of
responses in the WAVE-1 knockout mouse to prior plastic experience, revealing a

significant alteration of metaplasticity in these mice.

Loss of WAVE-1 results in a use-dependent reduction in the capacity for plasticity. The

most extensively examined form of metaplasticity, termed B.C.M. or sliding modification
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(Fig. 1.3), deals with activity-dependent changes in the thresholds for LTP and LTD
induction. On theoretical grounds however, the fidelity and density of information
storage in a neuronal network may be also be a function of the magnitudes of LTP and
LTD. Thus, another form of metaplasticity that remains relatively unexplored, is use-
dependent changes in the dynamic range of bidirectional synaptic plasticity — plasticity of
the capacity for LTP and LTD. We term this form of metaplasticity “capacitative
metaplasticity” to distinguish it from other forms of metaplasticity that relate to the
thresholds for LTP and LTD induction (i.e. “inductive metaplasticity”). To quantify
capacitative metaplasticity in the wild-type and WAVE-1 knockout mice, we summed the
numerical averages of LTP and LTD responses 30 minutes following induction, and
compared those to the corresponding sums of depotentiation and dedepression for each
genotype (Fig. 3.9). The initial state of naive knockout slices shows an overall increased
dynamic range of plasticity and a striking bias towards LTP. In contrast, naive wild-type
slices have a basal set point closer to the middle of the dynamic range. Following use-
dependent synaptic plasticity, wild-type slices retain or even increase their dynamic range
while maintaining a balance in the strengths of potentiated and depressed states.
However, knockout slices display a marked, use-dependant reduction in dynamic range,
indicating an important role of WAVE-1 in the regulation of metaplasticity. This use-
dependent decrease in the capacity for plasticity likely underlies the spatial learning

impairments previously observed in the WAVE-1 knockout mouse [134].
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Figure 3.1) WAVE-1 and Arp2/3 are Enriched in

Hippocampal Spines
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Fig. 3.1) WAVE-1 and ARP2/3 are enriched in hippocampal spines. A-E)
Immunodetection of A) WAVE-1, B) Arp3, C) ArpC2, D) PSD-95, E) SNAP-25 in
extracts and insoluble PSD fractions (10ug each). WAVE-1, the Arp2/3 complex
subunits, Arp3 and ArpC2, and PSD-95 are present within the core PSD (Sarcosyl). The
presynaptic protein, SNAP-25 is only present the synaptic membrane fraction
(Syn.mem). F-H) Fluorescence detection of dendrite segments expressing F) YFP, G)

WAVE-1 GFP, and H) WAVE-1 1-225 GFP fragment.
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Figure 3.2) WAVE-1 Regulates Hippocampal Spine
Density and Morphology
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Fig. 3.2) WAVE-1 regulates hippocampal spine density and morphology. A-D)
Golgi-impregnated dendritic segments of CAl pyramidal neurons from A) wild-type
(+/+), B) WAVE-1 knockout (-/-) mice, C) quantitation of spine density (spine/um), and
D) measurement of maximal spine head diameter (um). E-H) Images of dendrite
segments of hippocampal neurons in culture expressing E) YFP-actin, F) YFP-actin, and
WAVE-1 444-559EE. Quantitation of G) spine density (spine/um) and H) altered spine
shape (Head/filopodia). Statistical analysis was performed by the unpaired t-test (**

denotes p<0.01).
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Figure 3.3) WAVE-1 Signaling Influences Synaptic Field

Strength But Not Paired-Pulse Facilitation
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Fig. 3.3) Wave-1 signaling influences synaptic field strength but not paired-pulse
facilitation. Measurement of the synaptic input/output relationship in WAVE-1
knockout A) and A-WRP (knock-in) B) mice reveals significantly decreased synaptic

field responsiveness for both genotypes (p<0.01, p<0.05, respectively). Paired-pulse

facilitation was normal at 10, 50, and 200 msec inter-pulse intervals in the WAVE-1
knockout C) and A-WRP (knock-in) D) mice, suggesting normal presynaptic release

probability. Successive measurements were made at least 20 seconds apart (<0.05Hz).
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Figure 3.4) WAVE-1 Regulates Basal AMPAR Distribution
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Fig. 3.4) WAVE-1 regulates basal AMPAR distribution. (A) Immunodetection of
surface and intracellular GIuR2 subunit (top) and tubulin loading control (bottom) from a
surface biotinylation experiment, showing specificity of the biotinylation reagent for
surface protein. Representative immunoblot from 6 independent experiments. (B)
Quantitation of GluR2 surface expression. Statistical analysis was performed using the

unpaired t-test (** denotes p<0.01).
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Fig. 3.5) An important role of WAVE-1 signaling in bidirectional synaptic plasticity.
Electrophysiological analysis of hippocampal LTP and LTD in area CAl of wild-type
(Wt), WAVE-1 knockout (Ko), and A-WRP (Ki) mice. A,C) Graphs comparing E-LTP
induced by theta-burst stimulation (arrows). LTP magnitude is significantly increased in
WAVE-1 ko mice (p<0.01) B,D) Graphs comparing E-LTD induced by low frequency
paired-pulse stimulation (bars). LTD magnitude is significantly decreased in WAVE-1 ko
mice (p< 0.05) Insets) Averaged traces for representative experiments 1-10 min before
(black) and 50-60 min after (red) LTP or LTD induction, respectively. Data represents

mean +/- SEM.
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Fig. 3.6) WRP interaction with WAVE-1 impacts late-[;hase LTP.
Electrophysiological analysis of hippocampal L-LTP and L-LTD in area CA1 of wild-
type (Wt) and A-WRP (Ki) mice. A) Graph comparing L-LTP induced by 4 epochs of
theta-burst stimulation, spaced 5 minutes apart (arrows). The magnitude of late-phase
LTP is significantly larger in knock-in mice (p<0.01). Inset) Quantitation of the relative
peak increase in fEPSP slope (%) for wild-type (Wt) and A-WRP (Ki) mice per epoch,
versus the first epoch. Knock-in mice displayed a trend towards increased capacity for
further potentiation during repetitive stimulation with spaced epochs of theta-burst trains
during L-LTP induction, and the evolution of L-LTP expression was significantly
different between genotypes (genotype x time period interaction using repeated measures
ANOVA, p < 0.05). B) Graphs comparing L-LTD induced by low frequency triplet pulse
stimulation (bars). Late-phase LTD did not differ significantly by genotype. Data

represents mean +/- SEM.
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Figure 3.7) Normal Depotentiation and Impaired Dedepression
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Fig. 3.7) Normal depotentiation and impaired dedepression in the WAVE-1
knockout mouse. Electrophysiological analysis of hippocampal LTP and LTD reversal,
60 minutes following their induction in area CAl of wild-type (Wt) and WAVE-1
knockout (Ko) mice. A) Graph comparing depotentiation (low frequency paired-pulse
stimulation: PP-LFS, bar, n=7,8) of previously established LTP (theta-bursts, arrow). B)
Graph comparing dedepression (theta-bursts, arrow, n=6,6) of previously established
LTD (PP-LFS, bar). For graphical purposes, responses were renormalized to the 50-60
minute average following LTP or LTD induction. Data represents mean +/- SEM. The
magnitude of relative depotentiation does not differ significantly by genotype. The
magnitude of relative dedepression is significantly reduced for ko mice (p<0.05)

compared to wild-type mice.
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Fig. 3.8) Analysis of the effect of prior synaptic experience on responses to patterned
stimulation. Comparison graphs for responses to patterned activity in naive (circles) and
“experienced” (squares) slices. “Experienced” slices are wild-type (open symbols) or
WAVE-1 knockout (closed symbols) mice that have experienced prior LTP or LTD. A)
Overlayed traces from both genotypes comparing responses to theta-bursts in naive slices
(LTP) with slices that have experienced prior LTD (DD). B) Overlayed traces from both
genotypes comparing responses to paired pulse low-frequency stimulation (PP-LFS) in
naive slices (LTD) with slices that have experienced prior LTP (DP). Insets) Synaptic
history quotients by genotype. The synaptic history quotient is the ratio of normalized
responses resulting from the same stimulus in naive versus experienced slices, 30 minutes
following induction. Data represents mean +/- SEM, established rules for the propagation
of uncertainty were applied. The responses to theta-bursts and PP-LFS were significantly

altered in knockout slices by prior induction of LTD or LTP (p<0.01).
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Fig. 3.9) Loss of WAVE-1 results in a use-dependent decrease in the dynamic range
of synaptic plasticity. Graphical display of changes in the mean dynamic range of
synaptic strengths in area CA1 due to synaptic experience for wild-type (wt) and WAVE-
1 knockout (ko) slices. Stacking (summation) of the mean changes (%) in synaptic
efficacy 30 minutes following high frequency (white bars) or low frequency (gray bars)
patterned activity reveals the dynamic range of synaptic strengths. The capacity for
synaptic plasticity in wild-type mice persists or increases with use, whereas it decreases

sharply in knockout mice. Means (numbers in the bars) were taken from Figure 3.8.
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Figure 3.10) State Diagram Model for the WAVE-1 Knockout
Mouse
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Fig. 3.10) State diagram model for the WAVE-1 knockout mouse. Schematic
depiction of the synaptic states occupied during reversible bidirectional plasticity. The
reversibility of bidirectional synaptic plasticity in the wild-type mouse (white ovals)
displays a high degree of symmetry: following depotentiation or dedepression, synaptic
strength is similar to that of naive slices. In WAVE-1 knockout mice (gray ovals), the
occupancy of synaptic states in this paradigm is highly asymmetrical: the synaptic
strength of depotentiated slices do not match those of naive slices, which are basally
depressed, or those of dedepressed slices, due to a weakened response to rheta-bursts.
Naive: unstimulated, LTP: Long-term potentiation, LTD Long-term Depression, DD:

DeDepression, DP DePotentiation.
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Figure 3.11) AMPAR Trafficking Model for Skewing of
Bidirectional Synaptic Plasticity
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Fig. 3.11) AMPAR trafficking model for skewing of bidirectional synaptic plasticity.
Hypothetical model to account for skewing of bidirectional synaptic plasticity in the
WAVE-1 knockout mice. In naive knockout slices, basal levels of surface AMPARs
(green circles) are increased at extrasynaptic sites and depleted in the cytoplasm (gray
circles) relative to wild-type mice. This results in the facilitation of LTP due to “priming”
(c.f. two-step synaptic AMPAR delivery model [30]). LTD is impaired because synaptic

strength is partially depressed, and the labile pool of synaptic AMPAR receptors is small.
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3.5 Discussion and Conclusions

WAVE-1 regulation of spine morphology and density. The synaptic function of WAVE-1
may be to assemble signaling scaffolds in the highly motile regions of actin-rich spines
that influence synaptic plasticity. Actin reorganization within dendritic spines is a highly
dynamic process. Fluorescence recovery after photobleaching (FRAP) measurements
reveal that approximately 85% of the actin within dendritic spines is highly dynamic with
a turnover rate of 44 seconds [102]. Actin dynamics are thought to underlie the
morphological plasticity associated with LTP and LTD [121, 122, 187, 188], as well as
contribute to the trafficking of neurotransmitter receptors [20]. Therefore, the molecules
that control actin dynamics have the capacity to profoundly influence synaptic efficacy.
In this report we demonstrated that WAVE-1 signaling influences both spine morphology

and synaptic physiology.

Comparison of LTP and LTD in the WAVE-1 knockout and A-WRP mice. Generally
speaking, the loss of WAVE-1 (knockout) resulted in more profound alterations of
synaptic physiology than did mutations to WAVE-1 that interfere with the interaction
between WAVE-1 and WRP (A-WRP knock-in). Perhaps this was because the interaction
of the WAVE-1 signaling complex with WRP was only partially disrupted, or perhaps it
was due to one of the other functions of WAVE-1. Notable was the lack of effects on
LTD in the knock-in mice, despite our use of a late-phase LTD protocol that was shown
previously to require de novo protein synthesis [189], a hallmark of late-phase LTP and
LTD [186]. These findings are consistent with behavioral studies, which demonstrate

more profound deficits to learning and memory in the knockout mouse [134] than the
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knock-in (Scott Soderling, unpublished). Indeed, the alterations to synaptic plasticity in
knock-in mice were largely limited to the late-phase LTP experiments, in good agreement
with the selective performance deficit observed during delayed probe trials in the Morris
water maze (Scott Soderling, unpublished). Similarly, the profound alterations of E-LTP
and E-LTD in knockout mice corresponded nicely with the slower learning acquisition
rates of those animals. Typically, transgenic mice that show normal learning but harbor
late-memory impairments exhibit selective alterations to the late-phase of LTP, yet have
normal L-LTP induction. This is then followed by an accelerated decay of LTP, 1-2 hours
following its induction, similar to the decay resulting from pharmacological inhibition of
gene transcription [62]. In addition to their regulation of the cytoskeleton, Rho-family
members are capable of regulating gene transcription [105]. However, since we observed
a rapid alteration to L-LTP in the A-WRP knock-in mice, and since L-LTP was increased
rather than decreased, we see no reason to suspect abnormal regulation of gene
transcription in these mice. Indeed, inhibition of gene transcription does not alter the
early phase of LTP (LTP during the first 1-2 hours). However, it is possible that de novo
protein synthesis is yet altered due to abnormal regulation of mRNA translation, since
pharmacological inhibition of translation has been shown to have effects on during the
early-phase of LTP [34-38, 62, 152], and to impair the rapid synaptic trafficking of
GluR1-containing AMPARSs [190]. In any case, the alteration to L-LTP in the knock-in
may be a consequence of constitutive Rac activation in cytoskeletal signaling complexes.
While it is not immediately clear how larger L-LTP in the knock-in mouse leads to

impaired behavior, it is possible that these mice, as with the knockout mice, harbor a
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defect in metaplasticity that could be revealed through studies of depotentiation,

dedepression, and AMPAR trafficking.

AMPAR distribution and trafficking. WAVE-1 knockout mice had nearly 50% more
AMPAR on the plasma membrane surface (normalized to total AMPAR), as assessed by
biotinylation and GluR2 immunoreactivity, than did wild-type littermates. The increase in
surface GluR2 in the WAVE-1 knockout mouse (Fig. 3.4) is inconsistent with a cellular
increase in synaptic AMPARsS, since an increase of such magnitude would be expected to
offset the downwards shift in the synaptic input-output curve that characterizes WAVE-1
knockout mice. We therefore conclude that loss of WAVE-1 most likely increased the
surface expression of extrasynaptic AMPARs, and that the downwards shift in the
synaptic input-output curve most likely resulted from the observed decrease in spine
density. Whether the defect in basal AMPAR trafficking resulting from the loss of
WAVE-1 involves alterations to the rates of endocytosis and exocytosis of AMPARs,
alterations in the phosphorylation of sites on AMPAR subunits that are associated with its
trafficking (e.g. GluR2 S880 and GluR1 S845), or the stabilization and destabilization of
AMPARs at the plasma membrane and cytoplasmic sites respectively, could prove to be

an interesting area for future investigations.

Bidirectional synaptic plasticity. Accumulating evidence suggests that an efficient neural
network relies on bi-directional changes in synaptic strength [3-5, 191]. Our finding that
LTP is enhanced while LTD is diminished demonstrates that WAVE-1 knockout mice
exhibit fundamental alterations in bi-directional synaptic plasticity. This is also consistent

with a basal depression of synaptic strength in naive slices from the knockout (Figs.
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3.3A, 3.5B, 3.10), which foreshadowed defects in metaplasticity. What mechanism may
account for such alterations? A dynamic pool of extrasynaptic AMPA receptors are
available for rapid delivery into the synapse upon induction of LTP [160]. Conversely,
endocytotic removal of perisynaptic AMPA receptors precedes the loss of synaptic
AMPA receptors that occur upon LTD induction [192]. Therefore, basal changes in
AMPA receptor distribution between cytoplasmic sites and the extrasynaptic plasma
membrane could explain the aberrant electrophysiological profile of WAVE-1 knockout
mice (Fig. 3.11). Indeed, the alterations in bidirectional synaptic plasticity we observed in
the knockout mouse are consistent with our contention that AMPARs are basally
enriched in the extrasynaptic plasma membrane, as evidence suggests that enrichment of
extrasynaptic surface AMPARs “prime” LTP [30, 193], and may similarly impair LTD.
Furthermore, prior induction of LTD in knockout slices reversed the tendency for
WAVE-1-lacking synapses to hyperpotentiate following theta-burst stimulation. One
possible explanation for this is perhaps LTD induction in the knockout mouse led to the
efficient removal of excess extrasynaptic AMPARs, which are believed to facilitate LTP
induction (Figs. 3.3A, B, 3.11). Furthermore, activation of PKC in neurons has been
shown to regulate Rho/Rac, produce alterations to the actin cytoskeleton, regulate the
trafficking of AMPARs, and prime LTP [194]. We therefore believe our findings support
the exciting possibility that cytoskeleton-dependent AMPAR trafficking may be a
mediator of synaptic metaplasticity. Unraveling the molecular mechanisms whereby such
cytoskeleton-dependent changes in spine morphology and AMPAR trafficking skew

bidirectional plasticity will be of keen interest to the field.
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Measurement of capacitative metaplasticity may accurately predict outcomes on learning
and memory. Metaplasticity typically refers to changes in the thresholds for induction of
LTP and LTD (e.g. sliding modification or B.C.M. theory). This form of metaplasticity
may therefore be described as inductive metaplasticity. However, use-depéndent changes
in the capacity for bidirectional plasticity represents an additional form of metaplasticity,
which fnay prove to be useful for studies of the cellular and biochemical correlates of
learning and memory. It is clear that an analysis of LTP or LTD magnitudes in naive
brain slices is of limited utility in consistently predicting the effects of biochemical
manipulations on leaming' and memory. While we agree with the central dogma that
LTP- and LTD-like phenomena ultimately underlie learning and memory, there is
generally poor correlation between the extent and direction (i.e. increased or decreased)
of alterations to plasticity due genetic and pharmacological manipulations, and the
resulting effects on learning and memory (Table 3.1). For example, mice overexpressing
the NR2B subunit of the NMDA receptor have enhanced LTP, as do FMRP2 (Fragile-X
Mental Retardation Proetin 2) knockout mice [195, 196] and the WAVE-1 knockout mice
examined in this study. However, behavioral testiﬁg has revealed that NR2B
overexpressing mice have measurable improvements to learning and memory while the
FMRP2 and WAVE-1 knockout mice have measurable deficits. Indeed, there are also
conflicting results obtained among different labs regarding the degree and direction that a
given biochemical manipulation has on LTP and LTD, possibly resulting from subtle
differences in methodology. We propose here a simple method for quantitation of use-
dependent changes in the capacity for synaptic plasticity (Fig. 3.9), which we have

termed capacitative metaplasticity. In addition to the measurement of bidirectional
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synaptic plasticity, capacitative metaplasticity represents an aspect of synaptic plasticity
that may be a valuable tool for future studies of learning and memory. Further testing of

this important hypothesis likely will be of broad interest to the field.

For wild-type mice, theta-burst stimulation produces the same amount of synaptic
potentiation regardless of the initial state of the synapses (Fig. 3.8A, [11]). In contrast,
for mice lacking WAVE-1, theta-burst stimulation produced widely varying responses
depending on the synaptic history of the slice: theta-burst stimulation results in an
abnormally large synaptic efficacy increase for naive slices, yet produces a very weak
increase in synaptic efficacy subsequent to LTD expression (dedepression). This
phenomenon results in a decreased dynamic range following a round of bidirectional
synaptic plasticity, theoretically lowering the information processing capacity of the CA1
region (Fig. 3.9). When measuring the responses to patterned activity in conditioned
slices whose synapses have undergone prior LTP and LTD, WAVE-1 knockout mice
exhibit normal “LTD” and impaired “LTP” - quite a different conclusion than would
have been reached through the analysis of naive slices alone. Furthermore, the
observation that WAVE-1 knockout mice respond to such experience by sharply
decreasing -their capacity for synaptic plasticity, while wild-type mice respond by
maintaining or increasing in this capacity, has important implications for the relationship
between synaptic plasticity and learning and memory. Finally, the mechanisms
underlying such metaplastic phenomena have remained poorly understood. Some
potential regulators of metaplasticity include modifications to the NMDAR that regulate
its function, mGluR activation, PKC activity, regulation of voltage-gated ion channels,

and AMPAR surface priming. The results presented here for the WAVE-1 knockout
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mouse are direct evidence implicating cytoskeletal machinery in the regulation of

metaplasticity.
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Conclusions

1. WAVE-1 regulates hippocampal dendritic spine density and morphology in a
manner consistent with the structural alterations observed in human forms of

mental retardation.

2. WAVE-1 regulates bidirectional synaptic plasticity and basal AMPAR

distribution.

3. Loss of WAVE-1 results in a use-dependent incapacitation of bidirectional

synaptic plasticity.
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Table 3.1) Relationship Between LTP and Memory*

Genetic model LTP Memory References
RyR3 knockout Increased Increased [197, 198]
NR2B overexpression Increased Increased [199, 200]
PP2B dominant-negative Increased Increased [201]
HB-GAM overexpression Decreased Increased [202]
CaMKII, various mutants Decreased Decreased [53, 55, 203]
mGluR 1 knockout Decreased Decreased [204]

Ras GRF-1 knockout Decreased Decreased [205]
CREB interfering mutant Decreased Decreased [206]
CaMKIV dominant negative Decreased Decreased [62]

PAK dominant negative Increased Decreased | [107, 109]
LIMK knockout Increased Decreased [111]
FMRP2 knockout Increased Decreased | [195]
PSD-95 mutant (PDZ-3 stop) Increased Decreased | [3]
WAVE-1 knockout, interfering mutant | Increased Decreased [134]

*A more extensive list can be found in Mechanisms of Memory, 2003 Academic press,

David Sweatt, p269.
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Chapter 4

Summary and Significance

The molecular mechanisms underlying synaptic plasticity
can be likened to an intricate clock:
the removal of a single cog may cause time

to be lost.
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4.1 Recapitulation

The work presented in chapters 2 and 3 of this thesis enhances our understanding of the
cellular and molecular mechanisms of LTP and LTD, and provides new insight into how
LTP and LTD ex vivo may relate to learning and memory in vivo. In chapter 2, CaMKK,
operating upstream of CaMKI, was shown to play an important role in the activation of
the Ras-ERK cascade during NMDAR-dependent neuronal signaling. Both the NMDAR
and the ERK-MAPK cascade are central players in most forms of LTP induction in
hippocampal area CAl. Since prior studies had failed to demonstrate how calcium influx
through the NMDAR during LTP induction activates the Ras-ERK cascade, further
progress in our understanding of the factors important for, and the mechanisms of, LTP
induction had been limited. Our finding that the CaMKK/CaMKI cascade regulates E-
LTP induction, and does so through the activation of ERK, has provided a missing link
between the NMDAR and the Ras-ERK cascade. We also showed that the
CaMKK/CaMKI pathway modulates the regulatory phosphorylation of known substrates
downstream of ERK in LTP, namely elF4e and 4EBP1. These two factors are believed to
participate in the regulation of activity-dependent initiation of local mRNA translation in
dendrites during LTP induction [152], and interestingly, the Ras-ERK pathway is also
believed to regulate synaptic AMPAR trafficking during LTP [101]. Furthermore,
CaMKI signaling events may regulate the actin cytoskeleton, given the role of CaMKI
upstream of Ras in the regulation of axon extension and growth cone motility [71], and
given the role of CaMKI in the regulatory phosphorylation of myosin II regulatory light
chain and Numb [69, 73]. Thus, the finding that the CaMKK inhibitor STO-609, the

mRNA translation inhibitor anisomycin, and the MEK (the upstream activator of ERK)
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inhibitor U0126 all inhibit E-LTP similarly, and with out additive effects, raises the
exciting possibility that CaMKI regulates activity-dependent AMPAR trafficking, and
that this process is somehow coupled with translational initiation and the dynamic

regulation of the actin cytoskeleton.

The brain-specific cytoskeletal regulatory scaffolding protein WAVE-1 couples Rac
activity to actin nucleation and branching [127]. WAVE-1 was shown previously to be
essential for normal hippocampal-dependent learning and memory. Furthermore, its
function as a scaffold for WRP binding may have implications for human forms of
mental retardation such as 3p-syndrome. In chapter 3, WAVE-1 was shown to play an
important role in the regulation of hippocampal spine morphology, bidirectional synaptic
plasticity, metaplasticity, and the basal subcellular distribution of AMPARs between the
cytoplasm and the plasma membrane. The increase of surface AMPAR resulting from
deletion of WAVE-1 appeared to be selectively extrasynaptic. This finding potentially
provides a mechanistic understanding of how WAVE-1 and the actin cytoskeleton may
contribute to alterations in activity-dependent synaptic plasticity. The work presented in
chapter 3 also furthers our understanding of how LTP and LTD relate to learning and
memory in vivo, and provides a new molecular mechanism for the regulation of
metaplasticity. I suspect the observation that WAVE-1 regulates use-dependent changes
in the capacity for bidirectional synaptic plasticity, may represent a general mechanism
whereby cytoskeletal dynamics, possibly through the regulation of AMPAR trafficking,
influence the extent to which neuronal networks can process and store new information.

Importantly, the routine measurement of this form of metaplasticity, which I call
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capacitative metaplasticity (to distinguish it from other forms of inductive metaplasticity,
such as B.C.M. or sliding modification, that deal explicitly with the thresholds for LTP
and LTD induction), may improve our ability to predict how changes in activity-
dependent synaptic plasticity resulting from alterations of cellular and biochemical
processes may impact behavior. Thus, the regulation of the neuronal cytoskeleton by
signaling cascades that impact LTP and LTD, and the resulting effects on AMPAR
trafficking and metaplasticity, may represent an essential component of a more unified

theme for future studies of the cellular basis for learning and memory.

In the following sections I will reexamine some of the key findings presented in this

thesis, my interpretation of them, and my thoughts for future work to further test and

extend these hypotheses.
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4.2 Caveats and Hypotheses for Chapter 2

While we identified a role for CaMKK and CaMKI in ERK-dependent E-LTP, our efforts
to identify a direct substrate for CaMKI upstream of Ras were unsuccessful. Recent
reports have identified a key role for RasGRF1 in the regulation of ERK activation by
calcium influx through the NMDAR [84, 85], as well as during LTP [205, 207] and
hippocampal-dependent learning [207]. Inhibition of CaMKK/CaMKI signaling with
STO-609 was able to suppress phosphorylation of RasGRF-1 at S916 during LTP
induction, a regulatory site believed to be important for the activation of Ras and ERK in
response to NMDAR-dependent elevations of intracellular calcium in neurons. However,
S916 was very weakly phosphorylated by CaMKI in vitro, compared to PKA or CaMKII,
although transfections of heterologous cells with active CaMKI did produce pronounced
elevations is S916 phosphorylation (Saneyoshi, unpublished). Thus, phosphorylation of
S916 by CaMKI may require a cofactor, or perhaps more likely, another molecule or
signaling pathway dependent on CaMKK/CaMKI activity is responsible for the activation
of RasGRF1. To further examine the role of Ras-GRF in CaMKK/CaMKI-dependent E-
LTP, it would be interesting to test whether STO-609 produces behavioral deficits on
hippocampal-dependent learning and memory tasks similar to those observed in the
RasGRF knockout mouse, and if so, to examine whether STO-609 is able to further
suppress LTP induction in these mice. If STO-609 produced a further inhibition of E-LTP
in the RasGRF knockout, this would be an indication that CaMKK has effects on E-LTP
that lie outside of RasGRF signaling. It would also be interesting to test whether
inhibition of CaMKK signaling negatively impacts PKA activity, since PKA is able to

robustly phosphorylate S916 in vitro, and since cross-talk is known to occur between the
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two signaling pathways: PKA activity negatively impacts CaMKK function in

hippocampal neurons [208].

One possible interpretation of our data is that CaMKI regulates LTP through the
phosphorylation of AMPARs at sites that regulate their channel properties. We cannot
exclude this possibility completely, but we consider it unlikely since neither ERK nor
CaMKI phosphorylated the C-terminus of GluR1 in vitro (Guire and Oh, unpublished),
which contains the two known phospho-regulatory sites for AMPAR channel properties:
S831 and S845. Additionally, elevations of S831 phosphorylation during LTP were not
blocked by STO-609, and preliminary evidence suggested that phosphorylation of S845
was not blocked by STO-609 during NMDA-stimulation of hippocampal slices (Guire,

unpublished).

A considerable body of evidence suggests that AMPARSs are a dynamic component of the
active synapse. AMPARs are mobile on the surface of dendrites, and NMDAR-dependent
processes regulate their trafficking between intracellular pools and the surface of
dendrites, as well as their delivery to spines. Genetic and pharmacological studies have
further elucidated roles for CaMKs in the regulation of postsynaptic AMPARSs through
trafficking [50, 209, 210]. As mentioned above, the Ras-ERK pathway was shown
previously to play a role in activity- and GluR1-dependent AMPAR trafficking. AMPAR
trafficking appears to be a mechanism that operates rapidly during E-LTP, and likely
involves redistribution of surface AMPARSs to synaptic sites (e.g. clustering) as well as

AMPAR exocytosis from intracellular stores [211]. The cycling of AMPARs between the
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cytoplasm and the plasma membrane has been well documented [47, 212-215], as has
regulated synaptic AMPAR translocation [50, 173, 216], although it remains unclear
whether AMPAR exocytosis can occur directly at synaptic sites. Accordingly, current
models of regulated AMPAR trafficking favor a so-called two-step process [30, 217].
Perhaps the most significant and straightforward hypothesis generated from the results
presented in Chapter 2 is that CaMKI, acting upstream of the Ras-ERK pathway,
regulates some component of AMPAR trafficking that impacts LTP. Indeed, preliminary
evidence suggests that CaMKI activity is sufficient to rapidly induce the synaptic
potentiation of miniature EPSCs, consistent with the synaptic accumulation of AMPARs
(Guire, unpublished). Further research will be required to fully test this hypothesis, and
also to examine the potential roles of local translation and cytoskeletal dynamics in this

process.

Intriguingly, there are several reports that dbcument an inhibition of NMDA receptor-
dependent E-LTP that develops rapidly following its induction in hippocampus and
amygdala, using a variety of pharmacological inhibitors of translation including
anisomycin, emetine, and cyclohexamide [34-38]. Furthermore, a role for MEK, the
upstream activator of ERK, in activity-dependent mRNA translation was recently
reported [152]. Expression of dnMEKlin region CAl of the hippocampus suppressed
hippocampal-dependent memory tasks, ERK activation, anisomycin-sensitive LTP, and
mRNA translation in that study. In fact, the degree and kinetics of LTP suppression in
slices taken from dnMEKI1 mice was equivalent to wild-type slices treated with the
mRNA translation inhibitor anisomycin. The authors did not observe any reduction in

LTP induced by two trains of HFS in the dnMEK1 mice, but the deficit in LTP induced
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by four trains of HFS developed within a few minutes in both dnMEK1 and anisomycin-
treated mice. Regulation of mRNA translation by ERK during LTP may be related to the
phosphorylation of translation factors, including the key molecules eIF4E and its
inhibitory binding protein 4E-BP1. In dnMEK!1 mice, phosphorylation of eIF4E and 4E-

BP1 was blocked, suggesting that translational activation was impaired during LTP.

The Ras/ERK pathway appears to be required for both the trafficking of AMPARs [101]
and translational activation during LTP [152], but few targets of ERK in E-LTP have
been identified. One possible explanation for the rapid deficits in LTP seen after STO-
609, U0126, and anisomycin pretreatment could be that synaptic delivery of AMPA
receptors is somehow coupled to translation. Previous reports indicate that some, but not
all, LTP induction protocols are sensitive to inhibition of translation during induction of
LTP [34-38], and inhibition of translation within minutes following LTP induction has no
effect on synaptic strength [178, 218], indicating that the role of protein synthesis in E-
LTP occurs prior to or during a brief window surrounding its induction. Mechanistically,
how could AMPAR trafficking be coupled to mRNA translation? It should be noted that,
the translation of a 50 kDa protein, at a rate of seven amino acids per second, would only
require ~1 min — perhaps fast enough to account for rapid AMPAR trafficking in the
event that synaptically inserted receptors, or some factor required for their trafficking, are
synthesized on demand. Indeed, a significant increase in dendritic CaMKII, attributable
to localized synthesis, has been observed within 5 minutes of LTP induction [165], and
glutamate receptors can also be locally synthesized in dendrites [219, 220]. In a recent
study, activation of dopaminergic D1/D5 receptors with DHX stimulated local protein

synthesis in dendrites and produced a rapid increase in the frequency of AMPAR minis,
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which was blocked by either postsynaptic application of a peptide inhibitor of PKA or by
brief pretreatment with anisomycin [190]. However, since pharmacological inhibitors of
translation are typically present 30 minutes or more before LTP induction, they could
suppress basal synthesis of some component necessary for the rapid insertion or
modulation of AMPARs during induction [160], if that component has a sufficiently high
rate of turnover. Indeed, this possibility has experimental support in the case of AMPAR
trafficking during cerebellar LTD [221]. Another possibility that might explain how rapid
deficits in LTP often result from inhibitors of translation is that translation and
postsynaptic exocytosis could be biomechanically coupled through the secretory
pathway, and that inhibiting one process may affect the other. This possibility is
consistent with the effects of Brefeldin A on synaptic plasticity in hippocampus:
Brefeldin A induces fusion of the ER and Golgi membranes, thus blocking exocytosis of
newly synthesized membrane proteins, including GluR1 [222-225]. Furthermore, it is
now recognized that protein synthesis from mRNAs localized within dendrites and even
dendritic spines is essential for synaptic plasticity, so the possibility that protein synthesis
may have acute regulatory effects has to be considered. CaMKK, CaMKI [71], ERK
[226], and elF4E [167, 168] are all localized in dendrites, as is the mRNA for the GluR 1
subunit of the AMPAR [227]. Thus, it will be important to determine whether the
CaMKK/CaMKI pathway regulates synthesis of AMPARSs or some other protein critical
for synaptic trafficking. The stargazin family of proteins may be a candidate for this
potential mechanism as their levels have been shown to be limiting for the surface
expression of AMPARs, as well as being required for the activity-dependent synaptic

incorporation of GluR1-containing AMPARSs [193].
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4.3 Caveats and Hypotheses for Chapter 3

An important unresolved piece of the puzzle addressed in chapter 3 is how, at the
molecular level, loss of WAVE-1 leads to alterations in AMPAR distribution. AMPAR
subunits are known to interact with several proteins believed to be complexed with the
actin cytoskeleton, such as ABP/GRIP, TARPs, and protein 4.1N (chapter 1.3). These
AMPAR interacting proteins have been hypothesized to regulate the synaptic trafficking
of AMPARs. Since the trafficking of AMPARSs involves regulated endocytosis and
exocytosis, molecules that participate in these processes (such as NSF, Clathrin, and
likely TARPS) are also good candidates for mediating WAVE-1-dependent effects on
basal AMPAR trafficking and activity-dependent synaptic plasticity. Furthermore, the
potential role of WAVE-1 in activity-dependent trafficking of AMPAR per se was not
evaluated. Currently, experiments are underway to test whether chemical forms of LTP
and LTD (GISP/DHPG) result in altered rates of endocytosis and exocytosis of
AMPARs. These experiments will also attempt to differentiate between AMPARS in
dendrites and spines, and between SDS- and Triton-soluble surface fractions in lysates.
Finally, it would be straightforward and perhaps enlightening to test whether the basal
phosphorylation of regulatory sites on AMPAR subunits that are associated with their
trafficking are altered in the WAVE-1 knockout mice, such as phospho-S845 of GluR1
and phospho-S880 of GIluR2. Alterations in the basal phosphorylation of either of these
two sites could potentially help explain why naive LTP and LTD is altered in these mice,
as well as shed light on the signaling mechanisms downstream of WAVE-1 that mediate
its effects on AMPAR trafficking. Along these lines, another useful experiment would be

to determine whether AMPAR trafficking is altered in the A-WRP knock in mouse, in
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order to assess the potential role of WRP in the regulation of AMPAR trafficking. For
both mouse models, the direct visualization of fluorescently tagged AMPARSs at the level
of spines, and the quantitation of miniature EPSCs versus responses to extrasynaptic
application of AMPA, would be instrumental in conclusively testing the hypothesis that
the increased surface expression of GluR2 due to disruption of WAVE-1 function is
extrasynaptic. Indeed, one intriguing hypothesis consistent with the physiological and
biochemical findings in the WAVE-1 knockout mouse is that there are a relatively large

number of AMPA-silent synapses present prior to the induction of LTP in these mice.

Perhaps the most pressing hypothesis to be further tested is the relationship between
capacitative metaplasticity and learning and memory. Simply speaking, the best way to
do this is would be to reexamine bidirectional synaptic plasticity, including
depotentiation and dedepression, in other situations where learning and memory is
impaired, such as in any number of genetic mouse models (see Table 3.1). This
relationship could also be evaluated in pharmacological models of metaplasticity, such as
treatment of acute brain slices with activators of PKA signaling (e.g. Forskolin/Rolipram)
or PKC signaling (phorbol ester or mGIluR1/5 activation), transient removal of
extracellular magnesium, or low concentrations of NMDA blockers such as APV. These
manipulations have beén reported to alter the responses of a hippocampal slice to LTP-
and LTD- inducing stimuli independently of any effect on baseline synaptic strength.
Furthermore, it would be quite interesting to test the capacitative metaplasticity model
using the application of drugs that are under investigation for their purported nootropic

effects, such as ampakines or selective PDE inhibitors. Finally, much of the early work
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on metaplasticity was performed using conditioning stimuli, such as weak tetani, which
on their own fail to induce LTP. Thus, it would also be informative to test such forms of
inductive metaplasticity in the WAVE-1 knockout mouse and other mouse models of

mental retardation. Clearly, much work remains to be done.

The reversal of LTP and LTD maintain the capacity for network plasticity and are
essential components in models of learning and memory[228]. Indeed, long-term synaptic
depotentiation (DP) and dedepression (DD) have been reported in area CAl, and satisfy
the hypothesized requirement for reversibility in saturation-resistant neuronai networks in
vivo [229]. The ex vivo hippocampal slice differs from the in vivo hippocampus in
important respects, however, including the pronounced attenuation of intrinsic firing rates
and the severing of neuromodulatory inputs. Furthermore, a recent investigation
demonstrated that about half of the synaptic spines in acute hippocampal slices prepared
from rodents are truly naive, in the sense that they were not physically present in the
intact hippocampus prior to dissection and recovery [230, 231]. However, the neural
pathways used in the acquisition, storage, and retrieval of behavioral modifications
during a particular learning event in an adult animal are almost certainly not naive.
Newly formed synapses in acute slices are likely to react differently to patterned activity
than mature, experienced, synapses in vivo. Because synapses in the hippocampus
participate in multimodal sensory information processing, they likely undergo repetitive,
reversible transitions between different states of synaptic strength. Accordingly,

depotentiation and dedepression are more likely to reflect the nature of synaptic plasticity
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occurring in vivo during learning, since these forms of plasticity reflect the responses of

“experienced” synapses to patterned activity.

Would in vivo LTP/LTD then be a better predictor of learning and memory than
LTP/LTD in naive slices? The answer to that question is unclear. Mature hippocampus is
quite efficient at synaptogenesis and therefore might be expected to contain a reservoir of
naive synapses. Since the electrical stimuli used to induce synaptic plasticity (e.g.
patterned stimulation of the Schaffer collateral pathway) during in vivo LTP and LTD
results in an artificial correlation of synaptic activities, it may activate a significant
proportion of naive or pseudonaive synapses that would not have participated in a given
learning task. Two means of probing this issue come to mind. First, it would be
informative to test in vivo LTP and LTD in the WAVE-1 knockout mouse, as well as
other genetic modes of mental retardation, such as the dominant-negative PAK mouse.
Indeed, LTP magnitude may be decreased, rather than increased, relative to wild-type
mice when measured in this way. Furthermore, the behavioral properties of the LIMK
knockout mouse make it an excellent candidate for further testing this model, since the
learning deficits observed in these mice relate to impaired behavioral extinction or
“unlearning” [109], a process which may Tepresent the reversal of LTP and LTD in vivo.
Second, it has been demonstrated in vivo that CA1 LTP, and ex vivo that LTP in cortical
and amygdalar slices, is decreased when measured in recently trained animals [232-235].
Thus, a different result may have been obtained in the WAVE-1 knockout mice during
“naive” LTP and LTD, if the animals had been trained prior to harvesting their
hippopcampi. In any event, I believe our analysis of capacitative metaplasticity in the

WAVE-1 knockout mouse opens up new and exciting questions pertaining to the
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relationship between synaptic plasticity and learning and memory in vivo, and may
provide a valuable tool for cellular and biochemical studies of the molecular basis of

synaptic plasticity in vitro.
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4.4 Central Themes

One central theme underlying this thesis, are implications for small G-proteins, such as
Ras (downstream of CaMKK/CaMKI) and Rac (via WAVE-1-dependent signaling), in
the coordinated regulation of cellular processes important for activity-dependent changes
in synaptic strength. Small G-proteins have received much attention for their ability to
reorganize the actin cytoskeleton as well as regulate de novo protein synthesis through
the regulation of DNA transcription and mRNA translation. Indeed, such processes are
integral to adaptive cellular reorganization, such as the morphological plasticity of
dendritic spines that accompanies synaptic plasticity, and the activity-dependent
trafficking of AMPARs. When viewed in this light, the role of the actin cytoskeleton in
localizing AMPARs, and the potential coupling of AMPAR trafficking to activity-
dependent regulation of mRNA translation, may be an important mechanism for

controlling synaptic metaplasticity.

Several examples of these coordinated relationships have been identified, and I will
briefly cover two of them. First, signal transduction via the PKC pathway has been shown
to regulate AMPAR trafficking through the phosphorylation of GluR2 at S880, and
evidence suggests this event releases GluR2-containing AMPARs from cytoplasmic
sequestration [236, 237], making them available for exocytosis and synaptic delivery
[236, 237]. Furthermore, manipulation of PKC signaling in rats and mice has been
demonstrated to alter dendritic spine morphology through Rac-, Rho-, and actin-
dependent mechanisms [194]. Interestingly, PKC signaling also has been shown to

mediate a form of synaptic metaplasticity [238-240]. Second, recent work on FMRP
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alludes to a potentially general relationship between mRINA translation and actin
dynamics in spines and dendrites. FMRP is associated with dendritic polyribosomes and
has been demonstrated to regulate local dendritic protein synthesis [241], which occurs in
response to LTP and LTD inducing stimuli. Loss of FMRP, such as occurs in human
fragile-X mental retardation syndrome, results in dendritic spine abnormalities that
strikingly resemble those obtained in mutants affecting the Rac-1 signaling pathways. In
a recent paper, the drosophila ortholog of the FMRP interacting protein CYFIP was
shown to interact with both FMRP and Rac-1, and its functional disruption reproduced
synaptic alterations characteristic of manipulations to FMRP signaling [241, 242].
Furthermore, the irn vivo interaction of CYFIP and Rac-1 was activity-dependent,
suggesting that Rac-1 and FMRP regulate neuronal connectivity by a common pathway.
Thus, it appears likely that the cellular events occurring during synaptic plasticity, such
as AMPAR trafficking, cytoskeleton-based morphological plasticity, and translational
activation, are coordinated in a highly interdependent fashion by small G-proteins of the

Ras superfamily.
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“The bottom line of all this is that if you are thinking of a single phosphorylation event or
the synthesis of a new protein or the insertion of a membrane receptor or ion channel or
even the formation of a new synapse as being capable of storing memory for any
appreciable period of time, you must adjust your thinking. As a first approximation, the
entirety of the functional components of your whole CNS have been broken down and
resynthesized over a 2-month time span. This should scare you. Your apparent [physical]
stability as an individual is a perceptual illusion.”

~-David Sweatt
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