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ABSTRACT

The search for how memories are formed and maintained over time has
become a critical question in the scientific community. An important discovery in
this field is the requirement for a persistently active kinase, called PKMz, to
maintain long term synaptic plasticity and memory. In vertebrates, the atypical
PKCz has a brain-specific transcript that produces this constitutively active
kinase. The sensory-motor neuron synapse of Aplysiais a leading invertebrate
model to study learning and memory. We have cloned the atypical PKC from
Aplysia, which we call PKC Apl lll. We do not find a transcript in Aplysia that
forms a PKMz, and evolutionary analysis of atypical PKCs suggests formation of
this transcript is restricted to vertebrates, despite the fact that inhibitors of PKMz
erase memory in Aplysiain a fashion similar to rodents. However,
overexpression of PKC Apl Il in Aplysia sensory neurons leads to production of a
PKM fragment of PKC Apl Ill, PKM Apl Ill, formed by calpain cleavage. We
suggest that PKM forms of atypical PKCs play a conserved role in memory
formation, but the mechanism of formation of these kinases has changed over
evolution.

We further show that kinase activity is required for both nuclear export and
efficient cleavage of PKC Apl Il into PKM Apl Il following overexpression. We

used a FRET reporter to measure cleavage of PKC Apl Il into PKM Apl Il in live
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Aplysia motor neurons. Our results show that 5-HT application induces cleavage
of PKC Apl IIl in isolated motor neuron processes in a calpain- and protein
synthesis-dependent manner. In summary, we provide evidence that PKC Apl IlI
is cleaved into PKM Apl Il during memory formation, and the requirements for
cleavage are the same as the requirements for the plasticity. Our data supports
the hypothesis that the PKM required for formation of the memory trace is formed

by calpain-dependent cleavage in Aplysia.
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RESUME

La quéte des mécanismes moléculaires sous-jacents a la formation de
nos souvenirs et a la persistance de ceux-ci dans notre mémoire continue de
préoccuper la communité scientifique. Parmi les découvertes importantes dans
ce domaine, on compte celle d’'une kinase active de fagon constitutive, appelée
la PKM zeta. Celle-ci est nécessaire pour le maintien de la plasticité synaptique a
long terme et en conséquent de la mémoire. Chez les vertébrés, la PKM zeta est
produite a partir dun ARNm de la PKC atypique, qui est spécifique au cerveau,
soit la PKC zeta. Chez les invertébrés, la synapse sensori-motrice de I'Aplysie
constitue le modéle par excellence pour étudier 'apprentissage et la mémoire.
Nous avons cloné la PKC atypique de I'Aplysie que nous avons surnommeée la
PKC Apl Ill. Nous n’avons pas trouvé d’ARNm chez I’Aplysie qui pourrait former
une PKM zeta. Par ailleurs, I'analyse de I'évolution des PKC atypiques suggére
que la formation de cet ARNm est restreinte aux vertébrés malgré le fait que les
inhibiteurs de la PKM zeta peuvent effacer la mémoire chez I'Aplysie de fagon
similaire a leur effet chez les rongeurs. Cependant, la surexpression de la PKC
Apl lll dans les neurones sensoriels de I’Aplysie conduit a la formation d’un
fragment PKM de la PKC Apl Ill, soit la PKM Apl Il par un clivage dépendant de

la calpaine. Nous suggérons que le réle des formes PKM des PKC atypiques
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dans la formation de la mémoire est conservé mais que le mécanisme de
formation de ces kinases a changé durant I'évolution.

Nous rapportons aussi que I'activité de la kinase est nécessaire pour son
export nucléaire ainsi que pour un clivage efficace de la PKC Apl lll en PKM Apl
[l suite a la surexpression de la protéine. Nous avons utilisé un reporter FRET
pour mesurer le clivage de la PKC Apl Il en PKM Apl Il dans des neurones
moteurs vivants. Nos résultats démontrent que la 5-HT induit le clivage de la
PKC Apl lll dans les prolongements du neurone moteur et que ce clivage dépend
des calpaines et de la synthése de protéines. En résumé, nous démontrons que
la PKC Apl Ill est clivée en PKM Apl Il pendant la formation de la mémoire et
que les conditions requises pour le clivage sont les mémes que celles qui sont
requises pour la plasticité. Nos résultats appuient I'hnypothése que chez I'Aplysie,
la PKM requise pour la formation d’'une trace mnésique est formée par clivage

dépendant de la calpaine.
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Chapter ONE

Introduction

Our memories define who we are: all of our experiences, thoughts, and
emotions coalesce to provide us with a constantly changing, yet stable, sense of
self. How is this possible? What is memory? How are our everyday experiences
encoded in our brains? How are memories made and stored over time? What
brain regions are important for memory? What are the cellular and molecular
correlates of memory? These are only a sample of the questions which have
plagued the scientific community for many years.

The cognitive and neural mechanisms of learning and memory are
extremely complex, and have been the driving force behind many experimental
research projects. It is surprising to note that despite the amount of research
which has investigated the processes involved in learning and memory, whether
these processes be at a behavioral or molecular level, very little is in fact known

about the precise details of how human beings form and maintain memories.

1.1. The historical context of human memory: Consolidation theory

The traditional views of behavioral memory often place the complex entity

of human memory into a few neat categories which are divided by somewhat
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arbitrary time periods. For example, the process whereby a more volatile short-
term memory (STM) is converted into stable long-term memory (LTM) is referred
to as “consolidation theory”. Early work on consolidation theory dates back to
1878 when Hermann Ebbinghaus discovered that memorized lists of nonsense
syllables could be disrupted by learning new information. He therefore suggested
that there exists a time window for the stabilization of memory, and that forgetting
could be interpreted as interference in this process (Ebbinghaus, 1913). Further
support for this idea came in 1900 when Muller and Pilzecker conducted a similar
experiment and theorized that memory required a time window of “consolidation”
to solidify new memories and thus render them less susceptible to disruption

from additional material (Muller, 1900).

1.2. The hippocampus and systems consolidation

The 1940s were also an important decade for the consolidation theory.
Russell and Nathan (1946) were among the first to observe retrograde amnesia
following head injuries damaging the hippocampal formation. Interestingly, they
found that older memories were more resistant to damage while newer memories
were more easily disrupted (Russell, 1946). These results eventually lead to the
hypothesis that memories are initially formed and encoded in the hippocampus,

and then are somehow slowly transferred to the cortex where they are stored
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permanently and thus are resistant to interference. This processes is referred to
as “systems consolidation” (McGaugh, 2000).

The importance of the hippocampus in memory formation, and further
support for the theory of systems consolidation, came when Scolville and Milner
published their study of the famous patient H.M. — now known to be Henry
Molaison. In hopes of reducing the severity of his epilepsy, H.M. received a
bilateral resection of the medial temporal lobe, including both hippocampi.
Following the surgery, it was observed that H.M. could no longer form new long
term memories, despite the fact that his ability to recall remote memories

remained intact (Milner et al., 1968; Scoville and Milner, 2000).

1.2.1. Modifying the consolidation theory: Reconsolidation

Accordingly, the theories of consolidation and systems consolidation paint
a picture of memory formation and storage as serial processes: a short-term
memory is made and is then followed by consolidation into a long term memory
which is stored temporarily in the hippocampus; over time the memory is no
longer dependent on the hippocampus and is then transferred to a distributed
network in certain areas of the neocortex. However, when we begin to examine
how memories are formed and maintained at the cellular level, we quickly
appreciate that this serial consolidation theory can be viewed as a greatly over-

simplified paradigm. A primary example of this involves the relatively recent
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addition of the theory of “reconsolidation” (Nader and Hardt, 2009). The
traditional views of consolidation posit that this period of fixation occurs only
once, thus rendering a long term memory relatively stable over time. However,
reconsolidation is a theory which suggests that when previously consolidated
memories are reactivated, they are rendered labile once more and then must
undergo a second bout of consolidation — in other words, the memory must be
reconsolidated (Hernandez and Abel, 2008; Nader and Hardt, 2009).

The study of consolidation, and later reconsolidation, was indeed a huge
leap forward in the field of learning and memory. However, early researchers
could not yet demonstrate the fundamental mechanisms underlying how
memories were consolidated over time. How is a memory trace represented in
the brain? Which neurons and which molecules are involved? How do they

interact?

1.3. The cellular correlate of memory: Synaptic plasticity

One of the most seminal investigations into these fundamental questions
examined the most elementary unit of learning and memory: the neuronal
synapse. This theoretical work was postulated by D.O. Hebb, who was one of the
first to suggest that lasting activity-dependent changes in synaptic connections
were at the root of information storage in the nervous system (Hebb, 1949).

Current understandings of cellular memory propose that the strength and number
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of connections between neurons will determine whether a given memory will
persist for an extended period of time. The particular strength of a given synapse
depends on presynaptic and postsynaptic factors, including the amount of
neurotransmitter released from a presynaptic neuron and the amount of
receptors present to receive the neurotransmitters on the membrane of the
postsynaptic neuron (Kandel 1979). Experience is also known to cause changes
in the strength of synapses: this is referred to as synaptic plasticity, and is
thought to be the cellular basis for behaviour learning and memory (Si et al.,
2003). Thus, understanding the biochemical bases for synaptic plasticity is

important for our understanding of learning and memory as a whole.

1.3.1. Molecular requirements of synaptic plasticity: Protein synthesis

One particularly well studied biochemical requirement for long term
memory is new protein synthesis. It was Flexner and colleagues (1963) who were
among the first to show that a protein synthesis inhibitor called puromycin could
disrupt memory for a discriminative avoidance task in mice (Flexner et al., 1963).
They were also able to show that injections of the inhibitor into the hippocampus
affected newer memories, while injections into wider cortices were able to disrupt
older memories ranging from 11 to 43 days old (Flexner et al., 1963).
Reconsolidation has similarly been demonstrated to require protein synthesis.

For example, Nader and colleagues (2000) injected anisomycin, a protein
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synthesis inhibitor, directly in to the lateral and basal nuclei of the amygdala
following reactivation of a previously consolidated long term auditory fear
memory. Upon behavioral testing, these animals displayed intact post-
reactivation STM but impaired post-reactivation LTM. Interestingly, animals who
were given infusions of the inhibitor but were not subjected to memory
reactivation were able to show intact LTM for the task. This suggests that it is
indeed the reactivation of the previously consolidated memory which returns this
memory into a labile state whereby an additional round of consolidation —

reconsolidation — is required (Nader et al., 2000; Nader and Hardt, 2009).

1.3.2. The discovery of Long Term Potentiation

One cannot discuss the long term memory trace and synaptic plasticity
without discussing long-term potentiation (LTP). The belief that LTP is the
mechanism which underlies learning and memory has been coined the synaptic
plasticity and memory hypothesis: “activity-dependent synaptic plasticity is
induced at appropriate synapses during memory formation, and is both
necessary and sufficient for the information storage underlying the type of
memory mediated by the brain area in which that plasticity is observed” (Martin,
2000), p. 650).

What do we know about LTP? It is vitally important to begin with a specific

definition. For simplicity’s sake, the following discussion will focus on N-methyl D-
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aspartate (NMDA) -receptor dependent long-lasting strengthening of synaptic
connections induced by synchronous and repeated activation of specific
synapses in the hippocampus (Stevens, 1998; Martin, 2000; Lynch, 2004). It was
the pioneering working of Bliss and Lomo in the 1970s which led to this definition:
it was found that repetitive activation of excitatory synapses in the hippocampus,
a brain area already known to be essential for learning and memory thanks to the
previously discussed work of Scoville and Milner with patient H.M. (Scoville and
Milner, 2000), results in an increase in synaptic strength that can persist for hours
and even days (Bliss, 1973).

LTP is not a simple solitary process, it involves numerous overlapping
temporally distinct phases that require different molecules: from early (E-LTP), to
intermediate (I-LTP), to late LTP (L-LTP). To further complicate matters, it has
also been demonstrated that these phases can occur in parallel to each other
(Sossin, 2008b). While a great deal is understood about which molecules are
required for which temporal phases of LTP, it is less clear whether LTP itself is
the cellular correlate underlying long term memory. However, some recent
experiments provide more direct and compelling evidence in support of the SPM
hypothesis. Specifically, one study performed by Whitlock et al. (2006) examined
an ‘induction’ strategy to investigate LTP as a potential substrate for behavioral
memory, which states that learning should induce measurable changes in

synaptic plasticity (Martin, 2000). In order to do this, the authors utilized an

27



inhibitory avoidance task that has shown to be rapidly acquired, very stable, and
dependent on the hippocampus (Lorenzini et al., 1996). This task involves
training rats in an apparatus where they are allowed to cross from an illuminated
chamber to a darkened chamber where they receive a foot shock. Memory for
this pairing is then measured as avoidance of the dark side of the chamber in
subsequent trials (Whitlock et al., 2006). Following this training, the authors
analyzed the hippocampi of these animals: it was found that the behavioral
training directly mimicked the effect of high-frequency stimulation (HFS) in the
CA1 region. Specifically, the authors observed the two following biochemical
changes following training: an immediate NMDA receptor (NMDAR) dependent
increase in phosphorylation of GluA1 containing a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, and rapid delivery of GluA1 and
GIuA2 containing AMPA receptors to synapto-neurosome fractions.
Electrophysiology also revealed a significant increase in the slope of evoked field
excitatory postsynaptic potentials (fEPSP) following training. Furthermore, the
authors found that learning induced increases in fEPSP partially occluded further
CA1-LTP induced by HFS /n vivo (Whitlock et al., 2006). Accordingly, it was
concluded that the inhibitory avoidance learning directly induced LTP in the CA1
region of these rats. This is a powerful experiment, and one of the first studies to
show the induction criteria for LTP as the memory trace: not only does a lack of

LTP lead to memory deficits (in some tasks in some brain regions), but learning
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and memory itself can generate the molecular changes which are believed to

underlie the mechanisms of LTP.

1.3.3. Impaired LTP but intact memory?

An interesting finding that challenges the role of LTP as the cellular
substrate underlying learning and memory is the GluA1 knock-out mice. These
mutant mice displayed a strongly reduced AMPA receptor (AMPAR) current in
CA1 pyramidal neurons, and consequently, failed to show LTP (Zamanillo et al.,
1999). With this robust deficit in CA1 LTP in these mutant mice, it was strongly
suspected that these animals would display a corresponding deficit in
hippocampal forms of memory. In order to test this, the authors trained the
animals in the Morris water maze. Surprisingly, it was found that the spatial
memory of the mutant mice was equal to those the of wild type mice: both groups
could acquire the hidden platform task, with escape latencies decreasing at
similar rates. Furthermore, when the hidden platform was removed, both groups
of animals spent significantly more time in the quadrant that had previously
contained the platform, while also not differing in the number of crossings of the
platform location (Zamanillo et al., 1999).

While this is an unexpected result, these mice are not without memory
impairments: it has been shown that GluA1 deficient mice are indeed capable of

reference memory hippocampal dependent tasks, like the water maze, but are
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significantly impaired in certain hippocampal dependent tasks, such as the
elevated T-maze task (Reisel et al., 2002; Schmitt et al., 2003). It is therefore
possible that the conflicting results of a lack of LTP but intact memory in the
water maze were simply due to differential requirements between brain area and
behavioral test. These findings highlight that different forms of memory may in
fact involve different mechanisms. There are multiple types of memory traces in
the brain that require different molecular components; some are dependent on

GluA1 while others are independent.

1.3.4. Molecular requirements of synaptic plasticity: Gene expression

Inhibiting gene transcription has also been shown to impair memory in a
manner that is also dependent on a specific time window. Application of a
transcriptional inhibitor, actinomycin D, at the time of training in a wide variety of
species is able to impair long term memory retention (Brink, 1966; Squire, 1970;
Pedreira, 1996). Not only has transcription been found to be important for
consolidation, but also for reconsolidation: inhibitors of mMRNA synthesis injected
into the rodent hippocampus after memory reactivation impaired post-retrieval
reconsolidation of this memory (Da Silva et al., 2008).

One particular transcription factor has been shown to be critical in long
term memory: cyclic adenosine monophosphate (CAMP) response element

binding protein (CREB). CREB is known to be activated by phosphorylation
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following neuronal activity such as LTP, and is then able to induce CRE-
dependent gene transcription of molecules which are involved in synaptic
plasticity (Impey et al., 1998; Kandel, 2001). As such, CREB-dependent gene
expression has been shown to be required for a variety of memory processes.
For example, disrupting CREB in the hippocampus significantly impairs memory
performance in the water maze (Bourtchuladze et al., 1994; Pittenger et al.,
2002). CREB knock-out mice, which are lacking the two CREB isoforms that are
most abundantly expressed in the mammalian brain, display various memory
impairments in differing behavioral paradigms, brain regions, and species
(Bourtchuladze et al., 1994; Guzowski and McGaugh, 1997; Josselyn et al.,
2004). Not only is CREB necessary for long term memory, but it has also been
found that CREB is sufficient for memory formation: increasing CREB levels in
the dorsal hippocampus was found to induce robust spatial memory in paradigms
that do not normally produce such strong spatial memories (Sekeres, 2010).

An additional constraint in this system is that CREB is repressed by the
protein activating transcription factor 4 (ATF4), also known as CREB-2 (Gachon
et al., 2001). This repressor is itself requlated downstream of CREB through
translation by the eukaryotic initiation factor 2 (elF2) —alpha. It has been
demonstrated that elF2-alpha directly stimulates the translation of ATF4, which
then represses CREB activity (Vattem and Wek, 2004). Alternatively, decreasing

elF2-alpha phosphorylation decreases the levels of the CREB repressor: this
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then lowers the threshold required to produce gene-expression dependent L-
LTP, and consequently enhanced memory (Costa-Mattioli et al., 2007). Together,
these results suggest that gene-expression is a critical rate-limiting step in the

formation of long term memory.

1.4. The synaptic tagging and capture hypothesis

While the studies investigating the roles of gene-expression and LTP
represent important steps towards understanding the relationship between
behavioral memory and cellular memory, there are still many questions left
unanswered. For example, it has been demonstrated that LTP, and other forms
of synaptic plasticity, occur at a specific subset of synapses in a given brain
region (Bliss, 1973). Accordingly, an important question concerns how LTP can
demonstrate this synapse specificity. How do newly synthesized proteins and
gene products become targeted at certain synapses that have undergone
potentiation? The synaptic tagging and capture hypothesis is a model of how
newly synthesized proteins and mRNA can be specifically targeted and
“captured” at particular activated synapses without similarly tagging nearby
synapses which have not received this stimulation. This form of synapse
specificity is one of the criteria necessary for the synaptic plasticity and memory
hypothesis to assert that LTP is the cellular substrate for learning and memory:

synaptic tagging may therefore represent how this synapse specificity occurs
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(Sossin, 1996; Frey and Morris, 1997; Frey et al., 2008; Redondo and Morris,
2011). The synaptic tagging theory can explain how a strong tetanus which
induces a protein synthesis-dependent L-LTP in one particular pathway can
simultaneously prolong the potentiation of an independent pathway that was only
weakly stimulated and would only have produced E-LTP (Sajikumar et al., 2005).
The details of what the tag itself consists of have yet to be completely elucidated,
however, it has been shown that certain newly synthesized proteins called
plasticity related proteins (PRPs) are required for the formation of the tag. The

identity of potential PRP candidates will be discussed at a later point.

1.5. Physical changes in the brain: Morphological changes at synapses

As is often the case, these putative answers also raise new questions: is
the tag purely constituted of a collection of proteins, or are specific morphological
changes also involved? Does synaptic plasticity itself require structural plasticity?
What factors are involved in morphological changes at pre-existing synapses as
well as the formation of new synaptic connections? Does the formation of new
synapses in fact underlie the long term memory trace? These are very important
questions, as it is quite logical to assume that long term memories must also
require some physical changes in the brain. Unfortunately, these are also not
easy questions to answer: the complexity of the neuronal architecture can be

appreciated by the fact that any given neuron can possess up to 100,000 spines,
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each often forming a single synapse (Kopec and Malinow, 2006). Spines
themselves can function as biochemical containers for signalling molecules that
are activated by various forms of stimuli. Larger spines have been shown to
represent the morphological substrate of strong synapses, whereas smaller
spines conversely represent a substrate for weaker synapses. Larger spines also
possess larger postsynaptic densities (PSD) that themselves contain more AMPA
receptors and therefore display larger AMPA receptor (AMPAR) -mediated
currents. These larger spines are also associated with higher probabilities of
release from the presynaptic terminals that have more active zone area (Harris
and Stevens, 1989; Ultanir et al., 2007). Furthermore, the number of synaptic
AMPA receptors changes rapidly following LTP. As a consequence, this results in
increases or decreases in the size of the corresponding spine. A direct
correlation has also been shown between the magnitude of spine enlargement
following LTP and the level of AMPAR-mediated synaptic currents (Matsuzaki et
al., 2004). However, the particular reasons for these correlations between
structure and function have yet to be fully explained and/or understood.

One particular protein found in abundance in the PSD that is well poised to
link both structure and function of morphological changes at the synapse is PSD-
95. PSD-95 is known to be involved in many aspects of synaptic transmission, to
interact with both AMPA and NMDA-receptors (NMDAR), and to regulate the

NMDAR-dependent changes in AMPAR number during processes such as LTP
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(Ehrlich and Malinow, 2004; Nimchinsky et al., 2004). In a particular study,
Steiner and colleagues (2008) examined spine morphology and PSD protein
trafficking at CA1 dendritic spines. To do this, the authors delivered LTP-inducing
stimuli consisting of glutamate pulses onto the spine heads; it was found that
PSD-95 is required for the transient, as well as continuous, phases of activity-
dependent spine growth. In response to this activity, it was observed that PSD-95
is rapidly trafficked out of the spines and that this process is dependent on
calcium/calmodulin-dependent protein kinases (CaMKs). Specifically, this
regulation was seen to occur through a CaMKII phosphorylation site on PSD-95:
phosphorylation at this site inhibited LTP as well as LTP-induced spine growth.
The authors therefore concluded that CaMKIl and PSD-95 first act together to
induce spine growth, and then the phosphorylation acts to terminate the process
(Steiner et al., 2008).

While these results are important due to the experimental evidence that
activity-induced processes such as LTP can induce morphological changes at
synapses, the question still remains of whether the formation of new stabilized
synapses similarly occurs. Furthermore, the more difficult question to answer is
whether these synaptic spine changes and formation of new synapses can
underlie the long term memory trace. In order to begin to investigate these
questions, Holtmaat and colleagues (2008) examined the relationship between

experienced induced structural and functional plasticity and synaptogenesis in
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the mouse neocortex. To do this, they used transgenic mice expressing green
fluorescent protein (GFP) or yellow fluorescent protein (YFP) in certain layers of
the cortical pyramidal cells of the barrel cortex. The apical dendrites were then
imaged through a glass window that was implanted over the primary
somatosensory cortex skull. Simple manipulation of the whiskers served as
sensory experience to induce changes in the spine and synapse dynamics in the
cortex, and the spines were imaged for up to one month by imaging every four
days. Accordingly, it was found that trimming of every other whisker resulted in
the generation and loss of persistent spines (those present for 8 days or more). It
was also found that new spines are able to form new synapses, but they do so
slowly; the new synapses were primarily found on large, multi-synaptic boutons.
Based on these data, it was suggested that these data demonstrate that spine
growth is indeed followed by synapse formation, particularly on existing boutons
(Holtmaat et al., 2008). While remodelling of synaptic connections often involves
very quick turnover of newly created synapses, this previous result does suggest

that experience can indeed produce longer term structural changes.

1.6. Conserved forms of memory in invertebrates: Aplysia californica
As outlined above, the study of reduced forms of memory in vertebrate
animals does indeed pose some particular problems. While we have certainly

been able to learn a great deal about the molecular, cellular, and neurological
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correlates of the mammalian long term memory trace, the sheer complexity of the
mammalian nervous system does nevertheless result in significant struggles in
being able to determine what exactly may be going on at a specific synapse at a
specific time point during memory formation and maintenance.

As such, it has been reasoned that if elementary forms of learning are
common to animals with evolved nervous systems, then there must be conserved
features of cellular and molecular learning that could be studied in simpler
invertebrate animals (Kandel, 2001). In particular, studies of Aplysia californica, a
marine mollusk, have yielded a great deal of physiological information about the
biochemical mechanisms underlying learning and memory, and many of them
have been shown to be also true of mammalian synaptic plasticity (Roberts and
Glanzman, 2003). Using Aplysia to study the biochemical mechanisms of
memory affords numerous advantages. The Aplysia nervous system is quite
simple and is comprised of a small number of nerve cells (approximately 20,000)
grouped into 10 major ganglia. In contrast, mammalian brains contain nearly one
trillion central nerve cells. In addition, Ap/ysia neurons are in fact the largest
known nerve cells in the animal kingdom and therefore lend themselves easily to
various methods of biochemical manipulations (Kandel, 2001).

Similarly to mammals, Aplysia are also capable of certain forms of
learning: the sensory to motor synapse model is known to be involved in the

defensive withdrawal reflex of the animal’s gill. This defensive withdrawal reflex
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can be modified by habituation, sensitization, and classical conditioning (Hawkins
et al., 1998). Kandel and colleagues were struck by the similarities of these forms
of learning observed in Aplysiato the corresponding forms of mammalian
learning. Evidence for the conservation of biochemical mechanisms was also
established between Aplysia and vertebrates. Indeed, just like more complex
mammalian learning, long-term memory for sensitization in Aplysia differed from
short-term memory by the requirement of de novo protein synthesis (Kandel,
2001). While it appeared that higher vertebrate forms of memory were indeed
conserved in Aplysia, it was still not precisely understood how learning could
occur in a single specifically wired synapse. Experience induced changes in the
strength of the synapse between cells, synaptic plasticity, thus emerged as the
primary mechanism to explain how learning occurs at the neuronal level (Kandel,

2001; Roberts and Glanzman, 2003).

1.6.1. Synaptic plasticity in Aplysia. The role of serotonin

Additional research has sought to determine the molecular components
that are responsible for the aforementioned forms of synaptic plasticity. It is
known that experience induced release of serotonin (5-HT) in Aplysia causes an
increase in synaptic strength, which is known as facilitation (Chitwood et al.,
2001; Kandel, 2001; Marinesco and Carew, 2002). During facilitation, 5-HT is

released from interneurons and acts upon receptors on the presynaptic sensory
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neuron to enhance further neurotransmitter release (Kandel, 2001). Serotonin
leads to an increase in presynaptic cAMP, which activates Protein Kinase A
(PKA) and thus leads to synaptic strengthening through enhanced transmitter
release produced by a combination of mechanisms. These include
phosphorylation of potassium channels and the exocytosis machinery by PKA,
leading to an enhanced excitability by allowing greater calcium influx into the
presynaptic terminals (Klein, 1980; Klein, 1994; Kandel, 2001). It is this
mechanism which is thought to underlie short-term presynaptic facilitation (STF),
and thus STM, which is involved in behavioral sensitization to a stimulus. In
addition, 5-HT also binds to receptors on postsynaptic motor neurons: a 10
minute application of 5-HT to cultured Aplysia motor neurons results in an
activation of G-proteins which causes a rise in intracellular calcium. This rise in
intracellular calcium consequently causes vesicles containing AMPA-type
receptors to fuse and to be inserted into to the postsynaptic membrane
(Chitwood et al., 2001). It is possible to block facilitation if 5-HT antagonists, such
as cinanserin and cyproheptadine, are applied to Apl/ysia neuronal cultures

(Brunelli et al., 1976; Mercer et al., 1991).

1.6.2. Molecular mechanisms of facilitation in Aplysia
Similarly to mammalian learning and memory ,which was discussed in the

beginning of this introduction, facilitation can be dissociated into certain time-
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dependent phases: STF lasting under 30 minutes, intermediate term facilitation
(ITF) lasting 2 hours or more, and long term facilitation (LTF) lasting more than
24 hours (Ghirardi et al., 1995). These facilitatory phases are known to be
mechanistically independent, as studies have shown differential requirements for
each phase. For example, it is known that LTF requires new protein and RNA
synthesis, ITF frequently, though not always, requires protein synthesis, and STF
only requires modification of existing proteins that can occur through substrate
phosphorylation by PKA (Mdller and Carew, 1998). CREB-mediated gene
transcription is also conserved in Aplysia and has shown to be required for gene-
expression dependent LTF (Bartsch et al., 1998).

In Aplysia, ITF and LTF encompass multiple forms of plasticity that are
also regulated by distinct molecular mechanisms (Sherff and Carew, 2002). For
example, an activity-independent form of ITF can be induced by repeated pulses
of 5-HT: this form of ITF thus requires protein synthesis for its induction, and
activation of PKA for its maintenance (Muller and Carew, 1998; Sutton and
Carew, 2000). Activity-dependent ITF, however, can be induced by a single pulse
of 5-HT and thus does not require protein synthesis for its induction, but it does
necessitate activation of protein kinase Cs (PKC) for its maintenance (Sutton and
Carew, 2000). Interestingly, the previous state of the synapse is also important in
determining the molecular requirements for various forms of plasticity. For

example, at a naive Aplysia synapse which has not previously undergone
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facilitation, it is PKA phosphorylation which is required to increase the probability
that synaptic vesicles will be released in order to increase synaptic strength
(Ghirardi et al., 1992). However, it is PKC which is important to remove inhibition
at a previously activated depressed synapse (a synapse which has previously
undergone facilitation and is currently in a depressed state following this
facilitation) (Ghirardi et al., 1992; Manseau et al., 2001; Zhao et al., 2006; Sossin,

2007).

1.6.3. Pre- and postsynaptic facilitation

Sensitizing stimuli, such as 5-HT application, are known to activate PKCs
in Aplysiain both the presynaptic and postsynaptic neuron. Application of 5-HT to
the presynaptic sensory neuron activates the calcium-independent PKC by
translocating the kinase to the cell plasma membrane (Sacktor and Schwartz,
1990; Zhao et al., 2006). As previously mentioned, activity-dependent ITF
requires PKC for its maintenance, and in fact depends on translocation of the
calcium-dependent PKC to the plasma membrane (the different PKC isoforms
will be discussed shortly) (Sutton and Carew, 2000; Zhao et al., 2006). However,
activity independent ITF, which can be produced by a 10 minute application of 5-
HT in the absence of neuronal activity, is dependent on numerous postsynaptic
factors: elevation of calcium in the postsynaptic neuron, postsynaptic protein

synthesis, and trafficking of postsynaptic AMPARSs (Li et al., 2005; Villareal et al.,
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2007). It has also recently been demonstrated that this form of ITF is the first
form of facilitation that requires both presynaptic and postsynaptic mechanisms:
specifically, it requires presynaptic PKC and postsynaptic calcium and CamKIl, in
addition to both presynaptic and postsynaptic protein synthesis (Jin, 2011).
Strictly postsynaptic mechanisms have shown to be involved in application of 5-
HT to isolated motor neurons. This was demonstrated to enhance the motor
neuron’s response to excitatory glutamate in a manner that also involves the

activity of AMPARSs (Trudeau and Castellucci, 1995; Chitwood et al., 2001).

1.7. Structure and activation patterns of PKCs

The activation of G-proteins by 5-HT as previously mentioned also leads
to the activation of PKCs (Klein, 1994; Raymond et al., 2001). Owing to the many
roles that PKCs play in various forms of plasticity, they have thus become the
focus of a large number of experiments seeking to elucidate the molecular
features of memory. As such, since the discovery of PKCs by Nishizuka (Takai et
al., 1977; Takai et al., 1979; Castagna et al., 1982; Nakamura, 2010), a great
deal of research has revealed the critical importance of PKCs.

PKC molecules consist of an amino terminal regulatory subunit (N-
terminal) and a carboxy terminal catalytic subunit (C-terminal), which are both
joined by a hinge domain linking region. PKCs consist of four isoform families:

conventional PKCs (alpha, beta | and |l, gamma), novel PKCs of the epsilon
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family (epsilon and eta), which are also referred to as novel type |, novel PKCs of
the delta family (delta and theta), or novel type I, and finally atypical PKCs (zeta,
iota/lambda) (Newton, 2001; Sossin, 2007). Aplysia has only three identified PKC
isoforms: one conventional, PKC Apl I, one novel type 1, PKC Apl Il, and one
atypical, PKC Apl Il (Newton, 2001; Sossin, 2007). The PKC families differ in
various manners, mainly in which cofactors are required for their activity.
Conventional PKCs (cPKC) have two C1 domains which bind diacylglycerol
(DAG), as well as a C2 domain that binds calcium. Novel PKCs (nPKC) have a
‘novel’ C2 domain that does not bind calcium, which is followed by two C1
domains that also bind DAG. Atypical PKCs (aPKC) are called such because
they have a single ‘atypical’ C1 domain that does not bind DAG or other phorbol
esters like the conventional and novel counterparts do. Furthermore, aPKCs lack
a C2 domain and have instead a PB1 domain (see Fig. 1.1). Certain PKC
isoforms are known to be enriched in the nervous system, such as PKC gamma,
epsilon, and a truncated form of aPKC zeta (PKCz) called a PKM (which will be

discussed below) (Tanaka, 1994; Hernandez et al., 2003).

1.7.1. PKC activation by lipid binding
These PKC isoforms are also different in their specific mechanisms of
activation. It is known that PKCs are activated by a conformational change in the

regulatory domain involving lipid binding: this removes the autoinhibitory
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pseudosubstrate from the catalytic domain, thus allowing various substrates to be
phosphorylated by the now active PKC (Newton, 1995b). For both cPKCs and
nPKCs, lipid binding is greatly improved by DAG binding to the C1 domains. Lipid
binding to the C2 domain of cPKCs and nPKCs occurs under different conditions
and thus is a main distinguishing factor between these PKCs (Newton, 1995a).
Conventional PKCs, such as PKC Apl | in Aplysia, require calcium to be
associated with DAG upon binding in order for this kinase to be activated by
translocation to the plasma membrane (Zhao et al., 2006). The C2 domain of the
novel PKC Apl Il in Aplysialacks a residue for calcium binding, does not bind
lipids well, and removal of the C2 domain in fact enhances the activation and
translocation of this isoform (Pepio et al., 1998; Farah et al., 2008). In contrast,
lipid binding to the C1 domain of aPKCs is also important for its activation, but
the structure of the atypical C1 domain renders these kinases insensitive to DAG
or calcium induced activation. Atypical PKCs also do not translocate to the
plasma membrane following addition of a phorbol ester (Kazi, 2007). In addition,
aPKCs have a PB1 domain on the N-terminal region of the enzyme which is not
present in either cPKCs or nPKCs; this domain is known to be involved in
protein-protein interactions which are important for activation of aPKCs (Moscat,

2000; Henrique and Schweisguth, 2003; Hirano et al., 2004).
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1.7.2. PKC activation by phosphorylation

PKCs are also regulated by phosphorylation, and in fact all isoforms
specifically require phosphorylation by phospho-inositide-dependent kinase
(PDK) for their activity (Chou et al., 1998; Le Good et al., 1998). In the case of
cPKCs and nPKCs, phosphorylation by PDK at a site in the kinase domain is
required to retain stability and proper folding conformation of the kinase; these
PKCs are also phosphorylated by PDK at a hydrophobic site in a C-terminal
extension domain (Newton, 1995b; Balendran et al., 2000). While aPKCs are
also phosphorylated by PDK at a site in the kinase domain, this phosphorylation
is not specifically required for stability of the enzyme but is a mechanism for
controlling activity of the kinase (Chou et al., 1998; Balendran et al., 2000).
Atypical PKCs also do not possess a hydrophobic residue like the cPKCs and

nPKCs, instead this site is replaced by a glutamic acid (Newton, 1995b).

1.7.3. PKC knock-out studies

The importance of PKCs can be further illustrated when examining the
studies in which various PKC isoforms have been genetically removed. For
example, PKC alpha knock-out mice have been shown to lack LTD in the
cerebellum (Leitges et al., 2004). PKC beta knock-out mice display deficits in
both cued and contextual fear conditioning (Weeber et al., 2000; Sossin, 2007).

PKC gamma knock-out mice have been shown to exhibit some deficits in LTP,
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and its counterpart long term depression (LTD), while also having mild to
moderate impairments in the hidden-platform task of the Morris water maze as
well as in context-dependent fear conditioning (Abeliovich et al., 1993). PKC
epsilon knock-out mice have deficits in pain sensation, ethanol sensitivity, and
ischemic preconditioning (Khasar et al., 1999; Aley et al., 2000; Dina et al.,
2000). PKC theta knock-out mice display impaired activity-dependent synapse
modification at the neuromuscular junction (Li et al., 2004). These studies clearly
point to the important role for PKCs in many functions, especially in terms of

synaptic plasticity, and thus learning and memory.

1.7.4. Additional roles for atypical PKCs

Atypical PKCs have been shown to be critical for a variety of functions.
Cellular examples include embryo polarity, asymmetric cell division, and survival
(Soloff et al., 2004). In vertebrates, two particular aPKC isoforms have been
shown to be responsible for these functions, aPKCz and aPKC lambda: aPKCz
mediates signal transduction in the immune system, whereas aPKC lambda is
critical for early embryogenesis (Soloff et al., 2004). Furthermore, aPKCs are
known to be linked to partitioning-defective proteins (PARs) which are essential
for asymmetric cell division and polarized growth. It is also known that an
additional compound Cdc42-GTP mediates the establishment of cell polarity

(Joberty et al., 2000). The aPKC in C. elegans, PKC-3, co-localizes with PAR-3
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and is also necessary for asymmetric cell division. In addition, PAR-6 also co-
localizes with PAR-3 and PKC-3, and it is PAR-6 which binds to the PB1 domain
of aPKCs to direct cell polarity (Ohno, 2001). Together, these three proteins are
co-dependent upon each other as the loss of one of them leads to the
mislocalization of the others. The interaction between PAR-6, PAR-3, aPKCs,
and Cdc42 is required for the formation or maintenance of tight junctions in

epithelial cells (Joberty et al., 2000).

1.8. Persistent activation of aPKCz in the long term memory trace

Persistent activation of kinases, such as aPKCz, is one mechanism which
makes kinases important for cellular and behavioral forms of long term memory.
By definition, long term memory must somehow persist long after the removal of
the stimuli that initially gave rise to the learning. Therefore, persistent activation is
an attractive candidate to explain how a given memory can persist over time. The
mechanism through which persistent activation of kinases occurs is thought to be
due to the relief of autoinhibition: a kinase can become constitutively active and
relieved of autoinhibition if the regulatory domain is removed or cleaved off. This
has been shown to be true of PKC, and it has been observed that maintenance
of ITF induced by coupling 5-HT and activity requires persistent activity of a

truncated kinase called PKM (Sutton et al., 2004).
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One candidate constitutively active kinase is called PKM zeta (PKMz); a
truncated and persistently active form of aPKCz that lacks the N-terminal
regulatory domain and is therefore free of autoinhibition. PKMz has been widely
implicated in memory processes: in rats, PKMz is the only PKC isoform whose
levels specifically increase and remain elevated during the maintenance phase of
L-LTP (Sacktor et al., 1993). In Drosophila, PKMz enhances performance in an
odor avoidance task (Drier et al., 2002). Furthermore, it has been established
that PKMz is both necessary and sufficient for the maintenance of LTP: Ling and
colleagues (2002) demonstrated that PKMz inhibitors reverse previously
established LTP, whereas other kinase inhibitors, such as CaMKII, do not (Ling
et al., 2002). In order to determine which particular phase of LTP PKMz is
involved in, a cell-permeable aPKC-selective inhibitor named ZIP has been used
to examine how this drug affects synaptic potentiation in various systems. It was
found that in the absence of ZIP, postsynaptic infusion of PKMz caused a
significant potentiation of AMPA receptor responses in rat hippocampal slices. In
addition, it was observed that infusions of ZIP did not block the early expression
of LTP. However, ZIP did reverse L-LTP when applied one, three, and five hours
following tetanization (Serrano et al., 2005). PKMz has also been shown to
specifically establish and maintain long-term increases in the number of active
postsynaptic AMPARSs (Ling et al., 2006). These results suggest that PKMz is

required for the late phase of LTP and not the induction or early to mid-phases; in
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fact it is the only signalling molecule which has been demonstrated as both
necessary and sufficient for maintaining this late phase of LTP.

Regulation of PKMz is also known to be bidirectional. A decrease in
protein phosphorylation is implicated in LTD, a persistent depression of synaptic
responses following low-frequency afferent stimulation in the rat hippocampus
(Mulkey et al., 1993). Accordingly, LTD can be blocked and even reversed by
infusions of phosphatase inhibitors, compounds which prevent dephosphorylation
(Mulkey et al., 1993). Hrabetova and Sacktor (1996) therefore investigated the
role of PKMz in LTP and LTD. It was found that PKMz is down-regulated in the
maintenance of LTD, and that this was reversible by NMDA receptor antagonists
(Hrabetova and Sacktor, 1996). These results suggest that PKMz plays
bidirectional roles in both LTP and LTD.

In addition, PKMz is unique in that it is not generated by proteolysis like
other truncated PKMs. Of the PKMs, PKMz is the only one expressed in the
brain, with a relative profusion in the neocortex and hippocampus (Hernandez et
al., 2003). PKMz is also expressed in the complete absence of PKCz (in PKCz
knock-outs), suggesting that proteolysis is not the mechanism through which
PKMz is formed. Instead, it has been determined that PKMz is translated from its
own separate mRNA, which is transcribed from an internal promoter within the
PKCz gene that is spared in the knock-out (Hernandez et al., 2003). As such, the

formation of PKMz from its own mRNA allows for functional consequences not
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possible through production by proteolysis. For example, Muslimov and
colleagues (2004) have determined that PKMz mRNA is substantially present in
the somatodendritic sections of rat hippocampal neurons. This dendritic
localization of PKMz mRNA is important for various reasons. Firstly, it provides a
potential explanation for the molecular bases of long term consolidation of
information at a synapse: this could occur through a functional integration of local
transduction pathways and the control translational mechanisms (Muslimov et al.,

2004). Secondly, it suggests a possible role for aPKCs in postsynaptic plasticity.

1.8.1. The role of PKMz in vertebrate behavioral memory

In terms of behavioral memory, the past 10 years or so have yielded a
great deal of information regarding the requirement for PKMz (PKMz) in
maintaining the long term memory trace. One of the first, and most compelling,
studies was conducted by Pastalkova et al. (2006): the authors utilized the
experimental strategy of ‘erasure’ to directly asses whether PKMz may be a
molecule essential to the long term memory trace. This strategy posits that
targeted erasure of detectable learning-induced synaptic plasticity should
subsequently induce forgetting (Martin, 2000). It was therefore reasoned that if
PKMz activity is necessary for spatial long-term memory storage, inhibiting its
activity a day after learning should cause retrograde amnesia. To examine this,

the authors trained rats in a hippocampal dependent inhibitory avoidance task.
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Twenty-two hours later the rats were injected with ZIP directly into both
hippocampi. Two hours after the injections, the LTM of the animals was tested:
rats who received ZIP failed to display intact long-term memory for the task. This
observed forgetting was persistent, as the animals also did not display intact LTM
even when tested one week following delivery of the drug. Furthermore, even
remote memory measured at a time point of one month could be erased by ZIP
(Pastalkova et al., 2006).

Follow-up studies from this group have also shown that other forms of
LTM are maintained by PKMz, such as spatial memories tested in the water
maze and the 8-arm radial maze, as well as amygdala dependent classically
conditioned contextual memory and auditory fear conditioning (Serrano et al.,
2008; Migues et al., 2010). Interestingly, this same study found that not all long
term memories are maintained by PKMz: for example, procedural forms of
memory, in addition to imprecise or coarse spatial information, were not erased
by ZIP (Serrano et al., 2008).

To test the role of PKMz in memory storage in the neocortex, Shema et al.
(2007) specifically assessed taste aversion memory, which is known to be stored
in the insular cortex. In this paradigm, rats are presented with a novel taste which
is then paired with an injection of lithium, thus rendering the animal ill. A single
training trial is sufficient for the animals to learn to avoid this novel taste,

producing a long-term memory that can last for up to several weeks. Injections of
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ZIP into the insular cortex were similarly able to permanently erase the aversion
memory, when the drug was injected from three to 25 days following training.
Furthermore, the memory did not return up to one month following the injections,
even when the authors attempted to reactivate the memory (Shema et al., 2007).
A more recent study from this group has shown that ZIP can even erase the
insular cortex memory at three months following training, but it does not affect the
initial encoding of the memory trace or its initial short-term recall (Shema et al.,

2009).

1.8.2. The role of PKMz in synaptic tagging

PKMz has also been implicated in synaptic tagging as a PRP. PKMz
presents an interesting candidate as a PRP due to the previously discussed
results in addition to the finding that it is only synthesized following strong
stimulation and not weak tetanisation (Osten et al., 1996). Accordingly, the role of
PKMz as a PRP in synaptic tagging has been studied. To do this, Sajikumar and
colleagues (2005) positioned electrodes in the stratum radiatum of the CA1
region in rat hippocampal slice preparations for stimulation of two separate
independent synaptic inputs, S1 and S2. The authors then induced L-LTP in
synaptic input S1 by applying three stimulation trains of 100 pulses at 100 Hz,
and E-LTP in synaptic input S2 by one 100 Hz train of 21 pulses: 30 minutes later

the PKMz inhibitor ZIP was applied to both inputs. The induction protocols
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displayed synaptic tagging: the L-LTP in S1 was able to transform the E-LTP in
S2 to L-LTP, lasting up to 8 hours. However, following the application of ZIP, the
L-LTP in S1 was reversed to baseline, and the potentiation in S2 also returned to
pre-stimulation levels: ZIP was able to block the persistence of the potentiation
following synaptic tagging (Sajikumar et al., 2005). The effect of PKMz was
specific to the tagged synapses, because ZIP had no effect on an independent
non-tetanized pathway. Furthermore, the effect of PKMz was also restricted to
the late phase of LTP acquired by S2 following synaptic tagging due to the
observation that application of ZIP 60 minutes after the E-LTP had no effect on
its time course (Sajikumar et al., 2005).

It was also shown that PKMz is not involved in the maintenance of L-LTD;
as such, the authors sought to examine the role of PKMz in cross-tagging: can
elongation of a cross-tagged weakly depressed synapse by strong LTP transform
it into an L-LTD mediated by PKMz? This did not seem to be the case, as ZIP
specifically reversed L-LTP but was unable to prevent the long-lasting depression
at the weakly stimulated, cross-tagged LTD synaptic input pathway (Sajikumar et
al., 2005). This study therefore demonstrates that PKMz is indeed a PRP, which
is LTP-specific and necessary for the transformation of early into late LTP during
both synaptic tagging and cross-tagging (Sajikumar et al., 2005; Frey et al.,

2008).
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1.8.3. Additional roles for PKMz

More recent studies have investigated the role of PKMz in less traditional
forms of memory: specifically in neuropathic pain and drug reward memory. Li et
al. (2010) hypothesized that maintenance of synaptic plasticity may also underlie
the persistence of pathological pain conditions. The anterior cingulate cortex
(ACC) is a key brain region involved in chronic pain, and PKMz is a molecule
implicated in the maintenance of long term memory, therefore they sought to
investigate whether PKMz is involved in chronic pain in the ACC. Peripheral
nerve injury was induced in mice and levels of PKMz were subsequently
analyzed in the ACC, hippocampus, and spinal cord: it was found that PKM
levels were increased only in the ACC three days after nerve injury. It was also
found that PKMz levels were still elevated when nerve injury was measured
seven to 14 days later. Furthermore, bilateral injections of ZIP into the ACC three
and seven days following nerve injury produced analgesic effects, suggesting
that neurons in the ACC are involved in neuropathic pain and these neurons
undergo enhanced excitatory synaptic transmission that is maintained by PKMz
activity (Li et al., 2010).

The role of PKMz in maintaining drug reward memory has also recently
been investigated. It has been shown that Pavlovian conditioning plays a role in
drug addiction, as drug cravings can be induced by environmental cues

previously associated with intake of a certain drug (Ciccocioppo et al., 2004).
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However, the mechanisms which underlie the maintenance of drug cue
memories are presently unknown. In order to test whether PKMz is implicated in
the persistence of drug reward memory, Li et al. (2011) trained rats in a drug
conditioned place preference procedure where a specific context is paired with
administration of either cocaine or morphine. The rats were then tested for
preference of the context previously paired with the drug, and levels of PKMz
activity were analyzed in the nucleus accumbens, a brain region previously
implicated in cue-induced drug seeking in rats (Crombag et al., 2008). It was
found that PKMz activity specifically in the nucleus accumbens core is required
for the maintenance of the drug cue memories. Furthermore, the results also
showed that PKMz maintained these memories by inhibiting GluA2-dependent

AMPAR endocytosis (Li et al., 2011).

1.8.4. Overexpression of PKMz improves memory performance

Finally, one of the most compelling pieces of research which confirms the
role of PKMz in long term memory maintenance utilized a technique that did not
involve inhibiting the kinase and examining any resulting memory deficit; instead,
the authors overexpressed PKMz in the rat neocortex using a lentivirus system
(Shema et al., 2011). As previously discussed, this group has shown that long
term memory of conditioned taste aversion is maintained by PKMz and can be

erased by injections of ZIP into the insular cortex. Subsequently, the authors
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sought to examine the effect of modulating the level of PKMz in the insular cortex
by infecting this region with a lentivirus encoding either PKMz or a dominant
negative PKMz. It was found that overexpression of PKMz was able to enhance
long term memory for conditioned taste aversion, including memories that were
formed before the enzyme was overexpressed. In contrast, overexpression of the
dominant negative significantly disrupted the long term memory (Shema et al.,
2011). These findings represent an important contribution supporting the role for

PKMz as a molecular long term memory trace.

1.9. PKMz in Aplysia: PKM Apl Il

While little is known about the role for PKMz in Aplysia, it has been
recently implicated in maintaining LTM as well as long term synaptic plasticity in
this system. As previously mentioned, a 10 minute application of 5-HT to the
postsynaptic motor neuron produces a long term enhancement of the glutamate-
evoked potential (Glu-EP) that is dependent on PKC for its induction (Chitwood et
al., 2001; Villareal et al., 2007). Interestingly, it was found that chelerythrine, a
kinase inhibitor that is specific to the atypical PKC Apl Il at low concentrations, is
able to block the long term maintenance of the Glu-EP. In contrast, applications
of bisindolylmaleimide-1 (Bis), an inhibitor with greater selectivity for the
conventional and novel isoforms of PKC, did not block the maintenance of the

Glu-EP (Villareal et al., 2009). Maintenance of the Glu-EP was also found to be
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dependent on the activity of calpain, an intracellular protease which cleaves PKC,
but was not dependent on de novo protein synthesis (Villareal et al., 2009).
Taken together, these results suggest that the long term maintenance of the Glu-
EP is dependent upon a constitutively active PKM fragment that is formed by
calpain cleavage of the full length atypical PKC Apl IIl.

Sensitization of the siphon-withdrawal reflex (SWR) in Aplysiais a form of
LTM, referred to as long term sensitization (LTS), and this form of behavioral
memory has also been linked to a persistently active PKM. As discussed earlier,
the synaptic plasticity which underlies this behaviour is a LTF of the sensory to
motor synapse mediated by 5-HT (Frost et al., 1985). Using similar inhibitor
techniques as the mammalian studies, Cai et al. (2011) wanted to examine the
role of PKMz in Aplysia, PKM Apl lll, in maintaining both the behavioral LTS and
synaptic LTF. It was found that inhibiting PKM Apl Il with ZIP, as well as
chelerythrine at low concentrations that are known to be specific for PKM Apl Ili
(Villareal et al., 2009), was able to block both the maintenance of LTS as well as
the maintenance of the LTF (Cai et al., 2011). These results not only support a
conserved role for PKMs in Aplysia, but further demonstrate that mammalian and
invertebrate systems share many of the same molecular and cellular components

of the long term memory trace.

1.10. Main objectives of the current project
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Accordingly, it can be appreciated that there exists a need to further
elucidate the role of PKCz and PKMz in synaptic plasticity: PKMz is a strong
candidate for a molecular mechanism underlying the long term memory trace, in
both vertebrates and invertebrates. Aplysia represents a powerful model system
in order to study the reduced but evolutionarily conserved forms of synaptic
plasticity, in contrast to the significantly more complex mammalian model
systems. As such, the first main objective of the current project was to clone and
characterize the atypical PKCz orthologue in Aplysia, PKC Apl Ill, as very little
was known about the role for this kinase in Aplysia. Furthermore, the second
main objective was to determine if and how a PKM Apl Il is formed in Aplysia

and what role it may play in synaptic plasticity.
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Figure Legends

Figure 1.1. Structure and activation patterns of PKCs. PKC molecules consist of
an amino terminal regulatory subunit N-terminal (N) and a carboxy terminal
catalytic subunit C-terminal (C), which are both joined by a hinge domain linking
region. Conventional PKCs have two C1 domains which bind diacylglycerol
(DAG), as well as a C2 domain that binds calcium. Novel PKCs have a ‘novel’ C2
domain that does not bind calcium, and two C1 domains that also bind DAG.
Atypical PKCs have a single “atypical’ C1 domain that does not bind DAG or
other phorbol esters. aPKCs lack a C2 domain and have instead a PB1 domain

important for protein-protein interactions.
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CHAPTER TWO

Methodology
This chapter describes the materials and methods used in the experiments

throughout the following chapters three and four.

2.1. Animals

Aplysia californica (75-125g) were obtained from Marine Specimens
Unlimited (Pacific Palisades, CA), and the Mariculture Facility of the University of
Miami (Miami, FL). The animals were then maintained in a salt water aquarium
until experimentation. The majority of the animals used in the following

experiments were from the Miami facility.

2.2. Generation of DNA plasmid constructs

After sections of the sequence of PKC Apl Il were elucidated by
degenerate (polymerase chain reaction) PCR, 5" and 3' RACE, primers were
generated with BamHI| and EcoR1 sites at the end to amplify the full length
sequence of PKC Apl lll using PCR, and the amplified fragment was inserted into
the BBACHis2 vector at BamHI and EcoR1 sites. Two independent PCRs were
sequenced for the reference supplied to Genbank. A PKC Apl Il (No Splice) was

generated by amplifying a region surrounding the splice site from gill mMRNA and
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inserting it into the unique sites Nde | and Aat Il in the BBACHis2-PKC Apl IlI
construct. In this vector, a kinase dead form was made mutating lysine 297 to
arginine using overlap PCR (K297-R). A PKM version of PKC Apl Ill was also
constructed using a primer beginning in front of the splice sites. To generate
mRFP —tagged PKC Apl llIs in pNEX 3, all constructs were excised from the
BBACHis2 vector with Bam HI and Hind lll; the sites were then filled in with
Klenow and inserted into pNEX3-mRFP cut with Sal I.

The kinase dead PKC Apl Ill D-A and PKM Apl Ill D-A were made by
mutating the aspartic acid 392 in PKC Apl Il to alanine using overlap PCR
(D392-A). To make the CFP-PKC Apl llI-YFP and CFP-PKC Apl Ill D392A-YFP
constructs, cyan fluorescent protein (eCFP) was amplified by PCR using primers
containing Sphl and Xhol sites. The product of this amplification was then cut
with Sphl and Xhol and used to replace the mRFP from the aforementioned
pNEX-3-mRFP-PKC Apl Il construct, and cut with these same enzymes. Yellow
fluorescent protein (eYFP) was then amplified by PCR using primers containing
Nco and Blp1 sites with the nucleotides encoding a putative PDZ binding domain
(MSMEDCYV) added on at the 3’end. The product of this amplification was then
cut with Nco and Esp1 and ligated to the pNEX-3-eCFP-PKC Apl Il vector.
Baculovirus expression constructs were generated using the Invitrogen Bac-to-

Bac cloning system according to the manufacturer's instructions.

62



The pNEX-3-dsRED VAMP construct used in the synaptic co-culture
experiments was made by cutting the VAMP protein sequence from a pNEX-3-
dsred-VAMP (Houeland et al., 2007) with Nhe and Xmag3, and then ligating this

section into the pNEX-3-dsRED plasmid.

2.3. Protein Purification

SF9 cells in suspension were infected with baculovirus constructs. Three
days after infection, His-tagged protein was purified using Invitrogen Pro- bond
His-Affinity resin (Invitrogen), in modified purification buffer (20 mM HEPES pH
7.5, 10 mM MgCI2, 1mM DTT, 100mM KCI, 10% glycerol; For calpains: 20 mM
HEPES pH 7.5, 1mM EDTA, 1mM DTT, 100mM KCI, 10% glycerol). Proteins
were eluted in elution buffer (identical to purification buffer but with 0.25M
Imidazole), DTT was added to a final concentration of 10mM, and the sample

was concentrated and stored at -80 °C.

2.4. Antibodies

The following peptides were synthesized (Invitrogen) for antibody
production and purification: N-terminal VTNTKNDVKYPDGFC-amide; C-terminal,
FEYVNPLLMSEDCV-COOH; Splice, CEDHFVDAESFMTAK-amide (Research
Genetics). For the phospho-specific antibody, the phospo KPGDTTG[pT]FC-

amide and corresponding non-phosphorylated peptide were synthesized (Quality

63



controlled biochemicals; QCB). Peptides were coupled to BSA-Maleimide and
Sulfo-link (Pierce) according to manufacturer’s instruction. For the Splice
antibody, cysteines was added to the sequence at the N-terminal, but for the
other antibodies cysteines in the coding sequence were used. After conjugation
to BSA-Maleimide, rabbits were injected with the adjuvant Titer-max and after
three boosts the final serum was affinity purified on Sulfo-link columns. For the
phospho-specific antibody, the serum was first absorbed on a column containing
the non-phosphorylated protein and the eluate was affinity purified on the
phospho-specific column. The antibodies that were used for the subsequent
experiments are as follows: a C-terminal antibody (Ab) at a 1:1500 concentration,
N-terminal Ab at a 1:1500 concentration, splice Ab at a 1:1500 concentration,
and a phospho-specific Ab at a 1:400 concentration. In addition, a fluorescein
isothiocyanate (FITC)-goat anti-rabbit green secondary antibody (Zymed), used
at a 1:40 concentration was used in order to visualize the primary antibodies. In
addition, an Alexa-647 anti-goat anti-rabbit far red secondary (Invitrogen) was

used at a concentration of 1:200 in order to visualize the primary antibodies.

2.5. In vitro calpain assays
PKC Apl Il was purified from baculovirus as above. Purified PKC Apl IlI
was then incubated with purified calpain-1 (Calbiochem) at varying

concentrations for 30 min at 30°C, along with 5x Buffer (2M CaCl,, 500mM
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cystein, 1M imidazole). Samples were then loaded onto an SDS-Page gel and
either stained with Coomassie or transferred to a nitrocellulose membrane for
Western Blot analysis with antibodies to PKC Apl 11l

For the experiments comparing the double tagged or untagged PKC Apl lli
calpain-1 purified from porcine erythrocytes (Calbiochem) was incubated with
Aplysia PKC Apl 11l with or without CFP and YFP tags for 30 minutes at 30
degrees C in calpain activation buffer (final concentrations: 5mM L-cysteine,
100mM Imidazole, 5mM calcium). Reaction products were then subjected to
SDS-PAGE followed by transfer to nitrocellulose membrane and probed with a
mouse monoclonal antibody to the His-tag (Invitrogen). Cleavage was quantified

as the loss of the full-length protein.

2.6. Aplysia cell culture and DNA plasmid microinjection

Aplysia dissociated sensory and motor neuron cultures were prepared
according to the protocol outlined in (Zhao et al., 2006), with slight modifications.
The ganglia were proteased and digested in a dispase containing solution for
either 2 hours and 5 minutes at 37°C, or at 19°C for 18-19 hours.

Individual neurons were pulled from de-sheathed pleural (for sensory
neurons) or abdominal ganglia (for LFS motor neurons) and isolated in L15
media (Sigma) containing 25-50% Aplysia hemolymph and plated on coverslips

pretreated with poly-I-lysine (BD Biosciences). The cells were then left to attach
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to the coverslips for a two day period prior to injection. The sensory to motor
neuron co-cultures were prepared as outlined in (Montarolo et al., 1986): briefly,
in order to promote synapse formation, the sensory neurons and motor neurons
were plated with the processes of the sensory neuron in contact with the axon
hillock of the motor neuron.

Solutions of the construct of interest at various concentrations were
prepared in filtered double-distilled water and 0.5 % fast green dye. The solutions
were loaded into glass micropipettes, and the tip of the micropipette was then
inserted into the cell nucleus. Short pressure pulses were delivered until the
nucleus became uniformly green. Following injection, the cells were kept at 19°C
and treatment with various reagents was performed one to three days post
injection. The cells were then fixed and stained for immunocytochemistry or were

imaged live for the Férster Resonance Energy Transfer (FRET) experiments.

2.7. Immuocytochemistry

Following treatment with the reagents, the cells were fixed for 30 minutes
in 4% paraformaldehyde in 30% sucrose, 1 X PBS. In order to permeabilize the
cells, they were washed in 0.1% Triton X-100 in 30% sucrose, 1 X PBS for 10-15
minutes. The cells were then washed three times in 1 X PBS, and washed again
in NH4Cl for 15 minutes to quench free aldehydes. Prior to addition of the

antibodies, the cells were blocked for 30 minutes in 10% normal goat serum in
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0.5% Triton X-100, 1 X PBS. Samples were then incubated with various primary
antibodies diluted in the blocking solution for one hour, washed four times with 1
X PBS, and then treated in the dark with a secondary green fluorescent antibody;
FITC-Goat Anti-Rabbit 1IgG (Zymed Laboratories) at a concentration of 1:40
diluted in the blocking solution. Cells were washed again in 1 X PBS, and finally
mounted on slides using Dako fluorescent mounting media (DakoCytomation,

Denmark).

2.8. SF9 cell culture

The SF9 cells were purchased from Sigma-Aldrich (Sigma-Aldrich,
Oakville, Ontario, Canada). SF9 cells were grown in Grace’s medium (Invitrogen,
Burlington, Ontario, Canada) supplemented with 10% fetal bovine serum
(Cansera, Etobicoke, Ontario, Canada) as a monolayer at 27°C. For transfection,
cells were plated on MatTek glass bottom culture dishes (MatTek Corporation,
Ashland, MA) with a glass surface of 14 mm and a coverslip thickness of 1.5 mm.
Cells were transfected using the Cellfectin reagent (Invitrogen, Burlington,
Ontario, Canada) following the recommendation of the manufacturer (Zhao et al.,

2006).
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2.9. Determination of specific activity

The CFP-YFP, wild-type (WT), and kinase dead kinases were purified
from SF9 cells infected with baculovirus encoding the different PKC isoforms as
described above. Kinase assays utilizing radioactive 32P-ATP were performed as
described (Lim and Sossin, 2006), with serial dilutions of the enzymes to assure
the assay was in the linear range. All the constructs contained an HA tag and the
relative amount of enzyme was quantified by immunoblotting a serial dilution of
enzymes from the same aliquot of purified enzyme used in the enzyme assay
with the HA antibody. All values were normalized to the WT PKC Apl IlI
measured in that experiment. Specific activity was determined by dividing the

activity by the amount of enzyme.

2.10. FRET imaging and quantification

Twenty-four hours following DNA microinjection, the cells were imaged
using a Zeiss fluorescent microscope. Images of cells expressing CFP alone and
YFP alone were taken as control measures for background subtraction. Each cell
was imaged in the CFP, YFP, and FRET channels where exposure times were
kept constant for all groups within each experiment. For the isolated motor
neuron experiments where CFP-PKC Apl llI-YFP was expressed at low levels,
the FRET channel exposure times were doubled in order to yield visible FRET

levels for quantification. While this strategy gives an inaccurate value for the
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FRET ratio, it does not affect our ability to detect changes in the FRET signal
over time. Axio-Vision Zeiss software was used to quantify the images, where
CFP was assigned channel 1, YFP was assigned channel 2, and FRET was
assigned channel 3. The FRET Xia formula was used in order to subtract spectral
bleed-through from cyan and yellow channels (Xia and Liu, 2001). The end result
is a FRET ratio ranging from 0-1, with a corresponding color coded FRET ratio
map where lower levels of FRET are assigned cooler colors and higher levels of
FRET are assigned warmer colors. The color coding scale can be changed within
experiments to produce more visible maps and is marked on the left of each
FRET map.

To determine changes induced by 5-HT, the FRET maps were converted
to a grey scale image and coded so that the measurer was unaware of the
treatment, or the time (pre versus post) for the image. NIH image was then used
to outline a large region of interest in the process and this area was measured in
both the pre and post image. The fold-change in signal was then calculated
(post/pre). In most cases multiple pictures of each cell (2-3) and multiple regions
of interest (2-3) were chosen and the average of the fold-changes was used to

measure the 5-HT induced change in FRET for each treated cell.

2.11. Confocal microscopy and image quantification
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Neurons expressing the mRFP, eCFP, or CFP-YFP constructs were
imaged using a 510 or 710 Zeiss laser scanning confocal microscope, and
pictures were captured using the 40X objective at the middle of the cell where the
nucleus was as well defined as possible. Within each experiment the same laser
power was used for all groups, unless otherwise described. Pictures were then
opened in the IP Lab (BD Biosciences) analysis program, and the perimeter of
the cell was either identified automatically (high expressing cells) or manually
outlined (lower expressing cells). The density of concentric rings one pixel in
width from the perimeter to the center of the cell body was measured as
described (Zhao et al., 2006; Nagakura et al., 2008). The cytoplasm was defined
as between 10-20 pixels inward from the perimeter while the last five inward
pixels were defined as the nucleus. While the procedure was automated, visual
inspection of all cells confirmed that these regions corresponded to the cytoplasm
and nucleus of each cells. Fluorescence ratios were then calculated. For
normalized ratios, the nuclear/cytoplasmic ratio was divided by the average
nuclear/cytoplasmic ratio of control cells. When comparing mRFP expression or
FRET levels between treatments, all values were normalized by dividing by the
average fluorescence level (or FRET value) of the control cells from that
experiment. These normalized values were then summated from the different

experiments.
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CHAPTER THREE
The atypical Protein Kinase C in Aplysia can form a Protein Kinase M

by cleavage

3.1. Introduction

Experience induced changes in the strength of synapses are thought to be
the biochemical mechanism underlying behavioral forms of learning and memory.
At the cellular level, multiple memory traces are formed after experiences that
last for different amounts of time (Sossin, 2008a). An attractive model to study
these memory traces is the sensory-motor neuron synapse of Aplysia californica.
Increases in the strength of this synaptic connection occur after learning and
contribute to the memory of behavioral sensitization (Kandel, 2001). Moreover,
these increases can be recapitulated in sensory-motor neuron cultures after
addition of 5-HT (Montarolo et al., 1986), the same transmitter used in behavioral
sensitization (Glanzman et al., 1989).

PKCs play major roles in both the induction and the maintenance of
molecular traces (Sossin, 2007).The two phorbol ester-activated PKC isoforms,
the conventional PKC Apl | and the novel PKC Apl Il play different roles in
different memory processes. 5-HT translocates PKC Apl Il at sensory-motor

neuron synapses and this activation is important for the ability of 5-HT to reverse
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synaptic depression, a process linked to behavioral dishabituation (Manseau et
al., 2001; Zhao et al., 2006). 5-HT alone does not translocate PKC Apl | in
sensory neurons, however, coupling 5-HT and activity results in translocation of
PKC Apl | in sensory neurons. Also, PKC Apl | activity, but not PKC Apl I, is
important for the induction phase of activity dependent ITF in sensory neurons,
which is a process linked to site-specific conditioning in Aplysia (Sutton et al.,
2001; Zhao et al., 2006). PKC Apl I, but not PKC Apl Il, has also been implicated
in operant conditioning in B51 cells (Lorenzini et al., 1996).

Persistent activation of protein kinases is important for the maintenance of
molecular traces that last for longer periods of time, in both Aplysia and
vertebrates. In Aplysia, persistent activation of PKC is implicated in the ITF that is
seen after coupling 5-HT and activity (Sutton et al., 2001). In vertebrates, a
persistently active form of aPKC zeta (PKCz), PKMz, is necessary and sufficient
for the maintenance phase of LTP, and an inhibitor of PKMz is able to reverses /in
vivo LTP and produce persistent loss of behavioral memory at time points where
the memories are assumed to be consolidated (Ling et al., 2002; Serrano et al.,
2005; Pastalkova et al., 2006; Shema et al., 2007; Sacktor et al., 2008; Serrano
et al., 2008; Shema et al., 2011). Furthermore, PKMz is generated by translation
of a unigue mRNA whose transcription starts in an intron of PKCz (Hernandez et

al., 2003).
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3.2. Results

3.2.1. Cloning of PKC Apl IlI

We cloned the full-length sequence of the atypical PKC from Aplysia,
using degenerate PCR and RACE, which will now be referred to as PKC Apl llI,
in order to study its role in synaptic plasticity. Examination of the trace archives of
the Aplysia genome and available cDNA repositories did not indicate the
presence of additional atypical PKCs. Like all atypical PKCs, PKC Apl Ill has a
PB1 domain followed by the pseudosubstrate, an atypical C1 domain, a hinge
domain and the kinase domain, and all of these domains are highly conserved
(Fig. 3.1.A). Using the genome trace archive we have defined the exons of PKC
Apl lll, and the exon-intron usage is also highly conserved with vertebrate PKCs
with a few exceptions (Fig. 3.1.B). Interestingly, one unique feature of PKC Apl llI
is the presence of two alternatively spliced exons in the hinge domain (Fig.

3.1.B).

3.2.2. Is there an alternative mMRNA encoding PKMz in Aplysia?

In vertebrates, there is an alternative transcriptional start site between
exons 4 and 5 that generates an mRNA that encodes PKMz. Using 5 RACE, we
were unable to detect any mRNAs containing an alternative start site. In

vertebrates, there are two forms of atypical PKC, PKCz and PKCi, but only PKCz
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has a transcriptional start site between exons 4 and 5. A strong evolutionary
constraint for the alternative transcript is the initiating methionine for PKMz.
Indeed, the initiating methionine, present at the end of exon 5, is present in all
vertebrate orthologues of PKCz, even in primitive fishes such as Tefraodon, but
is not present in any PKCi (Fig. 3.1.C). Moreover, examining the atypical PKCs in
the deuterostome lineages that diverged before vertebrates, where only one
atypical PKC is present, the methionine is also absent, suggesting this
methionine originated after the duplication into distinct PKCz and PKCi isoforms.
The methionine is also absent in invertebrate atypical PKCs, including PKC Apl
Il (Fig. 3.1.C).

Another feature of the presence of the alternative start site is homology in
the intron, both due to the transcriptional promoter and the sequence of the
5’'UTR. Unlike the long intron present in vertebrate PKCs, the intron in Aplysia
between exons 4 and 5 is only 440 base pairs long. We looked for homology in
this intron from PKC Apl Ill to vertebrate PKCs and no significant homology was
detected. We also examined the intron between exon 4 and exon 5 in the
genomic region of the more-closely related mollusk Loffia. Again, no homologous
region was found in the intron. In contrast, homology was seen between primitive
fishes, mice and human in this region ((Hernandez et al., 2003); data not shown).

There has been some discussion of an atypical PKM in Drosophila (Drier

et al., 2002).The intron/exon boundaries of the critical exons around the
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transcriptional start site are conserved in Drosophila. Examination of the
Drosophila database does show evidence for alternative transcriptional start sites
in an intron of the Drosophila atypical PKC, and these are all in the intron
preceding the equivalent of exon 4, not between the equivalent of exons 4 and 5.
These transcripts encode proteins with an initiating methionine before the
pseudosubstrate sequence, indicating that they may not encode PKMs. It is
conceivable that these methionines are skipped and that these transcripts do
encode an atypical PKM, but this would be an example of convergent evolution
due to a new transcriptional start site and a new initiating methionine, not
conservation of an ancient transcript.

While it is difficult to prove the absence of a molecule, based on
bioinformatics analysis of a number of genomes, it is unlikely that the formation of
a PKM form of the atypical PKC by an alternative start site is conserved in
invertebrates. Instead, it appears likely that it arose during the duplication of

atypical PKCs in the early vertebrate lineage.

3.2.3. PKC Apl lll contains two alternatively spliced inserts in the hinge domain
that are enriched in the nervous system

While cloning PKC Apl Il we noted that there were two alternative exons
not present in all transcripts (Fig. 3.2.A). To determine the abundance of

messages that contained inserts we took advantage of restriction sites present in
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each exon (Fig. 3.2). We amplified a fragment of PKC Apl Il using PCR from
either nervous system, gill, or ovotestis. We then cut these fragments with Taq |
to identify fragments containing exon 8A, Fok | to identify fragments containing
8B and Bgl Il to confirm the identity of the amplified fragment. All fragments cut
completely with Bgl Il to confirm amplification of PKC Apl Il in all tissues. In the
gill, there was no detectable cleavage with Fok, and Taq | cut only in the non-
spliced region suggesting minimal inclusion of these exons in the gill. In
ovotestis, there was no detectable cleavage with Fok |, but about 50% of the
amplified fragments cut with Taq |, suggesting partial inclusion of exon 8A. In the
nervous system, a high percentage of the fragments cut with both Fok | and Taq |
signifying that most fragments contain both exons. This was confirmed by
sequencing multiple amplifications demonstrating clones contain 8A alone, 8B
alone or both 8A and 8B. The inclusion of exons specifically in the nervous
system fragment can also be seen by the larger size of the lower Bgl Il fragment
in the nervous system digest (Fig. 3.2.B).

To confirm that the protein encoded by these exons was produced, we
raised three antibodies to PKC Apl lll: one to the Carboxy-terminal (C-terminal),
one to the PB1 domain (N-terminal) and one specific to exon 8B (Splice), and
compared immunoreactivity between the nervous system and the gill. The
antibody to the C-terminal recognized a major band of approximately 70 kD in the

nervous system, while the major immunoreactive band in the gill migrated faster
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at approximately 67 kD. Similar bands were seen with the N-terminal antibody.
The Splice antibody recognized only the higher molecular weight species and
moreover, its relative intensity was much higher in the nervous system than the
gill. This confirms the enrichment of the isoform with the splice sites in the
nervous system. While the PCR results did not detect PKC Apl Il with inserts in
the gill, the antibody to the splice site did recognize a protein with the splice site.
This may be due to better sensitivity of the immuoblots, or nervous system

processes innervating the gill containing the larger isoform of PKC Apl 1.

3.2.4. Overexpression of PKC Apl lll in Aplysia sensory neurons induces
cleavage of PKC Apl lli

We generated a tagged form of PKC Apl Il by creating a plasmid
encoding monomeric Red Fluorescent Protein (mRFP) fused to the N-terminal of
PKC Apl lll, mRFP-PKC Apl Ill. We have previously generated similar fusions for
PKC Apl | and PKC Apl Il that retain biological activity (Manseau et al., 2001) .
We initially expressed this construct in SF9 cells, and this construct was shown to
be expressed in the cytoplasm, but was not translocated to membranes by DOG
or phorbol esters (Fig. 3.3.A; data not shown). In similar experiments both PKC
Apl | and PKC Apl Il were translocated (Zhao et al., 2006; Farah et al., 2008).
The lack of PKC Apl Il translocation was expected as the atypical C1 domain of

these PKCs does not bind DAG or phorbol esters (Chen, 1993).
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mRFP-PKC Apl Ill was next overexpressed in cultured Aplysia sensory
neurons. Unlike SF9 cells, confocal images revealed that mRFP is strongly
expressed in the nucleus as well as the cytoplasm in sensory neurons (Fig.
3.3.B) This is a surprising result, as mRFP is not seen in the nucleus when
similarly tagged versions of PKC Apl | or PKC Apl Il are overexpressed (Zhao et
al., 2006), and Fig. 3.3.B). Additionally, under live imaging conditions, mRFP-
PKC Apl IlI still expresses in the nucleus of sensory neurons, signifying that the
nuclear expression is not simply due to an effect of cell fixation (data not shown).

We then immunostained cells expressing mRFP-PKC Apl Ill using the
antibody to the C-terminal. Surprisingly, staining with the antibody was not
enriched in the nucleus similar to the mRFP, suggesting separation of the N-
terminal containing mRFP and the C-terminal recognized by the antibody,
presumably by endoproteolytic cleavage (Fig. 3.3.C & 3.3. D). The difference
between mRFP staining and antibody staining was not due to recognition of the
endogenous protein by the antibody, since at the laser power used for these
images, no staining was observed in un-injected cells (Fig. 3.3.D). We were
concerned that during cloning, we may have introduced a cleavage site between
mRFP and PKC Apl Ill, and to rule this out, immunostained with the N-terminal
antibody. This antibody showed significantly more staining in the nucleus,
inconsistent with cleavage in the linker between mRFP and PKC Apl lll, but

consistent with cleavage somewhere after the PB1 domain (Fig. 3.3.E and 3.3.F).
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We next examined endogenous staining of PKC Apl Il using higher laser power.
The staining resembled mRFP staining being distributed equally between the
cytoplasm and the nucleus (Fig. 3.3.D). Thus, it appears that in Aplysia sensory
neurons but not SF9 cells, PKC Apl Il can localize to the nucleus. Moreover,
when expressed at high levels, PKC Apl Il is cleaved with the N-terminal
continuing to localize to both the nucleus and the cytoplasm, but with the C-
terminal restricted to the cytoplasm. This is consistent with the signals for nuclear
shuttling being present in the N-terminal region. Thus, after cleavage the C-
terminal fragment redistributes into the cytoplasm while the N-terminal fragment

continues to shuttle between the cytoplasm and the nucleus (Fig. 3.4).

3.2.5. Cleavage is more efficient with the splice inserts

Upon further examination, we found that the putative cleavage is sensitive
to levels of PKC Apl IlI: diluting the concentration of injected mRFP-PKC Apl Il
DNA revealed that the lower expressing cells show no differences between
mRFP staining and staining with an antibody to the C-terminus (Fig. 3.4). Indeed,
both are now equally distributed between the cytoplasm and the nucleus. To
quantitate cleavage, we used the nuclear/cytoplasmic ratio of
immunofluorescence with the C-terminal antibody, reasoning that after cleavage
the cytoplasmic region no longer localizes to the nucleus (Fig. 3.4). At low levels

of expression the staining with the antibody and mRFP were similar leading to a
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ratio near to 1. At high levels of expression, immunostaining in the nucleus
greatly decreased leading to a ratio close to 0.3 (Fig. 3.4). There is a fairly steep
relationship between the level of overexpression and cleavage: no cleavage is
observed at low levels of expression, and almost complete cleavage is seen as
MRFP levels increase over a 2- 4 fold levels of expression (Fig. 3.4).

The splice inserts are in the hinge domain and may affect cleavage. Thus,
we generated an mRFP-PKC Apl Il lacking the splice inserts (No-Splice) and
compared the amount of cleavage by comparing the nuclear/cytoplasmic ratio of
the two constructs (Fig. 3.5.A, 3.5.B). Splicing does not affect expression of
mRFP in the nucleus and is not required for cleavage as at high levels of mMRFP-
PKC Apl Il expression: there is no difference in the nuclear/cytoplasmic ratio
(Fig. 3.5.C). Similarly, at low levels of expression neither mRFP-PKC Apl Ill is
cleaved. However, at intermediate levels of expression there is a significant
difference in the nuclear/cytoplasmic ratio of mMRFP-PKC Apl Ill and mRFP-PKC
Apl 11l (No-Splice), suggesting that the splice sites increase the rate or efficiency
of cleavage (Fig 3.5.B; values of individual cells in 3.5.A; overall data in 3.5.C).
Importantly, in this intermediate stage, the levels of expression of the two

constructs were not different (Fig. 3.5.D).

3.2.6. Cleavage is sensitive to inhibitors of calpain
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Cleavage of PKC to a PKM is often mediated by calpain (Pontremoli et al.,
1990; Sessoms, 1992).To determine if the cleavage induced by overexpression
was also mediated by calpain, sensory neurons were injected with a high
concentration (0.3 pg/pl) of the mRFP-PKC Apl Ill. One hour post injection, cells
were treated with either Calpain Inhibitor V (100 uM), a cell-permeable,
irreversible, non-specific inhibitor of calpains, or a vehicle solution. The cells were
left to express over-night in their respective solutions, and were then fixed the
next day for immunocytochemistry. As indicated in Figure 3.6, the calpain
inhibitor was able to significantly block the overexpression induced cleavage of
mRFP-PKC Apl Ill. This can be seen in the significantly higher green
nuclear/cytoplasmic ratio when compared to the vehicle condition. Similar results
were also seen using calpeptin, where the inhibitor was replenished in
applications every hour as the drug is reversible (data not shown). In contrast, no
inhibition of cleavage was seen with caspases inhibitors (data not shown). While
levels of calcium are relatively low in resting sensory neurons, calpain activity has
been detected in Aplysia neurons without stimulation in previous studies (Gitler

and Spira, 1998; Khoutorsky and Spira, 2008).

3.2.7. PKC Apl Il splice inserts provide a site for cleavage by calpain /in vifro
To determine directly if PKC Apl Il cleavage by calpain was regulated by

the splice inserts, we purified PKC Apl Il with the splice inserts (Wild-Type) and
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PKC Apl 1l without the splice inserts (No-Splice) from SF9 cells infected with
baculovirus encoding these isoforms, and subsequently performed /n vitro
cleavage reactions with purified calpain. While the PKC Apl Ill No-Splice is still
cleaved by calpain, the splice inserts provide for more efficient cleavage (Fig.
3.7). This is consistent with the results in intact cells where the isoform without
the splice sites is cleaved, but less efficiently. Notably, the pattern of cleavage
seen by Coomassie staining indicated that the major cleavage site was different
in the kinase with the splice inserts: the major band seen after cleaving PKC Apl
Il Wild-Type (arrow) migrated slightly below the 50 kD marker, at a lower
molecular weight than the major band seen after cleavage of PKC Apl Il No-
Splice (squiggly arrow). There is also a minor band seen after cleaving PKC Apl
[l Wild-Type that migrated above the band seen after cleavage of PKC Apl IlI
No-Splice, consistent with a fragment cut at the same site as PKC Apl Il No-
Splice but containing the splice inserts (arrowhead). All these fragments are
immunoreactive with the C-terminal antibody and phospho-specific antibody (Fig.
3.7). Additionally, N-terminal fragments were not observed (N-terminal antibody;
data not shown), presumably they were unstable under these conditions. The
size of the major C-terminal fragment seen after cleavage of PKC Apl Il Wild-
Type is consistent with cleavage at or near the splice inserts (see schematic in
Fig. 3.7). Supporting this idea, these fragments were not observed using the

splice-specific PKC Apl Il antibody; instead only the minor fragment, probably
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cleaved at the same site as observed in the PKC Apl Ill No-Splice case was
immunoreactive (arrowhead). The purified PKC Apl Ill No-Splice also does not
react with the splice-specific PKC Apl Il antibody, further confirming the

specificity of the antibody itself.

3.2.8. Activity dependent cleavage of PKC Apl Il can be induced by increasing
intracellular levels of calcium

As cleavage by calpain is usually calcium-dependent, we examined
whether cleavage could be induced in cells having a low amount of mRFP-PKC
Apl Il expression using the calcium ionophore, ionomycin. Initial experiments
examining the nuclear/cytoplasmic ratio immediately after ionomycin revealed no
effect (data not shown). However, if cleavage occurred in the cytoplasm, a
change in the redistribution of mMRFP-PKC Apl Il would not be observed
immediately; there would be a lag time until the remaining uncleaved mRFP-PKC
Apl Il redistributed into the cytoplasm, while the now cleaved cytoplasmic form of
mRFP-PKC Apl Il would not redistribute. Indeed, two hours after ionomycin
treatment a small but highly significant decrease in the nuclear/cytoplasmic ratio
was observed (Fig. 3.8). Interestingly, the ratio was not changed in the lowest
expressing cells, suggesting that cleavage required both calcium influx and a

moderate level of mMRFP-PKC Apl Ill expression (Fig. 3.8).
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3.2.9. PKC Apl lll is phosphorylated downstream of 5-HT

Atypical PKCs are regulated by phosphorylation in the catalytic domain. In
particular, phosphorylation of a site in the activation loop of atypical PKCs by a
phosphoinositide-3 kinase (PI13K) -dependent PDK mechanism is known to
control their activation (Chou et al., 1998). In Aplysia, there is indirect evidence
that 5-HT activates PI3K, as a number of 5-HT-mediated processes including
activation of target of rapamycin (TOR), synthesis of sensorin, and induction of
morphological changes are blocked by inhibitors of PI3K (Khan et al., 2001; Udo
et al., 2005; Hu et al., 2006).

To investigate regulation of PKC Apl Il by PI3K and PDK, we raised a
phospho-specific antibody to PKC Apl Il at the PDK site. This antibody
recognized expressed PKC Apl Ill, but not a GST-PKM Apl Ill fragment that
should not be phosphorylated as it was isolated from bacteria (Fig. 3.9.A). While
this antibody recognized multiple bands on immunobilots, it could be used to
recognize the expressed PKC Apl Il since, similar to the other antibodies, a laser
power was used to detect the overexpressed protein where no immunoreactivity
was detected in non-expressing cells. When mRFP-PKC Apl lll was expressed at
low levels in Aplysia sensory neurons, 5-HT increased phosphorylation at the
PDK site (Fig. 3.9.B, 3.9.C). However, at higher levels of expression when
mRFP-PKC Apl lll was cleaved, there was no effect of 5-HT on the

phosphorylation at the PDK site (Fig. 3.9.C). This result is in agreement with a
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study on mammalian PKMz, where PDK phosphorylation of PKMz was
constitutive due to the increased access of PDK to the phosphorylation site in the
absence of the regulatory domain (Kelly et al., 2007). 5-HT phosphorylation of
mRFP-PKC Apl Ill was also shown to be downstream of the PI3K-PDK pathway,

as it was blocked by LY 294002, an inhibitor of PI3K (Fig. 3.9.D).

3.3. Discussion

3.3.1. Conservation of the role of PKMz in Aplysia

We cloned the full-length sequence of the atypical PKC from Aplysia, PKC
Apl 111, using degenerate PCR and RACE in order to study its role in synaptic
plasticity. In vertebrates, there is an alternative transcriptional start site that
generates an mRNA that encodes PKMz. However, we were unable to detect
any mRNAs containing an alternative start site. It is unlikely that the formation of
a PKM form of the atypical PKC by an alternative start site is conserved in
invertebrates. Instead, it appears likely that it arose during the duplication of
atypical PKCs in the early vertebrate lineage. Therefore, our results suggest that
PKM forms of PKCs play a conserved role in memory formation and
maintenance, but the mechanism of formation of these kinases has changed over

evolution.
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3.3.2. Overexpression of PKC Apl lll in Aplysia sensory neurons induces
cleavage of PKC Apl lli

Using an overexpression paradigm, we have been able to detect cleavage
of the atypical PKC Apl Il into a PKM Apl Ill; however to be physiologically
important, cleavage of the endogenous PKC Apl Il is required. Cleavage is
highly dependent on the level of expression, and this may explain the inability to
detect the endogenous PKM form of PKC Apl Il using immunoblots (data not
shown). While increased cleavage is observed after increasing intracellular
calcium in Aplysia sensory neurons with ionomycin, this still required a certain
level of overexpression. Thus, if endogenous PKC Apl lll is to be cleaved, it
would have to be produced at high levels during the activation of calpain.
Interestingly, this situation may occur in the motor neuron, where a PKC-
dependent increase in the sensitivity to glutamate depends on both rapid protein
synthesis and calcium (Chitwood et al., 2001; Khan et al., 2001; Udo et al., 2005;
Hu et al., 2006; Villareal et al., 2007). Unfortunately, the nuclear/cytoplasmic
assay to detect cleavage is slow and insensitive due to the requirement for
nuclear shuttling. A more sensitive method of detection will be required to detect

the local cleavage that is likely to by physiologically important.
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=-=SVRI GNIL' IK 28
==RVI FIESVD 31

'NSIT QIIIETIN 47

PKC Apl Il TLEVDELDN=-~~
Hum zeta SRTDPKMEGSGG
DroaPKC MOKMPSQILNDGSSV'

~PB1

IKDIBKFDDVQEEF" 18501] 75
D HQQHBLT] S| 0l 78
IRNIGRFPLDQEFTI] 94

PKCApl lll NDVKYPD
Humzeta AATTFEELCE]
DroaPKC KNISYEE!

PKC Apl Ill TREYEVNKRS! K RN 122
Hum zeta EGHT s KST) 125
DroaPKC IREYEMN st RS 141
C1
PKC Apl Il s} P P 169
Hum zeta 4 172
Dro aPKC 1] 13 188
PKC Apl lll KLYKKQIGG}LBDI NLP 216
Humzeta GLVPL Q! IAYISSSRK 219
DroaPKC KLVQKHGTDQPEPLVK TPVPLPPL ET 235
Alternative exons
PKCApl Il VE )YRE L] 263
Humzeta  HDS- -~ IKDDSEDLKPYIDGHDGIKISQGLGEQDEDH 263
DroaPKC HDH------AHIVAPPPP OR( I 276
~KINASE DOMAIN- S—
PKC Apl Ill HKKTK 1 TnYf 310
Hum zeta KKN| QASSNB 310
Dro aPKC LRRT) b TASNER 323
PKC Apl il i A 357
Hum zeta 357
DroaPKC X 370
PKC Apl il 404
Hum zeta 1 b 404
DroaPKC Elis 1 I TREG 417
PDK site
.
PKC Apl Ill D) 451
Hum zeta st 451
DroaPKC DOgs! 464
PKC Apl Ill AVGH, 1 s 498
Humzeta II--T SH! 496
Dro aPKC LAGASI S| 511
PKC Apl Il HPATGES] [PEYRSI! I’ IYKPYIRHERD 545
Humzeta K RPQTGES FRSIDHD FOPOITDDYG 543
DroaPKC HRES, PEFENM PFKPRLDSDRD 558

CARBOXY TERMINAL DOMAIN
PDZ binding
o

PKC Apl lll BEREDP PSATNE] 8 . 593
Humzeta HONEDTQFTS] EDATKR u gEsy. 591
Dro aPKC PE DEVED! ! MSLEDCY. 606

B PB1i PS cCi
1234 5 6 78 ab 910111213141516 17
I 1 AoysiaPkCAplilexc

i v oo nnnnnn
' N
IIII I I II IIIIIIIIII Mouse zeta exons

5'UTR
Start

of PKM
c C1domain of PK

Hinge Kinase

169 HKRCHGLVPLTCRKHM--DsvmMPpsoE Homo

169 HKRCHVLVPLTCRRHM--DSVMPSQE Mus

169 HKRCHKLVPLTCOQRHM--DPVMPSQE Danio

183 HKRCHILVPLTCKRHM--DSVMPSQE Galus Zeta
145 HKRCHRLLPQTCQSLM--DPVMPSQE Medaka

199 HKRCHRLLPLTCPMLM--DPVMPSQE Tetraodon

165 HKKCHKLVTVECGRPVIQDPVMHEDTP Tetraodon

164 HKKCHKLVTVECGRPVIQDPVMHEDTP Fugu

172 HKKCHKLVTVECGROQVIQDPMIGRTID Danio lota
172 HKKCHKLVSIECGRHTIAEPVIPMDEP Xenopus

170 HKKCHKLVTIECGRHSLPFEPMMPMD Mus

170 HKKCHKLVTIECGRHSLPQEPVMPMD Homo

94 HKKCHRLVKVSCAEROQANLSTLDERS S Purpuratus

136 HKKCPQAGOQTNPSVDEEDETIVDDOFP Branchiostoma Invertebrate
184 HKKCHKLVQKHCTDOQPEPLVEKERAEE Drosophila .
157 HKRCHKQIHTPCGKHPENTENTFPPIR Lota Atyplcal
166 HKRCHKLYKKQCGGAEDIPEVGASPOQ Aplysia

87



Figure 3.2.
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Figure 3.3.
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Figure 3.4.
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Figure 3.5.
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Figure 3.6.
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Figure 3.7.
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Figure 3.8.
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Figure 3.9.
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Figure Legends

Figure 3.1. Cloning of PKC Apl lll and evolution of the alternative transcript
encoding PKMz. A: Sequence alignment of Human PKC zeta (Hum zeta),
Aplysia PKC Apl Il (PKC Apl Ill) and Drosophila atypical PKC (Dro aPKC).
Amino acids conserved in all three are shaded. The domains are indicated by
dotted lines over the regions. The phosphorylation sites are starred (*), as is a
putative PDZ binding domain (###) at the C-terminal. The arrow indicates where
alternative exons are inserted in Aplysia PKC Apl Ill. B: Exon-intron structure of
Aplysia PKC Apl Il and Mouse zeta are shown. Black exons have conserved
boundaries. The hinge exons 7 and 8 do not have conserved start and stop
regions. In Mice, exon 16 is split into two exons. The positions of the alternative
exons 8a and 8b in Aplysia and the position of the alternative transcriptional start
site for PKMz are indicated. C: Alignment of the end of exon 6 and beginning of
exon 7 in vertebrate and invertebrate sequences. All sequences from Genbank
except for Lottia and Brachiostoma sequences that are from the Joint Genome
Institute genome site (http://genome.jgi-psf.org). The methionine present in all
vertebrate PKCz is the last amino acid in exon 6 and occurs immediately
following the end of the C1 domain. This methionine is not present in any PKCi or
invertebrate PKCs including primitive deuterostomes such as Branchiostoma that

have a single atypical form.
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Figure 3.2. Splice inserts of PKC Apl Il are enriched in the nervous system. A:
Exon sequence of the alternative splice inserts (exon 8a and exon 8b) in the
hinge domain of PKC Apl Ill. B: Image of an agarose gel showing the results of
digesting an amplified fragment of PKC Apl Il cut with the restriction enzymes
indicated. The product was amplified from cDNA isolated from Gill, Ovotestis or
the Nervous System. A schematic of the placement of the restriction enzymes is
shown on the left and the100 bp marker is run in the left lane. C: 20 ug of total
protein extracted from either the Nervous System (NS) or Gill (G) were separated
on SDS-PAGE gels, transferred to nitrocellulose and immunoblotted with the

antibodies indicated.

Figure 3.3. PKC Apl Il is localized in the nucleus and cleaved after
overexpression in sensory neurons. A: SF9 cells were transfected with mRFP-
PKC Apl Il and live images are shown of the red signal either before or after
treatment with 50 pug/mL of dioctanoylglycerol. B: Plasmids encoding either
mRFP-PKC Apl Il or mRFP-PKC Apl IIl were injected into sensory neurons, and
the neurons were fixed one day later and imaged for mRFP. C: Schematic of
mRFP-Apl 11l with sites of the peptides used for antibody generation. D: Plasmid
encoding mRFP-PKC Apl Il was injected into sensory neurons and neurons were
fixed 1 day later and immunostained with the antibody to the C-terminal of PKC

Apl lll and simultaneously imaged for mRFP staining. The signal at the same
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laser power is shown for a non-injected neuron from the same preparation, as
well as another image of the same neuron after increasing the laser power to
image endogenous expression. E: Quantification of sensory neurons expressing
PKC Apl lll immunostained with either the phospho-specific antibody (n = 2
experiments, 15 cells), the splice antibody (n = 4 experiments 17 cells), or the N-
terminal antibody (n = 3 experiments, 24 cells). ANOVA revealed a significant
difference between groups [F(56,2) = 7.2, p < 0.01] and Tukey’s post-hoc test
showed that the N-terminal antibody group was significantly different from both
other groups (*, p < 0.05). F: A representative example of neurons expressing
mRFP-PKC Apl lll immunostained with either the N-terminal antibody or the anti-

splice antibody. mRFP fluorescence is shown on the right.

Figure 3.4. Model of the cleavage of PKC Apl Ill. Top: The correlation between
the nuclear/cytoplasmic ratio (Y axis) and the level of expression (mMRFP
fluorescence in cytoplasm on X axis) is shown for a representative experiment. A
similar pattern has been observed in over six experiments. PKC Apl Il construct
with mRFP tag at the N-terminal and antibody site on C-Terminal, with hinge
region linking the two. Bottom: At low expression levels, PKC Apl Il is not
cleaved and N-terminal (red) and C-terminal (green) remain linked shuttling
together through the nucleus and cytoplasm. Sensory cells display a uniform

pattern of red and green throughout the cell, resulting in a high
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nuclear/cytoplasmic ratio. At high expression levels, cleavage of PKC Apl Il
takes place in the hinge domain, dissociating the N-terminal (red) from the C-
Terminal (green). The N-terminal continues to shuttle in and out of the nucleus,
while the C-terminal remains restricted to the cytoplasm. Sensory cells display a
red throughout the cell while the green is limited to the cytoplasm, resulting in a

low nuclear/cytoplasmic ratio.

Figure 3.5. PKC Apl Ill cleavage is regulated by splicing. A: The correlation
between the nuclear/cytoplasmc ratio (Y axis) and the level of expression (MRFP
fluorescence in cytoplasm on X axis) is shown for individual sensory neurons
expressing mRFP-PKC Apl Il Wild-Type (filled squares) or mRFP-PKC Apl IlI
(No-Splice) (open circles). The region used to quantify differences in (c) is boxed.
B: A representative example of sensory neurons expressing Wild-Type mRFP-
PKC Apl 11l (above) or No-Splice mRFP-PKC Apl Il (below) immunostained with
the antibody to the C-terminal (left) and imaged for mRFP fluorescence (right). C:
The average of the nuclear/cytoplasmic ratio stratified by the level of mMRFP
expression. Results are from three experiments: low expression, n = 21 (Wild-
Type), 17 (No-Splice); intermediate expression, n = 15 (Wild-Type), 29 (No-
Splice); and high expression, n = 12 (Wild-Type), 18 (No-Splice). *p < 0.03 two-

tailed Student’s t-test. D: Levels of mRFP expression in the three groups show no
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differences between mRFP-PKC Apl Il Wild-Type and mRFP-PKC Apl Il No-

Splice that could explain the difference in the ratio.

Figure 3.6. Cleavage is blocked by a calpain inhibitor. A: Sensory neurons
expressing mRFP-PKC Apl Il were treated one hour after plasmid injection with
vehicle solution or Calpain Inhibitor V (100 pM), and then fixed one day later and
immunostained with the carboxy-terminal antibody (left) or imaged for mRFP
fluorescence (right). B: Quantified results of the normalized nuclear/cytoplasmic
ratio from three experiments (control, n = 43 cells, Calpain Inhibitor, n = 74 cells),

**p < 0.001 two tailed Student’s t-test.

Figure 3.7. Calpain cleaves at the splice inserts /in vitro. A: PKC Apl lll, with
(Wild-Type) and without (No-Splice) the splice inserts, was purified from
baculovirus and incubated with concentrations of purified calpain indicated. A
representative experiment with 90% of the protein separated on one SDS-PAGE
gel and stained with Coomassie, and 10% transferred to nitrocellulose and
sequentially stained with the antibodies shown on the right, with stripping
between each antibody incubation. Molecular weight markers are indicated on
the left. Three bands are labelled with arrows (see schematic for description).

Schematic of predicted bands based on molecular weight of PKC Apl Ill. B:
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Quantification of cleavage for PKC Apl lll Wild-Type or PKC Apl Il No-Splice with

each point from a total of 5-10 experiments.

Figure 3.8. lonomycin induced cleavage of PKC Apl Ill. A: Sensory neurons over-
expressing PKC Apl Ill were treated with a calcium ionophone, ionomycin (1 pM
for 10 min), or a vehicle solution, fixed two hours later and immunostained with
the antibody to the carboxy-terminal (left) or imaged for mRFP (right). B:
Quantification of the nuclear/ cytoplasmic ratio of control and ionomycin treated
cells from three independent experiments (Cells > 30 and < 100 mRFP, Control,
n = 63, ionomycin, n = 71; Cells < 30, Control, n = 33, ionomycin, n = 54) * p <

0.01 Student’s t-test between control and ionomycin.

Figure 3.9. PKC Apl Ill phosphorylation at the PDK site is increased after 5-HT
treatment. A: 10 ng of purified GST-catalytic domain and 50 ng of SF9 cell extract
from cells infected with a baculovirus expressing PKM Apl Il were separated on
SDS-PAGE acrylamide gels, transferred to nitrocellulose, and immunostained
with the antibody to the carboxyterminal (left) or the phospho-specific antibody to
the PDK site (right). B: Sensory cells over-expressing PKC Apl Il were treated
with either a control solution, 5-HT (20 uM for 10 min), LY 294002 (10 uM for10
min), or both LY and 5-HT: LY (10 uM) was applied for 15 min prior to the 5-HT

(10 min) treatment. Cells were immediately fixed and immunostained with the
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phospho-specific antibody and imaged for mRFP. Examples are shown either at
low levels of expression or high levels of expression. C: Quantification of
normalized phosphorylation ratio for low and high expressing neurons: low
expression data from three experiments, C, n = 14, 5-HT, n = 22, and high
expression from two experiments, C, n =7, 5-HT, n = 8. *, p < 0.05 Students two-
tailed paired t-test using non-normalized data. D: Quantification of normalized
phosphorylation after experimental treatments (C, five experiments, n = 18; 5-HT,
four experiments, n = 44; LY three experiments, n = 12; 5-HT + LY three
experiments, n = 26). ANOVA F(96,3) = 8.9, p < 0.01; Tukey’s post-hoc test
showed that 5-HT was different from all other groups, *, p < 0.05 and no other

differences were seen.
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CHAPTER FOUR
Serotonin-induced cleavage of the atypical Protein Kinase C zeta in

Aplysia to generate a PKM.

4.1. Introduction

It has been recently demonstrated that, similarly to results in from rodent
studies, inhibitors of PKMz reverse consolidated synaptic facilitation and long
term memory in Aplysia, suggesting a conserved role for this memory trace (Cai
et al., 2011). However, in rodents, PKMz is generated by translation of a unique
MRNA whose transcription starts in an intron of PKCz (Hernandez et al., 2003).
In the previous chapter, we demonstrated that this transcript does not exist in
species below chordates (Bougie et al., 2009). Instead, we have postulated that
overexpression of PKC Apl Il in Aplysia neurons leads to constitutive expression
of a PKM form of PKC Apl Il that is formed by calpain cleavage. Together these
data suggested that PKC Apl Il is an attractive candidate for mediating synaptic
plasticity in Aplysia, and that PKM forms of atypical PKCs play a conserved role
in memory formation, but the mechanism of formation of these kinases has
changed over evolution. However, it has not yet been shown that 5-HT can
induce cleavage of PKC Apl lll.

There are two forms of plasticity which potentially involve the formation of

a PKM in Aplysia: the first involves a form of ITF, which was previously
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discussed. This particular form of ITF has been shown to require combined
action of 5-HT and firing of the sensory neuron which activated PKC Apl |, the
conventional PKC in Aplysia (Zhao et al., 2006). Another form of ITM, site-
specific ITM, was shown to involve PKC Apl | but did not require protein
synthesis or activation of PKA either for its induction or maintenance. Instead,
site-specific ITM was shown to depend upon calpain-dependent proteolysis of
PKC Apl I, which subsequently produced a persistently active PKM (Sutton et al.,
2004). The second paradigm involves PKC Apl Il in LTF in isolated motor
neurons. It has been found that it is PKM Apl lll which mediates the long term
maintenance of a 5-HT induced enhancement of synaptic strength in the motor
neuron (Villareal et al., 2009).

The assay that was used to investigate cleavage of PKC Apl Il and
formation of PKM Apl lll in Aplysiain the previous chapter, namely
overexpression and immunocytochemistry, was slow and insensitive and unable
to be used in order to examine similar processes for other PKCs such as PKC
Apl | which do not show nuclear localization. Accordingly, a new assay was
needed to examine formation of PKMs in Aplysia. Forster resonance energy
transfer (FRET) was chosen. FRET is a tool utilized for examining spatial
relationships between molecules, and which relies on the distance-dependent
radiationless transfer of energy from a donor molecule to an acceptor molecule.

The donor molecule is a chromophore that firstly absorbs energy emitted by
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fluorescent light and the acceptor is the chromophore to which the energy is
consequently transferred (Xia and Liu, 2001; Held, 2005). For the successful
transfer of energy, the two chromophores must be within proximity of each other,
anywhere from one to 10 nm and there must be spectral overlap of the

donor emission spectrum and the acceptor absorption spectrum (Xia and Liu,
2001; Held, 2005). For the following experiments, we have opted to use Cyan
Fluorescent Protein (CFP) as the donor chromophore and Yellow Fluorescent
Protein (YFP) as the acceptor chromophore, as this is one of the most commonly
used FRET pairs in which the spectral overlap exists. In all the following FRET
experiments, we have used a double tagged PKC Apl Il with CFP tagged to the

N-terminal and YFP to the C-terminal, or a similar PKC Apl | construct (Fig. 4.1).

4.2. Results

4.2.1. Characterization of the FRET reporters

In order to monitor cleavage of PKCs during plasticity, we generated a
construct predicted to show basal FRET between a CFP at the N-terminus and a
YFP at the Carboxy-terminus: cleavage could then be measured by a loss of
FRET. We first began by characterizing the CFP-YFP FRET constructs. To
confirm that FRET was indeed being observed, we initially transfected either the

CFP-PKC Apl llI-YFP FRET construct or co-transfected CFP and YFP together in
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SF9 cells. The cells were then imaged for FRET (see Chapter 2 for methods).
The FRET maps presented in Figure 4.2.A display color coded images of the
measured FRET signal, where warm colors represent higher levels of FRET and
cooler colors represent lower levels of FRET (the grey color is unassigned and
represents negative or undefined values sometimes seen in the periphery of
expressing cells, or when no FRET is observed). It can be seen that the CFP-
PKC Apl llI-YFP construct has a measurable FRET signal, while there is no
FRET that is observed even when both CFP and YFP are present in the same
cell, indicating the requirement for close contact and proper conformation of the

fluorochromes to observe FRET (Fig 4.2.A).

4.2.2. Calcium induced cleavage of PKC Apl | but not PKC Apl lil

In order to determine if PKC Apl |, the conventional isoform in Aplysia, can
also undergo cleavage in a PKM Apl |, we similarly expressed the CFP-PKC Apl
I-YFP FRET reporter in SF9 cells. As this PKC is known to be activated by
calcium (Newton, 2001; Sossin, 2007), we treated the SF9 cells expressing CFP-
PKC Apl I-YFP with a calcium ionophore, ionomycin (2uM), to determine if
increasing the levels of calcium within the cell could induce cleavage of PKC Apl
l. It was found that treatment with ionomycin produced a significant decrease in
FRET, indicating a calcium-induced cleavage of PKC Apl | into a PKM.

Furthermore, when these cells were pre-treated for 10 minutes with a calpain
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inhibitor, Calpain inhibitor V (100uM), prior to ionomycin treatment, this decrease
in FRET was no longer seen. This result implies that the cleavage of PKC Apl |
observed after treatment with ionomycin was in fact a calpain-dependent
cleavage process (Fig. 4.3).

Next we wanted to test the similar CFP-PKC Apl Il -YFP construct: SF9
cells expressing this PKC Apl Il construct were treated with ionomycin in the
same manner as above. Surprisingly, no significant loss in the FRET ratio for
CFP-PKC Apl llI-YFP was found following treatment with ionomycin. Accordingly,
these results suggest that it is possible that PKC Apl Il is simply less sensitive to

calcium-induced cleavage than PKC Apl | (Fig 4.3).

4.2.3. Expressing the FRET reporters in Aplysia neurons

We have previously shown that overexpression of mMRFP-PKC Apl Il in
neurons led to cleavage and differential localization of the N-terminal (nucleus
and cytoplasm) and C-terminal (cytoplasm) of the protein (Bougie et al., 2009).
This difference reflects a nuclear localization site in the N-terminal that leads to
nuclear-cytoplasmic cycling of the N-terminus, and restriction of the C-terminal to
the cytoplasm following cleavage due to the loss of the nuclear localization site
(see Chapter 3). However, when the CFP-PKC Apl llI-YFP was expressed in
Aplysia neurons, this construct did not show the previously established pattern of

fluorescent dissociation, our marker of cleavage. In the case of the CFP-PKC Apl
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I1I-YFP, both the fluorescence from CFP and the fluorescence from YFP showed
nuclear as well as cytoplasmic staining at all levels of expression (Fig. 4.2.B).
One possible explanation was that the addition of the fluorescent reporter
proteins blocked the cleavage of PKC Apl Il by calpain.

To test this, we generated a baculovirus expressing the CFP-PKC Apl 1lI-
YFP with a His-tag at the N-terminus and purified the protein from baculovirus-
infected SF9 cells. We compared the cleavage of this construct by mammalian
calpains and found that the CFP-PKC Apl IlI-YFP was actually cleaved more
efficiently than the WT PKC Apl Il (Fig. 4.2.C), suggesting that a blockade of
cleavage sites was not an explanation for the different distribution seen in
neurons. We then assayed the purified kinases for kinase activity and found that
the CFP-PKC Apl llI-YFP had less specific activity than WT PKC Apl 11l (0.1 +/-
0.01, normalized to WT, n=3). This suggests that the addition of the YFP at the
C-terminal of the protein lowered the specific activity of the kinase. It is known
that PKC Apl Il is activated by phosphorylation at the PDK site (Chou et al.,
1998). To directly compare the impact of adding the YFP to the Carboxy-terminal
side on PDK phosphorylation, we compared phosphorylation of an mRFP-PKC
Apl Il to the CFP-PKC Apl llI-YFP. Consistent with a decrease in activity after
addition of the YFP tag, there was much less staining of the CFP-PKC Apl IlI-
YFP with the phospho-specific antibody (Fig. 4.2.B). To rule out that this

difference was due to differences in expression, we compared staining with the
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phospho-specific antibody to a CFP-PKC Apl Ill and even at comparable
expression levels (visualized by CFP staining), there was much less staining with
the phospho-specific antibody (Fig. 4.2.B). If the lack of cleavage of CFP-PKC
Apl llI-YFP was due to its decreased activity, it suggests that overexpression
dependent cleavage of PKC Apl Ill might be due to kinase activation of a

proteolytic event.

4.2.4. Kinase activity is required for overexpression induced cleavage of PKC Apl
1]}

To test the hypothesis that kinase activity is required for cleavage of PKC
Apl lll, we generated a kinase-dead PKC in a distinct manner. A previously
established problem that arises with kinase dead PKCs is that, due to a lack of
phosphorylation at key sites, the kinases are not folded correctly. It has been
shown that mutation of a conserved aspartate (D392 in PKC Apl Ill) to alanine
leads to a kinase dead PKC that still maintains integrity of the ATP binding
pocket but makes no side interactions with ATP. Thus, these mutants are kinase-
dead but retain stability of the active conformer, and are still able to be
phosphorylated and constitutively primed (Cameron et al., 2009). We made this
mutation in the mRFP-PKC Apl lll (mRFP-PKC Apl Ill D392A) and expressed it in
neurons. Indeed, unlike the CFP-PKC Apl IlI-YFP, and a previous mutant we had

generated (MRFP-PKC Apl Il K297R), the mRFP-PKC Apl 11l D392A was highly
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phosphorylated at the PDK site (Fig. 4.4.A). Despite this, the kinase activity of the
purified mRFP-PKC Apl Il D392A was extremely low (0.03 +/-0.03, normalized to
WT, n=2).

Upon overexpression of this construct in Aplysia sensory neurons and
subsequent antibody staining, we noticed a striking pattern of fluorescence: there
was significant nuclear enrichment of mMRFP-PKC Apl Ill D392A (Fig. 4.4.A). This
was seen in both the mRFP signal and the antibody staining of the C-terminal
using the phospho-specific antibody. Indeed, the nuclear/cytoplasmic ratio for
both the mRFP fluorescence and the immunostaining of the phospho-specific
antibody for mRFP-PKC Apl Ill D392A was significantly elevated compared to the
WT mRFP-PKC Apl Il (Fig. 4.4.A). Furthermore, this pattern of nuclear
enrichment was also seen when a CFP-PKC Apl IIl D392A-YFP construct was
expressed in SF9 cells (Fig. 4.5). This suggests that kinase activity is required for
both nuclear export and cleavage and formation of a PKM Apl Ill, as mRFP-PKC
Apl 11l D392A shows both decreased nuclear export and a lack of overexpression
dependent redistribution of the C-terminus to the cytoplasm.

To further test this, we also treated cells injected with mRFP- PKC Apl Il
with a PKC inhibitor chelerythrine (10uM). When we added the inhibitor
immediately following injection of the mRFP- PKC Apl Ill, we were able to
replicate the staining pattern of the mRFP-PKC Apl Ill D392A (Fig. 4.4.B).

Indeed, the nuclear/cytoplasmic ratio of the immunostaining with the phospho-

111



specific antibody shows the same increase as previously seen with mRFP-PKC
Apl Il D392A, consistent with the lack of export and lack of cleavage being due
to kinase activity. However, chelerythrine treatment also greatly decreased the

mRFP fluorescence making quantification of the N-terminal difficult in this case.
This was not specific to the mRFP-PKC Apl lll, as fluorescence of mRFP alone

was also greatly reduced after treatment with chelerythrine (data not shown).

4.2.5. Kinase activity is also required for nuclear export of PKC Apl lll

The strong nuclear localization of mMRFP-PKC Apl 11l D392A implies that
kinase activity is also required for efficient nuclear export. It is also possible that
conformational changes induced by the mutation that affected nuclear import or
export signals could explain this finding, as opposed to a loss of kinase activity.
To distinguish between these possibilities, we generated an mRFP-PKM Apl 11l
D392A construct lacking the regulatory domain that also lacks the nuclear import
site and will thus be localized to the cytoplasm. In contrast, if the D-A mutation
caused a conformational change we would expect this construct to instead be
localized to the nucleus. Both mRFP-PKM Apl Il and mRFP-PKM Apl Il D392A
were in fact cytoplasmic; there was no nuclear enrichment in either case (Fig
4.4.C). Thus, kinase activity is required for nuclear export as well as cleavage

and formation of PKM Apl IIl.
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4.2.6. Increasing kinase activity is sufficient to induce both nuclear export and
cleavage

If overexpression of PKC Apl Il activates cleavage through kinase
activation of a proteolytic event, then it should be possible to rescue this deficit of
cleavage of the inactive PKC by co-expressing an active kinase. To test this, we
co-injected CFP-PKC Apl llI-YFP with the constitutively active mRFP-PKM Apl Il|
to determine if this could lead to cleavage, measured either by loss of FRET (Fig.
4.6.A) or by increased cytoplasmic localization (Fig. 4.6.C). As a control we used
the kinase-inactive mRFP-PKM Apl Ill D392A. Using both assays, we observed
a significant effect of expressing the kinase active mRFP-PKM Apl Il WT
compared to the kinase inactive mRFP-PKM Apl Ill D392A (Fig. 4.6). Results
with mRFP-PKC Apl Il D392A are similar to those seen with expression of mRFP
alone (data not shown). These results indicate that increasing kinase activity
within the cell by co-injecting PKM Apl 11l is sufficient to induce cleavage of PKC
Apl 111, although the amount of cleavage was still less than that seen with mRFP-
PKC Apl Il in which the C-terminal fragment becomes almost completely

cytoplasmic.
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4.2.7. 5-HT induces cleavage of PKC Apl Il into PKM Apl Il in Aplysia motor
neuron processes in a calpain- and protein synthesis-dependent manner

Since the CFP-PKC Apl llI-YFP is a substrate for cleavage, we could still
use this construct to examine cleavage induced by 5-HT in live cells. In order to
investigate the role of 5-HT-induced cleavage of PKC Apl Il into PKM Apl Ill, we
injected low levels of the CFP-PKC Apl IlI-YFP into isolated Aplysia motor
neurons (of the LFS type). Low levels were used in order to minimize any
possible dominant-negative effect of the construct, since it has diminished activity
compared to the endogenous PKC Apl Ill. Following injection, the motor neurons
were treated with 20uM of 5-HT for 10 min, a protocol which produces an
enhancement of the postsynaptic Glu-EP that is thought to be dependent on
PKM Apl 1l production (Villareal et al., 2009), or a vehicle solution. The FRET
values were then measured in the motor neuron processes pre- and post-
treatment. As can be seen by the FRET maps, a small but significant decrease in
the FRET ratio was found in the cells treated with 5-HT, where no change was
observed for the cells treated with the vehicle solution alone (Fig. 4.7.A;
quantified in Fig. 4.7.B).

We then wished to test whether this 5-HT induced cleavage of PKC Apl I
was dependent on calpain, as we have previously shown for the cleavage seen
after overexpression (Bougie et al., 2009). It is also known that calpain is

required for the enhancement of the postsynaptic Glu-EP (Villareal et al., 2009).
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Accordingly, cells injected with low levels of the CFP-PKC Apl IlI-YFP were pre-
treated with CIV, the general and irreversible inhibitor of calpains, at 100uM for
10 min prior to application of 5-HT, or a vehicle solution. Interestingly, the pre-
treatment with the calpain inhibitor prevented the 5-HT induced loss of FRET,
indicating that the 5-HT induced cleavage of PKC Apl Il is dependent on calpain
(Fig. 4.7.A; quantified in Fig. 4.7.B).

It has also been previously found that the 5-HT induced enhancement of
the Glu-EP in Aplysia motor neurons is dependent on local protein synthesis and
can be blocked with the protein synthesis inhibitor emetine (Villareal et al., 2007;
Villareal et al., 2009). We used this inhibitor to test whether the 5-HT induced
cleavage of PKC Apl Il is also dependent on protein synthesis: again, the cells
injected with CFP-PKC Apl IlI-YFP were either pretreated with emetine at 3uM for
10 min prior to 5-HT application, or pretreated with a vehicle solution alone. In
this case it was found that inhibiting protein synthesis is also able to block the 5-
HT induced cleavage of CFP-PKC Apl llI-YFP (Fig. 4.7.A; quantified in Fig.
4.7.B).

Thus, 5-HT induces cleavage of the FRET construct in isolated motor
neurons. Similar to the 5-HT induced enhancement of the Glu-EP, the loss of
FRET was blocked by both calpain inhibitors and protein synthesis inhibitors. Our
data suggests that the underlying mechanism for the enhancement of the

glutamate response is cleavage of PKC Apl Il into a PKM.
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4.2.8. Does 5-HT induce cleavage of PKC Apl Il in synaptic co-cultures?

If 5-HT can induce cleavage of PKC Apl Il in isolated motor neurons, we
also wished to determine if 5-HT can similarly induce cleavage of PKC Apl Il in
synaptic co-cultures. In order to investigate this possibility, Ap/ysia sensory
neurons were plated together in culture with motor neurons (of the LFS type) to
form synaptic co-cultures. In these experiments, it was the motor neuron which
was injected with the CFP-PKC Apl llI-YFP FRET construct. In some cases, the
presynaptic sensory neuron was injected with a DNA plasmid encoding mRFP-
VAMP, a presynaptic vesicle protein marker (Ahmari et al., 2000). Following
injection, the co-cultures were treated with 20pM of 5-HT for 10 min as previously
discussed, or a vehicle solution. The FRET values were then measured in the
processes where expression of the presynaptic marker VAMP co-localized with
the FRET reporter CFP-PKC Apl llI-YFP (Fig. 4.8). Accordingly, it was found that
the 5-HT treatment did produce a loss in FRET; however the change only
approached significance (p = 0.073, Fig. 4.8). The number of data points was low
for these sets of experiments due to the difficulty in preparing synaptic co-
cultures. It is possible that the data may reach significance with additional

replications.

116



4.3. Discussion

4.3.1. 5-HT induced formation of a PKM at the time of memory formation

In this chapter, we have provided evidence that PKC Apl Ill is cleaved into
PKM Apl Il by 5-HT at the time of memory formation, and the requirements for
cleavage are the same as for the plasticity. Specifically, we have developed a
FRET reporter to measure cleavage of PKC Apl Il in living neurons and have
applied it to demonstrate 5-HT mediated, calpain- and protein synthesis-
dependent, cleavage of PKC Apl lll in isolated Aplysia motor neurons, and
potentially in synaptic co-cultures. Moreover, we have shown that cleavage of
mRFP-PKC Apl Il resulting from overexpression requires kinase activity,
suggesting a putative positive feedback mechanism where initial calpain
cleavage produces a persistently active PKM which then induces additional

calpain activation.
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Figure 4.1.
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Figure 4.2.
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Figure 4.3.
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Figure 4.4.
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Figure 4.5.
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Figure 4.6.
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Figure 4.7.
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Figure 4.8.
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Figure Legends

Figure 4.1. Quantifying cleavage using the FRET assay. Forster resonance
energy transfer (FRET) is a tool utilized for examining spatial relationships
between molecules, and which relies on the distance-dependent radiationless
transfer of energy from a donor molecule to an acceptor molecule. The donor
molecule (CFP) is a chromophore that firstly absorbs energy emitted by
fluorescent light and the acceptor (YFP) is the chromophore to which the energy
is consequently transferred. For the successful transfer of energy, the two
chromophores must be within proximity of each other, anywhere from 1 to 10 nm
and there must be spectral overlap of the donor emission spectrum and the

acceptor absorption spectrum (Xia and Liu, 2001).

Figure 4.2. Characterization of a FRET reporter, CFP-PKC Apl llI-YFP. A:
Transfected SF9 cells: top row, co-transfection of CFP and YFP in same cell;
bottom row, CFP-PKC Apl IlI-YFP. Images were captured using a Zeiss
fluorescent microscope. The FRET maps display color coded images of the
measured FRET signal, where warm colors represent higher levels of FRET and
cooler colors represent lower levels of FRET (the grey color is unassigned and
represents negative or undefined values sometimes seen in the periphery of
expressing cells, or when no FRET is observed). The FRET maps display

detectable FRET for CFP-PKC Apl llI-YFP (FRET = 0.0651 for cell on left, FRET
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= 0.0638 cell on right) while no FRET for CFP and YFP in the same cell (FRET =
0.0000). FRET map scale ranges from 0.00 - 0.20. B: Aplysia sensory neurons
expressing mRFP-PKC Apl lll, CFP-PKC Apl Il (top row) or CFP-PKC Apl IllI-
YFP (bottom row) were stained with the phospho-specific antibody and images
captured with a Zeiss confocal microscope, laser power was kept the same
between all conditions. Representative diagrams of the constructs are shown,
where the CFP or mRFP is located on the N-terminal, and YFP and/or antibody
epitope is on the C-terminal. C: Calpain assay performed from purified proteins
from baculovirus-infected SF9 cells expressing CFP-PKC Apl llI-YFP or PKC Apl
[l with no fluorescent tags. The percentage of protein remaining was measured
by optical density readings (Y-axis) and plotted against increasing concentrations
of mammalian calpain-1 (X-axis). D: Representative blot of the calpain assay,
purified CFP-PKC Apl IlI-YFP and PKC Apl Il were probed with anti-His-antibody
targeting His-tag at the N-terminus of each protein with increasing amounts of
mammalian calpain-1 (0, 142, 286, and 571 nM respectively). CFP-PKC Apl llI-
YFP runs at a molecular weight of 150 kD whereas the untagged PKC has a

molecular weight of 75 kD.

Figure 4.3. Calcium induced cleavage of PKC Apl | but not PKC Apl Ill. A:
Transfected SF9 cells expressing CFP-PKC Apl I-YFP (top) and CFP-PKC Apl

[lI-YFP (bottom). Color coded FRET maps are shown pre-ionomycin (2uM)

128



treatment, and five minutes post-treatment. Images captured with a Zeiss
fluorescent microscope. FRET map scales ranges from 0.4-0.7 for top row, and
0.1-0.4 for bottom row. B: Quantification of A. Fold change in FRET following
ionomycin is given for SF9 cells expressing CFP-PKC Apl llI-YFP (first column)
and CFP-PKC Apl I-YFP (second column). Third column displays cells
expressing CFP-PKC Apl I-YFP that were pre-treated with calpain inhibitor V
(CIV) (100uM) for 10 minutes prior to addition of ionomycin. Data is from three-
six experiments, CFP-Apl llI-YFP n = 81 cells, CFP-PKC Apl I-YFP n = 159 cells,
and CFP-PKC Apl I-YFP + CIV n = 30 cells. Paired t-tests revealed a significant
difference in FRET for CFP-PKC Apl I-YFP following ionomycin, *** p < 0.001,
and not for CFP-PKC Apl llI-YFP following ionomycin, p > 0.05. A non-paired
student’s t-test for the difference between cells expressing CFP-PKC Apl I-YFP
treated with ionomycin in the presence or absence of CIV revealed a significant

difference, * p < 0.05.

Figure 4.4. Kinase activity is required for cleavage and nuclear export of PKC Apl
lIl. A: Aplysia sensory neurons expressing mRFP-PKC Apl Il (top) were treated
with a vehicle solution, MRFP-PKC Apl Il D392-A (middle) treated with a vehicle
solution, and mRFP-PKC Apl lll treated with the PKC inhibitor chelerythrine
immediately following injection of the plasmid DNA (10 uM; bottom). mRFP tags

the N-terminal and Phospho Ab represents secondary antibody staining of the C-

129



terminal. All cells were stained with the phospho-specific antibody and visualized
using a Zeiss laser scanning confocal microscope with laser power kept constant
between conditions. Outlines are drawn around cells in order to visualize cell
membrane. B: Quantification of conditions cited in Panel A. Nuclear/Cytoplasmic
ratio was calculated for both antibody staining (C-terminal) and mRFP (N-
terminal) for mMRFP-PKC Apl Il treated with vehicle (N=27 cells, three
experiments), mMRFP-PKC Apl Il D392A treated with vehicle (N=31 cells, three
experiments), and mRFP-PKC Apl lll treated with chelerythrine (N=41 cells, three
experiments). The mRFP nuclear/cytoplasmic ratio could not be measured for the
chelerythrine condition. *** p < 0.001 Students T-test for all conditions. C: Aplysia
sensory neurons expressing mRFP-PKM Apl Il (left) and mRFP-PKM D392A Apl
[ (right), stained with phospho-specific antibody and imaged with a Zeiss laser

scanning confocal microscope.

Figure 4.5. Nuclear enrichment of CFP-PKC Apl Ill D392A-YFP is also seen in
SF9 cells. Transfected SF9 cells displaying CFP (left) and YFP (right) for cells
expressing CFP-PKC Apl 11l D392A-YFP (top) and CFP-PKC Apl llI-YFP

(bottom).

Figure 4.6. Increasing kinase activity is sufficient to induce cleavage and nuclear

export of PKC Apl lll. A: Aplysia sensory neurons were co-injected with CFP-PKC
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Apl lI-YFP and either mRFP-PKM Apl 11l D392A (left) or mRFP-PKM Apl llI
(right) and FRET Xia levels were measured. Top row is representative
expression of the mRFP-PKM, and bottom row is a color coded FRET map of the
measured FRET ratio, scale 0.0 to 0.2. The FRET maps display color coded
images of the measured FRET signal, where warm colors represent higher levels
of FRET and cooler colors represent lower levels of FRET (the grey color is
unassigned and represents negative or undefined values sometimes seen in the
periphery of expressing cells, or when no FRET is observed). B: Quantification of
A. mRFP-PKM Apl Il expression levels and FRET values normalized to values
for mRFP-PKM Apl llID-A, **, P = 0.003, for mRFP-PKM Apl Ill D392A, n = 35
cells; three experiments, for mRFP-PKC Apl Ill, n = 32 cells; three experiments.
C: Aplysia sensory neurons co-injected with CFP-PKC Apl IlI-YFP and either
mRFP-PKM Apl Il (top row) or mRFP-PKM D392A Apl Il (bottom row). Images
are of the CFP (N-terminal) and YFP (C-terminal) in both cases. D: Quantification
of C. Normalized Nuclear/Cytoplasmic ratio calculated for both CFP and YFP. ***,
P < 0.001 Students T-test for all conditions, n = 36 cells, two experiments for co-
injection with mRFP-PKM Apl Ill and n = 38 cells, two experiments for co-

injection with mRFP-PKM Apl |l D392A.

Figure 4.7. 5-HT induces cleavage of CFP-PKC Apl IlI-YFP in motor neuron

processes in a calpain- and protein synthesis-dependent manner. A: Color coded
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FRET maps of Aplysia motor neuron processes expressing low levels of CFP-
PKC Apl llI-YFP, pre and post treatment. Scale from 0.3 — 0.8, The FRET maps
display color coded images of the measured FRET signal, where warm colors
represent higher levels of FRET and cooler colors represent lower levels of FRET
(the grey color is unassigned and represents negative or undefined values
sometimes seen in the periphery of expressing cells, or when no FRET is
observed). FRET exposure time was doubled for these experiments to optimally
view FRET levels in the processes. Cleavage is indicated as a loss of FRET. B:
Quantification of A): Fold change in FRET was calculated for cells treated with a
vehicle solution, 5-HT (N=22 cells, nine experiments, 5-HT + calpain inhibitor V
(N=10 cells, three experiments, or 5-HT + emetine (a protein synthesis inhibitor)
(N=9 cells, three experiments). * P < 0.05, Students t-test with unequal variance

using the Bonferroni correction for multiple tests.

Figure 4.8. Trend towards 5-HT induced cleavage of CFP=PKC Apl IlI-YFP in
synaptic co-cultures. A: Aplysia synaptic co-culture, example of synaptic
varicosities between the motor neuron expressing CFP-PKC Apl IlI-YFP (shown
in purple) and the sensory neuron expressing dsRED-VAMP (red). B:
Quantification of fold change in FRET following 10 minute treatment with 5-HT

(20uM). Student’s t-test did not reveal a significant difference, p = 0.073, n =4
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SN-MN pairs for vehicle condition and n = 6 SN-MN pairs for 5-HT condition, data

pooled from three separate experiments.
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CHAPTER FIVE

Conclusion

5.1. Overview

In chapter one, a comprehensive review of the literature was presented:
the history of the search for the long term memory trace was discussed,
beginning with seminal investigations into human memory consolidation by
Ebbinghaus in 1878. The evolution of the search for the long term memory trace
was then examined by exploring how the traditional consolidation theory was
refined to include the discovery of the importance of the hippocampus, systems
consolidation, as well as reconsolidation. Subsequently, | discussed early
investigations by Hebb into synaptic plasticity, the cellular correlate of the long
term memory trace. The influential discovery of LTP was then reviewed, with a
focus upon the requirement for de novo protein synthesis and gene transcription.
The synaptic tagging and capture hypothesis was then examined, in addition to
the relationship with morphological changes at synapses following the induction
and maintenance of long term plasticity.

Importantly, the ability to study conserved forms of memory in lower
invertebrates was then considered. Due to the complexity of the mammalian
nervous system, | argued for the significance of studying reduced forms of the

long term memory trace in the marine mollusk Aplysia californica. The distinct
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time-dependent forms of plasticity in Ap/ysia were examined, including STF, ITF,
and LTF, and the role of various isoforms of PKCs in these forms of plasticity.
Finally, the role of a persistently active truncated kinase called PKMz in
maintaining the long term memory trace was evaluated in both rodents as well as
Aplysia.

In chapter three, | presented the cloning and characterization of the
atypical PKCz orthologue in Aplysia, PKC Apl lll, and the search for how PKMz is
formed in Aplysia. In mammals, PKMz is translated from a unique alternative
mMRNA transcript: however, in Aplysia, we were unable to find any such
alternative transcript. Accordingly, our evolutionary analysis suggested that PKM
forms of PKCs play a conserved role in memory formation and maintenance, but
the mechanism of formation of these kinases has changed during evolution. In
addition, through the use of an overexpression paradigm we have been able to
detect cleavage of the atypical PKC Apl 1l into a PKM Apl Ill. The presence of
alternative splice inserts in the hinge domain of PKC Apl Il provide a site for
calpain cleavage: thus, PKC Apl Il is cleaved into a PKM Apl Il by calpain.
Furthermore, it was found that 5-HT treatment was able to activate PKC Apl lll
through phosphorylation at the PDK site that is downstream of the PISK-PDK
pathway.

In chapter four, | presented the development of a FRET reporter which we

used to measure cleavage of PKC Apl Il in live SF9 cells or Aplysia neurons.
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Using these reporters we demonstrated that, in SF9 cells, a calcium ionophore
was able to induce a cleavage of PKC Apl | but not PKC Apl Ill. In neurons, we
found that the CFP-PKC Apl llI-YFP construct did not display the typical
dissociated pattern of fluorescence that indicates a cleavage event, and that this
construct displays lower overall kinase activity compared to the untagged or
single tagged PKC Apl Ill. This led us to investigate whether kinase activity is in
fact required for cleavage of PKC Apl Ill into PKM Apl lll. As such, we found that
both cleavage and nuclear export are dependent on kinase activity, and that
increasing kinase activity is sufficient to induce both nuclear export of PKC Apl Il
as well as cleavage. Importantly, we also demonstrated that facilitating stimuli
such as 5-HT application are able to induce cleavage of PKC Apl Ill into PKM Apl
[l in Aplysia motor neuron processes in a calpain- and protein synthesis-

dependent manner.

5.2. Contribution and significance of the studies

The main objectives of the previously discussed studies were to clone and
characterize the atypical PKC zeta in Aplysia, PKC Apl lll, as very little was
known about the role for this kinase in Aplysia (see Chapter Three). The second
main objective was to determine if and how a PKM Apl Il is formed in Aplysia
and what role it may play in synaptic plasticity (see Chapters Three and Four).

The following discussions will examine how the aforementioned studies
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investigated these objectives and what contribution and significance they

provided in the field of the search for the long term memory trace.

5.2.1. Conservation of the role of PKMz in maintaining the long term memory
trace

It has been widely demonstrated that mammalian PKMz is required for
maintaining the long term memory trace, and inhibition of its activity permanently
erases long term memory at time points when a given trace is expected to be
firmly consolidated (Pastalkova et al., 2006; Shema et al., 2007; Shema et al.,
2011). The evidence that inhibiting PKMz erases memory is based on two
inhibitors of PKMz (ZIP and chelerythrine) (see (Sacktor, 2011) for a review) and
an inhibitor that blocks the downstream action of PKMz on AMPA receptors (Yao
et al., 2008). Memory is also blocked by the expression of a dominant negative
PKMz (Ling et al., 2002; Shema et al., 2011), and moreover, overexpression of
PKMz can enhance long term memory in both Drosophila and rodents (Drier et
al., 2002; Shema et al., 2011). Thus, the evidence is strong that PKMz forms a
long term memory trace. There is also evidence for increased translation of the
alternative transcript during memory formation (Hernandez et al., 2003);
however, it has not yet been shown that specific blockade of translation of the
PKMz message blocks either the induction or the maintenance of memory, and

thus a role for calpain-mediated cleavage in vertebrates cannot be ruled out at
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this point. In chapter three, we showed that while the mechanism of formation of
the atypical PKM may have changed during evolution, the presence of an
atypical PKM is conserved. It has also been recently shown that the role of PKMz
is conserved in Aplysia, as inhibiting this kinase using either ZIP or chelerythrine
erases the long term memory of behavioral sensitization, in addition to erasing
the long term enhancement of synaptic plasticity which is the cellular correlate of

this behavioral memory (Cai et al., 2011).

5.2.2. Evolutionary change in mechanism of formation of PKMz

While the role of PKMz has shown to be conserved, we have
demonstrated that the mechanism of formation is not. We have been unable to
detect an alternative transcriptional start site for PKMz in Aplysia (Fig. 3.1),
despite thorough investigation. Our evolutionary analysis strongly argues for the
absence of an initiating methionine which would encode PKMz in Aplysia.
However, it must be stated that absence of evidence is not evidence of absence.
It is possible that there may indeed exist an alternative transcript, perhaps in
another region of the PKCz gene such as the 5’ untranslated region, but our
attempts to locate this transcript have been unsuccessful. In addition, the ability
to generate a separate transcriptional form of PKMz may have required gene
duplication, since the full length atypical PKC has major conserved roles in

polarity, including axon determination in the nervous system (Banker, 2003).
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Once the gene had been duplicated, one isoform could be devoted to cell
polarity, and the other optimized for PKM formation.

Furthermore, it is possible that the evolutionarily more ancient mechanism
of calpain cleavage has not been lost in vertebrates. For example, there is
evidence for a role for calpains in the induction of LTP, as inhibitors of calpain
have been shown to block the induction phase of LTP (Denny et al., 1990).
Calpains are involved in the remodelling of dendritic spines following tetanizing
stimulation such as LTP, and they are known to have a wide variety of substrates
in addition to PKC, including NMDA and AMPA receptors (Oliver et al., 1989;
Denny et al., 1990; Vanderklish et al., 1996; Liu et al., 2008; Zadran et al., 2010).
Owing to these important roles for calpain in long term synaptic plasticity, it is
reasonable to suggest that PKMz can also be formed by calpain cleavage in
mammals. While PKMz can be expressed in complete absence of the full length
PKCz gene (Hernandez et al., 2003), it is possible that PKMz is concurrently
formed by calpain cleavage of PKCz in addition to its translation from the
alternative transcript. There is currently no evidence that completely excludes this
possibility. Furthermore, a recent finding has shown that BDNF maintains L-LTP
by regulating levels of PKMz in the absence of protein synthesis (Mei, 2011). The
authors postulate that this is due to BDNF preventing the degradation of PKMz;
however, it is also likely that this may be due to increased calpain-mediated

cleavage of the full length PKCz.
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5.2.3. The role of PKMz in regulating AMPA receptor trafficking

It will be interesting to determine if the evolutionary role of PKMz in
regulating AMPA receptor trafficking is also conserved. In mammals, it has been
shown that PKMz maintains the potentiated state of synapses by persistently
increasing the amount of AMPARSs in the postsynaptic membrane: this occurs
specifically through the trafficking protein N-ethylmaleimide-sensitive factor
(NSF), which maintains the number of GIuR2 containing AMPARs (Ling et al.,
2002; Ling et al., 2006; Yao et al., 2008). The model of how PKMz maintains long
term memory postulates that persistent kinase activity is required to maintain this
potentiated state of synapses due to an opposing force which drives AMPARs
out of the postsynaptic compartment and returns the synapse to its pre-
potentiated state (Sacktor, 2011). This opposing force involves disrupting the
interaction between NSF and GIuR2, which consequently removes GIuR2
receptors from postsynaptic sites (Yao et al., 2008).

Indeed, recent work suggests that, in Aplysia, PKM Apl Il is important for
insertion of AMPA receptors (Villareal et al., 2009). It was found that general
inhibitors of PKC, chelerythrine and Bis, both blocked the induction of 5-HT-
dependent enhancement of the postsynaptic Glu-EP, which is dependent on
insertion of AMPARSs (Villareal et al., 2009). However, only chelerythrine, at
doses specific for PKM Apl Ill, and an inhibitor of calpain, were able to block the

maintenance of the GIu-EP (Villareal et al., 2009). Accordingly, maintenance of
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the Glu-EP through insertion of AMPA receptors may be mediated by a PKM-
type fragment generated by calpain-dependent proteolysis of atypical PKC. Thus,
PKM forms of atypical PKCs may also have a conserved role in regulating AMPA
receptor trafficking.

However, there is some conflicting data concerning the relationship
between PKMz and AMPAR trafficking. In Aplysia, it has been shown that
inhibiting exocytosis with botulinum toxin type B (Botox B) similarly blocks the 5-
HT induced enhancement of the Glu-EP (Chitwood et al., 2001). However, rodent
studies have shown that while Botox B does indeed depress AMPAR-mediated
transmission in hippocampal slices, the toxin did not inhibit AMPAR potentiation
induced by perfusion of PKMz (Yao et al., 2008). It is possible that these results
can be resolved by the finding that most AMPARSs are localized to the synapse
during LTP through lateral diffusion from an extra-synaptic pool, and not
necessarily exocytosis (Makino and Malinow, 2009). In a situation where there
exists a large extra-synaptic pool of AMPARS, it is possible that we would not see
an effect of Botox B if AMPARSs are incorporated in the synapse through lateral
diffusion and not insertion of new receptors. Accordingly, it is clear that this

subject warrants further investigation.

5.2.4. Is the role of PKMz conserved in synaptic tagging?
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As previously discussed in the introduction, PKMz has been identified as a
plasticity related protein (PRP) in the process of synaptic tagging in vertebrates.
Specifically, PKMz was shown to be a specific PRP for LTP (Sajikumar et al.,
2005; Frey et al., 2008). Thus, PKMz produced by a strong LTP-inducing
stimulus at one synapse could be captured at another synapse that had been
tagged by receiving a weak stimulus: this weak stimulus which would have only
produced E-LTP now produces L-LTP (Sajikumar et al., 2005). Synapse specific
forms of plasticity have also been demonstrated in Aplysia. when one bifurcated
sensory neuron was connected to two separate motor neurons it was found that
application of 5-HT to one connection induced plasticity specifically at that
connection, in a CREB-dependent manner that produced growth of new synaptic
connections (Martin et al., 1997). While it is known that five pulses of 5-HT is
normally required to induce LTF, it was found that when one connection received
five pulses of 5-HT the other connection consequently only required one pulse of
5-HT for LTF and to induce growth of new synaptic connections (Martin et al.,
1997). This suggests that synaptic tagging has occurred in Ap/syia SN-MN
synapses, as the non-stimulated connection is able to capture the PRPs formed
after 5-HT was applied to the first connection.

Since the process of synaptic tagging seems to be conserved in Aplysia,
and PKMz is important in synaptic tagging in vertebrates, it would be interesting

to determine if the role of PKM Apl Il is also conserved in this process. Our
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findings do not specifically address the role of PKM Apl Il in synaptic tagging in
Aplysia, but the finding that PKM Apl Il is formed by cleavage raises some
interesting possibilities. It can be reasoned that activated PKC Apl Il may act as
a synaptic tag to subsequently recruit calpain to the required synapse; once
calpain is activated at the synapse, it can then cleave PKC Apl Il into PKM Apl Il
which produces long lasting synaptic plasticity. It is also possible that an
additional unknown protein may be required to activate or recruit calpain and thus
serve as a PRP. No PRPs have currently been identified in Aplysia; therefore

PKC Apl lll represents an interesting candidate for further study.

5.2.5. Reconciling two theories of the long term memory trace

If the long term memory trace is truly stored in the persistent activation of
a kinase, do morphological changes at synapses still play a role in maintaining
long term memory? Can these two models be reconciled? PKMz maintains long
term memory by actively regulating AMPARs at the postsynaptic membrane (Yao
et al., 2008), larger PSDs on dendritic spines result from increased numbers of
AMPARSs (Harris and Stevens, 1989; Ultanir et al., 2007), and spine growth can
be followed by synapse formation (Holtmaat et al., 2008). If we examine these
findings as a whole, we can appreciate how these two models do not necessarily
cancel each other out. For example, it is possible that persistent activity of PKMz

functions to increase and maintain the number of active postsynaptic AMPARs
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which subsequently results in morphological changes at existing synapses, and
potentially addition of new synapses. This possibility would therefore theoretically
allow roles for both persistent enzymatic activity in addition to morphological
changes at synapses. Currently, there is no data to suggest a direct link between
these two processes, but this possibility is not necessarily ruled out by either

experimental model.

5.2.6. Is there endogenous PKM Apl Il in Aplysia?

Our studies also raise further experimental questions. Using an
overexpression paradigm and a FRET assay, we have been able to detect
calpain mediated cleavage of the atypical PKC Apl Il into a PKM Apl Ill; however
we have not yet been able to detect cleavage of the endogenous PKC Apl Ill. Our
results suggest that cleavage is highly dependent on the level of expression, and
this may explain the inability to detect the endogenous PKM form of PKC Apl Ili
using immunoblots (data not shown). While increased cleavage is observed after
increasing intracellular calcium in Aplysia sensory neurons with ionomycin, this
still required a certain level of overexpression. Thus, if endogenous PKC Apl Ill is
to be cleaved, it would have to be produced at high levels during the activation of
calpain. Interestingly, this situation may occur in the motor neuron, where a PKC-
dependent increase in the sensitivity to glutamate depends on both rapid protein

synthesis and calcium (Chitwood et al., 2001; Khan et al., 2001; Udo et al., 2005;
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Hu et al., 2006; Villareal et al., 2007; Villareal et al., 2009). Importantly, the
maintenance of this increased sensitivity is blocked by low concentrations of the
kinase inhibitor chelerythrine, as is PKC Apl Il (Villareal et al., 2009). While our
current methodological tools are unable detect an endogenous PKM, the 5-HT
induced formation of PKM Apl Il in motor neurons indicates an important

physiological role for PKMz at the time of memory formation in Aplysia.

5.2.7. Is PKM formation specific for PKC Apl 111?

Both PKC Apl | and PKC Apl Il can be cleaved /n vifro by calpain to form a
PKM (Sutton et al., 2004), similarly to PKC Apl Ill. Since PKC Apl | and PKC Apl
Il do not shuttle through the nucleus, the immunocytochemistry assay to detect
cleavage for PKC Apl lll is not valid for PKC Apl | and PKC Apl Il. However, the
normal translocation of eGFP-PKC Apl | and eGFP-PKC Apl Il suggest that they
are not cleaved to form PKMs by overexpression (Zhao et al., 2006). However,
ITF induced by coupling 5-HT and activity is thought to be maintained by a PKM
(Sutton et al., 2004). This kinase is inhibited by Bis, but PKC Apl Il is not (Sutton
et al., 2001; Villareal et al., 2009) suggesting that other isoforms of PKC can also
generate PKMs. Indeed, dominant negative forms of PKC Apl | block this form of
facilitation (Zhao et al., 2006). Furthermore, we demonstrated that increasing
intracellular levels of calcium could induce a cleavage of PKC Apl | into PKM Apl

[, but not PKC Apl Il into PKM Apl Ill, in SF9 cells. Thus, it is likely that PKMs
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may be formed from distinct isoforms of PKC depending on the type of

stimulation.

5.2.8. Kinase activity is required for cleavage of PKC Apl Ill into PKM Apil Ill

We have shown that kinase activity is required for cleavage of mRFP-PKC
Apl Il after overexpression using two distinct methods: producing a kinase-dead
mutant to directly assess the requirement of kinase activity as well as using
pharmacological agents to inhibit kinase activity. In addition, we also found that
the FRET reporter construct CFP-PKC Apl IlI-YFP was not cleaved after
overexpression, presumably due to its reduced kinase activity. However, since
the CFP-PKC Apl llI-YFP can still be cleaved by calpain /n vitro, kinase activity is
not required for cleavage /n vitro with an activated calpain. Thus, the kinase

activity is likely required to activate the calpain in neurons.

5.2.9. Is the kinase-dependence for cleavage downstream of a kinase-
dependence for nuclear export?

The inactive mRFP-PKC Apl Ill D392A was enriched in the nucleus,
suggesting that kinase activity is also required for nuclear export of the protein.
Ideally, we could mutate the nuclear localization sequence in this context and
then determine whether the kinase dead cytoplasmic protein was still cleaved.

However, the sites for nuclear import and export of PKC Apl Il are not well
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understood. Putative nuclear import and export sites were identified for
vertebrate PKC iota (Perander et al., 2001) but we did not observe differences in
nuclear localization after mutating these sites in PKC Apl Il (data not shown).
Expression of mRFP-PKC Apl Ill in SF9 cells did not lead to nuclear localization
(see Fig 3.3 and (Bougie et al., 2009)), suggesting specific factors in Aplysia
neurons may be required for nuclear import; however, expression of kinase dead
mRFP-PKC Apl Il D392A in SF9 cells did in fact lead to nuclear retention (Fig
4.5), suggesting that this may be more of a quantitative than qualitative
difference. PKC Apl Il may ‘piggy-back’ into the nucleus through binding to
another protein that has a nuclear localization sequence, and this binding would
involve an N-terminal sequence. Perhaps this binding is removed by PKC Apl IlI
phosphorylation of this protein, allowing the kinase to shuttle back to the
cytoplasm. The identity of these potential binding proteins is currently unknown,

but may present an interesting opportunity for further investigation.

5.2.10. Is kinase activity required to induce calpain mediated cleavage and
formation of a PKM?

We have shown that kinase activity is sufficient for cleavage of PKC Apl IlI
through co-expression of the less active CFP-PKC Apl IlI-YFP with the
constitutively active WT PKM Apl lll. The presence of the active PKM is sufficient

to both increase export of PKC Apl lll (as seen by the decrease in nuclear
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localization) and to induce cleavage of the CFP-PKC Apl llI-YFP (as measured
by a loss of FRET) (Fig. 4.6). It is possible that kinase activity is required to
recruit calpain in order for the cleavage to occur. Similarly, it is also possible that
the kinase must phosphorylate an additional target that subsequently activates or
recruits calpain. However, it should be noted that the amount of cleavage after
co-expressing the PKM was considerably less than seen after overexpression,
where it appeared that most of the overexpressed kinase is cleaved. It may be
that normally, activation occurs in a complex where the kinase to be cleaved
directly activates the calpain that cleaves it, and thus the trans-effect of adding
PKM is not as strong. It is also possible that protein-protein interactions involving
the full-length PKC are important for targeting the calpain or associated protein
for phosphorylation, again explaining the decreased ability of PKM to stimulate
cleavage in trans.

The fact that activity appears to be involved in recruitment of the calpain
suggests a positive feedback pathway that may be important for the maintenance
of PKM activation. Following calpain mediated cleavage of PKC Apl Il into PKM
Apl 111, there is accordingly increased kinase activity which then acts in turn to
again recruit further calpain to induce additional cleavage. This is a putative

positive feed back loop, as we presently have no direct evidence for its existence.

5.2.11. PKM Apl lll is formed following facilitating stimuli
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We have shown that 5-HT increases PKC Apl Il phosphorylation in
sensory cells through the PI3K pathway, and 5-HT is also able to induce
cleavage of PKC Apl Ill into PKM Apl Il in isolated Aplysia motor neuron
processes (Fig. 4.7). It has been previously established that a 10 min treatment
of isolated motor neurons with 5-HT produces an enhancement of the
postsynaptic glutamate response that is thought to be dependent on PKM Apl lli
production (Villareal et al., 2009). Furthermore, it has recently been shown that
both the cellular long-term facilitation as well as behavioral long-term memory in
Aplysia is maintained by PKM Apl lll-dependent protein phosphorylation (Cai et
al., 2011). We have contributed further to this finding by demonstrating that in
Aplysia, 5-HT, and potentially other facilitating stimuli such as behavioral
learning, induce cleavage of PKC Apl Ill into PKM Apl Ill in a calpain- and protein
synthesis dependent-mechanism. While it is known that 5-HT induces protein
translation in Aplysia neuron processes (Villareal et al., 2007), it is not known
which proteins are synthesized in order to induce cleavage of PKC Apl Ill. It is
possible that it is in fact calpain which needs to be synthesized de novo in order
to cleave PKC Apl Il into PKM Apl Ill. Alternatively, it may be a protein that is
required to recruit calpain to cleave PKC Apl Ill. Since PKC Apl Ill is cleaved
when expressed at high levels, an attractive hypothesis is that the protein
translated is PKC Apl Il itself and the increase in the levels of the protein

activated the cleavage. Our experiments argue against this, since even when
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CFP-PKC Apl llI-YFP is overexpressed cleavage is still protein-synthesis

dependent.

5.3. Future Directions

5.3.1. Cloning the calpains in Aplysia

We are currently working towards cloning and characterizing Aplysia
calpains in order to identify the calpain involved in cleaving PKCs into PKMs and
determining their mechanism for activation. As previously mentioned, similarly to
PKCs, calpains are also subdivided into various isoform families, with
approximately 14 different isoforms overall. Of these isoforms, it is calpain-1 and
calpain-2 which are most abundant in the central nervous system (Croall and
Ersfeld, 2007). In Aplysia to date, our lab has cloned four calpains and is
currently elucidating the identity, role, and functions of these calpains. Future
experiments will seek to co-overexpress calpain with PKC Apl lll in Aplysia
neurons to determine if these calpains can induce cleavage of PKC Apl Il into
PKM Apl lll. Furthermore, this can also be applied to PKC Apl | and PKC Apl Il to

investigate formation of additional PKMs in Aplysia.
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5.3.2. Plasticity at the soma or the synapse

We have provided evidence for the role of cleavage of PKC Apl Il into
PKM Apl 1l following 5-HT treatment in isolated motor neurons, and potentially at
the synapse. It is clear that future experiments should continue to investigate this
important question in synaptic co-cultures, and it will also be important to produce
replications in order to increase the sample size of these experiments. In
addition, it will be interesting to see if it is only overexpression of PKC Apl Il in
the postsynaptic cell which is required for the 5-HT induced formation of a PKM,
or if overexpressing PKC Apl IIl in the presynaptic cell could also lead to a 5-HT
induced formation of PKM Apl Ill. Similarly, we did do some preliminary studies
examining 5-HT induced cleavage of PKC Apl Il in isolated sensory neurons, but
the data was inconclusive due to various methodological reasons. Future

experiments can utilize the FRET assay to answer these questions.

5.3.3. Additional plasticity paradigms

Moreover, we have not yet investigated the role of cleavage of PKC Apl Il
into PKM Apl Il using alternative plasticity paradigms. For example, future
studies could utilize the FRET assay to examine cleavage of PKC Apl Il in
synaptic co-cultures following five spaced applications of 5-HT; a protocol that
induces LTF in Aplysia (Kandel, 2001). It would also be interesting to test

cleavage of PKC Apl Il in an activity-inducing paradigm which pairs 5-HT with
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sensory neuron firing: this protocol leads to an ITF that is dependent on

persistent activity of PKC (Sutton and Carew, 2000).

152



BIBLIOGRAPHY

Abeliovich A, Paylor R, Chen C, Kim JJ, Wehner JM, Tonegawa S (1993)
PKC[gamma] mutant mice exhibit mild deficits in spatial and contextual
learning. Cell 75:1263-1271.

Ahmari SE, Buchanan J, Smith SJ (2000) Assembly of presynaptic active zones
from cytoplasmic transport packets. Nat Neurosci 3:445-451.

Aley KO, Messing RO, Mochly-Rosen D, Levine JD (2000) Chronic
Hypersensitivity For Inflammatory Nociceptor Sensitization Mediated by
the Ty Isozyme of Protein Kinase C. The Journal of Neuroscience 20:4680-
4685.

Balendran A, Hare GR, Kieloch A, Williams MR, Alessi DR (2000) Further
evidence that 3-phosphoinositide-dependent protein kinase-1 (PDK1) is
required for the stability and phosphorylation of protein kinase C (PKC)
isoforms. FEBS Letters 484:217-223.

Banker G (2003) Pars, Pl 3-kinase, and the Establishment of Neuronal Polarity.
Cell 112:4-5.

Bartsch D, Casadio A, Karl KA, Serodio P, Kandel ER (1998) CREB1 Encodes a
Nuclear Activator, a Repressor, and a Cytoplasmic Modulator that Form a
Regulatory Unit Critical for Long-Term Facilitation. Cell 95:211-223.

Bliss TVPaL, T. (1973) Long-lasting potentiation of synaptic transmission in the
dentate area of the anaesthetized rabbit following stimulation of the
perforant path. The Journal of Physiology 232:331-356.

Bougie JK, Lim T, Farah CA, Manjunath V, Nagakura |, Ferraro GB, Sossin WS
(2009) The atypical protein kinase C in Aplysia can form a protein kinase
M by cleavage. Journal of Neurochemistry 109:1129-1143.

Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G, Silva AJ (1994)
Deficient long-term memory in mice with a targeted mutation of the cAMP-

responsive element-binding protein. Cell 79:59-68.

153



Brink JJ, Davis, R. E., & Agranoff B. W. (1966) Effects of puromycin,
acetoxycycloheximide and actinomycin D on protein synthesis in goldfish
brain. Journal of Neurochemistry 13:889-896.

Brunelli M, Castellucci V, Kandel E (1976) Synaptic facilitation and behavioral
sensitization in Aplysia: possible role of serotonin and cyclic AMP. Science
194:1178-1181.

Cai D, Pearce K, Chen S, Glanzman DL (2011) Protein Kinase M Maintains
Long-Term Sensitization and Long-Term Facilitation in Aplysia. The
Journal of Neuroscience 31:6421-6431.

Cameron AJM, Escribano C, Saurin AT, Kostelecky B, Parker PJ (2009) PKC
maturation is promoted by nucleotide pocket occupation independently of
intrinsic kinase activity. Nat Struct Mol Biol 16:624-630.

Castagna M, Takai Y, Kaibuchi K, Sano K, Kikkawa U, Nishizuka Y (1982) Direct
activation of calcium-activated, phospholipid-dependent protein kinase by
tumor-promoting phorbol esters. Journal of Biological Chemistry 257:7847-
7851.

Chen C-C (1993) Protein kinase C [alpha], [delta], [epsilon] and [zeta] in C6
glioma cells: TPA induces translocation and down-regulation of
conventional and new PKC isoforms but not atypical PKC [zeta]. FEBS
Letters 332:169-173.

Chitwood RA, Li Q, Glanzman DL (2001) Serotonin facilitates AMPA-type
responses in isolated siphon motor neurons of Aplysia in culture. J Physiol
534:501-510.

Chou MM, Hou W, Johnson J, Graham LK, Lee MH, Chen C-S, Newton AC,
Schaffhausen BS, Toker A (1998) Regulation of protein kinase C [zeta] by
Pl 3-kinase and PDK-1. Current Biology 8:1069-1078.

Ciccocioppo R, Martin-Fardon R, Weiss F (2004) Stimuli associated with a single
cocaine experience elicit long-lasting cocaine-seeking. Nat Neurosci
7:495-496.

Costa-Mattioli M, Gobert D, Stern E, Gamache K, Colina R, Cuello C, Sossin W,

Kaufman R, Pelletier J, Rosenblum K, Krnjevic K, Lacaille J-C, Nader K,

154



Sonenberg N (2007) elF2[alpha] Phosphorylation Bidirectionally Regulates
the Switch from Short- to Long-Term Synaptic Plasticity and Memory. Cell
129:195-206.

Croall D, Ersfeld K (2007) The calpains: modular designs and functional diversity.
Genome Biology 8:218.

Crombag HS, Bossert JM, Koya E, Shaham Y (2008) Context-induced relapse to
drug seeking: a review. Philosophical Transactions of the Royal Society B:
Biological Sciences 363:3233-3243.

Da Silva WC, Bonini JS, Bevilaqua LRM, Medina JH, Izquierdo I, Cammarota M
(2008) Inhibition of MRNA synthesis in the hippocampus impairs
consolidation and reconsolidation of spatial memory. Hippocampus 18:29-
39.

Denny JB, Polan-Curtain J, Ghuman A, Wayner MJ, Armstrong DL (1990)
Calpain inhibitors block long-term potentiation. Brain Research 534:317-
320.

Dina OA, Barletta J, Chen X, Mutero A, Martin A, Messing RO, Levine JD (2000)
Key Role for the Epsilon Isoform of Protein Kinase C in Painful Alcoholic
Neuropathy in the Rat. The Journal of Neuroscience 20:8614-8619.

Drier EA, Tello MK, Cowan M, Wu P, Blace N, Sacktor TC, Yin JCP (2002)
Memory enhancement and formation by atypical PKM activity in
Drosophila melanogaster. Nat Neurosci 5:316-324.

Ebbinghaus H (1913) Memory. A Contribution to Experimental Psychology. New
York: Teachers College, Columbia University (Reprinted Bristol:
Thoemmes Press, 1999).

Ehrlich |, Malinow R (2004) Postsynaptic Density 95 controls AMPA Receptor
Incorporation during Long-Term Potentiation and Experience-Driven
Synaptic Plasticity. J Neurosci 24:916-927.

Farah CA, Nagakura I, Weatherill D, Fan X, Sossin WS (2008) Physiological Role
for Phosphatidic Acid in the Translocation of the Novel Protein Kinase C
Apl Il in Aplysia Neurons. Mol Cell Biol 28:4719-4733.

155



Flexner JB, Flexner LB, Stellar E (1963) Memory in Mice as Affected by
Intracerebral Puromycin. Science 141:57-59.

Frey S, Frey JU, Wayne S. Sossin J-CLVFC, Sylvie B (2008) Chapter 7 Synaptic
tagging and cross-tagging and related associative reinforcement
processes of functional plasticity as the cellular basis for memory
formation. In: Progress in Brain Research, pp 117-143: Elsevier.

Frey U, Morris RGM (1997) Synaptic tagging and long-term potentiation. Nature
385:533-536.

Frost WN, Castellucci VF, Hawkins RD, Kandel ER (1985) Monosynaptic
connections made by the sensory neurons of the gill- and siphon-
withdrawal reflex in Aplysia participate in the storage of long-term memory
for sensitization. Proceedings of the National Academy of Sciences
82:8266-8269.

Gachon F, Gaudray G, Thébault S, Basbous J, Koffi JA, Devaux C, Mesnard J-M
(2001) The cAMP response element binding protein-2 (CREB-2) can
interact with the C/EBP-homologous protein (CHOP). FEBS Letters
502:57-62.

Ghirardi M, Montarolo PG, Kandel ER (1995) A novel intermediate stage in the
transition between short- and long-term facilitation in the sensory to motor
neuron synapse of aplysia. Neuron 14:413-420.

Ghirardi M, Braha O, Hochner B, Giorgio Montarolo P, Kandel ER, Dale N (1992)
Roles of PKA and PKC in facilitation of evoked and spontaneous
transmitter release at depressed and nondepressed synapses in aplysia
sensory neurons. Neuron 9:479-489.

Gitler D, Spira ME (1998) Real Time Imaging of Calcium-Induced Localized
Proteolytic Activity after Axotomy and Its Relation to Growth Cone
Formation. Neuron 20:1123-1135.

Glanzman D, Mackey S, Hawkins R, Dyke A, Lloyd P, Kandel E (1989) Depletion
of serotonin in the nervous system of Aplysia reduces the behavioral
enhancement of gill withdrawal as well as the heterosynaptic facilitation
produced by tail shock. J Neurosci 9:4200-4213.

156



Guzowski JF, McGaugh JL (1997) Antisense oligodeoxynucleotide-mediated
disruption of hippocampal cAMP response element binding protein levels
impairs consolidation of memory for water maze training. Proceedings of
the National Academy of Sciences 94:2693-2698.

Harris K, Stevens J (1989) Dendritic spines of CA 1 pyramidal cells in the rat
hippocampus: serial electron microscopy with reference to their
biophysical characteristics. J Neurosci 9:2982-2997.

Hawkins RD, Cohen TE, Greene W, and Kandel ER (1998) Relationships
between dishabituation, sensitization, and inhibition of the gill- and siphon-
withdrawal reflex in Aplysia californica: effects of response measure, test
time, and training stimulus. Behavioral Neuroscience 112:24-38.

Hebb DO (1949) The organization of behavior. New York: Wiley & Sons.

Held P (2005) An Introduction to Fluorescence Resonance Energy Transfer
(FRET) Technology and its Application in Bioscience. Biotek Tech
Resources.

Henrique D, Schweisguth F (2003) Cell polarity: the ups and downs of the
Par6/aPKC complex. Current Opinion in Genetics & Development 13:341-
350.

Hernandez Al, Blace N, Crary JF, Serrano PA, Leitges M, Libien JM, Weinstein
G, Tcherapanov A, Sacktor TC (2003) Protein Kinase M{zeta} Synthesis
from a Brain mRNA Encoding an Independent Protein Kinase C{zeta}
Catalytic Domain: IMPLICATIONS FOR THE MOLECULAR MECHANISM
OF MEMORY. J Biol Chem 278:40305-40316.

Hernandez PJ, Abel T (2008) The role of protein synthesis in memory
consolidation: Progress amid decades of debate. Neurobiology of
Learning and Memory 89:293-311.

Hirano Y, Yoshinaga S, Ogura K, Yokochi M, Noda Y, Sumimoto H, Inagaki F
(2004) Solution Structure of Atypical Protein Kinase C PB1 Domain and Its
Mode of Interaction with ZIP/p62 and MEKS. Journal of Biological
Chemistry 279:31883-31890.

157



Holtmaat A, De Paola V, Wilbrecht L, Knott GW (2008) Imaging of experience-
dependent structural plasticity in the mouse neocortex in vivo. Behavioural
Brain Research 192:20-25.

Houeland G, Nakhost A, Sossin WS, Castellucci VF (2007) PKC Modulation of
Transmitter Release by SNAP-25 at Sensory-to-Motor Synapses in
Aplysia. Journal of Neurophysiology 97:134-143.

Hrabetova S, Sacktor TC (1996) Bidirectional Regulation of Protein Kinase Mzeta
in the Maintenance of Long-Term Potentiation and Long-Term Depression.
J Neurosci 16:5324-5333.

Hu J-Y, Wu F, Schacher S (2006) Two Signaling Pathways Regulate the
Expression and Secretion of a Neuropeptide Required for Long-Term
Facilitation in Aplysia. J Neurosci 26:1026-1035.

Impey S, Smith DM, Obrietan K, Donahue R, Wade C, Storm DR (1998)
Stimulation of cAMP response element (CRE)-mediated transcription
during contextual learning. Nat Neurosci 1:595-601.

Jin |, Kandel, E. R., & Hawkins, R. D. (2011) Whereas short-term facilitation is
presynaptic, intermediate-term facilitation involves both presynaptic and
postsynaptic protein kinases and protein synthesis. Learning & Memory
18:96-102.

Joberty G, Petersen C, Gao L, Macara IG (2000) The cell-polarity protein Par6
links Par3 and atypical protein kinase C to Cdc42. Nat Cell Biol 2:531-539.

Josselyn SA, Kida S, Silva AJ (2004) Inducible repression of CREB function
disrupts amygdala-dependent memory. Neurobiology of Learning and
Memory 82:159-163.

Kandel E (2001) NOBEL LECTURE: The Molecular Biology of Memory Storage:
A Dialog Between Genes and Synapses. Bioscience Reports 21:565-611.

Kazi JU, & Soh, Jae-Won (2007) Isoform-specific translocation of PKC isoforms
in NIH3T3 cells by TPA. Biochemical and Biophysical Research
Communications 364:231-237.

158



Kelly MT, Crary JF, Sacktor TC (2007) Regulation of protein kinase Mzeta
synthesis by multiple kinases in long-term potentiation. J Neurosci
27:3439-3444.

Khan A, Pepio AM, Sossin WS (2001) Serotonin Activates S6 Kinase in a
Rapamycin-Sensitive Manner in Aplysia Synaptosomes. J Neurosci
21:382-391.

Khasar SG, Lin Y-H, Martin A, Dadgar J, McMahon T, Wang D, Hundle B, Aley
KO, Isenberg W, McCarter G, Green PG, Hodge CW, Levine JD, Messing
RO (1999) A Novel Nociceptor Signaling Pathway Revealed in Protein
Kinase C p Mutant Mice. Neuron 24:253-260.

Khoutorsky A, Spira ME (2008) Calpain Inhibitors Alter the Excitable Membrane
Properties of Cultured Aplysia Neurons. Journal of Neurophysiology
100:2784-2793.

Klein M (1994) Synaptic augmentation by 5-HT at rested aplysia sensorimotor
synapses: Independence of action potential prolongation. Neuron 13:159-
166.

Klein MK, E. R. (1980) Mechanism of calcium current modulation underlying
presynaptic facilitation and behavioral sensitization in Aplysia. Proc Natl
Acad Sci U S A 77:6912-6916.

Kopec C, Malinow R (2006) Matters of Size. Science 314:1554-1555.

Le Good JA, Ziegler WH, Parekh DB, Alessi DR, Cohen P, Parker PJ (1998)
Protein Kinase C Isotypes Controlled by Phosphoinositide 3-Kinase
Through the Protein Kinase PDK1. In, pp 2042-2045.

Leitges M, Kovac J, Plomann M, Linden DJ (2004) A Unique PDZ Ligand in
PKCz= Confers Induction of Cerebellar Long-Term Synaptic Depression.
Neuron 44:585-594.

Li M-X, Jia M, Yang L-X, Jiang H, Lanuza MA, Gonzalez CM, Nelson PG (2004)
The Role of the Theta Isoform of Protein Kinase C (PKC) in Activity-
Dependent Synapse Elimination: Evidence from the PKC Theta Knock-Out
Mouse In Vivo and In Vitro. The Journal of Neuroscience 24:3762-3769.

159



Li Q, Roberts AC, Glanzman DL (2005) Synaptic Facilitation and Behavioral
Dishabituation in Aplysia: Dependence on Release of Ca2+ from
Postsynaptic Intracellular Stores, Postsynaptic Exocytosis, and Modulation
of Postsynaptic AMPA Receptor Efficacy. In, pp 5623-5637.

Li X-Y, Ko H-G, Chen T, Descalzi G, Koga K, Wang H, Kim SS, Shang Y, Kwak
C, Park S-W, Shim J, Lee K, Collingridge GL, Kaang B-K, Zhuo M (2010)
Alleviating Neuropathic Pain Hypersensitivity by Inhibiting PKMz in the
Anterior Cingulate Cortex. Science 330:1400-1404.

Li Y-g, Xue Y-x, He Y-y, Li F-q, Xue L-f, Xu C-m, Sacktor TC, Shaham Y, Lu L
(2011) Inhibition of PKMz in Nucleus Accumbens Core Abolishes Long-
Term Drug Reward Memory. The Journal of Neuroscience 31:5436-5446.

Lim T, Sossin WS (2006) Phosphorylation at the hydrophobic site of protein
kinase C Apl Il is increased during intermediate term facilitation.
Neuroscience 141:277-285.

Ling DSF, Benardo LS, Sacktor TC (2006) Protein kinase M{ enhances
excitatory synaptic transmission by increasing the number of active
postsynaptic AMPA receptors. Hippocampus 16:443-452.

Ling DSF, Benardo LS, Serrano PA, Blace N, Kelly MT, Crary JF, Sacktor TC
(2002) Protein kinase M[zeta] is necessary and sufficient for LTP
maintenance. Nat Neurosci 5:295-296.

Liu J, Liu MC, Wang KKW (2008) Calpain in the CNS: From Synaptic Function to
Neurotoxicity. Sci Signal 1:re1-.

Lorenzini CA, Baldi E, Bucherelli C, Sacchetti B, Tassoni G (1996) Role of dorsal
hippocampus in acquisition, consolidation and retrieval of rat's passive
avoidance response: a tetrodotoxin functional inactivation study. Brain
Research 730:32-39.

Lynch MA (2004) Long-Term Potentiation and Memory. Physiological Reviews
84:87-136.

Makino H, Malinow R (2009) AMPA Receptor Incorporation into Synapses during
LTP: The Role of Lateral Movement and Exocytosis. Neuron 64:381-390.

160



Manseau F, Fan X, Hueftlein T, Sossin WS, Castellucci VF (2001) Ca2+-
Independent Protein Kinase C Apl || Mediates the Serotonin-Induced
Facilitation at Depressed Aplysia Sensorimotor Synapses. J Neurosci
21:1247-1256.

Marinesco Sp, Carew TJ (2002) Serotonin Release Evoked by Tail Nerve
Stimulation in the CNS of Aplysia: Characterization and Relationship to
Heterosynaptic Plasticity. The Journal of Neuroscience 22:2299-2312.

Martin KC, Casadio A, Zhu H, E Y, Rose JC, Chen M, Bailey CH, Kandel ER
(1997) Synapse-Specific, Long-Term Facilitation of Aplysia Sensory to
Motor Synapses: A Function for Local Protein Synthesis in Memory
Storage. Cell 91:927-938.

Martin SJ, Grimwood, P. d., and Morris, R. G. M. (2000) Synaptic Plasticity and
Memory: An Evaluation of the Hypothesis. Annual Review of
Neuroscience 23:649-711.

Matsuzaki M, Honkura N, Ellis-Davies GCR, Kasai H (2004) Structural basis of
long-term potentiation in single dendritic spines. Nature 429:761-766.

McGaugh JL (2000) Memory--a Century of Consolidation. Science 287:248-251.

Mei F, Nagappan, Guhan, Ke, Yang, Sacktor, Todd C.,& Lu, Bai (2011) BDNF
Facilitates L-LTP Maintenance in the Absence of Protein Synthesis
through PKMz. PLoS ONE 6:21568.

Mercer A, Emptage N, Carew T (1991) Pharmacological dissociation of
modulatory effects of serotonin in Aplysia sensory neurons. Science
254:1811-1813.

Migues PV, Hardt O, Wu DC, Gamache K, Sacktor TC, Wang YT, Nader K
(2010) PKM[zeta] maintains memories by regulating GluR2-dependent
AMPA receptor trafficking. Nat Neurosci 13:630-634.

Milner B, Corkin S, Teuber HL (1968) Further analysis of the hippocampal
amnesic syndrome: 14-year follow-up study of H.M. Neuropsychologia
6:215-234.

161



Montarolo PG, Goelet P, Castellucci VF, Morgan J, Kandel ER, Schacher S
(1986) A critical period for macromolecular synthesis in long-term
heterosynaptic facilitation in Aplysia. Science 234:1249-1254.

Moscat J, & Diaz-Meco, M. T. (2000) The atypical protein kinase Cs: Functional
specificity mediated by specific protein adapters EMBO Reports 1:399-
403.

Muller GEP, A. (1900) Experimentelle Beitrdge zur Lehre vom Gedachtnis. .
Zeitschrift fur Psychologie 1:1-288.

Muller U, Carew TJ (1998) Serotonin Induces Temporally and Mechanistically
Distinct Phases of Persistent PKA Activity in Aplysia Sensory Neurons.
Neuron 21:1423-1434.

Mulkey R, Herron C, Malenka R (1993) An essential role for protein
phosphatases in hippocampal long-term depression. Science 261:1051-
1055.

Muslimov IA, Nimmrich V, Hernandez Al, Tcherepanov A, Sacktor TC, Tiedge H
(2004) Dendritic Transport and Localization of Protein Kinase M{zeta}
mMRNA: Implications for molecular memory consolidations. J Biol Chem
279:52613-52622.

Nader K, Hardt O (2009) A single standard for memory: the case for
reconsolidation. Nat Rev Neurosci 10:224-234.

Nader K, Schafe GE, Le Doux JE (2000) Fear memories require protein
synthesis in the amygdala for reconsolidation after retrieval. Nature
406:722-726.

Nagakura |, Ormond J, Sossin WS (2008) Mechanisms regulating ApTrkl, a Trk-
like receptor in Aplysia sensory neurons. Journal of Neuroscience
Research 86:2876-2883.

Nakamura S-i, & Yamamura, Hirohei (2010) Yasutomi Nishizuka: Father of
protein kinase C. Journal of Biochemistry 148:125-130.

Newton AC (1995a) Protein Kinase C: Seeing two domains. Current biology : CB
5:973-976.

162



Newton AC (1995b) Protein Kinase C: Structure, Function, and Regulation.
Journal of Biological Chemistry 270:28495-28498.

Newton AC (2001) Protein Kinase C:Structural and Spatial Regulation by
Phosphorylation, Cofactors, and Macromolecular Interactions. Chemical
Reviews 101:2353-2364.

Nimchinsky EA, Yasuda R, Oertner TG, Svoboda K (2004) The Number of
Glutamate Receptors Opened by Synaptic Stimulation in Single
Hippocampal Spines. J Neurosci 24:2054-2064.

Ohno S (2001) Intercellular junctions and cellular polarity: the PAR-aPKC
complex, a conserved core cassette playing fundamental roles in cell
polarity. Current Opinion in Cell Biology 13:641-648.

Oliver MW, Baudry M, Lynch G (1989) The protease inhibitor leupeptin interferes
with the development of LTP in hippocampal slices. Brain Research
505:233-238.

Osten P, Valsamis L, Harris A, Sacktor T (1996) Protein synthesis-dependent
formation of protein kinase Mzeta in long- term potentiation. J Neurosci
16:2444-2451.

Pastalkova E, Serrano P, Pinkhasova D, Wallace E, Fenton AA, Sacktor TC
(2006) Storage of Spatial Information by the Maintenance Mechanism of
LTP. Science 313:1141-1144.

Pedreira ME, Beatriz, D., & Héctor, M. (1996) Inhibitors of protein and RNA
synthesis block context memory and long-term habituation in the crab
Chasmagnathus. Pharmacology Biochemistry and Behavior 54:611-617.

Pepio AM, Fan X, Sossin WS (1998) The Role of C2 Domains in Ca2+-activated
and Ca2+-independent Protein Kinase Cs in Aplysia. Journal of Biological
Chemistry 273:19040-19048.

Perander M, Bjorkoy G, Johansen T (2001) Nuclear Import and Export Signals
Enable Rapid Nucleocytoplasmic Shuttling of the Atypical Protein Kinase
C T». Journal of Biological Chemistry 276:13015-13024.

Pittenger C, Huang YY, Paletzki RF, Bourtchouladze R, Scanlin H, Vronskaya S,
Kandel ER (2002) Reversible Inhibition of CREB/ATF Transcription

163



Factors in Region CA1 of the Dorsal Hippocampus Disrupts
Hippocampus-Dependent Spatial Memory. Neuron 34:447-462.

Pontremoli S, Melloni E, Sparatore B, Michetti M, Salamino F, Horecker BL
(1990) Isozymes of protein kinase C in human neutrophils and their
modification by two endogenous proteinases. Journal of Biological
Chemistry 265:706-712.

Raymond JR, Mukhin YV, Gelasco A, Turner J, Collinsworth G, Gettys TW,
Grewal JS, Garnovskaya MN (2001) Multiplicity of mechanisms of
serotonin receptor signal transduction. Pharmacology & Therapeutics
92:179-212.

Redondo RL, Morris RGM (2011) Making memories last: the synaptic tagging
and capture hypothesis. Nat Rev Neurosci 12:17-30.

Reisel D, Bannerman DM, Schmitt WB, Deacon RMJ, Flint J, Borchardt T,
Seeburg PH, Rawlins JNP (2002) Spatial memory dissociations in mice
lacking GluR1. Nat Neurosci 5:868-873.

Roberts AC, Glanzman DL (2003) Learning in Aplysia: looking at synaptic
plasticity from both sides. Trends in Neurosciences 26:662-670.

Russell WR, & Nathan, P.W. (1946) Traumatic amnesia. Brain 69:280-300.

Sacktor TC (2011) How does PKMz maintain long-term memory? Nat Rev
Neurosci 12:9-15.

Sacktor TC, Schwartz JH (1990) Sensitizing stimuli cause translocation of protein
kinase C in Aplysia sensory neurons. Proceedings of the National
Academy of Sciences 87:2036-2039.

Sacktor TC, Wayne S. Sossin J-CLVFC, Sylvie B (2008) Chapter 2 PKM[zeta],
LTP maintenance, and the dynamic molecular biology of memory storage.
In: Progress in Brain Research, pp 27-40: Elsevier.

Sacktor TC, Osten P, Valsamis H, Jiang X, Naik MU, Sublette E (1993)
Persistent activation of the zeta isoform of protein kinase C in the
maintenance of long-term potentiation. Proceedings of the National
Academy of Sciences 90:8342-8346.

164



Sajikumar S, Navakkode S, Sacktor TC, Frey JU (2005) Synaptic Tagging and
Cross-Tagging: The Role of Protein Kinase M{zeta} in Maintaining Long-
Term Potentiation But Not Long-Term Depression. J Neurosci 25:5750-
5756.

Schmitt WB, Deacon RMJ, Seeburg PH, Rawlins JNP, Bannerman DM (2003) A
Within-Subjects, Within-Task Demonstration of Intact Spatial Reference
Memory and Impaired Spatial Working Memory in Glutamate Receptor-A-
Deficient Mice. J Neurosci 23:3953-3959.

Scoville WB, Milner B (2000) Loss of Recent Memory After Bilateral Hippocampal
Lesions. J Neuropsychiatry Clin Neurosci 12:103-a-113.

Sekeres MJ, Neve, R. L., Frankland, P. W., & Josselyn, S. A. (2010) Dorsal
hippocampal CREB is both necessary and sufficient for spatial memory.
Learning & Memory 17:280-283.

Serrano P, Yao Y, Sacktor TC (2005) Persistent Phosphorylation by Protein
Kinase M{zeta} Maintains Late-Phase Long-Term Potentiation. J Neurosci
25:1979-1984.

Serrano P, Friedman EL, Kenney J, Taubenfeld SM, Zimmerman JM, Hanna J,
Alberini C, Kelley AE, Maren S, Rudy JW, Yin JCP, Sacktor TC, Fenton
AA (2008) PKMz Maintains Spatial, Instrumental, and Classically
Conditioned Long-Term Memories. PLoS Biol 6:€318.

Sessoms JS, Chen, S. J, Chetkovich, D.M, Powell, C.M, Roberson, E.D, Sweatt,
J.D, Klann, E. (1992) Ca(2+)-induced persistent protein kinase C
activation in rat hippocampal homogenates. Second Messengers
Phosphoproteins 14:109-126.

Shema R, Sacktor TC, Dudai Y (2007) Rapid Erasure of Long-Term Memory
Associations in the Cortex by an Inhibitor of PKMz. Science 317:951-953.

Shema R, Hazvi S, Sacktor TC, Dudai Y (2009) Boundary conditions for the
maintenance of memory by PKMz in neocortex. Learning & Memory
16:122-128.

165



Shema R, Haramati S, Ron S, Hazvi S, Chen A, Sacktor TC, Dudai Y (2011)
Enhancement of Consolidated Long-Term Memory by Overexpression of
Protein Kinase Mz in the Neocortex. Science 331:1207-1210.

Sherff CM, Carew TJ (2002) Coincident Induction of Long-Term Facilitation at
Sensory-Motor Synapses in Aplysia: Presynaptic and Postsynaptic
Factors. Neurobiology of Learning and Memory 78:498-507.

Si K, Giustetto M, Etkin A, Hsu R, Janisiewicz AM, Miniaci MC, Kim J-H, Zhu H,
Kandel ER (2003) A Neuronal Isoform of CPEB Regulates Local Protein
Synthesis and Stabilizes Synapse-Specific Long-Term Facilitation in
Aplysia. Cell 115:893-904.

Soloff RS, Katayama C, Lin MY, Feramisco JR, Hedrick SM (2004) Targeted
Deletion of Protein Kinase C {lambda} Reveals a Distribution of Functions
between the Two Atypical Protein Kinase C Isoforms. In, pp 3250-3260.

Sossin WS (1996) Mechanisms for the generation of synapse specificity in long-
term memory: the implications of a requirement for transcription. Trends in
Neurosciences 19:215-218.

Sossin WS (2007) Isoform specificity of protein kinase Cs in synaptic plasticity.
Learn Mem 14:236-246.

Sossin WS (2008a) Defining memories by their distinct molecular traces. Trends
in Neurosciences 31:170-175.

Sossin WS, Jean-Claude Lacaille Vincent F. Castellucci, & Sylvie, Belleville.
(2008b) Chapter 1 Molecular memory traces. In: Progress in Brain
Research, pp 3-25: Elsevier.

Squire LR, & Barondes, S. H. (1970) Actinomycin-D: effects on memory at
different times after training. Nature 225:649-650.

Steiner P, Higley MJ, Xu W, Czervionke BL, Malenka RC, Sabatini BL (2008)
Destabilization of the Postsynaptic Density by PSD-95 Serine 73
Phosphorylation Inhibits Spine Growth and Synaptic Plasticity. Neuron
60:788-802.

Stevens CF (1998) A Million Dollar Question: Does LTP = Memory? Neuron 20:1-
2.

166



Sutton MA, Carew TJ (2000) Parallel Molecular Pathways Mediate Expression of
Distinct Forms of Intermediate-Term Facilitation at Tail Sensory-Motor
Synapses in Aplysia. Neuron 26:219-231.

Sutton MA, Masters SE, Bagnall MW, Carew TJ (2001) Molecular Mechanisms
Underlying a Unique Intermediate Phase of Memory in Aplysia. Neuron
31:143-154.

Sutton MA, Bagnall MW, Sharma SK, Shobe J, Carew TJ (2004) Intermediate-
Term Memory for Site-Specific Sensitization in Aplysia Is Maintained by
Persistent Activation of Protein Kinase C. J Neurosci 24:3600-3609.

Takai Y, Kishimoto A, Inoue M, Nishizuka Y (1977) Studies on a cyclic
nucleotide-independent protein kinase and its proenzyme in mammalian
tissues. . Purification and characterization of an active enzyme from
bovine cerebellum. Journal of Biological Chemistry 252:7603-7609.

Takai Y, Kishimoto A, lwasa Y, Kawahara Y, Mori T, Nishizuka Y (1979) Calcium-
dependent activation of a multifunctional protein kinase by membrane
phospholipids. Journal of Biological Chemistry 254:3692-3695.

Tanaka C, & Nishizuka. Y. (1994) The Protein Kinase C Family for Neuronal
Signaling. Annual Review of Neuroscience 17:551-567.

Trudeau L, Castellucci V (1995) Postsynaptic modifications in long-term
facilitation in Aplysia: upregulation of excitatory amino acid receptors. The
Journal of Neuroscience 15:1275-1284.

Udo H, Jin I, Kim J-H, Li H-L, Youn T, Hawkins RD, Kandel ER, Bailey CH (2005)
Serotonin-Induced Regulation of the Actin Network for Learning-Related
Synaptic Growth Requires Cdc42, N-WASP, and PAK in Aplysia Sensory
Neurons. Neuron 45:887-901.

Ultanir SK, Kim J-E, Hall BJ, Deerinck T, Ellisman M, Ghosh A (2007) Regulation
of spine morphology and spine density by NMDA receptor signaling in
vivo. Proceedings of the National Academy of Sciences 104:19553-19558.

Vanderklish P, Bednarski E, Lynch G (1996) Translational suppression of calpain
blocks long-term potentiation. Learning & Memory 3:209-217.

167



Vattem KM, Wek RC (2004) Reinitiation involving upstream ORFs regulates
ATF4 mRNA translation in mammalian cells. Proceedings of the National
Academy of Sciences of the United States of America 101:11269-11274.

Villareal G, Li Q, Cai D, Glanzman DL (2007) The role of rapid, local,
postsynaptic protein synthesis in learning-related synaptic facilitation in
aplysia. Curr Biol 17:2073-2080.

Villareal G, Li Q, Cai D, Fink AE, Lim T, Bougie JK, Sossin WS, Glanzman DL
(2009) Role of Protein Kinase C in the Induction and Maintenance of
Serotonin-Dependent Enhancement of the Glutamate Response in
Isolated Siphon Motor Neurons of Aplysia californica. J Neurosci 29:5100-
5107.

Weeber EJ, Atkins CM, Selcher JC, Varga AW, Mirnikjoo B, Paylor R, Leitges M,
Sweatt JD (2000) A Role for the beta Isoform of Protein Kinase C in Fear
Conditioning. J Neurosci 20:5906-5914.

Whitlock JR, Heynen AJ, Shuler MG, Bear MF (2006) Learning Induces Long-
Term Potentiation in the Hippocampus. Science 313:1093-1097.

Xia Z, Liu Y (2001) Reliable and Global Measurement of Fluorescence
Resonance Energy Transfer Using Fluorescence Microscopes.
Biophysical Journal 81:2395-2402.

Yao Y, Kelly MT, Sajikumar S, Serrano P, Tian D, Bergold PJ, Frey JU, Sacktor
TC (2008) PKMz Maintains Late Long-Term Potentiation by N-
Ethylmaleimide-Sensitive Factor/GluR2-Dependent Trafficking of
Postsynaptic AMPA Receptors. The Journal of Neuroscience 28:7820-
7827.

Zadran S, Bi X, Baudry M (2010) Regulation of Calpain-2 in Neurons:
Implications for Synaptic Plasticity. Molecular Neurobiology 42:143-150.

Zamanillo D et al. (1999) Importance of AMPA Receptors for Hippocampal
Synaptic Plasticity But Not for Spatial Learning. Science 284:1805-1811.

Zhao Y, Leal K, Abi-Farah C, Martin KC, Sossin WS, Klein M (2006) Isoform

Specificity of PKC Translocation in Living Aplysia Sensory Neurons and a

168



Role for Ca2+-Dependent PKC APL | in the Induction of Intermediate-
Term Facilitation. J Neurosci 26:8847-8856.

169



