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Long-term memory is believed to be maintained by persistent modifications of synaptic transmission within the
neural circuits that mediate behavior. Thus, long-term potentiation (LTP) is widely studied as a potential
physiological basis for the persistent enhancement of synaptic strength that might sustain memory. Whereas the
molecular mechanisms that initially induce LTP have been extensively characterized, the mechanisms that
persistently maintain the potentiation have not. Recently, however, a candidate molecular mechanism linking the
maintenance of LTP and the storage of long-term memory has been identified. The persistent activity of the
autonomously active, atypical protein kinase C (aPKC) isoform, PKM, is both necessary and sufficient for
maintaining LTP. Furthermore, blocking PKMC activity by pharmacological or dominant negative inhibitors disrupts
previously stored long-term memories in a variety of neural circuits, including spatial and trace memories in the
hippocampus, aversive memories in the basolateral amygdala, appetitive memories in the nucleus accumbens,
habit memory in the dorsal lateral striatum, and elementary associations, extinction, and skilled sensorimotor
memories in the neocortex. During LTP and memory formation, PKMC is synthesized de novo as a constitutively
active kinase. This molecular mechanism for memory storage is evolutionarily conserved. PKMC formation through
new protein synthesis likely originated in early vertebrates ~500 million years ago during the Cambrian period.
Other mechanisms for forming persistently active PKM from aPKC are found in invertebrates, and inhibiting this
atypical PKM disrupts long-term memory in the invertebrate model systems Drosophila melanogaster and Aplysia
californica. Conversely, overexpressing PKMC enhances memory in flies and rodents. PKMC persistently enhances
synaptic strength by maintaining increased numbers of AMPA receptors at postsynaptic sites, a mechanism that
might have evolved from the general function of aPKC in trafficking membrane proteins to the apical compartment
of polarized cells. This mechanism of memory may have had adaptive advantages because it is both stable and
reversible, as demonstrated by the downregulation of experience-dependent, long-term increases in PKMC after
extinction and reconsolidation blockade that attenuate learned behavior. Thus, PKM(, the “working end” of LTP, is a
component of an evolutionarily conserved molecular mechanism for the persistent, yet flexible storage of

For over a century, scientists have postulated that per-
sistent changes in the synaptic connections among neu-
rons might maintain long-term memory [1]. Compelling
experimental support for this hypothesis came from in-
vertebrate model systems, notably Aplysia californica, in
which changes in synaptic strength among identified
neurons mediating behavior could be directly observed
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[2]. In the 1980s and early 1990s, further studies in mol-
luscan and insect model systems lead to the discovery of
several signaling molecules that initiate long-term
changes in synaptic transmission and behavior, including
the cAMP-dependent protein kinase (PKA) [2,3] and the
transcription factor, cAMP response element-binding
protein (CREB) [4,5], which were then shown to be cru-
cial for memory formation in rodents and other animals
[6]. Thus by 2000, much of the learning and memory
field had come to believe that the molecular mechanisms
of memory are evolutionarily conserved, and the keys to
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understanding these mechanisms were the molecules
that control synaptic plasticity [7].

The form of synaptic plasticity most widely studied in
mammalian systems is long-term potentiation (LTP), a
persistent synaptic enhancement first characterized in
detail in the hippocampus by Bliss and Lemo [8,9].
Interest in LTP grew rapidly with the discovery that the
activation of the N-methyl-D-aspartate receptor (NMDAR)
triggers both hippocampal LTP induction [10] and
hippocampus-dependent spatial learning [11]. Following
these seminal findings, over a hundred signaling mole-
cules downstream of the NMDA receptor were charac-
terized [12]. Some, such as Ca®*/calmodulin-dependent
protein kinase II (CaMKII), initiate a transient early-LTP
[13], whereas others, like mitogen-activated protein kin-
ase (MAPK), participate in the regulation of new protein
synthesis that is crucial for the transition from early- to
more persistent late-LTP [14,15]. Because many of the
signaling molecules important for LTP induction were
also implicated within a brief time window of an hour
after learning during the initial cellular consolidation
of long-term memory, the case that an LTP-like mech-
anism might mediate the cellular basis of memory
grew stronger.

But an essential mechanism for both LTP and long-
term memory was missing — a mechanism maintaining
the changes in synaptic strength and the learned behav-
ior over time. Although scores of the signaling molecules
that were activated during LTP were also found to be
functionally important for inducing late-LTP, none had
been found necessary for maintaining the potentiation
once it had been established for 1-2 hours [12,16]. Be-
cause inhibitors of protein synthesis applied during this
initial time window blocked the induction of both late-
LTP and many forms of long-term memory [17,18], the
general assumption in the field was that newly synthe-
sized proteins were critical for the persistence of LTP
and memory, most likely to serve as building blocks for
new synapses. Once these new, experience-dependent
synapses had been constructed, however, they could not
be eliminated by any enzymatic inhibitor. Thus, in the
prevailing theory, long-term memory could be prevented
from forming, but could not be erased.

In 2002, however, a brain-specific, autonomously ac-
tive isozyme of PKC, PKM{, was found to be both ne-
cessary and sufficient for maintaining the late-phase of
synaptic potentiation in hippocampal slices [16]. Douglas
Ling, Larry Benardo, and our colleagues showed that
synapses were potentiated by intracellular perfusion of
PKMU, and late-LTP was reversed by inhibiting the kin-
ase, even when the inhibitors were applied many hours
after the initial protein synthesis-dependent time win-
dow [16,19-22]. Then in 2006, André Fenton and our
colleagues showed that the PKMJ{ inhibitor, zeta

Page 2 of 11

inhibitory peptide (ZIP), which effectively blocks the ac-
tion of PKM{ both biochemically in vitro and within
neurons [16,19,23], reverses LTP in vivo 1 day after in-
duction and disrupts spatial memory in the rat hippo-
campus 1 day or even 1 month after training [22]. The
following year, Yadin Dudai and our colleagues began a
series of studies showing both ZIP and dominant nega-
tive mutations of PKM{ disrupt long-term memory in
rat neocortex, up to 3 months after training [24-26].

Subsequently, many forms of long-term memory in a
wide variety of neural circuits were shown to be main-
tained by the persistent activity of PKM{. In addition
to different types of spatial long-term memories
[27,28], trace memories in the hippocampus [21], aver-
sive memories in the basolateral amygdala (BLA)
[27,29-32], appetitive memories in the nucleus accum-
bens [33-35], habit memory in the dorsal lateral stri-
atum [36], and elementary associations [24-26,37],
extinction [38], and skilled sensorimotor memories [39]
in the neocortex were all disrupted by inhibiting PKMC.
Persistent experience-dependent enhancement of synap-
tic transmission in the hippocampus [21] and the pri-
mary visual cortex [40] were also erased by inhibiting
PKMC. Providing an underlying cellular basis for spatial
memory erasure, recent work has shown that inhibiting
PKM{ disrupts the stable firing patterns of hippocam-
pal place cells exposed to a familiar environment [41].
After the drug has been eliminated, the same place cells es-
tablish new stable firing patterns in the familiar environ-
ment that have no relationship to the old patterns that had
been erased. Some forms of memory were not erased by
inhibiting PKMC, including short-term memories mediated
by the hippocampus [22] and neocortex [26], and certain
long-term memories characterized by the habituation of
behavioral responses, such as latent inhibition and attenu-
ation of neophobia [24].

In addition to physiological memory storage, the
persistence of several neurological and psychiatric
disorders that had been hypothesized to be mediated,
in part, by LTP-like changes in the neural circuitry
mediating pain or reward was also found to be main-
tained by PKM( in animal models. Thus, ZIP amelio-
rates chronic neuropathic pain when injected in the
anterior cingulate cortex [42-44] and spinal cord
[45-48], post-traumatic stress disorder in the insular
cortex [49], and addiction in nucleus accumbens
[33-35], BLA [38], hippocampus [50], and ventral
tegmental nucleus [51]. Abnormal aggregations of
PKM( are also observed in and near neurofibrillary
tangles in the brains of individuals with Alzheimer’s
disease [52].

ZIP, a cell-permeable pseudosubstrate peptide inhibi-
tor, is the most commonly used pharmacological tool to
inhibit PKMU{. ZIP applied extracellularly to neurons
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blocks the action of PKM{ perfused into CA1 pyramidal
cells in hippocampal slices [19,23], PKM{ transfected
into primary cultured hippocampal neurons [53], and
PKC{ introduced into sensory neurons [47]. The IC50 of
the ability of ZIP to inhibit PKM{-mediated potentiation
of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR) responses at synapses of CAl pyr-
amidal cells is nearly identical to the IC50 of its ability
to reverse late-LTP at these synapses [19]. Because both
full-length atypical PKC (aPKC) isoforms, PKC{ and
PKCi/A, contain the identical pseudosubstrate sequence,
ZIP is also a standard reagent to inhibit the function of
full-length aPKC within cells [54] and to identify intra-
cellular aPKC substrates [55]. One paper had suggested
ZIP at the doses used to inhibit PKM{ postsynaptically
perfused into neurons was not effective on a PKM(
fusion protein overexpressed in cultured cells [56].
These negative results, however, were subsequently
explained to be a consequence of using the standard
doses of ZIP in overexpression systems that increase
kinase levels between 1-2 orders of magnitude above
normal [23]. At such high levels of overexpression, the
exogenous “spare” kinase, analogous to spare receptors,
far exceeds the endogenous kinase, and the standard
doses of ZIP that inhibit PKM( in neurons and reverse
LTP maintenance would be expected to have no notice-
able effect [23].

Extending beyond maintenance to expression, Karim
Nader and our colleagues at McGill University showed
that PKMU sustained late-LTP and long-term memory by
a common mechanism of synaptic enhancement. PKM(
potentiates synaptic transmission by modifying the traf-
ficking of GluA2 subunit-containing AMPARs so as to
increase the number of receptors at postsynaptic sites
[30,57,58] (Figure 1). Nader and our colleagues showed
that blockers of GluA2 endocytosis prevent the disrup-
tion of LTP maintenance and memory storage induced
by ZIP, confirming that the agent effectively inhibits
PKMU(’s mechanism of action both in brain slices and
in vivo [30,34,36].

The inhibition of PKM{ persistently disrupts memory
storage, rather than transiently blocking memory re-
trieval [22]. The half-life of intracranially injected ZIP is
~2 hours, and is cleared from the brain within a day [32],
but the disruption of previously stored memory by the
agent lasts far longer. After bolus injections of ZIP, LTP
in vivo is eliminated for days [21] and well-established
memories are eliminated for at least 1 week in hippocam-
pus [22] and for 1 month in neocortex [24], the longest
time points examined in each region. After ZIP has
cleared, new memories can nonetheless be reformed and
stored [22,27,39], and even erased a second time by ZIP
[26]. These data indicate that transiently inhibiting PKM(
does not damage the hippocampus or neocortex, but

Page 3 of 11

PRKCZ gene
I—b

QNN

Reg Cat

[}

Transported

.
\
Postsynaptic to dendrites
density 2l
CaMKI,PI3K,| &
NMDAR s MAPK, PKA, L
mTOR, actin, :

PIN1
1PSDI5 Releases
| ___ |translational «
\ \PKMt., 3 Lﬂmk
~L | PKM{ mRNA

/ =
AMPAR ‘\ “Vendocytosis TDecrease§ (translationally
@ proteolysis repressed)

NS/
] \BDNF|

GluA2-containing
AMPAR

Figure 1 Summary of the signaling pathways of PKM(-
mediated late-LTP. Transcription from an internal promoter within
the PRKCZ gene expresses a PKMC mRNA that encodes a PKCC
catalytic domain (green) without a regulatory domain (red). The
PKMC mRNA, which is transported to dendrites of neurons, is
translationally repressed. During strong afferent synaptic stimulation,
glutamate (Glu) stimulates both postsynaptic AMPAR and NMDARs.
The increase in postsynaptic Ca”* through the activated NMDAR
stimulates multiple effector molecules that upregulate PKMC
synthesis and downregulate PKM( degradation. The newly translated
PKMC is rapidly phosphorylated by PDK1 to achieve a fully active
state. PKMC enhances its own translation by phosphorylating PINT.
The persistent activity of PKMC then maintains both increases in
postsynaptic GluA2-containing AMPARSs by decreasing receptor
endocytosis through an NSF-dependent pathway, and increases in
PSD-95 aggregation. Adapted from [59].
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specifically erases the long-term memory trace main-
tained by these structures.

Because the half-life of ZIP is ~2 hours [32], initial
studies on the disruption of fear conditioning that had
tested memory retention a day after injection of the drug
into the BLA had indicated that the persistence of mem-
ory erasure in the BLA would be similar to that in
hippocampus and neocortex [30]. One paper, using a
dose of ZIP lower than that employed in previous stud-
ies of other brain regions, suggested that the memory
loss for fear-potentiated startle was temporary [60], al-
though see the discussions in references [61,62]. A sub-
sequent study of the retention of a learned active
avoidance response using the standard dose of ZIP in
the BLA, however, confirmed persistent amnesia for a
week after drug injection [31], demonstrating that mem-
ory erasure by ZIP in the BLA was consistent with that



Sacktor Molecular Brain 2012, 5:31
http://www.molecularbrain.com/content/5/1/31

observed in other brain regions. Interestingly, in the
study that had used the low dose of ZIP, memory loss
persisted when the rats were reexposed to the CS alone,
a day after drug infusion [60]. Because the standard dose
of ZIP erases multiple memories within a brain region,
with or without CS reactivation [24], if low dose ZIP se-
lectively disrupts the CS-US association of the specific
reactivated CS, such doses of the drug might be used to
erase specific memories, similar to the specific disrup-
tion of reactivated memory that is the hallmark of re-
consolidation blockade [63].

The molecular mechanisms of synaptic memory
storage by PKM(

PKMU’s ability to store experience-dependent informa-
tion at synapses is due to its unique structure as an au-
tonomously active form of PKC [64-66]. Full-length PKC
isoforms are activated by conformational changes
induced by second messengers [67]. Each PKC consists
of an N-terminal regulatory domain linked by a hinge
region to a C-terminal catalytic domain. Under basal
conditions in the cell cytosol, full-length PKCs are in-
active because an autoinhibitory pseudosubstrate within
the regulatory domain interacts with and blocks the
catalytic domain. Second messengers stimulate the full-
length PKCs by binding to the regulatory domain,
translocating the enzyme to membrane, and inducing a
conformational change that releases the autoinhibition.
This allosteric mechanism activates all three classes of
PKC isoforms — conventional PKCs by Ca®>* and dia-
cylglycerol (DAG); novel PKCs by DAG, but not Ca**;
and atypical PKCs, including the full-length PKC{, by
neither Ca®* nor DAG, but by alternate lipid second
messengers and proteins that bind to the aPKC regula-
tory domain. Because the second messengers that acti-
vate the full-length PKCs are generally short-lived, this
mechanism of action is transient and rapidly reversible,
allowing PKC to participate in multiple rounds of short-
term signal transduction.

In contrast to the full-length isoforms, PKM{ consists
of a PKC catalytic domain without a regulatory domain
[64,65]. Lacking the autoinhibitory pseudosubstrate of
the PKCC regulatory domain (ie., the amino acid se-
quence of ZIP), PKM( is autonomously and thus persist-
ently active [64,66]. The formation of PKM was
originally described in biochemical in vitro studies to be
through limited proteolysis of full-length PKC at its
hinge region, separating the regulatory from the catalytic
domain [68]. However, the generation of PKM{ in neu-
rons is by a transcriptional and translational mechanism
unique to the { gene, PRKCZ, which produces the  cata-
lytic domain directly through new protein synthesis [65]
(Figure 1). The PRKCZ gene contains two promoters,
one upstream of the exons of the N-terminal regulatory
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domain that generates the full-length PKC{ mRNA and
protein, and a second internal promoter within a large
intron that produces a PKM{ mRNA, the translation of
which begins at an evolutionarily conserved methionine
in the hinge region to produce an independent { cata-
lytic domain [65]. In the forebrain, PKM{ mRNA is
expressed by the PRKCZ gene, and PKC{ mRNA is tran-
scribed only in trace amounts, except in the lateral olfac-
tory tract; in the hindbrain, both mRNA species are
transcribed [65,69]. Outside the nervous system, PKC{
mRNA is expressed in various cell-types, and PKM{
mRNA is transcribed only in trace amounts [65].

Under basal conditions in neurons, PKM{ mRNA is
transported to dendrites [70] and is translationally
repressed by its long 5’untranslated region [65]. Follow-
ing NMDAR activation that triggers LTP, many of the
signaling molecules important for LTP induction, includ-
ing CaMKII, PKA, MAPK, phosphatidylinositol 3-kinase
(PI3K), mammalian target of rapamycin (mTOR), as well
as actin filament formation, act in concert to increase
PKM{( synthesis [65,71,72] (Figure 1). Brain-derived
neurotrophic factor (BDNF) injected into the hippocam-
pus in vivo also increases PKM{ [73] and in theta burst-
triggered LTP plays an additional role in decreasing the
initial degradation of PKMU, thus further contributing to
increases in the kinase [74]. Immediately after transla-
tion, the nascent PKM{ is rapidly phosphorylated by
phosphoinositide-dependent kinase 1 (PDK1), which
locks the PKM{ in a maximally activated state [23,71].
Subsequently, persistent PDK1 phosphorylation is no
longer required for the autonomous activity of PKM{
[23]. Whereas increased translation of pre-existing
PKM{ mRNA is the mechanism for the formation of
PKMC{ in LTP [65,71], persistent increases in { mRNA
also occur after some forms of learning [75], suggesting
additional transcriptional regulation of the abundance of
the PKMU{ message and thus the translational capacity of
the neuron to synthesize PKMU{. After synthesis, PKM{
acts as an LTP-specific plasticity-related protein (PRP)
that is captured at recently activated synapses that have
undergone “synaptic tagging” [17,20,76-79]. CaMKII has
been proposed to be a component of the synaptic tag
sequestering PKM( [79].

Once at the synapse, the functional target of PKMC for
synaptic potentiation is the GluA2 subunit of the AMPAR
[30,58]. The interaction between PKM{ and GIuAz2, ori-
ginally described in rodents, is likely to be evolutionarily
conserved, because the colocalization of the two mole-
cules at synaptic sites has recently been observed to
positively correlate with memory performance in young
and aged non-human primates [80]. Interactions between
the trafficking protein N-ethylmaleimide-sensitive factor
(NSF) and GluA2, which was originally described as part
of a homeostatic mechanism maintaining AMPARs at
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synapses [81-84], are critical for the synaptic potentiation
by PKMC, but the precise targets of phosphorylation that
mediate the enhancement have not yet been established
[30,58]. PKM{ also interacts with the postsynaptic scaf-
folding protein, kidney and brain expressed protein
(KIBRA) [85,86], which has been associated by genetic
studies with human memory performance [87], and the
C-terminal of PKM{ is a PSD-95/DLG/ZO-1 (PDZ)-
binding sequence that interacts with protein interacting
with PKC 1 (PICK1) [58]. Both KIBRA and PICK1 also
bind to the AMPAR GluA2 subunit and participate in
the regulation of the trafficking of the receptor to post-
synaptic sites [88-90].

Perhaps related to its role in AMPAR trafficking,
PKM{ also increases the aggregation of postsynaptic
density protein 95 (PSD-95) at synapses [53], which may
be through phosphorylation of the palmitoylation en-
zyme ZDHHCS8 [91]. PKM{ alters the morphology of
spines in cultured neurons [92], and the amount of
PKMC in spines positively correlates with the area of the
PSD in synapses of the dentate gyrus in non-human pri-
mates [80]. Because ZIP reverses the PKM{-mediated ag-
gregation of PSD-95 within hours of drug application,
these structural changes of synapses may, like synaptic
potentiation, be maintained by the persistent enzymatic
action of PKM( [53].

The evolutionary history of PKM{, LTP, and long-
term memory

A comparative genomic analysis of atypical PKC per-
formed by Wayne Sossin and colleagues at McGill Uni-
versity found that the translational mechanism for the
formation of PKM(, the hallmark of which is a con-
served methionine in the hinge region that initiates the
synthesis of PKM( [65], arose around the time of the
gene duplication of the single invertebrate aPKC gene
into the two vertebrate aPKC isoforms, { and /A [93].
These two isoforms, whose actions can be similar in
neurons [47], are the two most closely related genes of
the 9-member PKC gene family. Extending this analysis,
Ling Pan (SUNY Downstate) and I found that the lam-
prey, an early, jawless cyclostome vertebrate, has an ap-
parent single aPKC, with features of both PKC{ and
PKCu/)A, that contains the hallmark hinge methionine
found in PKM( that initiates translation of the independ-
ent catalytic domain. Therefore, the formation of atyp-
ical PKM by new protein synthesis originated at or
before the splitting of cyclostomes from the main verte-
brate line of evolution (the cyclostome—gnathostome
split). This establishes the origin of the formation of
PKM by new protein synthesis, and therefore the mech-
anism maintaining late-LTP, at least ~500 million years
ago in the Cambrian period [94,95].
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Remarkably, a persistently active PKM form is also
generated from the invertebrate aPKC, which lacks the
vertebrate PKM( translational start site [93], and this
atypical PKM plays fundamental roles in long-term
memory maintenance in widely divergent invertebrate
phyla. Working with the arthropod Drosophila melano-
gaster, Jerry Yin and our colleagues at the University of
Wisconsin at Madison showed that the persistent activ-
ity of atypical PKM is both necessary and sufficient for
long-term memory of olfactory avoidance behavior that
is induced by associative conditioning [96]. Drosophila
atypical PKM is enriched in the fly head [96], just as
PKMC is specifically expressed in neural tissue [65,97],
but the mechanism for the formation of atypical PKM in
Drosophila has not yet been elucidated. In the mollusk
Aplysia californica, David Glanzman and colleagues at
UCLA found that the persistent activity of atypical PKM
is crucial for maintaining behavioral long-term
sensitization of withdrawal reflexes as late as 7 days after
training, well beyond the initial, protein synthesis-
dependent consolidation phase for the sensitization [98].
In addition, Glanzman found that the Aplysia orthologue
of PKM{ also maintains the long-term synaptic facilita-
tion of sensorimotor synapses that mediates the behavior
[98]. As shown by Sossin and colleagues, proteolysis of
aPKC is critical for the formation of atypical PKM in
Aplysia, and the proteolytic formation of atypical PKM
by sensitizing stimulation requires both the protease cal-
pain and new protein synthesis [93,99]. How long-term
memory maintained by atypical PKM in Aplysia might
require both new protein synthesis and proteolysis is not
yet known, but possibilities include new synthesis of the
precursor aPKC, of the protease that cleaves the aPKC,
or of another molecule that facilitates the cleavage or
stabilizes the atypical PKM [99]. Eric Kandel and his col-
leagues at Columbia University have shown that the
translation factor, Aplysia cytoplasmic polyadenylation
element binding protein (CPEB) that has prion-like
properties of self-perpetuation [100,101] is required for
sustaining long-term facilitation during a persistent, pro-
tein synthesis-dependent period lasting~2 days [102].
Because Aplysia atypical PKM also maintains long-term
facilitation during this period [98], CPEB may interact
with atypical PKM, either by regulating the synthesis of
aPKC or the protease that cleaves this precursor to
PKM, or, conversely, as a mechanism regulated by PKM.

In both Drosophila and rats, overexpression of PKM{
enhances long-term memory. Jerry Yin and our collea-
gues demonstrated that transgenic flies overexpressing
either mouse PKM{ or the Drosophila atypical PKM have
stronger long-term memory, and therefore the mechan-
ism for memory enhancement by increasing PKM{ activ-
ity, like that of memory erasure by decreasing PKMC{
activity, is evolutionarily conserved [96]. Furthermore, by
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transfecting PKM( into the neocortex of rats, Yadin
Dudai and our colleagues at the Weizmann Institute
showed that not only are new memories strengthened
when PKMU is overexpressed before training, but even
old, faded memories are robustly enhanced when the kin-
ase is overexpressed a week after training [25]. The
mechanisms by which increasing PKM{ by overexpres-
sion enhances memory in both vertebrates and inverte-
brates are not known, but may involve upregulation of
the positive feedback loops of local translation and “syn-
aptic autotagging” that have been proposed to maintain
the synaptic compartmentalization of PKM{ [59], as dis-
cussed in the next section.

Why is the persistently active PKM form of an atyp-
ical PKC crucial for memory maintenance, whether it is
generated by cleavage of full-length PKC as in Aplysia,
or by transcription from an internal promoter within
the PKC{ gene as in vertebrates? Although one can only
speculate, a clue may be the original function of aPKC
in cells. Single cell organisms such as yeast express a
single PKC, but multicellular animals express multiple
PKC isoforms generated by gene duplication. In C. ele-
gans, the function of aPKC has already specialized to
establish and maintain apical compartments within
polarized cells through participation in a highly con-
served multiprotein complex, called the anterior PAR
complex (for partitioning), consisting of the adapter
proteins PAR6 and PAR3, the small GTPase Cdc42, and
aPKC [103] (Figure 2A). In this apically localized com-
plex, Cdc42 receives extracellular signals and stimulates
PAR6, which then binds to the regulatory domain of
aPKC, activating the kinase [104]. The PAR complex is
conserved in polarized cells throughout evolution and
defines the anterior pole of the C. elegans embryo, the
apical domain of Drosophila neuroblasts to control
their asymmetric division, and the apical membrane of
epithelial cells to promote apical-basal polarity and the
formation and maintenance of cell-cell junctions
[103,105-107]. Although the mechanisms by which the
PAR complex mediate polarity are only beginning to be
elucidated, a genome-wide screen in C. elegans has
shown that the complex directs the trafficking of mem-
brane proteins through the regulation of endocytosis
and vesicle recycling [108,109]. This mechanism is evo-
lutionarily conserved because it is also observed in
human HeLa cells [108].

The general function of aPKC to distribute membrane
proteins to apical compartments may have adapted to
control the trafficking of glutamate receptors to the
postsynaptic density, the apical compartment of the syn-
aptic spine (Figure 2B). Atypical PKC may originally
have participated in development of the synapse. Indeed,
roles for PKM( in synaptic maturation and dendritic de-
velopment have recently been described [91,110].
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Figure 2 Model of PKM{-mediated LTP maintenance as a
specialized form of aPKC regulation of cell polarity. A) In
polarized cells such as epithelial cells, polarity signals activate PARS,
which binds to the aPKC regulatory domain (red) and activates the
enzyme. Phosphorylation by aPKC then traffics membrane proteins
to the apical compartment of the polarized cell. B) In spines, PKMC is
synthesized after LTP induction or learning and potentiates synaptic
strength by NSF-dependent trafficking of AMPARs to the PSD, the
apical compartment of the postsynaptic spine. The absence of a
PKCC regulatory domain isolates PKMC from other postsynaptic
signaling, allowing the kinase to store long-term information
without interference from short-term synaptic events. PKMC
maintains both synaptic potentiation and its own localization at the
synapse by forming positive feedback loops, involving binding of
PKMC to postsynaptic GIUA2 subunit-containing AMPAR-binding
proteins, such as PICK1 and KIBRA. The persistent activity of
postsynaptic PKMC is required to maintain decreased AMPAR
endocytosis, preventing both AMPAR and kinase elimination from
the potentiated synapse. Other positive feedback loops, such as that
involving PINT, maintain increases in the amount of PKM( through

enhanced local translation.
. J

Once established as a mechanism for trafficking glu-
tamate receptors to the synapse during development, the
further activation of full-length aPKC might have been
useful for short-term synaptic plasticity and short-term
memory. Then, mutations that either allow proteolysis
in the hinge between the regulatory and catalytic
domains in invertebrates [99], or that generate inde-
pendent translation of the catalytic domain in verte-
brates [65], would have transformed this short-term
memory mechanism into a long-term memory mechan-
ism (Figure 2B).

The truncation of the aPKC regulatory domain to form
an independent catalytic domain would serve two pur-
poses in a molecular mechanism of long-term memory



Sacktor Molecular Brain 2012, 5:31
http://www.molecularbrain.com/content/5/1/31

(Figure 2B). First, the enzymatic activity of aPKC
becomes persistent, because of the removal of the auto-
inhibitory pseudosubstrate of the regulatory domain, as
described above. Second, the regulation of this persistent
atypical PKM activity becomes functionally isolated from
the extracellular signaling that is normally transmitted
into the cell by the other PAR proteins and second mes-
sengers that activate the full-length kinase by binding to
the aPKC regulatory domain. Thus, once formed, the au-
tonomous activity of atypical PKM that maintains long-
term memory is independent from the transient signal
transduction events that regulate short-term synaptic
potentiation or depression. This feature may be import-
ant if long-term information about experiences in the
past is to be stored in the same neural circuitry that is
continually modified by short-term experiences in the
present.

Making and breaking PKM{-mediated positive
feedback loops to maintain and erase long-term
memory
Because memories up to 3 months old can be erased by
PKMC inhibitors [26] and the amnestic effect of PKM{
inhibition is blocked by GluA2 endocytosis inhibitors
[30,34,36], a recent review has proposed that PKM{ and
its downstream targets form a self-perpetuating,
positive-feedback network through a process of “synaptic
auto-tagging” that can persist for months to maintain
very long-term memories [59] (Figure 2B). After its local
synthesis during LTP or memory formation, PKM{, by a
process involving inhibition of endocytosis through the
action of NSE, traffics GluA2-containing AMPARs to the
synapse, where AMPAR-binding proteins, such as PICK1
and KIBRA, also bind to PKM{ and thus maintain the
kinase at the appropriate postsynaptic sites. Applications
of PKM{ inhibitors disrupt the positive-feedback signal-
ing network and erase the potentiated state of the syn-
apse and long-term memory by releasing the GluA2
endocytosis that has been inhibited by the activity of
PKMU{. Thus, PKMC( inhibition allows the AMPARs and
PKMC to be eliminated from the appropriate postsynap-
tic sites. The collapse of the positive feedback network
would be rapid, because both LTP [2] and long-term
memory [22,27] are disrupted within 2 hours of expos-
ure to ZIP or other PKM{ inhibitors. After the inhibitors
have been eliminated, because the original postsynaptic
sites of PKM( formation and subsequent positive feed-
back have been lost, the potentiation [21] and long-term
memory [22,24] are permanently eliminated, and the
strength of the synapse and the animal’s behavior reset
to the naive state [59].

Other positive feedback loops involving enhanced local
translation have been proposed to maintain increased
levels of the kinase at potentiated synapses (Figure 2B).
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In LTP, for example, PKM{ phosphorylation is required
for the increased synthesis of PKM{ [71]. In particular,
PKM{ phosphorylation of peptidyl-prolyl cis-trans
isomerase NIMA-interacting 1 (PIN1) upregulates local
dendritic synthesis and the translation of PKM( [111]
(Figures 1 and 2B). Interestingly, phosphorylation by
the Aplysia atypical PKM is required for the formation
of the kinase by proteolysis, also forming a positive
feedback loop [99]. Thus, different positive feedback
loops may have evolved to maintain persistent
increased atypical PKM in vertebrates and inverte-
brates, each specific to the mechanism by which the
atypical PKM is generated during the formation of
long-term memory.

Although the long-term storage of information by
PKMC is isolated from short-term signaling at the syn-
apse, as discussed in the previous section, the rapid eras-
ure of memory by PKM( inhibitors suggests the
possibility that the long-term information stored by
PKM{ might also be modifiable by new experiences.
Thus, an animal might quickly update a long-term mem-
ory by rapidly degrading the PKM{ molecules restricted
to potentiated synapses and disrupting the positive feed-
back loops maintaining the maladaptive information.
The physiological erasure of a long-term memory within
a neural circuit by downregulating PKM{ would return
the circuit to its naive state, while preserving the cir-
cuitry that had been established during development to
mediate specific behaviors. This is because whereas
pharmacological or dominant negative inhibitors of
PKM{ disrupt LTP maintenance, these inhibitors do not
affect basal synaptic transmission either in brain slices
or in vivo in mature animals [16,19,22,23,57].

The downregulation of persistent increases of PKM{
has recently been observed during memory extinction
and reconsolidation blockade [112]. In animal models of
drug addiction, persistent increases of PKM{ maintain
drug-craving memory in the neural circuitry mediating
reward and emotion, including the nucleus accumbens
and the BLA [34,38,112]. When memories associated
with drug use are partially extinguished by repetitive ex-
posure to the CS, the previously induced, persistent
increases of PKM( in the BLA are reversed, and PKM{
increases in the infralimbic cortex, where the kinase is
critical for maintaining extinction [38]. Furthermore, a
form of reconsolidation blockade, in which reactivation
of the memory is followed by extinction, produces more
robust reversal of PKM( in the BLA, greater increases in
the infralimbic cortex, and stronger disruption of the
drug-associated memory than extinction alone [112].
Decreases in PKM{ have also been observed in the
hippocampus with spatial familiarity [113], which, like ex-
tinction, is produced by multiple exposures to an environ-
ment without experimental reinforcement. Although the
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mechanism for downregulating PKM{ during the repeti-
tive exposure to a stimulus is not known, proteolytic deg-
radation of PKM({ has been observed in the maintenance
of NMDAR-dependent long-term depression (LTD)
[114,115], suggesting the possibility that LTD or depoten-
tiation induces a persistent loss of PKM( that maintains
familiarity and, in some circuits, the extinction of
memory.

Fundamental information for understanding these
mechanisms of memory stability and erasure are the
half-life of PKM{ and the mechanisms maintaining the
compartmentalization of the kinase at specific synapses,
such as those proposed in the model of PKM( synaptic
auto-tagging [59]. Although another mechanism of
memory storage may take over from PKMJ{ after
3 months [26], the more parsimonious hypothesis is that
PKM{ maintains information for a memory’s lifetime.
For humans, how can the fidelity of PKM{-mediated
positive feedback loops be maintained for decades?
What is the relationship between the persistence of
PKM{ that functionally maintains long-term memory
and the structural changes associated with long-term
memory, particularly the growth of new synapses [7]?
These are essential questions for the future study of
PKM( and memory storage.

Conclusion

The persistent increased activity of PKM({ maintains
LTP and perpetuates many, but not all, forms of
long-term memory. PKM{ and its invertebrate ortho-
logues provide insight into the evolutionary history of
LTP-like synaptic plasticity and long-term memory.
The role of atypical PKM in maintaining long-term
memory may have emerged as a specialized mechan-
ism for persistently increasing postsynaptic AMPARs
from the more general function of aPKC in mem-
brane protein trafficking to the apical compartment of
polarized cells. The origin of the mechanism of late-
LTP by new synthesis of atypical PKM can be traced
to early vertebrates in the Cambrian period. This syn-
aptic information storage mechanism proved capable
of recording experiences within neural circuits in a
way that was both stable for months, yet reversible as
new contingencies arise, and appears to have been
useful for animal survival for hundreds of millions of
years.
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