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Memories that last a lifetime are thought to be stored, at least in part, as persistent enhancement of the strength of particular
synapses. The synaptic mechanism of these persistent changes, late long-term potentiation (L-LTP), depends on the state and
number of specific synaptic proteins. Synaptic proteins, however, have limited dwell times due to molecular turnover and
diffusion, leading to a fundamental question: how can this transient molecular machinery store memories lasting a lifetime?
Because the persistent changes in efficacy are synapse-specific, the underlying molecular mechanisms must to a degree
reside locally in synapses. Extensive experimental evidence points to atypical protein kinase C (aPKC) isoforms as key com-
ponents involved in memory maintenance. Furthermore, it is evident that establishing long-term memory requires new
protein synthesis. However, a comprehensive model has not been developed describing how these components work to
preserve synaptic efficacies over time. We propose a molecular model that can account for key empirical properties of
L-LTP, including its protein synthesis dependence, dependence on aPKCs, and synapse-specificity. Simulations and empirical
data suggest that either of the two aPKC subtypes in hippocampal neurons, PKM¢ and PKCu/\, can maintain L-LTP, making
the system more robust. Given genetic compensation at the level of synthesis of these PKC subtypes as in knockout mice,

this system is able to maintain L-LTP and memory when one of the pathways is eliminated.

[Supplemental material is available for this article.]

Amnesia and dementia, as well as addiction and post-traumatic
stress disorder, are associated with deficient or pathophysiological
memory induction and maintenance. To understand and treat
these disorders, we must understand the mechanisms of memory.
Experimental support for the hypothesis that the cellular process
of long-term potentiation (LTP) is the basis of learning and
memory is rapidly increasing (Bliss and Lemo 1973; Bliss and
Collingridge 1993; Bear and Malenka 1994; Barco et al. 2006;
Whitlock 2006; Matsuzaki 2007; Nabavi et al. 2014). The most
commonly studied form of persistently enhanced synaptic plas-
ticity, LTP, can be divided into at least two temporal phases,
early-LTP (E-LTP) and late-LTP (L-LTP). E-LTP is defined as an in-
crease in synaptic efficacies that lasts for up to a few hours; in con-
trast L-LTP is a long-lasting change that can be detected for
months in vivo (Abraham et al. 2002). The induction of both
L-LTP and long-lasting memory can be inhibited by the applica-
tion of protein synthesis inhibitors (PSI). Once L-LTP is induced
or long-term memory established, the same levels and durations
of PSI that prevent L-LTP and long-term memory cannot reverse
them (Flexner et al. 1965; McGaugh 1966; Fonseca et al. 2006;
Abraham and Williams 2008).

The fundamental issue we address here is how memories can
be maintained over extended periods of time despite protein turn-
over and diffusion (Crick 1984). In many biological systems sim-
ilar problems of maintaining a biological signal exist, and the
concept of a “molecular switch” has been proposed as a solution
(Tyson et al. 2003; Verdugo et al. 2013). A molecular switch is
a self-sustaining molecular network in which a brief signal can
switch the system between long-lasting stable states. In many
cases, it is implemented at the level of the whole cell, often at
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the level of transcription. Synaptic plasticity, however, must be
synapse-specific in order to accomplish its role in learning, mem-
ory formation, and receptive field development. Therefore, de-
spite strong evidence for transcriptional changes associated with
L-LTP (Day and Sweatt 2011; Zovkic et al. 2013), we concentrate
on local changes that can maintain synapse-specificity. A local
molecular switch could be instantiated at the level of post-
translational modifications (Lisman 1985; Routtenberg and
Rekart 2005) or at the level of translation (Belelovsky et al. 2005;
Abraham and Williams 2008; Aslam et al. 2009), as translation
can occur and be regulated locally in dendritic compartments
(Sutton and Schuman 2006; Santos et al. 2010; Batish et al.
2012; Leal et al. 2014).

There is substantial empirical evidence suggesting that a spe-
cific kinase located in dendrites and synapses, PKM{, an atypical
isoform of PKC, is essential for the maintenance of synaptic plas-
ticity and memory, suggesting it is a substrate of such a molecular
switch (Sacktor et al. 1993; Osten et al. 1996; Ling et al. 2002;
Migues et al. 2010; Westmark et al. 2010; Ho et al. 2012; Shao
et al. 2012). PKM{ is autonomously active, lacking the regulatory
subunit that inhibits the activity of most other PKC isoforms.
Electrophysiological and chemical protocols that induce L-LTP
cause an increase in the concentration of two atypical PKCs
(aPKCs): PKM{ and PKCu/\ (Kelly et al. 2007; Melemedjian et al.
2013). Furthermore, { inhibitory peptide (ZIP), a synthesized com-
pound containing the auto-inhibitory sequence of the regulatory
subunit of PKC{ and PKCu/\, erases memory when injected in
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Molecular model of atypical PKCs maintaining L-LTP

targeted areas such as hippocampus (spatial memory), insular cor-
tex (taste memory), nucleus accumbens (addiction), and amygda-
la (fear memory) (Pastalkova 2006; Shema et al. 2007; Serrano
et al. 2008; Li et al. 2011; Shabashov et al. 2011; Crespo et al.
2012; Kwapis et al. 2012). Thus, it is plausible that a molecular
switch, based on persistent activation of one or both aPKCs, plays
an important role in maintaining L-LTP and memory. We there-
fore developed a mathematical model of such a switch, based pri-
marily on the properties of PKM{. We then modified the model to
fit properties of PKCi/\ in order to investigate compensation in a
two-kinase model. To validate the single kinase model we selected
several key experimental observations that our model must ac-
count for, in addition to forming a bistable molecular switch of

higher levels of aPKCresult in higher rates of synthesis (Hernandez
et al. 2003; Tsokas et al. 2005, 2007; Kelly et al. 2007; Westmark
et al. 2010). We also assume that the doubly phosphorylated ki-
nase (Kpp) has a significantly larger dwell time in synapses than
does the singly phosphorylated molecule (K,) (Makuch et al.
2011; Li and Gao 2014; Vogt-Eisele et al. 2014). K, is also very sta-
ble, as shown in overexpression studies with mutated forms of
PKM({ with kidney/brain protein (KIBRA), which is primarily locat-
ed in the synapses (Johannsen et al. 2008). Finally, there is feed-
back at the level of aPKC autophosphorylation, because kinases
in the K, and K,;, states may facilitate autophosphorylation of K},
under some conditions (Standaert et al. 1997, 2001; Standaert
1999).

an aPKC. These key observations are:

1. The amount of aPKC increases after inducing L-LTP. Biochemical
measurements indicate that aPKCs increase by nearly 75% in
the hippocampal CA1 tissue homogenate after L-LTP induc-
tion (Kelly et al. 2007) and in synaptoneurosomes after chem-
ically induced L-LTP (Melemedjian et al. 2013).

2. L-LTP causes a minimal change in the fraction of phosphorylated
aPKC. After induction, the proportion of total kinases that

are fully (doubly) phosphorylated
changes by <10% (Kelly et al. 2007).

3. Different outcomes result from kinase
and synthesis inhibitors. Application
of ZIP, a potent competitive inhibitor
of PKM{ (Yao et al. 2013a), only dur-
ing stimulation does not prevent for-
mation of L-LTP (Ren et al. 2013),
but when ZIP is applied after the in-
duction phase, L-LTP is abolished
(Ling et al. 2002; Serrano et al. 2005;
Kelly et al. 2007). On the other
hand, application of protein synthesis
inhibitors prevents the induction of
L-LTP, but the same inhibitor concen-
tration and duration fails to reverse es-
tablished L-LTP (Otani et al. 1989;
Fonseca et al. 2006).

In order to account for all of the above
observations, we have developed a
dynamical model composed of synthesis,
degradation, and phosphorylation of
an aPKC (Fig. 1A), the concentration of
which is assumed to correlate with L-
LTP as has been found empirically for
PKM{ (Osten et al. 1996) and for PKCu/\
in {-knockout animals (P Tsokas, C
Hsieh, Y Yao, EJC Wallace, P Serrano, L
Pang, A Tcherepanov, D Jothianandan,
D Tian, BR Hartley, et al. in prep.). We as-
sume that the aPKC (denoted as K) can
exist in one of two states, a singly phos-
phorylated (K} state or a doubly phos-
phorylated state (K,p). The first site is
phosphorylated by phosphoinositide-
dependent protein kinase-1 (PDK1), and
phosphorylation of the second site, de-
noted the “turn” site, is catalyzed either
by another kinase, mTORC2, or the
aPKC, itself (Standaert et al. 1997; Li and
Gao 2014). Additional key assumptions
are as follows: Positive feedback at the lev-
el of aPKC synthesis is assumed, such that
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We model two cases, with and without aPKC autophos-
phorylation because empirical evidence exists for both. In vitro
charectarization of PKC{ using rat adipocytes clearly indicates
autophosphorylation, although the site of autophoshorylation
is not directly verified in these studies (Standaert et al. 1997,
2001). Because aPKCs have two phosphorylation sites, and one
of them is clearly a PDKI site, it is possible that autophosphoryla-
tion occurs in the turn site. However, using mouse embryonic
fibroblasts, another group has reported that PKC{ does not
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Figure 1. Model of a molecular switch based on bistable aPKC dynamics. (A) Schematic diagram il-
lustrates that the (hybrid) model has two forms of self-regulation: autophosphorylation (blue dashed
arrows) and nonlinear modulation of protein synthesis (green arrow). K, and K, are singly and
doubly phosphorylated kinase with molecular turnover times, 7, and 7. G, C; and C; are complexes
resulting from binding of K, with K, K, with Ky, and Ky, with free phosphatase P. « and ya are synthesis
rates of K, during pre- and post—potentlatlon € and B are control parameters for feedback and feedfor-
ward (trans)autophosphorylation; 3. controls rate of (cis)autophosphorylation or external kinase activ-
ity. H is a Hill function of order 4 used for nonlinear modulation of protein synthesis. Red arrows in
panels B and C indicate the induction protocol: 15 min of elevated synthesis rates in the range 2-3.5
units sec”'. (B) Time evolution of total amount of the kinase, Ky, with or without induction for y =
22 (gray) and 30 (black). U and D indicate potentiated synaptic state or L-LTP and naive or prepoten-
tiated synaptic state, respectively. Solid lines result from a weaker induction protocol than dashed lines.
Circles indicate equilibria achieved over time. (C) Bifurcation diagram showing dependence of equilib-
ria on . Blue and black curves are composed of equilibria of type D and U. Circles indicate particular
cases in panel B. Red dashed curve represents threshold or unstable equilibria. Green-shaded box indi-
cates region of bistability (“molecular switch”). (D) Equilibria in terms of total kinase, Ky, with respect to
control parameter, &, of feedback autophosphorylation when activity-dependent protein synthesis and
other forms of phosphorylation are eliminated, y = 0 and B, = 0. In all panels, shaded regions indicate
bistability, blue lines are D states, black lines are U states, and red dashed lines are thresholds for switch-
ing between the two states. (E) For the same parameters as in panel D, equilibria in terms of fraction of
phosphorylation, Fynes, is plotted. When present, vertical orange bars in all panels indicate change due
to stimulation. (F) Same as panel E except 3y = 1 or 3. = 0.4. (G) Same type of plot as panel D, but ¢ is
fixed at a value below the shaded region in panel D and v is varied. (H) Same type of plot as panel E but
parameters are as in panel G. (/) Same as panel £ except By =1 or . = 0.4.
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autophosphorylate, and that the turn site is phosphorylated by
mTORC2 (Li and Gao 2014). If no autophosphorylation is as-
sumed, one must make an additional assumption to account for
all of the experimental observations above. In this case, simulated
ZIP destabilizes aPKC by preventing its binding to a stabilizing
protein (Vogt-Eisele et al. 2014). In both our model cases, and
for values of model parameters consistent with empirical data,
bistability and a stimulus-induced switch to persistent high
aPKC levels result.

In the paper we show that such a model can account for the
above experimental observations, both with and without auto-
phosphorylation, under slightly different and biologically feasible
assumptions. Additionally, we will examine a two-kinase model
representing the two types of aPKCs and show that this model
can account for recent seemingly inconsistent experimental re-
sults (Lee et al. 2013; Volk et al. 2013) regarding the importance
of aPKCs for the maintenance of synaptic plasticity and memory.

Results

Model description and simulated bistability in aPKC level
A schematic diagram of the molecular species and reactions in our
model is presented in Figure 1A. This model is based on observa-
tions about the molecular interactions of aPKCs and is localized
to a single synaptic compartment. For a dynamical system to
describe a bistable molecular switch between low (basal) and
high (stimulated) kinase activity, it must be bistable and bistabil-
ity requires an explicit or implicit feedback loop. The primary
form of feedback we assume is at the level of translation. We
choose to model this feedback with a Hill function (H), which
models the synthesis of K, as a nonlinear function of the concen-
tration of K, (Fig. 1A, inset). In a naive synapse the basal aPKC
synthesis rate is «, but this rate is up-regulated by a factor of y in
a persistently potentiated synapse, which maintains high protein
levels following induction, the mechanism for which is indirect
in our simulations. Another possible form of feedback is through
autophosphorylation of aPKC. Autophosphorylation of the turn
site can be of the intermolecular form (trans), which can be divid-
ed into two subclasses: a singly phosphorylated molecule can
phosphorylate another singly phosphorylated molecule (feedfor-
ward), or a doubly phosphorylated one can phosphorylate a singly
phosphorylated one (feedback). Autophosphorylation can also be
of the intramolecular form (cis), which is regulated in the model
by the parameter B.. The turn site could alternatively be phos-
phorylated by another kinase, which we assume to have constant
activity, and as a result, based on mathematical homology, is
equivalently regulated by B.. Although these are the only explicit
forms of positive feedback that we assume, there is another indi-
rect form of positive feedback, differential rates of degradation
(see Results on differential dwell time).

To mimic the induction of L-LTP and to validate that the pro-
posed model could act as a molecular switch, aPKC synthesis was
transiently elevated (Fig. 1B) for 15 min. Significant evidence
shows that the induction of L-LTP requires translation of new pro-
tein locally at dendrites (Bradshaw et al. 2003; Tsokas et al. 2005;
Sutton and Schuman 2006; Costa-Mattioli et al. 2009), and ex-
perimental protocols use time frames approximately consistent
with that assumed in the model (Ling et al. 2002; Melemedjian
et al. 2013). After induction of L-LTP, the total concentration of
aPKCs increase, and the concentration of PKM{ remains at this el-
evated level (Osten et al. 1996; Kelly et al. 2007). Consistent with
experiments, in our model (Fig. 1B) this induction also resulted
in a permanent elevation of the total kinase, K = (K, + Kp;),
from the basal (D) to the stimulated level (U). The concentration
of Kr at the U state depends on the protein synthesis feedback
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parameter, y. The bifurcation diagram (Fig. 1C) shows that at
low values of vy the system has a single equilibrium value. As vy is
increased the system transitions abruptly to possessing three equi-
librium values, the lower stable solution (D), the upper stable sol-
ution (U), and an unstable solution (dashed line). To induce L-LTP
the concentration of the kinase needs to be elevated to above the
unstable solution, the theoretical threshold for inducing L-LTP.
The region with two stable solutions (the bistable region) is the re-
gion in which this network operates as a molecular switch.

Experiments have quantified increases, relative to the base
levels, in aPKCs resulting from L-LTP (Kelly et al. 2007; Melemed-
jian et al. 2013); for our model to quantitatively match these re-
sults, we must take into account that only some synapses get
potentiated after L-LTP. The empirical results are for hippocampal
CA1 homogenates, which include both synapses that have and
have not been potentiated, as well as nonsynaptic compartments.
Translating the levels of D and U from the homogenate to the sin-
gle synapse requires knowledge of what fraction of synapses were
potentiated as a result of L-LTP, and what fraction of the homog-
enate arises from synaptic compartments. We currently lack the
required parameters to quantitatively obtain D and U. However,
given what we know about the small fraction of synapses that ac-
tually change their state due to L-LTP, it is reasonable to conclude
that the single synapse U/D ratio (Supplemental Fig. S1) is much
larger, possibly orders of magnitude larger than the ratio mea-
sured in the homogenate. Once the fraction of synapses potenti-
ated as a result of L-LTP is determined, it would be possible to
tune our model parameters to account for the actual U and D val-
ues as well. However, unlike previous models of a molecular
switch that depend on post-translational modifications (Lisman
1985; Lisman and Zhabotinsky 2001; Miller et al. 2005), here
the total kinase concentration (Kr) is different in the U and D
states, which is qualitatively consistent with experimental find-
ings for aPKCs (Osten et al. 1996; Kelly et al. 2007; Melemedjian
et al. 2013).

Two alternative pathways can maintain the

“molecular switch” to regulate concentration and
phosphorylation levels

The model in Figure 1 assumes two different feedback mecha-
nisms, activation of translation and autophosphorylation, and
we find that each of these pathways can generate bistability but
with different degrees of robustness. A model with feedback only
through (trans)autophosphorylation can be shown to be bistable
(Fig. 1D-F) if we eliminate the activity-dependent protein synthe-
sis completely (y = 0). For a sufficiently high rate of (trans)auto-
phosphorylation (e 0.1 sec”!) bistability emerges, and if it is
too large (s ~ 0.85 sec” ') the bistability is destroyed (Fig. 1D,E).
Although for these parameters synthesis rate have not changed,
experimental observation 1 can be met if 7, > 7,,. For this case
L-LTPresultsin alarge increase in the fraction of doubly phosphor-
ylated protein, Fpnos = Kpp/(Kp + Kpp) (Fig. 1E). This large increase
(>10%), however, is inconsistent with experimental observation
2. The discrepancy with experimental observations can be ad-
dressed by increasing other forms of phosphorylation that are
capable of raising Fppos in the basal level (Fig. 1F). When B or B
is large enough L-LTP causes only a minimal increase in Fppos.
However, the bistability region where this condition is upheld is
small and the model therefore is not very robust even though valid
(see Discussion). On the other hand, when bistability is generated
by the alternate feedback mechanism, activity-dependent transla-
tion, the model is valid for a wide range of control parameter and is
therefore very robust (Fig. 1G-1I; Supplemental Figs. $1,52). Similar
to the previous model, reducing (trans)autophosphorylation feed-
back (¢ <0.1 sec ') reveals bistability generated by activity-
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dependent synthesis (y > 8). In this model, even when (1, = 1),
experimental observation 1 can be met, and if B, or 3. are large
enough one can account for observation 2 (Fig. 1I). In the rest of
the paper, we use the hybrid model that includes both types of
feedback pathways because it is more robust, and in addition ex-
hibits tristability over some range of parameters, consistent with
observations that after LTD induction the level of aPKC decreases
below baseline (see below).

The differential effect of protein synthesis and kinase
inhibitors depends on the different dwell times of singly
and doubly phosphorylated protein

At first glance, it would seem that the effect of two types of inhib-
itors (experimental observation 3) should be similar, so why are
the effects so different? A major cause of this difference is our em-
pirically plausible assumption (Li and Gao 2014; Vogt-Eisele et al.
2014) that the synaptic dwell time of the doubly phosphorylated
protein is much higher than that of the singly phosphorylated
protein (7, > 7p). Similar to empirical studies, eliminating syn-
thesis in the model (a =+vy — 0, PSI) prevents the induction of
L-LTP (Fig. 2A) but does not reverse L-LTP when applied for the
same duration (Fig. 2B). Because the L-LTP induction protocol
we use is based on a transient increase in protein synthesis, clearly
PSI should prevent the induction of L-LTP. However, when PSI is
applied during maintenance it causes only an insignificant decay
of total kinase levels (Fig. 2B); nearly all the protein is in the dou-
bly phosphorylated state that decays very slowly at a rate deter-
mined by 7, a time scale much longer than the duration of PSI
application. In contrast, eliminating kinase-dependent pathways
(€ =Btorc=7v— 00rBc=v — 0, ZIP) does not prevent the induc-
tion of L-LTP (Fig. 2C; Supplemental Fig. S4), but it can reverse pre-
viously established L-LTP (Fig. 2D). ZIP does not prevent the
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Figure 2. Different time-dependent effects of kinase and protein syn-
thesis inhibitors. (A) Gray line (control) indicates effect of induction
without PSI; dark gray line (PSI outcome) indicates effect of induction
with PSI. Arrows in all panels indicate stimulation as in Figure 1. Thick hor-
izontal lines at the bottom indicate durations of inhibitor application in all
panels. (B) Gray line (control) is previously induced U state, black dashed
line (PSI outcome) indicates effect of PSI on previously potentiated state,
and dark gray line (no induction) indicates D state. (C) Gray line as in
panel B; black dashed line (ZIP outcome) is effect of induction in the pres-
ence of ZIP, which starts 1 h before the start of induction and lasts for 7.5
min from the start of induction. (D) Gray line (control) is previously poten-
tiated synaptic state; black dashed line (ZIP outcome) is the effect of ZIP
application on previously potentiated state.

Www.learnmeonrg

8 emd] § 2
8 oI e
S v N X
S 2\ Tesi e
3_1 Tap 5‘1

0 —ze eS| B

0.1 124 100 / 400
T [day] ool T

Figure 3. Both activity and protein synthesis inhibitors can reverse
L-LTP but over different time scales. (A) Time evolution, on semi-log
scale, of potentiated state with inhibitors. Gray line (control) indicates pre-
viously potentiated synaptic state. Blue dashed line (PSI outcome) indi-
cates effect of PSI. Black dashed line (ZIP outcome) indicates effect of
ZIP. Thick horizontal lines indicate durations of ZIP (black) and PSI
(blue) application. Level of orange line indicates amount used to estimate
exponential decay constants due to ZIP and PSI, Tps; (dotted plus solid line
length) and 7z (solid line length). (B) Ratio of decay times due to inhib-
itors plotted against synaptic lifetimes of each kinase form. Solid dot cor-
responds to the case in A.

aforementioned transient increase in protein synthesis during in-
duction, although it does shut down the feedback loops, which
are essential for transitioning to U state. During induction in
the presence of ZIP, the concentration of K, increases as in the
control, but once the short course of ZIP is finished the feedback
loops are reactivated, making induction of L-LTP possible.
Turning off autophosphorylation beyond induction causes the ki-
nase to rapidly become dephosphorylated at the turn site, and the
singly phosphorylated protein in this model degrades at a much
faster rate. For the model variant in which the turn site was phos-
phorylated by an external kinase (Supplemental Fig. S4), ZIP (y —
0and 7, — 7,) can also destabilize doubly phosphorylated kinase
by preventing it from binding to a protective protein such as
KIBRA (Vogt-Eisele et al. 2014). In either case, it is sufficient to ap-
ply ZIP on the order of 7, (much shorter than ;) in order to re-
verse L-LTP by the kinase inhibitor (Supplemental Fig. SS5).

In short, observation 3 is consistent with our model, given
that the model assumes feedback at the level of protein synthesis,
phosphorylation at the turn site, and that the synaptic dwell times
of the singly and doubly phosphorylated kinases are very differ-
ent. Consequently, the model predicts that if an aPKC-selective
PSI could be applied for much longer periods of time L-LTP would
be reversed (Fig. 3A; Supplemental Fig. S5). In Figure 3B, we show
that the time required to reverse L-LTP depends on the time cons-
tant of the doubly phosphorylated kinase. Furthermore, due to
ongoing phosphatase activity in the presence of ZIP, our model
predicts that phosphatase inhibitors would slow the reversal
time of L-LTP due to ZIP (Supplemental Fig. S6).

Multistability can arise from the two parallel feedback
mechanisms: implications for L-LTD

Many experimental results have shown that from baseline both
L-LTP and L-LTD can be induced (Dudek and Bear 1992; Malenka
and Bear 2004). This could be consistent with a binary synapse
if at baseline some synapses are in the D state and others are in
the U state. Although there are some indications that long-term
plasticity might act by shifting synapses between two discrete
states, there are also indications that synapses have a broad contin-
uous distribution (Petersen et al. 1998; Feldmeyer et al. 2002;
Montgomery and Madison 2004; O’Connor et al. 2005; Arellano
et al. 2007; EnokKi et al. 2009; Loewenstein et al. 2011). At the mo-
lecular level, experimental evidence indicates that the induction
of L-LTD is followed by a decrease in the amount of PKM{
(Hrabetova and Sacktor 1996, 2001; Sajikumar and Frey 2003). In
Figure 4, we show that it is possible to obtain a synapse with three
stable fixed points (tristable), using the same model described
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K (x 1000) 3>

Figure 4. Two independent feedback loops, each of which can sustain
bistability, can combine to give multistability. (A) Evolution in time with
two 15-min long elevations of aPKC synthesis (red arrows) starting from
low total kinase, Ky, elicited three persistent states: L-LTP (gray dashed),
basal (blue dashed), and L-LTD (cyan dashed). Simulated ZIP could
both reverse L-LTP and induce L-LTD, depending on the initial concentra-
tion as well as on the concentration and duration. (B) Bifurcation diagram
with respect to autophosphorylation rate, £, shows this tristability is robust
to ~20% variation (shaded yellow) in the autophophorylation parameter.
Solid lines are stable equilibriums resistant to changes in time; dashed
lines are unstable equilibriums or thresholds.

above but in a different parameter range. For these parameters the
model exhibits asymmetric transitions for potentiation and
depression (Fig. 4A) consistent with experiments (Hrabetova and
Sacktor 1996, 2001; Kelly et al. 2007). Such tristability requires
that both feedback loops (based on autoactivation of aPKC synthe-
sis, and on autophosphorylation) are operative. In Figure 4A, we
show the dynamics resulting from our induction protocols and
the application of ZIP. From the lowest state (L-LTD), a weak induc-
tion leads to an intermediate state (basal) because activation of
autophosphorylation requires relatively low amount of new pro-
tein than the activation of the synthesis-based feedback in our
model. Further stimulation by a strong pulse led to the highest
state (L-LTP). Following induction, application of ZIP with suffi-
cient duration led to reversal of each state because the stable
form, Kp, is lost due to ongoing phosphatase activity in the pres-
ence of ZIP. The existence of tristability was confirmed using bifur-
cation analysis (Fig. 4B), which identified steady states, both stable
(solid lines) and unstable (dashed lines). L-LTD was revealed when
ZIP lowered the total kinase below the levels (below red dashed
lines in Fig. 4B) required for sustaining either of the feedback path-
ways. This model variant therefore accounts, at a single synapse
level, for bidirectional plasticity from baseline.

A “molecular switch” resulting from the interaction
between two kinases

Two types of aPKCs coexist in synapses, PKM{ and PKCi/\. Both
kinases might be involved in synaptic plasticity (Kelly et al.
2007; Sacktor 2010; Frankland and Josselyn 2013; Glanzman
2013; Matt and Hell 2013; Ren et al. 2013), and are likely to cross-
phosphorylate. Recently, one of these kinases, PKM{, was elimi-
nated by genetic means, either constitutively or conditionally
(Ling et al. 2002; Kelly et al. 2007; Lee et al. 2013; Volk et al.
2013). In these experiments memory and synaptic plasticity
were claimed to be normal, contradicting an exclusive role in
long-term plasticity and memory for PKM¢. Furthermore, in these
knockout experiments plasticity and memory were still sensitive
to ZIP. In these animals PKCu/)\, also a target of ZIP (Frankland
and Josselyn 2013; Ren et al. 2013; Dong et al. 2014), was present.
We postulate that the redundancy between these two kinases and
possible compensation might account for the seeming inconsis-
tency between these recent experiments and the plethora of pre-
vious experimental results.

In order to demonstrate how two similar kinases can com-
pensate, we examined a model composed of two kinases and
find significant change in their individual behavior is possible
due to interactions. We chose a hybrid model to describe each ki-
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nase independently but the autophosphorylation pathway in
each can be replaced with that of external kinase with correspond-
ing parameter adjustments. The latter kinase denoted L was in ge-
neral assumed to be less efficient than kinase K (Fig. 5A). Turnover
rate for kinase L was also assumed to be faster than that of kinase
K, similar to what was found for PKCs compared with PKMs (Le
Good and Brindley 2004). In the two-kinase model, K, and Kp,
could bind Ly, and L, leading to phosphorylation of both the sin-
gly phosphorylated species. Both kinase species dephosphorylate
by binding to a single species of phosphatase. The competition for
a single phosphatase is effectively a negative feedback. In the pres-
ence of K, we find L stabilized post-stimulus (Fig. 5B), which could
explain why Kelly et al. (2007) found persistent increase in both of
the aPKCs in the wild-type animals. The time evolution of kinase L
after stimulation, in Figure 5SC, shows decline when kinase K is
eliminated unless hand tuned translational compensation is
allowed (Fig. 5D). The bifurcation diagram, in Figure SE, shows
that an increase in the protein synthesis rate of PKCi/\ converts
the kinase L-only network from a monostable to a bistable system
(Supplemental Figs. S7,S8). This implies normal L-LTP could arise
in PKM{ knockout animals from up-regulation of PKCv/\ synthe-
sis (P Tsokas, C Hsieh, Y Yao, EJC Wallace, P Serrano, L Pang, A
Tcherepanov, D Jothianandan, D Tian, BR Hartley, et al. in prep.).
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Figure 5. Two-kinase model with or without compensation. (A)
Schematic diagram of the model. For simplicity each molecular species
is color-coded as Figure 1A and additional complexes are not visible;
the two forms of interactions between the kinases are symbolically
shown. Details are in Materials and Methods. (B) Black curve labeled K
is the potentiated level for the stronger kinase, which has higher levels
of activity-dependent synthesis and autophosphorylation, than does the
weaker kinase L (for which the lower gray curve indicates its potentiated
level). Blue dotted line indicates virtually identical amounts of K and L in
the naive state. Red arrows in all panels indicate induction as mentioned
previously. Circles indicate equilibrium achieved over time in all panels.
(C) Gray line indicates kinase L that receives the same induction as in
panel A but in the absence of kinase K. Blue dotted line indicates level
of L in the naive state. (D) Dark gray dashed line indicates kinase L after
potentiation when compensation in the form of increased basal synthesis
of L is taken into account. Blue dotted line indicates naive state. (E)
Compensatory rate of basal synthesis of L, a, is varied compared with
the noncompensatory rate a,.. Blue curve is composed of naive states,
dark gray curve is composed of potentiated states, and red dashed
curve is the threshold. Circles indicate cases in panels C and D.
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Discussion

A central challenge in understanding the synaptic basis of learn-
ing and memory is the problem of maintenance—how can mem-
ory be preserved for periods of time that are orders of magnitude
larger than the lifetime of the proteins encoding these memories
(Crick 1984)? Although this problem seems to be similar to the
problem of cell differentiation, it differs in that synaptic plasticity
subserving learning and memory must be synapse-specific.
Synapse-specificity has two consequences: first, what limits infor-
mation storage is not the lifetime of proteins in the cell, but the
dwell time of proteins in the synapse; second, whole-cell mecha-
nisms such as regulation of transcription are not appropriate
solutions, however, see Chen et al. (2014). Over the last several de-
cades, the contribution of many molecular pathways to mainte-
nance has been studied (Sanes and Lichtman 1999; Bosch et al.
2014). By far, the most comprehensive evidence points to the de-
pendence of maintenance on aPKCs (Osten et al. 1996; Ling et al.
2002; Serrano et al. 2005; Kelly et al. 2007; Sacktor 2010; Hsieh
et al. 2013). These findings have been challenged recently (Lee
et al. 2013; Volk et al. 2013), but we show that these new results
can still be consistent with a major role for aPKCs. However,
knowing that aPKCs are a major component in the mechanisms
of maintenance does not explain how aPKCs can overcome the
problem of limited protein dwell times.

Here we propose a model that explains how aPKCs may not
only account for maintenance on a general conceptual level,
but can account specifically for a large set of experimental results.
We explore a hybrid model, in which feedback pathways at both
the translational and post-translational levels are assumed, and
additionally, we assume that the doubly phosphorylated form of
aPKC has a significantly larger synaptic dwell time than the single
phosphorylated form. With this set of assumptions, our model
can account for protein synthesis dependence, associated phos-
phorylation levels and effects of different inhibitors on L-LTP—
in short, a comprehensive set of experimental results.

Evidence for different assumptions

Apart from demonstrating that the consequences of our molecu-
lar model are consistent with the physiological experimental
observations, we must show that our assumptions are indeed con-
sistent with experimental results at the molecular level. Obviously,
we do not have sufficient evidence for proof, but there is extensive
experimental evidence that supports our assumptions.

1. Control of translation: Induction of L-LTP causes an increase in
the level of PKM{, but when PKM( is inhibited this increase
is substantially smaller, consistent with the notion that PKM{
activity affects its own translation (Kelly et al. 2007). Further,
experimental evidence indicates that such feedback at the level
of translation is at least partially mediated by Pin1 (Westmark
et al. 2010).

2. Autophosphorylation/Phosphorylation: Atypical PKCs are kinases
with at least two phosphorylation sites. In biochemical assays,
purified PKM{ undergoes phosphorylation implicating auto-
phosphorylation (Sacktor et al. 1993). PKC{ (Standaert et al.
1997) and PKCu/\ (Akimoto et al. 1994) have also been ob-
served to autophosphorylate despite their regulatory domains.
PKCu/\ may be found in similar quantities to PKM{ (Melemed-
jian et al. 2013), and the phosphorylation of its autophosphor-
ylation site increases by a lower percentage than that of PKM({
(Kelly et al. 2007), suggesting a slower autophosphorylation
process. In addition, we considered alternate pathways for
phosphorylation such as mTORC2 phosphorylation of the
turn site, as has been proposed (Ikenoue et al. 2008; Li and
Gao 2014).

Www.learnmeonrg

3. Different synaptic dwell times: In general, molecular turnover
can depend on phosphorylation states as demonstrated for typ-
ical forms of PKC (Le Good and Brindley 2004). For PKM{, com-
plex formation with KIBRA (Vogt-Eisele et al. 2014) or PKCv/\
with p62 (Ren et al. 2013) can stabilize aPKCs in the synaptic
compartment and protects against their degradation by the
proteasome.

Difference from previous implementations

of a molecular switch

We find that different synaptic dwell times together with only
autophosphorylation feedback can account for a concentration
increase (Supplemental Fig. $9), unlike most previous molecular
models of a synapse that are based on post-translational modifi-
cations (Crick 1984; Lisman 1985; Miller and Kennedy 1986;
Lisman and Goldring 1988; Lisman and Fallon 1999; Lisman
and Zhabotinsky 2001; Miller et al. 2005). Alternative to these
models are trafficking based models (Hayer and Bhalla 2005;
Shouval 2005), which can explain an increase in local concentra-
tions of specific proteins in a synaptic compartment, but not the
experimentally observed increase in total hippocampal tissue. To
explain the latter increase, the concept of feedback at the level of
translation has been proposed (Lisman and Fallon 1999; Richter
and Klann 2009) and implemented in models (Hayer and Bhalla
2005; Aslam et al. 2009). But in most of these studies, the modeled
molecule is assumed to be CaMKII, the structural role of which re-
mains to be tested (Sanhueza et al. 2011). Previous models of
PKM{ also cannot account for the set of experimental results we
consider (Clopath et al. 2008; Ogasawara and Kawato 2010;
Zhang et al. 2010; Smolen et al. 2012).

In comparison with other models, which are either very mo-
lecularly complex or exceedingly simple, ours falls in the interme-
diate level such that it can account for specific experimental
results and can be experimentally tested. Because late-LTP and
memory storage involve many complex processes and a large
variety of biomolecules (Sanes and Lichtman 1999; Citri and
Malenka 2008), one could model as many of the complete signal
transduction pathway related to LTP and LTD as possible (Bhalla
and lyengar 1999; Hayer and Bhalla 2005). Analyzing such com-
plex models mathematically is, however, very difficult and even
if the model can account for some experimental data it is often
difficult to understand how the model accomplishes this. In
contrast, modeling specific pathways implicitly make models
mathematically very simple and insightful but they cannot be ex-
perimentally tested. Here we constructed an intermediate level
model with only a few key proteins and used a hybrid of transla-
tional and post-translational feedbacks. Under some conditions
this model can be multistable due to two feedback loops, also
commonly found in other molecular switch models in biology
(Macia et al. 2009; Thomson and Gunawardena 2009; Tyson
and Novak 2010; Rodrigo et al. 2011; Feng and Wang 2012;
Lu et al. 2013), and, more specifically, of L-LTP (Hayer and
Bhalla 2005). Finally, unlike translation-only models, which con-
sider only a single state of a kinase (Supplemental Figs. $10,511),
the hybrid model has two states due to post-translational mod-
ification. We use these states to implement a differential degrada-
tion rate hypothesis, which helps us to account for a number
of key experimental observations and predict several testable
experiments.

Redundancy and compensation can account
for PKM({ knockout experiments

Recent experimental results have cast doubt on the basic idea that
PKMC is critical for maintenance of L-LTP and long-term memory.
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Table 1. Parameter values for Figures 1B-3B of protein kinase inhibitors such as
Fig. 18 Fig.1C  Fig. 1D-F  Fig.1G-1 Fig.2A-D  Fig.3A  Fig.38 ?g;qi;ﬁ%;fn&f‘gr:gc‘t that in

a (sec™h) 1/4000 PKM{ knockout animals in which

Y 22 or 30 varies 0 varies 22 22 22 L-LTP and long-term memory are pre-

E . 400 . served there is compensation, at the

e (sec” ') 1/200 varies .

Be (sec ) 1 Oorl Oorl level of hippocampal neurons, due to

7o (5€C) 2,000 increased expression of PKCu/\.

Tpp (5€C) 400,000 varies

Unless otherwise mentioned, values are those of Figure 1B. The following parameters are the same in all
figures: n=1sec” ', r-y=1/50 sec”', r,=1sec', rs=1/20 sec”', r_3=1/10 sec” ', ry;=1/20 sec ',
and Py = 25. Here unless otherwise mentioned B. = 0, even though plots other than the multistability ones

can be reproduced with B. # 0 and & = B, = 0.

In two recent experiments, conventional and conditional knock-
out animals have been found to have seemingly normal L-LTP
(Volk et al. 2013), and conventional knockout animals displayed
normal memory (Lee et al. 2013; Volk et al. 2013). These results
stand in apparent contradiction to a plethora of previous experi-
mental results using ZIP and other inhibitors, dominant negative
mutations, and overexpression strategies (Drier et al. 2002; Ling
et al. 2002; Serrano et al. 2005; Shema et al. 2007, 2009; Migues
et al. 2010; Cai et al. 2011; Barry et al. 2012; Ho et al. 2012;
Kwapis et al. 2012). Strikingly, ZIP was still able to reverse LTP
and erase long-term memory in the constitutive knockout.
However, PKM{ is not the only aPKC that can be inhibited by
ZIP. We postulated that the redundancy in aPKC proteins might
be able to address the apparent discrepancy between the different
experimental results. Therefore, we extended our single kinase
model to a two-kinase model with two similar but nonidentical
aPKCs, which could interact with each other (Fig. 5). We show
that if compensation occurs (Tsokas 2013; Yao et al. 2013b),
such that concentration of the remaining kinase type increases
via synthesis up-regulation (equivalent to downregulation of deg-
radation) when the other is knocked out, then the two-kinase

These experiments are quite feasible and
if they yield inconsistent results, the
model in its current form will be invali-
dated. To summarize, we have proposed
a comprehensive model that accounts
for the major experimental observations
in the field of LTP maintenance, and
how redundancy and compensation can account for the recent re-
sults that seem to cast doubt on the role of aPKCs.

Materials and Methods

Biochemical reactions

Reaction kinetics for kinase K that interacts with kinase L within
the two-kinase model, are presented below. Kinase L has anal-
ogous kinetics with different parameters. K, and L, are singly
phosphorylated, and K, and Ly, are doubly phosphorylated.
Complexes are denoted by C with superscripts K or L indicating
the particular kinase forming them; subscripts 1 and 2 indicate
feedforward and feedback autophosphorylation, x1 and x2 in-
dicate cross-phosphorylations, 3 indicates bound phosphatase,
P. For the single kinase model, terms involving L were omitted.
Parameter values for the simulations in Figures 1-5 are given in
Tables 1 and 2. Matlab code for all figures can be found in the mod-
el database at http://www.ebi.ac.uk/biomodels-main/MODEL150
5130000 and http://www.ebi.ac.uk/biomodels-main/MODEL150
5130001 (see Chelliah et al. 2015).

tor, should slow down the reversal of
L-LTP and memory due to application
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X a— Kp (1)
model can account for the new experimental results and the ap-
parent discrepancy between different experiments. YoH (Kpp) — Kp (2)
B
Testing model predictions Ko = Kep ©
The model was designed to account for a set of key experimental Ky + Kp B cK 4)
findings and the assumptions used were restricted to those consis- =
tent with experimental findings when available. Apart from ac- CK B K 4K )
counting for existing experimental results, there are many 1 L
experiments that could be carried out to test both the predictions Ko+ L Be1+30)r K 6
and assumptions of the model. Readily testable experiments p+Lp b x1 ®)
include: .
CS1 = Lp + Kpp @)
1. Long-term effect of PSI: Specific inhibition of PKM{ synthesis o
should be able to reverse L-LTP in wild-type animals, if applied Ky + Kpp = cX (8)
over a sufficiently long period of time (Fig. 3), provided there is -
no compensatory up-regulation of PKCi/\ synthesis in this cX LN Kpp + Kpp 9)
time frame.
2. Impact of phosphatase inhibitors: Our
model predicts that in order to ac- Table 2. Parameter values for Figures 4A-5D
szﬁgltkfzzszhﬁnﬁt&tgis} o éiﬁgﬁl Fig.4A  Fig.48  Fig.5B(K)  Fig.5B-C(L)  Fig.5D Fig. SE
phorylation of aPKC at the turn site o (sec ') 1/1000 1/1000 1/941 varies
or on PKM{-stabilizing substrates % 2003 2003 22 202 203 203
such as KIBRA should occur in the /% -, 1/10 varies 1/2000 1/2000 1/2000
order of ~1 h. Consequently, the in- Be (sec 1) 10-6 10-6 1/10 1/10 1/10
hibition of dephosphorylation, via Tp (5€C)
an appropriate phosphatase inhibi- 1, (sec) 666,667 666,667 222,222 222,222 222,222

Unless otherwise mentioned, values are those of Figure 1B. Other parameters are same as those in Table 1.
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e(1+432)r

Kp +Lpp b (5 10
X, B Loy + Kpp (11)
Kpp +P r% c3 12)
X Lpik, (13)
K 2o (14)

Kop 2 & (15)
Pr=P+C§+C} (16)
H(K,p) = _ Ky 17)

1 1
K, + K5

Simulation of induction protocol
Induction protocol was simulated by 15 min of an elevated syn-
thesis rate of aPKC, where strong inductions were 2 (Fig. 1B,
gray), 2.5 (Fig. 4A), or 3.5 (Fig. 1B, black) units sec ! and weak in-
duction was 0.1 units sec™ ! (Fig. 4A).

Simulation of dynamics and steady states

Reaction kinetics were converted to a system of ordinary differen-
tial equations (ODEs), which were solved using Matlab routine
odel5s. Equilibriums or steady states of single kinase models
were computed based on mathematical reduction of the full sys-
tem to a one-dimensional equation (nullcline), which was numer-
ically solved using the Matlab command fzero. Aside from
long-term simulation indicating stability of the persistent states,
mathematical evaluation using eigenvalues of the Jacobian of
the full system was used to verify stability of states that appear
persistent in the time evolution of solutions. Finding of steady
states analytically for the two-kinase model is shown in the
Supplemental Material.
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