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The sensitivity of memory consolidation and
reconsolidation to inhibitors of protein synthesis
and kinases: Computational analysis

Yili Zhang, Paul Smolen, Douglas A. Baxter, and John H. Byrne'

W.M. Keck Center for the Neurobiology of Learning and Memory, Department of Neurobiology and Anatomy,
The University of Texas Medical School at Houston, Houston, Texas 77030, USA

Memory consolidation and reconsolidation require kinase activation and protein synthesis. Blocking either process during
or shortly after training or recall disrupts memory stabilization, which suggests the existence of a critical time window
during which these processes are necessary. Using a computational model of kinase synthesis and activation, we investigated
the ways in which the dynamics of molecular positive-feedback loops may contribute to the time window for memory stabil-
ization and memory maintenance. In the models, training triggered a transition in the amount of kinase between two stable
states, which represented consolidation. Simulating protein synthesis inhibition (PSI) from before to 40 min after training
blocked or delayed consolidation. Beyond 40 min, substantial (>%5%) PSI had little effect despite the fact that the elevated
amount of kinase was maintained by increased protein synthesis. However, PSI made established memories labile to pertur-
bations. Simulations of kinase inhibition produced similar results. In addition, similar properties were found in several other
models that also included positive-feedback loops. Even though our models are based on simplifications of the actual mech-
anisms of molecular consolidation, they illustrate the practical difficulty of empirically measuring “time windows” for con-
solidation. This is particularly true when consolidation and reconsolidation of memory depends, in part, on the dynamics of

molecular positive-feedback loops.

Activation of kinases and altered protein synthesis is essential for
consolidation of new memories and reconsolidation of estab-
lished memories (for reviews, see Abel and Lattal 2001; Kandel
2001; Alberini 2005, 2008; Alberini et al. 2006; Moore and
Roche 2007; Abraham and Williams 2008; Hernandez and Abel
2008; Klann and Sweatt 2008; Miyashita et al. 2008). Moreover,
it appears that memory formation depends on a temporally lim-
ited phase of protein synthesis (a critical time window), which
exists from before to shortly after training. During this window,
protein synthesis inhibition (PSI), which blocks >95% of protein
synthesis (Barondes and Cohen 1968), disrupts consolidation (for
an early review, see Davis and Squire 1984). Similar windows exist
for long-term synaptic plasticity. For example, in sensorimotor
neuron co-cultures from the mollusk Aplysia, the window during
which PSI blocks consolidation of serotonin (5-HT)-induced long-
term synaptic facilitation (LTF) a correlate of long-term memory
(LTM), ends ~30 min after application of 5-HT (Montarolo et al.
1986). Similarly, consolidation of late long-term potentiation
(L-LTP) occurs with an analogous time window (Krug et al.
1984; Stanton and Sarvey 1984; Otani et al. 1989; Fonseca et al.
2006; Frey and Frey 2008), and for the consolidation of both LTF
and L-LTP, a temporally limited phase of kinase activation is
also required, constituting a second time window of similar dura-
tion (English and Sweatt 1997; Sharma et al. 2003). These results
imply that within a few hours of training, LTM transits from being
dependent on kinase activation and protein synthesis to being rel-
atively independent of these processes. Recent studies also imply
that when an established memory is reactivated, a critical time
window exists during which the memory is labile (for reviews,
see Alberini 2005; Nader and Hardt 2009; Wang and Morris 2010).
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PSI immediately after reactivation disrupts memory, but PSI 2, 4,
or 6 h after reactivation does not (Nader et al. 2000; Rose and
Rankin 2006; Artinian et al. 2008). These results suggest that the
molecular mechanisms for consolidation and reconsolidation
may have some common features.

A ubiquitous molecular motif that may contribute to learn-
ing and memory is a positive-feedback loop of enzymatic reac-
tions (Bhalla and Iyengar 1999; Pettigrew et al. 2005; Song et al.
2006, 2007; Cheng et al. 2008; Klann and Sweatt 2008; Pi and
Lisman 2008; Smolen et al. 2008; Tanaka and Augustine 2008;
Aslam et al. 2009; Ogasawara and Kawato 2009; Burrill and
Silver 2010). Such feedback loops can be bistable and a brief, tran-
sient stimulus can trigger changes in protein levels, kinase activ-
ities, or levels of protein phosphorylation that far outlast the
initial triggering stimulus (e.g., Ferrell 2002; Xiong and Ferrell
2003; Kobayashi et al. 2004; Kramer et al. 2004; Ajo-Franklin
et al. 2007; Greber and Fussenegger 2007; Chatterjee et al. 2008;
Mitrophanov and Groisman 2008; Pomerening 2008; Tanaka
and Augustine 2008). Empirical data suggest that many molecular
processes implicated in learning and memory may be regulated by
positive-feedback loops. For example, calcium/calmodulin kinase
II (CaMKII) and protein kinase M (PKM) may, when active,
increase their own synthesis and such positive feedback may
contribute to LTP (Atkins et al. 2005; Pastalkova et al. 2006).
Bistability in a CaMKII signaling pathway may also play a role in
spike-timing dependent plasticity (STDP) (Graupner and Brunel
2007), and positive feedback between protein kinase C (PKC)
and mitogen-activated protein kinase (MAP kinase) may play a
role in cerebellar long-term depression (Tanaka and Augustine
2008). In Aplysia, the promoter region of the creb1 gene has bind-
ing sites for its own gene product, the transcription activator
CREB1 (Mohamed et al. 2005). A positive-feedback loop is thus
formed, which is important for the consolidation of LTF (Liu
et al. 2008). Thus, understanding the dynamical properties of
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Figure 1. Two-loop model. (A) Schematic of feedback loops. A denotes
activated kinase. B denotes total kinase. The blue loop represents fast posi-
tive feedback in which A directly or indirectly activates itself. The red loop
represents slow positive feedback in which A directly or indirectly enhan-
ces the synthesis of B. (B) In the two-loop model, S;was increased from 0
to 200 for 10 sec at t = 0. In the absence of PSI, this “training” stimulus
induced a transition of A and B to an upper stable state. The transition
required ~2 h to complete.

molecular positive-feedback loops may provide insights into
memory processes, such as the temporal properties of consolida-
tion and reconsolidation.

To study the dynamical properties of positive-feedback
loops, Smolen et al. (2009) proposed a biologically inspired com-
putational model describing biochemical processes that may be
involved in LTM. This model consists of two positive-feedback
loops (Fig. 1A). The first loop represents autoactivation of a kinase.
In the second, slower loop, active kinase feeds back to induce fur-
ther kinase synthesis. This model has both lower and upper stable
steady states in the amount of kinase, and thus is bistable. The
model develops a resistance to perturbations ~1 h after switching
the activated kinase, A, to its upper state. This resistance relies on
the slow positive-feedback loop of protein synthesis.

In the present study, we used a modified version of the
Smolen et al. (2009) model to examine how positive-feedback
loops with kinase autoactivation and protein synthesis may con-
tribute to the temporal sensitivity of memory consolidation to
PSI and kinase inhibition (Fig. 1A). We heuristically equated an
increase to a stable upper state of kinase activity, A, and total
amount of kinase, B, with consolidation of a new memory. This
two-loop model was used to examine whether positive-feedback
loops were responsible for the empirically obtained time windows
for sensitivity of memory consolidation and reconsolidation to
PSI with physiological “dosages” (e.g., 95% ~ 98% PSI) (Squire
and Davis 1975; Milekic and Alberini 2002). We also examined
whether the two-loop model reproduced a time window for sensi-
tivity of memory consolidation to kinase inhibition. To examine
whether these time windows require both fast and slow feedback
loops, we eliminated kinase autoactivation to generate a one-loop
model that had only slow feedback. We used this one-loop model
to investigate whether a single feedback loop involving protein
synthesis suffices to generate resistance of memory consolidation
to PSI (=95%).

Results

To simulate training, the value of the training stimulus, S1, was
increased from 0O to 200 for 10 sec to switch A from the lower stable
state (0.03 pM) (Fig. 1B) to the upper state (>0.3 pM). In the two-
loop model (Equation 1a,b), A switched to the upper stable state
rapidly (Fig. 1B) due to the fast positive-feedback loop (Fig. 1A).
To obtain a bistable switch that responds to brief stimuli, it is
essential that the fast feedback loop (Equation 1a) exhibits bista-
bility. Hill functions with a coefficient (power) >3 are commonly
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used in mathematical models to produce bistable responses to
brief stimuli (Burrill and Silver 2010). The Hill functions on the
right-hand sides of Equation 1a,b used a coefficient of 4. After A
switched, B increased due to the slow positive-feedback loop
(Fig. 1B). Increased B leads, via mass action, to a further increase
in A. A and B reached upper stable values close to the upper bound
for B, Byax (Equation 1b), ~2 h after training (A = 3.8 pM, B =
4 pM) (Fig. 1B).

Bifurcation analyses reveal dynamical properties of the
positive-feedback loops that underlie the stability of
Aand B

Bifurcation analyses were performed to define the time window
governing the sensitivity of A and B to perturbations. In the first
analysis, both A and B were treated as variables (Fig. 2A). A and
B have both upper and lower stable steady states for S ranging
from O to ~25 (Fig. 2A). This analysis demonstrates that the full
model, variables A and B, are bistable for a range of stimulus values
that includes the basal value Sz=20.

In the second bifurcation analysis, the slow variable B was
treated as a parameter in determining the steady states of the
fast variable A as a function of stimulus S. A has both upper and
lower stable steady states when S = 20 and B = 0.56 pM (i.e., basal
level) or B=0.60 uM (blue and orange traces, respectively, in
Fig. 2B). A brief stimulation will switch A from the lower to the
upper steady state. Due to the hysteretic effect, A will remain at
its upper steady state after S returns to 20. B increases due to the
slow positive feedback, and A in turn increases due to mass action.
Thus, the bifurcation curve of A shifts to the left (i.e., from blue
to orange traces in Fig. 2B). A loses its lower steady state when
B increases past 0.84 pM (for S=20) (red trace in Fig. 2B).

>

Concentration (uM)
N

—B
—A
[ T,
0 20 40
S
B .
g / B=0.84 uM
32 :
< H
ke
c B =0.56 uM (basal level)
o B=0.54 uM
g
€
[0]
o
c
Q
o J
0 20 40
S

Figure 2. Bifurcation diagrams for A as a function of stimulus S in the
two-loop model when B is treated as a variable (A) or B is treated as a
fixed parameter (B). (A) Both A and B are bistable at S = 20. (B) A has
both upper and lower stable steady states when $=20 and B=
0.56 WM. A only has an upper steady state when B> 0.84 uM and S =
20. Aonly has a lower steady state when B < 0.54 uM and S = 20. A “con-
solidated state” was defined as one in which A remains >0.3 uM and B
remains >0.84 uM.
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Without a lower state, a brief perturbation will only transiently
decrease A. After the perturbation, A will return to its upper state.
Therefore, the increase of B makes A progressively resistant to brief
perturbations. In contrast, when B decreases to 0.54 uM (Fig. 2B,
green trace), the bifurcation curve of A shifts to the right and A
loses its upper steady state. Therefore, a decrease in B makes A pro-
gressively resistant to brief stimuli that would otherwise switch A
to its upper steady state.

As a heuristic, we considered consolidation of LTM to be ini-
tiated by the switch of A from 0.03 to 0.3 pM. These represented
the two steady states of A at § = 20 for the value of B at its basal
level (blue trace in Fig. 2B). The level of the upper steady state of
A at § = 20 substantially increased with B. For example, the upper
state of A increased from 0.3 to 0.41 uM when B increased from its
basallevel of 0.56 to 0.6 pwM (from blue to orange traces in Fig. 2B).
The lower steady state of A at S = 20, on the contrary, remained
~0.03 uM until B reached 0.84 uM (Fig. 2B).

Based on the above bifurcation analysis, we considered con-
solidation to occur when A has only an upper steady state when §
is atits basal value (S = 20). Following a stimulus that increases B,
A has only an upper state when B increases past 0.84 pM, at which
time we consider consolidation to be complete. In the absence of
any inhibitors, B increased past 0.84 uM ~40 min after training
(Fig. 1B). Therefore, we considered consolidation was “delayed”
if A switched to its upper state but B increased past 0.84 pM later
than 40 min after training. We considered consolidation was
“blocked” if B remained <0.84 pM for more than seven simulated
days or if A was reverted to the lower state (e.g., by a strong kinase
inhibitor) even if B > 0.84 uM.

The sensitivity of memory consolidation to PSI has a

time window

Although in vitro, protein synthesis inhibitors can be as effective
as ~99% (Grollman 1967), the best estimates from in vivo behav-
ioral studies are 96%-98% effective block (Squire and Davis 1975).
For example, subcutaneously administering 30 mg/kg anisomy-
cin to mice was estimated to produce 96% PSI (Squire and Davis
1975). Administering this dose of anisomycin 30 min before
discrimination training produced a significant deficit in LTM
assessed 24 h later. In addition, a substantially greater deficit
was seen with mice given 210 mg/kg anisomycin (estimated to
produce 98% PSI) 30 min before training (Squire and Davis
1975). To simulate PSI, we increased ANI in Equation 1b. Similar
to empirical studies, the effect of ANI on protein synthesis rate
was first tested before training, when A and B were in the lower
state (i.e., A =0.03 pM and B = 0.56 pM). When ANI = 0.96, the
synthesis rate of B reduced to 4% of control. When 1 h 96% PSI
began 30 min prior to training (Fig. 3A1,A2, blue traces), consoli-
dation was initiated by the increase of A from 0.03 to 0.3 uM, but
B did not increase to 0.84 uM until ~1 h after training (i.e., con-
solidation was delayed) (Fig. 3A2). However, the consolidation
was blocked when 1 h 98% PSI began 30 min before training. In
this case, A returned to the lower state after a transient increase
and B never increased (Fig. 3A1,A2, green traces). The return of
A to the lower state occurred because 98% PSI, but not 96%,
sufficed to decrease B to 0.54 uM, thus A lost the upper state.
Similarly, 24 h 96% PSI (started 30 min before stimulus) only
delayed consolidation whereas 24 h 98% PSI blocked consolida-
tion (not shown).

We also simulated 24 h 98% PSI after training. In the two-
loop model, consolidation was blocked when 24 h 98% PSI started
immediately after training (Fig. 3B1,B2, 4+-0 min traces). In con-
trast, consolidation occurred with a delay if 24 h 98% PSI began
Smin or later after training (Fig. 3B1,B2, +5 min traces). A
switched to a reduced upper state (Fig. 3B1); however, B did not
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reach 0.84 wM until PSI was removed (Fig. 3B2). B did not increase
to 0.84 until ~20 h after training with 98% PSI beginning 20 min
after training (Fig. 3B2). However, B remained higher than
0.84 pM with 98% PSI beginning 40 min after training (Fig. 3B2).
These results indicate that the two-loop model develops a pro-
gressive resistance of memory consolidation to PSI after training.

We next examined whether the model can reproduce the
empirically obtained time window for sensitivity of memory
consolidation to PSI. We measured the minimum levels of PSI
required to delay consolidation, i.e., to keep B below 0.84 uM
>40 min after training, when PSI had different durations, 1, 2,
and 24 h, and began at different time points (Fig. 3C). The results
delineated the critical time window for the sensitivity of simu-
lated memory consolidation to PSI. The shape and extent of the
time window before training depended strongly on the duration
of PSI (Fig. 3C). However, the time windows for all PSI durations
ended ~40 min after training (Fig. 3C) in that 40 min or more
after training, >98% PSI was always required to disrupt the con-
solidation. Forty minutes was also the time required for B to
increase to 0.84 pM so that A only had the upper steady state.
Thus, our model qualitatively reproduced the extent of the empir-
ical time window.

We also examined whether the model produces the same
time window for sensitivity of memory consolidation to continu-
ous 100% PSI beginning at various times after training (Fig. 3D). B
never increased to 0.84 uM (not shown) and A transited to the
lower state ~6 or ~29 h after training with 100% PSI beginning
5 or 20 min after training (Fig. 3D, green and red traces, respec-
tively). With 100% PSI applied 40 min after training, A underwent
a long decline and did not drop abruptly to the lower state until
B decreased to 0.54 pM and A lost the upper state ~130 h after
training (Fig. 3D, blue trace). A recovered to the upper state if
100% PSI was removed prior to 130 h (Fig. 3D, purple trace).
Thus, 100% PSI applied 40 min after training required ~5 d to
revert A to the lower state, whereas 100% PSI applied 20 min after
training only required ~1 d. These results further indicated that
memory was more sensitive to PSI within the time window that
ended ~40 min after training.

LTM is “maintained” by increased protein synthesis

The synthesis rate of B was measured at different time points
after training when PSI was added (Table 1). Before training, the
basal synthesis rate was 6.56 x 10”7 uM/sec. The synthesis rate
increased to 4.89 x 10 * uM/sec 40 min after training, due to
the slow positive-feedback loop. When 98% PSI was applied after
training, at times that failed to block consolidation, the synthesis
rate of B decreased by 98%, but nevertheless remained higher than
the basal synthesis rate before training (Table 1). The maintained
synthesis was due to the increase of A*/(A* 4 K_,) in Equation 1b
that compensated for the decrease of (1 - ANI) in Equation 1b. This
resultindicates that even with 98% PSI, LTM was still being “main-
tained” by increased protein synthesis. The resistance of memory
consolidation to PSI results from the increased protein synthesis
produced by the positive-feedback loop.

LTM is sensitive to transient degradation

Recent results suggest that memory recall is associated with a tran-
sient increase in protein degradation (Artinian et al. 2008; Lee
et al. 2008; for review, see Kaang et al. 2009). Consequently, the
recall process itself could destabilize previously established mem-
ory, and the extent to which recall destabilizes LTM could be
dependent on the intensity and duration of increase in protein
degradation that might be related to the duration of the retrieval
stimulus (Lee et al. 2008). Figure 4 illustrates the consequences of
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Figure 3. State transitions in the presence of PSI. (A) One hour PSI either 96% or 98% was imposed

30 min before (—30 min) the 10-sec stimulus. The 1-h treatment with 96% PSI delayed the increase of
A(AT) and B(A2) (blue traces). Bincreased past 0.84 M later than 40 min after training. In contrast, the
1-h treatment with 98% PSI blocked the increase of A (A7) and B (A2) (green traces). (B) The increase of
A (BT) and B (B2) was blocked when 24 h, 98% PSI started immediately after training (40 min, yellow
traces). In contrast, 24 h 98% PSI only delayed the increase when the treatment began +5 min (light
blue traces in B1 and B2), +20 min (green traces in BT and B2), or +40 min after training (dark blue
traces in BT and B2). Both A and B rapidly increased, completing consolidation, once the PSI was
removed after 24 h. (C) For different start times, with 1 h (red trace), 2 h (blue trace), and 24 h
(green trace) treatments with PSI, the minimum percentages of PSI required to delay the consolidation
were compared. For example, a 1-h treatment was relatively ineffective when begun —60 min before
training because >98% PSI was required to delay the consolidation. In contrast, the 1-h treatment
was much more effective when it began at times —30 min before training. For all the treatments,
>98% PSI was required to delay the consolidation when PSI began +40 min after training. (D) The
increase of Awas transient and A eventually returned to its lower state with continuous 100% PSI begin-
ning +5 min (green trace), +20 min (red trace), or +40 min (light and dark blue traces) after training.
Although all treatments appeared to revert A to its lower state, this was not always the case. A rapidly
switched to its upper state when 100% PSI began +40 min after training and was removed after 100 h.
However, A did not switch back to its upper steady state if PSI was removed after 150 h, which indicated
that the sensitivity of consolidation to PSI depends on the duration of PSI.

(simulation not shown). However, A
remained well above 0.3 uM, albeit at a
reduced upper state, and B remained
higher than 0.84 pM, even with 98%
PSI applied immediately after (or
30min before) the kgegs increase, if
Kgegs Was increased to ~0.01 uM/sec for
Smin (Fig. 4B) or ~0.005 pM/sec for
10 min (Fig. 4C). A and B recovered to
their original upper states after PSI was
removed (simulation not shown). These
results indicate that, although 98%
PSI applied after the time window did
not block consolidation (Fig. 3B), it did
make LTM sensitive to perturbations
such as transient increases in degrada-
tion rates. In addition, the ability of PSI
to disrupt reconsolidation depends on
the duration and intensity of increased
degradation (Fig. 4). Moreover, A re-
mained well above 0.3 pM, albeit at a
reduced upper state, and B remained at
an upper state above 0.84 uM if kgegr
was increased as in Figure 4A and 98%
PSI was applied 30 min or later after the
increase of Kgegp. These results indicate
that in our model, the sensitivity of
memory reconsolidation to PSI also has
a time window, with a duration similar
to the consolidation window.

The sensitivity of memory
consolidation to kinase inhibition
has a time window

We next simulated the effects of blocking
kinase activity. Because potent inhibitors
can inhibit >90% of kinase activity
(English and Sweatt 1997), we increased
PKIin Equation 1ato 0.9 for 24 h starting
during and at different times (40, 50, and
60 min) after training. Inhibition that
started during or 40 min (when B=
0.84 uM) after training decreased A irre-
versibly to the lower state (Fig. 5A1).
Inhibition that started S50 min after
training, at which time slow positive
feedback had increased B to 1.5 puM,
greatly decreased A, but only transiently.
A recovered to the upper state after the
removal of inhibition (Fig. 5B1). When
the inhibition started 1 h after training
at which time B = 2.3 pM (Fig. 5C1), its
only effect was to reduce the upper state
of A during the time of the kinase inhib-
ition. A remained well above 0.3 uM and

increasing the maximal degradation rate for B, kgegs in Equation
1b, to different intensities and for different durations. Without
PSI, increasing Kgegp t0 0.01 uM/sec for 10 min at 2 h after training
only produced a transient decrease in A and B (Fig. 4A). The recov-
ery process was dependent on new protein synthesis to “reconso-
lidate” the memory and return B to the upper steady state. In
contrast, the same amount and duration of Kgegp increase drove
A and B to their basal levels when 98% PSI began immediately
after (or 30 min before) the kyegp increase (Fig. 4A). A and B did
not recover to their original upper states after PSI was removed
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Bremained higher than 0.84 pM. These simulations characterized
a time window (~1 h) for the sensitivity of memory consolidation
to kinase inhibition, which is somewhat longer than the time
window for PSI (~40 min). The longer kinase window is explained
by bifurcation analysis. Unlike PSI, kinase inhibition affects the
fast feedback loop (Equation 1a) and alters the bifurcation curves
of A (Fig. 5A2,B2,C2). A only has an upper stable state when § = 20
and B>0.84 M in the absence of kinase inhibition (Fig.
5A2,B2,C2, red traces), whereas A only has a lower stable state at
§ =20 if 90% Kkinase inhibition is present when B = 0.84 uM or
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Table 1. Protein synthesis rate of B (nM/sec) at different time points after training with and without PSI Byax imposed on B in the
30 min before 0 min after 5 min after 20 min after 40 min after model of Equation 1a aI,ld, b,

training training training training training and not from the positive-

- feedback loop per se. Therefore,

The two-loop model (half-life of B ~6 d) we tested the sensitivity of me-
Without PSI 6.56 x 10*; 3.46 x 10*; 4.25 % 10*; 9.53 x 10*2 4.89 x 10*: mory consolidation to PSI in
98% PSI 1.31 x 10 5.70 x 10 8.53 x 10 1.91 x 10 9.85 x 10 a model variant without Byx
The model without Byax (half-life of B ~7 h) (Equation 2). In this model,
Without PSI 1.55 x 1075 3.61 x 10°* 418 x107* 4.68 x107* 473 x10*  the degradation term for B
95% PSI 7.73 x 1077 7.73x 1077 2.09 x107° 2.34x10° 236 x107°  was modified by increasing
The model without Buax (half-life of 8 ~1 h) the degradation Michaelis con-
Without PSI 1.09 x 1074 457 x107* 512x107* 5.61 x 1074 5.66 x 10~4  Stant, Kg_p, and maximal deg-
70% PSI 3.28x10°° 1.06 x 10°* 1.54 %10 1.68 x 10°* 1.70 x 1074 radation rate, Kgegs. This was

The treatments that blocked consolidation are underlined.

B=1.5uM (Fig. 5A2,B2, green traces). Therefore, kinase inhibi-
tion can revert A to the lower state when B=0.84 uM or
1.5 uM. In contrast, A has an upper stable state at § = 20 if kinase
inhibition does not start until B=2.3 uM (green trace in
Fig. 5C2). Therefore, A becomes resistant to kinase inhibition
1 h after training with B > 2.3 uM. In all cases, A resumed the
bifurcation curves in the absence of kinase inhibition (e.g.,
Fig. 5A2-C2, red traces). Therefore, A recovered to its upper state
after the removal of inhibition if B > 0.84 wM (Fig. 5B1). Note that
24 h 90% kinase inhibition slightly decreased B. B was reduced
from 0.84 to ~0.83 uM with kinase inhibition beginning
40 min after training in Figure SA1. This small decrease gave rise
to a stable lower state of A for § = 20. Therefore, A did not recover
to its upper state (Fig. 5A1). These results indicate that positive-
feedback loops sustain the progressive development of resistance
of memory consolidation to kinase inhibition, as was found above
for PSI.

Alternative models support the hypothesis that positive
feedback can account for the resistance of memory
consolidation to PSI

We used three alternative models to further investigate the contri-
bution of the positive-feedback loops to the resistance of memory
consolidation to inhibitors. The first two models were derived
from the two-loop model, whereas the third model was from
Pettigrew et al. (2005). In the first alternative model, we consid-
ered the possibility that resistance of the upper state to >95%
PSI applied after training might result from the upper bound

done because without Byax,
this model is susceptible to an
instability in which B increa-
ses without bound, which can
only be eliminated by modifying the degradation kinetics.
Bistability was restored by this modification. The parameters
governing the synthesis of B were also adjusted to maintain the
basal level of B at 0.56 pM as above. Sy was again increased from
0 to 200 for 10 sec to represent training. Because the differential
equation and parameter values for A (Equation 1la) were not
changed, consolidation was still equated as the transition of A
to the upper state followed by the increase of B from 0.56 to
0.84 pM. Two sets of parameters were used in this model to
examine the possible effect of degradation on the resistance of
memory consolidation to PSI. In the first set, the degradation
rate of B was 1.55 x 10~° uM/sec. The half-life of B was ~7 h and
the upper bound of B was ~68 uM (Materials and Methods;
parameter set 1 below Equation 2). In the second set, the degrada-
tion rate of B was 1.09 x 10~* uM/sec. The half-life of Bwas ~1 h
and the upper bound of B was ~5 uM (Materials and Methods;
parameter set 2 below Equation 2). A was bistable at Sp = 20 in
both sets, and B increased to 0.84 uM ~20 min after training.
With the first set of parameters, the upper state of A was
destabilized with 24 h 95% PSI applied before or immediately after
training (Fig. 6A). However, it was not destabilized if 24 h 95%
PSI was begun 20 min after training and B always remained
higher than 0.84 uM (Fig. 6B). Therefore, this model also exhib-
ited a time window for the sensitivity of memory consolidation
to PSI. With the second set of parameters, consolidation was
blocked with 24 h 70% PSI applied before or immediately after
training (simulation not shown). However, consolidation was
not blocked with 24 h 70% PSI 20 min after training. Both param-
eter sets had higher degradation rates of B than did the original
two-loop model (Equation 1a,b) (6.56 x
10”7 pM/sec), making the new model

A B C more sensitive to high levels of PSI, so A
sS4 4 4 ”O\P sl was reverted to the lower state when
< J/ 97.5% (Fig. 6C) or 76% PSI was ap-
E \@S-I plied 20 min after training (simulation
g 2 2 2 N not shown). Therefore, positive-feedback
% 98% PS| Yy, loops were respons.ible for bistability
e \ '~ and consequent resistance of memory
80 o 1 2 3 0 o 1 T 2 T3 0 0 1 2 7 3 ' consolidation to PSI, whereas the time
Time (h) Time (h) Time (h) window for the sensitivity of memory

0.01 uM/s 10 min 0.01 uM/s 5 min 0.005 pM/s 10 min consolidation to PSI was affected by vari-

Kdegs M degB kdegs M ous factors (e.g., degradation rates, and

inhibitor duration and concentrations).

Figure 4. Responses to transient increases of kgeqs. TWO hours after training, kqegs in Equation 1b was With this model without Byax,

increased to 0.01 pM/sec for 10 min (A4), 0.01 uM/sec for 5 min (B), 0.005 uM/sec for 10 min (C). (A)
Without PSI, the increase of kgegs to 0.01 M/sec for 10 min failed to revert A to the lower state (dark
blue trace). In contrast, A was reverted when continuous 98% PSI began immediately after kyeqs
increased (light blue trace). Shorter (B) or weaker (C) kgeqp failed to revert A to the lower state. A
remained >0.3 pM, albeit reduced from the level with no PSI (from dark blue traces to light blue

traces in B and C), despite the continued presence of PSI.
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the synthesis rate of B was again higher
in the upper state of B than in the lower
state, irrespective of the presence of PSI
(Table 1). Thus, LTM, in the absence and
presence of PSI, was being “maintained”
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A1 +40 min (B=0.84 uM)

B1 +50 min (B=1.5 uM)

C1+1h(B=23uM)

40 min after training onset (i.e., 10 min
after stimulus offset). As with the two-

_ 4 ¥ 49 ¥ 44 N —— loop model (Equation 1a,b), the time
i window during which PSI disrupted
s — B LTM was relatively brief. We compared
% 2 —a 2 2 the minimum levels of 24 h PSI required
8 to block the switch of A to its upper state
§ j at different time points for both mod-
0-l5 ; 5 0= ; 0 , ) . S . .

0 15 30 0 15 30 0 15 30 els, with a 30-min induction stimulus
Time (h) Time (h) Time (h) (Fig. 7C). The minimum PSI required to
block the switch was 80.9% in the one-
A2 B=0.84uM B2 B=15uM C2B=23uM loop model and 98.1% in the two-loop
= model when PSI began 30 min prior to
3 2 2{ before adding kinase inhibition o training. The difference between models
5 before adding kinase inhibition decreased as PSI began later. Ten minutes
5 before adding kinase inhibition - o after adding kinase inhibition or later after training, ~100% PSI was
E 1 1] eferaddngkinase mh'bl\:on 1 A required for both models. Thus, the one-
g after adding kinase inhibition < < loop model had weaker resistance of
§ — memory consolidation when PSI was
o5 20 20 °5 20 20 %% 20 20 imposed before training, but after train-
S S S ing a single feedback loop involving pro-
tein synthesis (increase of B) sufficed to

Figure 5. State transitions in the presence of 24 h 90% inhibition of kinase activation. S; was  render LTM resistant to PSI.

increased to 200 for 10 sec at t = 0. The transition of A to the upper state was reverted with kinase inhi-
bition beginning either +40 min after training (A7) at which time B = 0.84 pM, or +50 min after train-
ing (B7) at which time B=1.5 uM. A remained >0.3 uM and B remained >0.84 pM when kinase
inhibition started +1 h after training (C7). Both A and B rapidly switched to their upper states in (BT)
and (CT) once the PSI was removed after 24 h, but not in (AT). (A2-C2) Bifurcation diagrams for A
as a function of stimulus § in the absence/presence of 90% kinase inhibition when B is 0.84 uM
(A2), 1.5 uM (B2), or 2.3 pM (C2). In the presence of 90% kinase inhibition, A has both upper and
lower stable steady states when S =20 and B= 2.3 pM (C2); A only has a lower steady state when

B<2.3pMand S = 20 (A2, B2).

by a protein synthesis rate higher than the rate before training and
in the absence of PSI. In both models (Equations la,b and
Equations 1a, 2) positive feedback sufficed to maintain an
increased level of protein synthesis, an upper state of A and B,
and LTV, irrespective of >95% PSI.

In the second alternative model, we turned off the fast loop
in the two-loop model (Equation 3) to further explore the contri-
butions of individual feedback loops to LTM. Due to the loss of the
autoactivation loop, A did not increase as rapidly after stimuli, so a
brief stimulus could not induce a state transition. The duration
needed to be increased to ~30 min (S = 200). The consolidation
(Fig. 7A) was blocked by 98% PSI started 30 min before training
(Fig. 7B, green trace). In contrast, the upper state of A was not
destabilized, albeit it was reduced (Fig. 7B, blue trace), and B
(not shown) remained higher than 1.8 uM when 98% PSI started

A 95% PSI (-30 min)

B 95% PSI (+20 min)

We also compared the minimum
levels of 24 h kinase inhibition required
to block the switch of A to upper state
(Fig. 7D). Forty percent inhibition was
required in the one-loop model and
60% in the two-loop model when inhib-
ition began 30 min before training,
whereas 85% inhibition was required
in the one-loop model and 95% in the
two-loop model when inhibition began
90 min after training. Therefore, the one-loop model retained
considerable resistance of memory consolidation to Kkinase
inhibition after training. However, the fast autoactivation loop
in the two-loop model always enhanced resistance to kinase
inhibition.

With both models, we also carried out simulations in which
the slow feedback loop was removed (i.e., B was held constant).
The fast autoactivation loop alone was sufficient to generate bist-
ability, and A switched from the lower state to the upper state fol-
lowing a brief stimulus. However, the upper state was much more
sensitive to perturbations without the consolidating increase of B.
For example, the upper state was destabilized by <10% kinase
inhibition with parameters near standard values for Equation
la,b. Therefore, the slow loop is essential to generate a robust
LTM.

C 97.5% PSI (+20 min)

24h PSI 24h PS| 24h PSI
% 4 4 4
< —B
S —A
©
£ 2 2 2
3
=
o
S {\_’
0 0 01+ ; 1
0 15 30 15 30 0 15 30
Time (h) Time (h) Time (h)

Figure 6. State transitions in the presence of PSI in the model without Byax. In @ model with parameters that yield a relatively long half-life of B (~7 h),
the increase of A and B was blocked by 24 h 95% PSI imposed —30 min before training (A) whereas A was maintained >0.3 uM and B > 0.84 pM in the
presence of 95% PSI imposed 420 min after training (B). Therefore, memory remained in the consolidated state. Similar to Figure 3B, A and Bincreased
further after 24 h 95% PSI ended. (C) 97.5% PSI imposed +20 min after training reverted A and B to their lower states.
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A Control B 98% PSI
41 -

-

+40 min

of LTM in the presence of substantial
(=95%) PSI may be due, at least in part,
to one or more positive-feedback loops.

Noise affects the sensitivity to PSI
Noise, due to environmental perturba-
tions, is ubiquitous in biological systems,

0
0 20 40
S

Concentration (uM)
N

-30 min
A

and a plausible model for the consolida-
tion of LTM should be relatively insensi-

Concentration of A (UM

o-

1 2
Time (h)

_|—| S; =200
S

C Minimum PSI

Sp=20

50 50

Percent
Percent

Time (h)

D Minimum kinase inhibition

100 zv- 100 two-loop model
two-loop model one-loop model \

tive to noise. We examined the
sensitivity of the first two-loop model
(Equation 1a,b) to noise in the stimulus
by incorporating Gaussian noise Sy (o =
3%~20% of Sp, see Materials and
Methods). Both lower (A = 0.03 uM and
B=0.56 pM) and upper states (A >
0.3 puM and B > 0.84 uM) remained sta-
ble in the presence of noise with o=
20% of Sg. However, noise did affect the
ability of the model to transit between
stable states. We monitored the fraction
of 1000 simulations that transited from
the lower to the upper state within 7

one-loop model

0
-30 -20 -10 0 +10 +20 +30 -30 0
Beginning of PSI (min)

Figure 7. Comparison of two-loop and one-loop models for LTM consolidation. (A) At t =0, Srwas
increased from 0 to 200 for 30 min. Without PSI, the stimulus induced a transition of Aand Bto an upper
stable state. (/nsert) Bifurcation diagram for A and B as a function of S. (B) The increase of Awas blocked
with 24 h 98% PSI beginning —30 min before training. A remained >0.3 uM when this PSI began
+40 min after training. (C,D) For different start times, the minimum percentages of continuous PSI
or kinase inhibition required to block the increase of A were compared in two models. (C) PSI had a
greater effect on the one-loop model when applied before training, whereas after training the
minimum PSI in the one-loop model approached the minimum PSI in the two-loop model. (D)
Compared with the two-loop model, the single feedback loop had lower minimum levels for kinase

inhibition applied before or after training.

To test further whether a slow feedback loop involving
protein synthesis generates resistance of memory consolidation
to PSI, PSI was applied to a model developed by Pettigrew
et al. (2005), which describes more specifically aspects of
the formation of LTM in Aplysia. In Aplysia (Dash and Moore
1996), and in vertebrates (Huang et al. 1994; Impey et al. 1996),
protein kinase A (PKA) activation is necessary for LTF and L-LTP.
The Pettigrew model simulates the dynamics of Aplysia PKA
activation following five pulses of 5-HT (Miiller and Carew
1998). Long-term PKA activation (for >20h) is heuristically
equated to LTF and the establishment of LTM. The Pettigrew
model has a positive-feedback loop between PKA activity
and protein synthesis, in which PKA activates synthesis of an
immediate-early gene product Ap-Uch. Ap-Uch in turn con-
tributes to long-term PKA activation (Hegde et al. 1997), closing
the loop. To simulate the effects of PSI, the protein synthesis
rates of both PKA and Ap-Uch were reduced by 99% for 24 h.
The effects on the time course of long-term PKA activation were
observed.

Figure 8 illustrates responses of PKA to five pulses of 5-HT in
the presence and absence of PSI. The normal late increase in PKA
activity was blocked with 24 h 99% PSI started immediately after
5-HT. However, PKA activity measured 24 h after stimulus was
only reduced to ~50% of control with 99% PSI started 3 h after
5-HT, and PKA activity was ~70% of control with 99% PSI started
4 h after 5-HT. These results indicate that the Pettigrew model also
has a critical time window within which long-term PKA activity
was sensitive to PSI. It appears plausible that the maintenance
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Beginning of kinase inhibition (min)

dafter training and observed a moderate,
but not extreme, sensitivity to stimulus
noise. Without PSI and with o= 10%
S, no transition was blocked in 1000
simulations. With o =20% Sp, transi-
tions were blocked in ~27% of 1000
simulations.

The transition without noise was
only delayed with 1 h of 96% PSI started
30 min before stimulus (Fig. 3A1,A2),
whereas, the transition was blocked in
>99% of 1000 simulations with noise
of 0 =10% Sg. Thus, consolidation was
not blocked by 96% PSI applied before
training without noise, whereas consolidation was blocked
when the same PSI treatment was applied with noise. However,

+30 +60 +90

99% PSI
5-HT
1 9
control

&
2
& 0.5
<<
4
o

0 T —— T T T T 1

0 4 8 12 16 20 24
Hours after 5-HT
Figure 8. PS| dependency for long-term PKA activation in the Pettigrew

model. For these simulations, the parameters Vi, kapsyn, and kapsyngasal
(Pettigrew et al. 2005) were reduced by 99% to simulate the effects of
a 99% inhibition of protein synthesis (other model parameters as in
Pettigrew et al. [2005]). Five pulses of 5-HT were applied to induce PKA
activation (blue trace, control with no PSI). PKA activity (measured at
24 h) failed to increase (green trace) when 24 h 99% PSI began immedi-
ately after 5-HT. PKA activity at 24 h was, respectively, ~50% (red trace)
and ~70% (purple trace) of the control when this PSI began 3 or 4 h
after 5-HT.
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all 1000 simulations remained at the upper state with 98% PSI
beginning 40 min after training and stimulus noise of o = 20%
Sp. Similarly, 993 of 1000 simulations remained at the upper state
with 90% kinase inhibition beginning 1 h after training and stim-
ulus noise of o = 20% Sg. Therefore PSI substantially increased the
sensitivity of the model to noise by delaying the increase of B to
0.84 pM.

Discussion

A common method for investigating the temporal requirements
for kinase activation and protein synthesis in stabilizing memory
is to pharmacologically block kinases and protein synthesis. The
results can be difficult to interpret, in part, because inhibitors of
kinase and protein synthesis, even at high concentrations, do
not completely block these processes (Barondes and Cohen
1968; Milekic and Alberini 2002). Thus, the possibility remains
that with inhibition, decreased capacities for kinase activation
and protein synthesis contribute to the maintenance of the LTM
beyond the empirically determined windows for disruption.
This question is difficult to address empirically because practically
a 100% block of synthesis or activity cannot be attained due, for
example, to toxicity of high inhibitor concentrations (for review,
see Rudy et al. 2006). An alternative approach is to use computa-
tional models of putative molecular mechanisms for LTM and
simulate inhibition of protein synthesis or kinase activity to
examine the time window for the effects of these processes on
consolidation.

Our approach was to build reduced models to examine gen-
eral properties that may govern the time windows for the sensitiv-
ity of memory consolidation to PSI and kinase inhibition.
Therefore, our models were not detailed representations of bio-
chemical pathways. In our models, the two variables A and B rep-
resent the levels of activated kinase and total kinase, respectively.
Our simulations suggested that a single slow feedback loop involv-
ing protein synthesis suffices to develop the resistance of memory
consolidation to PSI (Fig. 7), a suggestion further supported by the
Pettigrew model (Fig. 8). A fast autoactivation loop alone can sus-
tain a bistable switch (Smolen et al. 2009) and might therefore
store LTM, but previous models have suggested this LTM would
be vulnerable to disruption by brief perturbations or noise
(Smolen et al. 2009; see also Brandman et al. 2005; Zhang et al.
2007). Simulations confirmed such vulnerability. With B unable
to increase, <10% kinase inhibition abolished the upper state of
A. Without elevation of the slow variable B, there is not a suffi-
cient restoring force to sustain a recovery of A or an upper state.

In our models, the kinase A up-regulates its own synthesis.
Empirical evidence suggests that at least two kinases implicated
in LTP—CAMKII and PKM—can up-regulate their own synthesis.
The induction of hippocampal L-LTP requires the activation of
CaMKII (Malenka et al. 1989; Malinow et al. 1989; Fukunaga
and Miyamoto 2000). Persistent activation of CAMKII has been
hypothesized to play an important role in the maintenance of
LTP (Sanhueza et al. 2007), and in addition, the amount of
CAMKII in individual spines correlates with the strength of synap-
ses onto those spines (Asrican et al. 2007). Autoactivated CaMKII
phosphorylates a translation regulator, cytoplasmic polyadenyla-
tion element binding protein (CPEB), which stabilizes LTF in
Aplysia (Si et al. 2003) and can bind regulatory elements in
CaMKII mRNA to regulate translation (Wu et al. 1998; Atkins
et al. 2004, 2005). In this manner, CaMKII may act to increase
its own translation. Therefore, it is plausible that an increase in
the amount of both total and active CAMKII, mediated by positive
feedback involving translation, could constitute one mechanism
for the maintenance of LTM. Aslam et al. (2009) developed a
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bistable model based on this putative positive feedback, and simu-
lated the sensitivity of L-LTP induction and maintenance to PSI
and kinase inhibition. In addition, the maintenance of L-LTP
requires the persistent activity of PKM (Pastalkova et al. 2006).
Empirical studies of PKM in hippocampal neurons indicate that
PKM activity is required for the synthesis of new PKM (Kelly
et al. 2007). These data suggest that a positive-feedback loop
involving protein synthesis of PKM may contribute to its persis-
tent activity. Empirical data also suggest that a positive-feedback
loop involving the transcriptional up-regulation of the transcrip-
tional activator CREB1 is important for the consolidation of syn-
aptic LTF in Aplysia (Liu et al. 2008). In our models, kinase A can
also autoactivate itself in a fast positive-feedback loop. For
CAMKI]I, this type of positive feedback, in which CAMKII main-
tains its own activity by autophosphorylation, has been hypothe-
sized to be important for LTP (Pi and Lisman 2008), although
empirical confirmation has not yet been obtained.

Small differences in PSI can lead to large differences in
memory consolidation

Empirically, LTM is significantly impaired in mice given a dose of
anisomycin estimated to produce ~96% PSI 30 min before train-
ing, and greater impairment is seen with a higher dose (~98%
PSI) (Squire and Davis 1975). In the two-loop model, blocking
consolidation by 98% PSI (Fig. 3A) could represent the effect
of a higher dose. Blocking consolidation prevented A and B
from increasing even if 98% PSI was removed after training
(Fig. 3A1,A2). In contrast, consolidation was initiated but delayed
with 96% PSI (Fig. 3A). Although A and B reached their upper
states, the delay made the model sensitive to disturbances, which
we simulated as stimulus noise. In the presence of noise and
96% PSI, A and B only sometimes switched to the upper state.
Therefore, either input (stimulus) noise or other environmental
disturbances might block the consolidation of LTM for a sub-
population of neurons and/or synapses. Because the consolida-
tion of a physiological memory presumably involves multiple
synapses and neurons, such a result might be expressed behavior-
ally as an impairment, but not complete block, of LTM. Hence,
with our model 96% PSI may represent the consolidation of
impaired LTM, whereas 98% PSI represents a complete failure to
establish LTM.

Reconsolidation

Nader et al. (2000) gave rats a retrieval test 24 h after long-term
fear conditioning, in the absence or presence of anisomycin.
When retested again 48 h after training rats that had first been
tested in the presence of anisomycin exhibited memory impair-
ment, whereas rats in the control group retained the memory.
Rats given anisomycin in the absence of the 24-h test, or 6 h after
the 24-h test, did not exhibit memory impairment on the 48-h
test. Together with other studies (Alberini 2005; Rossato et al.
2006), these results illustrate that during a critical time window
after reactivation, memory retention is labile to disruption by
PSI. During this time, memory undergoes another phase of pro-
tein synthesis-dependent consolidation, which has been termed
reconsolidation.

Empirical studies indicate that despite potential significant
differences, consolidation and reconsolidation may share some
molecular mechanisms (Alberini 2005). Due to this putative sim-
ilarity of mechanism, the positive-feedback models presented
here may provide insights into understanding reconsolidation.
For example, a memory retrieval may lead to destabilization
through a transient increase in protein degradation (Artinian
et al. 2008; Lee 2008; Lee et al. 2008; for review, see Kaang et al.
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2009). If so, reconsolidation is required after a retrieval test. As
with consolidation, the time window during which PSI can dis-
rupt reconsolidation appears to be brief (Nader et al. 2000;
Rossato et al. 2006; Artinian et al. 2008). However, the existence
of the time window depends on the duration of retrieval. Suzuki
et al. (2004) found that PSI did not disrupt reconsolidation if
the duration of the retrieval stimulus was as short as 1 min. This
finding was supported by Lee et al. (2008), suggesting that a
1-min retrieval stimulus is not sufficient to significantly increase
protein degradation.

In the two-loop model, a retrieval test would be equivalent to
a transient increase in Kqegp (Fig. 4). For model parameters as in
Figure 4A, the increase in Kgegp to 0.01 uM for 10 min did not dis-
rupt established LTM. However, with 98% PSI, this increase in
kgegs did disrupt LTM, forcing A and B to the lower state. These
simulations may represent aspects of successful reconsolidation
(without PSI) and failure of reconsolidation (with PSI). The upper
state was not destabilized, if 98% PSI was applied later, e.g., 30 min
after the increase of kgegp. This simulation predicts that empiri-
cally, the time window during which PSI can disrupt reconsolida-
tion will be brief, like that for consolidation, and will be
dependent on intensity and duration of destabilization, because
a shorter or weaker increase of kqegp failed to force A and B to
the lower state in the presence of 98% PSI (Fig. 4B,C). Artinian
et al. (2008) reported that anisomycin injected immediately after
a retrieval stimulus blocked reconsolidation, whereas injection
2 h after retrieval failed to block. Thus, the empirical time window
appears to be <2 h. Our modeling results suggest that the dura-
tion of the time window of the sensitivity of memory reconsolida-
tion to PSI is similar to the time window of consolidation to PSI.
Experiments have not yet defined this window at a higher
resolution.

Bifurcation analysis may help to explain the time window of
reconsolidation. In Figure 2A, A loses its upper steady state when
S = 20 and B decreases to 0.54 uM (green trace). A retrieval test, if
it is equated to a transient increase in kgegp, decreases B. The tran-
sient increase in Kqegp in Figure 4A in the absence of PSI did not
suffice to decrease B to 0.54 uM. Similarly, a shorter or weaker
increase of kgegp in the presence of PSI (Fig. 4B,C) was not suffi-
cient to decrease B to 0.54 uM. Thus, B recovered to the upper
state after kqegp returned to its basal level. However, this transient
increase in kgegp made B decrease to <0.54 pM when 98% PSI was
present in Figure 4A. The upper steady state of A was destabilized.
A and B returned to the lower state and stayed there after Kqegpn
returned to its basal level.

Empirical and computational limitations of PSI study

The analyses of our models indicate that protein synthesis
remains important after consolidation (Table 1). Empirical studies
of PSI may not detect this aspect, not only because of empirical
limitations for applying PSI, but also because the synthesis rate
of a specific protein can remain elevated even in the presence of
PSI if one or more positive-feedback loops are up-regulating this
synthesis. A conclusion of apparent independence of LTM from
PSI based on empirical observations should, therefore, be made
with caution.

In the simulation of Figure 3B2 with 98% PSI, B will remain
>0.84 pM, corresponding heuristically to continued preservation
of a stable LTM. However, this relatively simple model, with only
one protein, does not represent the effect on cell viability of block-
age of constitutive protein synthesis by 98% PSI. Clearly, this
strong inhibition of constitutive protein synthesis would even-
tually damage neurons and eliminate LTM. However, based on
the previously referenced empirical studies in which LTF was
retained for ~24 h with high levels of PSI (Montarolo et al.
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1986), we suggest our models represent some of the essential
dynamic elements, such as bistability of kinase activity, which
may maintain LTM for ~1 d. Our model does not represent other
processes known to be important for the consolidation of LTP and
LTM, such as increased insertion of glutamate receptors of the
a-amino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA)
subtype (AMPARs) into the postsynaptic membrane. However,
some of these processes may be downstream from, or modulated
by, persistent kinase activation. For example, phosphorylation
of AMPARs increases membrane insertion, supporting LTP
(Esteban et al. 2003). Phosphorylation of the GluR1 AMPAR sub-
unit at either the CaM kinase Il site (Ser 831) or the protein kinase
Asite (Ser 845) appears sufficient to support LTP (Lee et al. 2010).

In our model, the time window within which PSI blocks LTM
assessed 24 h after training is relatively short (<1 h). Although
this brief time window is consistent with a substantial amount
of empirical data, there are some exceptions. In mice, 24 h spatial
memory has been reported to also require a second wave of protein
synthesis at ~4 h (Artinian et al. 2008). Several hippocampal pro-
teins implicated in LTM are up-regulated 24 h after training, but
not 3 h after (Igazetal. 2004). In Aplysia, 5-HT also induces tempo-
rally distinct changes in the synthesis of individual proteins,
some of which are involved in LTF (Barzilai et al. 1989; Noel
et al. 1993; Liu et al. 2008). In particular, Barzilai et al. (1989)
found that the synthesis of four proteins was elevated at 3 h after
5-HT, but not at 1 h after 5-HT. To simulate these dynamics, our
model would need to incorporate a second phase of protein syn-
thesis, which could correspond, at least in part, to activation of
transcription by proteins synthesized in the first phase.

Protein synthesis at times well after training, outside the time
window of our model, has been shown to be necessary for the
maintenance of LTM over ~1 wk. Bekinschtein et al. (2007,
2008) found that PSI applied 12 h after training blocked persis-
tence of hippocampal LTM at 7 d after training, although not
at 2 d. Similarly, inhibition of transcription 24 h after training
blocks persistence of hippocampal LTM at 7 d, although not at 2
d (Katche et al. 2010). Therefore, a model describing LTM mainte-
nance, and PSI effects, over such long periods would need ad-
ditional equations describing the synthesis and turnover of
proteins with long half-lives, and/or the assembly and degrada-
tion of structural elements such as the postsynaptic density.

In our model, reconsolidation relies on synthesis of protein B
that is sufficient to overcome the effect of temporarily enhanced
degradation of B. PSI, by blocking synthesis, would thus irreversi-
bly inhibit LTM. However, recent data indicate that block of hip-
pocampal reconsolidation by PSI is sometimes less persistent than
block of consolidation (Stafford and Lattal 2009). This difference
in persistence of consolidation versus reconsolidation suggests
our model may not represent all mechanistic differences between
these processes.

Determining the time window of consolidation

Even though our models are based on simplifications of the actual
mechanisms of molecular consolidation, they illustrate the prac-
tical difficulty of empirically measuring “time windows” for con-
solidation. The consolidation period in this study was defined as
the time during which protein synthesis was required for B to
increase to a level such that A only has an upper steady state
(for basal stimulus strength). Simulations indicated this was also
the time window during which >95% PSI was able to block or
delay consolidation. However, the results from alternative models
indicated that the time window for the sensitivity of memory con-
solidation to PSI was dependent on several factors including the
concentration and duration of PSI, and the parameters governing
protein degradation rates. Moreover, the time window for the
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sensitivity of memory consolidation to kinase inhibition was lon-
ger than the time window for the sensitivity of memory consoli-
dation to PSI. These results illustrate that empirically
determined temporal windows of consolidation are dependent
on the type, strength, and duration of amnesic treatments and
the underlying molecular mechanism of the memory. The effects
of varying the parameters of amnesic treatments can be particu-
larly nonlinear if the mechanism for LTM consolidation involves
one or more positive-feedback loops.

Materials and Methods

The two-loop model was derived primarily from the model of
Smolen et al. (2009) (Fig. 1A; see also Brandman et al. 2005;
Zhang et al. 2007) and was used to characterize the time windows
for the sensitivity of memory consolidation to inhibitions.
Two alternative models were derived from this model to further
investigate the contributions of the feedback loops to the re-
sistance of memory consolidation to PSI and kinase inhibition.
The importance of slow positive feedback involving protein
synthesis was also supported by a fourth model (Pettigrew et al.
2005).

Two-loop model

The two-loop model has two variables (Equation 1a,b). Variable A
represents the amount of activated kinase. A enhances its own
activation though a fast positive-feedback loop. Variable B repre-
sents the total amount of kinase. A increases B via a slow positive-
feedback loop, which might represent transcription or transla-
tion. B determines the upper bound of A. An increase in B acts
to increase A via mass action. In the two-loop model, an upper
bound Byax was imposed on B:

4
“_ {<kls+k2A4A7>(B_A)+kminA}

dt +Kji_,
A
x (1 —PKI)—kdegAm, (1a)
dB A4
T {hm(BMAX _B)+kmin3}

x (1 —ANI) — (1b)

B
kdegBB + K372 .

Standard parameter values were Sp= 20, k] =1x10"2 sec !,

k, =1.0sec” ! , Kao 1—03}J.M kmmA_3><1O MM/SeC kdegA—
0.2 uM/sec, KA ,=2.6x10"2 wM, k3772><10 sec ', Kg_1=
1pM, BMAX_4H'M Kming = 6.54x 10" LLM/SeC kdegB—

1. 83>< 10°° uM/sec, Kp_» =1 pM. Stimulus S = St + Sp. St repre-
sents the training stimulus. During training, S was increased
from O to 200. Sy returned to O after training. Basal stimulus
Sp was set to 20, i.e., 10% of maximal S7. Except during training,
S = Sp = 20. The parameters (Equation 1a,b) were chosen to sup-
port bistability of activated kinase A and total kinase B at Sg
(Fig. 2A). Models of interconnected positive-feedback loops
can exhibit either mono- or bistable behaviors in different
regions of their parameter space. We selected parameters that
supported bistability, consistent with theoretical work that sug-
gests bistable, switch-like behaviors in signaling cascades may
play a role in long-term cellular changes such as differentiation,
the cell cycle, and memory (Zhang et al. 2007; Guantes and
Poyates 2008; Kapuy et al. 2009; Smolen et al. 2009).

The timescale of the slow positive-feedback loop, which
increases B, depends most strongly on the parameter Kqegp, the
rate constant for the degradation of B in Equation 1b. kgegs
is small (1.83x10~® uM/sec), making this feedback loop slow.
The time constant of the fast “autoactivation” positive-feedback
loop, which increases A, depends most strongly on kgega, the
rate constant for the degradation of A. Kgegs is much larger
(0.2 pM/sec). The slow feedback loop alone can sustain bistability.
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However, the strength of bistability (i.e., the size of the region in
parameter space that supports two stable solutions for A and B) is
increased by strengthening the fast positive-feedback loop. Fast
positive feedback, in turn, is stronger for larger values of either
the rate constant k, or the coefficient of the Hill function (i.e., 4
in Equation 1a).

In neurons, data suggest that two kinases, CAMKII and PKM,
may, when active, regulate their own synthesis (Wu et al. 1998;
Atkins et al. 2004, 2005; Pastalkova et al. 2006). In the model,
the expression A*/(A* + Kj_,) in Equation 1b represents the
strength of feedback in which active kinase A up-regulates the syn-
thesis of total kinase B. In Smolen et al. (2009), this feedback term
used only a first power of A. The modification to fourth power
increases the nonlinearity of feedback from A to B.

Protein synthesis and kinase inhibition were simulated by
square pulses of ANI and PKI. ANI represents the effect of PSIs
(e.g., anisomycin). ANI = %synthesis inhibition/100. PKI repre-
sents the effect of kinase inhibitors. PKI = %kinase inhibition/
100. In Equation 1a,b, the degradation functions of A and B are
Michaelis-Menten equations, whereas they were linear functions
in Smolen et al. (2009). With the modified degradation functions,
the half-life of total kinase B is increased to ~6 d, which is within
the biological range (Waelsch and Lajtha 1961).

The alternative models derived from the
two-loop model

Model without By

In this model, we removed Byx in Equation 1b. The equation
describing fast positive feedback remained unchanged. Equation
1b was modified to Equation 2, yielding:

@)

Kiwp— 2
degBB + KB—Z .

dB A4
ar | Aty K3

-+ kming}a —AND) -

For this model, two sets of parameter values were used:

1. k3=4.6 x 107 * pM/sec, Kz 1 =03 puM,  kping= 1.54 x
1073 pM/sec, Kgegs = 6.25 x 10~* uM/sec, Kz_, = 22 pM. The
half-life of total kinase B is ~7 h.

2. k3=4.6 x 10 * uM/sec, Kz_1=0.3 uM, Kping = 1.09 x 10~*
pM/sec, Kaegp=1.25 x 10°% pM/sec, Kp_»=5.85uM. The
half-life of total kinase B is ~1 h.

These changes in values from those used for the first model
(Equation 1b) were required to

1. Maintain the bistability of activated kinase A and total kinase B
at basal stimulus level, Sg.

2. Maintain the basal level of B at 0.56 uM, same as the two-loop
model.

3. Keep the increased synthesis rate of B after training similar to
that in the two-loop model.

Therefore, the results from both the models were comparable.

One-loop model

In this model, the fast autoactivation feedback loop was elimi-
nated and Equation la reduced to:

dA A
ar {(k1$)(B — A) + kmina}(1 — PKI) — Kgega A+ Ko 3)

Equation 1b, describing slow positive feedback, remained
unchanged.

Standard parameter values are as for Equation 1a,b. This
model also exhibited bistability of activated kinase A and total
kinase B at Sg (Fig. 7A).
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Numerical methods

To check the consistency of results, the integrations of differential
equations in all the simulations were calculated by two methods,
forward Euler and Runge-Kutta (Hairer et al. 1993). No significant
differences were observed in the results. The time step was 10 ms.
No significant improvements in accuracy were found upon fur-
ther reduction of the time step. Prior to any training stimulation,
the steady state levels of variables were determined after at least
two simulated days. The models were programmed in Java and
XPP. Bifurcation analysis examined the ways in which steady-state
levels of A and B depend on the strength of the stimulus S. The
bifurcation software AUTO was used (Doedel 1981).

Simulation of stimulus noise

Stimulus noise was simulated by adding a white Gaussian noise
term with mean zero to the stimulus S (variable Sy) (see also
Smolen et al. 2009). The noise term had the form Sy= o x
sqrt[—2 In(Uy)] x cos(2mwU,) where U; and U, were random num-
bers uniformly distributed on (0,1). The standard deviation (o)
was 3%-20% of Sg. Thus, S=S;+ S+ Sy. Fluctuations that
took S to negative values were reset to S = 0. The noise time step
was 1 sec. Programs are available upon request.

Acknowledgments

This work was supported by NIH grant PO1 NS038310 and a train-
ing fellowship from the Keck Center National Library of Medicine
(NLM) Training Program in Biomedical Informatics of the Gulf
Coast Consortia (NLM Grant No. T15LM007093).

References

Abel T, Lattal KM. 2001. Molecular mechanisms of memory acquisition,
consolidation and retrieval. Curr Opin Neuorbiol 11: 180-187.

Abraham WC, Williams JM. 2008. LTP maintenance and its protein
synthesis-dependence. Neurobiol Learn Mem 89: 260-268.

Ajo-Franklin CM, Drubin DA, Eskin JA, Gee EPS, Landgraf D, Phillips I,
Silver PA. 2007. Rational design of memory in eukaryotic cells. Genes
Dev 21: 2271-2276.

Alberini CM. 200S5. Mechanisms of memory stabilization: Are
consolidation and reconsolidation similar or distinct processes? Trends
Neurosci 28: 51-56.

Alberini CM. 2008. The role of protein synthesis during the labile phases
of memory: Revisiting the skepticism. Neurobiol Learn Mem 89:
234-246.

Alberini CM, Milekic MH, Tronel S. 2006. Mechanisms of memory
stabilization and de-stabilization. Cell Mol Life Sci 63: 999-1008.

Artinian J, McGauran A-MT, De Jaeger X, Mouledous L, Frances B, Roullet P.
2008. Protein degradation, as with protein synthesis, is required during
not only long-term spatial memory consolidation but also
reconsolidation. Eur ] Neurosci 27: 3009-3019.

Aslam N, Kubota Y, Wells D, Shouval HZ. 2009. Translational switch for
long-term maintenance of synaptic plasticity. Mol Syst Biol 5: 284.

Asrican B, Lisman J, Otmakhov N. 2007. Synaptic strength of individual
spines correlates with bound Ca®*-calmodulin-dependent kinase II. /
Neurosci 27: 14007-14011.

Atkins CM, Nozaki N, Shigeri Y, Soderling TR. 2004. Cytoplasmic
polyadenylation element binding protein-dependent protein synthesis
is regulated by calcium/calmodulin-dependent protein kinase II. |
Neurosci 24: 5193-5201.

Atkins CM, Davare MA, Oh M, Derkach V, Soderling TR. 2005. Bidirectional
regulation of cytoplasmic polyadenylation element-binding protein
phosphorylation by Ca®*/calmodulin-dependent kinase Il and protein
phosphatase 1 during hippocampal long-term potentiation. ] Neurosci
25: 5604-5610.

Barondes SH, Cohen HD. 1968. Memory impairment after subcutaneous
injection of acetoxycycloheximide. Science 160: 556-557.

Barzilai A, Kennedy TE, Sweatt JD, Kandel ER. 1989. 5-HT modulates
protein synthesis and the expression of specific proteins during
long-term facilitation in Aplysia sensory neurons. Neuron 2:
1577-1586.

Beckinschtein P, Cammarota M, Igaz LM, Bevilaqua LR, Izquierdo I,
Medina JH. 2007. Persistence of long-term memory storage requires a
late protein synthesis- and BDNF- dependent phase in the
hippocampus. Neuron §3: 261-277.

www.learnmem.org

Bekinschtein P, Cammarota M, Katche C, Slipczuk L, Rossato JI, Goldin A,
Izquierdo I, Medina JH. 2008. BDNF is essential to promote
persistence of long-term memory storage. Proc Natl Acad Sci 105:
2711-2716.

Bhalla US, Iyengar R. 1999. Emergent properties of networks of biological
signaling pathways. Science 283: 381-387.

Brandman O, Ferrell JE Jr, Li R, Meyer T. 2005. Interlinked fast and slow
positive feedback loops drive reliable cell decisions. Science 310z
496-498.

Burrill DR, Silver PA. 2010. Making cellular memories. Cell 140: 13-18.

Chatterjee A, Kaznessis YN, Hu WS. 2008. Tweaking biological switches
through better understanding of bistability behavior. Curr Opin
Biotechnol 19: 475-481.

Cheng Z, Liu F, Zhang XP, Wang W. 2008. Robustness analysis of cellular
memory in an autoactivating positive feedback system. FEBS Lett 582:
3776-3783.

Dash PK, Moore AN. 1996. Characterization and phosphorylation of
CREB-like proteins in Aplysia central nervous system. Mol Brain Res 39:
43-51.

Davis HP, Squire LR. 1984. Protein synthesis and memory: A review. Psychol
Bull 96: 518-559.

Doedel EJ. 1981. AUTO, a program for the automatic bifurcation analysis of
autonomous systems. Cong Numer 30: 265-384.

English JD, Sweatt JD. 1997. A requirement for the mitogen-activated
protein kinase cascade in hippocampal long term potentiation. J Biol
Chem 272:19103-19106.

Esteban JA, Shi SH, Wilson C, Nuriya M, Huganir RL, Malinow R. 2003. PKA
phosphorylation of AMPA receptor subunits controls synaptic
trafficking underlying plasticity. Nat Neurosci 6: 136-143.

Ferrell JE. 2002. Self-perpetuating states in signal transduction: Positive
feedback, double-negative feedback and bistability. Curr Opin Cell Biol
14: 140-148.

Fonseca R, Nédgerl UV, Bonhoeffer T. 2006. Neuronal activity determines
the protein synthesis dependence of long-term potentiation. Nat
Neurosci 9: 478-480.

Frey S, Frey JU. 2008. “Synaptic tagging” and “cross-tagging” and related
associative reinforcement processes of functional plasticity as the
cellular basis for memory formation. Prog Brain Res 169: 117-143.

Fukunaga K, Miyamoto E. 2000. A working model of CaM kinase I activity
in hippocampal long-term potentiation and memory. Neurosci Res 38:
3-17.

Graupner M, Brunel N. 2007. STDP in a bistable synapse model based on
CaMKII and associated signaling pathways. PLoS Comput Biol 3: 221.
doi: 10.1371/journal.pcbi.0030221.

Greber D, Fussenegger M. 2007. Mammalian synthetic biology:
Engineering of sophisticated gene networks. J Biotechnol 130:
329-345.

Grollman AP. 1967. Inhibitors of protein biosynthesis. II. Mode of action of
anisomycin. ] Biol Chem 242: 3226-3233.

Guantes R, Poyates JF. 2008. Multistable decision switches for flexible
control of epigenetic differentiation. PLoS Comput Biol 4: 1000235. doi:
10.1371/journal.pcbi.1000235.

Hairer E, Norsett SP, Wanner G. 1993. Solving ordinary differential equations,
I: Nonstiff problems, 2nd ed. Springer Verlag, Berlin, Germany.

Hegde AN, Inokuchi K, Pei W, Casadio A, Ghirardi M, Chain DG,

Martin KC, Kandel ER, Schwartz JH. 1997. Ubiquitin C-terminal
hydrolase is an immediate-early gene essential for long-term
facilitation in Aplysia. Cell 89: 115-126.

Hernandez PJ, Abel T. 2008. The role of protein synthesis in memory
consolidation: Progress amid decades of debate. Neurobiol Learn Mem
89: 293-311.

Huang YY, Li XC, Kandel ER. 1994. cAMP contributes to mossy fiber LTP by
initiating both a covalently mediated early phase and macromolecular
synthesis-dependent late phase. Cell 79: 69-79.

Igaz LM, Bekinschtein P, Izquierdo I, Medina JH. 2004. One-trial aversive
learning induces late changes in hippocampal CaMKIla, Homer 1a,
Syntaxin 1a and ERK2 protein levels. Brain Res Mol Brain Res
132:1-12.

Impey S, Mark M, Villacres EC, Poser S, Chavkin C, Storm DR. 1996.
Induction of CRE-mediated gene expression by stimuli that generate
long-lasting LTP in area CA1 of the hippocampus. Neuron 16: 973-982.

Kaang BK, Lee SH, Kim H. 2009. Synaptic protein degradation as a
mechanism in memory reorganization. Neuroscientist 15: 430-435.

Kandel ER. 2001. The molecular biology of memory storage: A dialogue
between genes and synapses. Science 294: 1030-1038.

Kapuy O, He E, Lopez-Aviles S, Uhlmann F, Tyson JJ, Novak B. 2009.
System-level feedbacks control cell cycle progression. FEBS Lett 583:
3992-3998.

Katche C, Bekinschtein P, Slipczuk L, Goldin A, Izquierdo IA,

Cammarota M, Medina JH. 2010. Delayed wave of c-Fos expression in
the dorsal hippocampus involved specifically in persistence of
long-term memory storage. Proc Natl Acad Sci 107: 349-354.

Learning & Memory


http://learnmem.cshlp.org/
http://www.cshlpress.com

Downloaded from learnmem.cshlp.org on October 5, 2020 - Published by Cold Spring Harbor Laboratory Press

Feedback loops define dynamics of consolidation

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

Klann E, Sweatt JD. 2008. Altered protein synthesis is a trigger for long-term
memory formation. Neurobiol Learn Mem 89: 247-259.

Kobayashi H, Kaern M, Araki M, Chung K, Gardner TS, Cantor CR,
Collins JC. 2004. Programmable cells: Interfacing natural and
engineered gene networks. Proc Natl Acad Sci 101: 8414-8419.

Kramer BP, Viretta AU, Baba MD, Aubel D, Weber W, Fussenegger M. 2004.
An engineered epigenetic transgene switch in mammalian cells. Nat
Biotechnol 22: 867-870.

Krug M, Lossner B, Ott T. 1984. Anisomycin blocks the late phase of
long-term potentiation in the dentate gyrus of freely moving rats. Brain
Res Bull 13: 39-42.

Lee JL. 2008. Memory reconsolidation mediates the strengthening of
memories by additional learning. Nat Neurosci 11: 1264-1266.

Lee SH, Choi JH, Lee N, Lee HR, Kim JI, Yu NK, Choi SL, Lee SH, Kim H,
Kaang BK. 2008. Synaptic protein degradation underlies destabilization
of retrieved fear memory. Science 319: 1253-1256.

Lee HK, Takamiya K, He K, Song L, Huganir L. 2010. Specific roles of AMPA
receptor subunit GluR1 (GluA1) phosphorylation sites in regulating
synaptic plasticity in the CA1 region of hippocampus. ] Neurophysiol
103: 479-489.

Liu RY, Fioravante D, Shah S, Byrne JH. 2008. cAMP response
element-binding protein 1 feedback loop is necessary for
consolidation of long-term synaptic facilitation in Aplysia. ] Neurosci
28: 1970-1976.

Malenka RC, Kauer JA, Perkel DJ, Mauk MD, Kelly PT, Nicoll RA,
Waxham MN. 1989. An essential role for postsynaptic calmodulin and
protein kinase activity in long-term potentiation. Nature 340:
554-557.

Malinow R, Schulman H, Tsien RW. 1989. Inhibition of postsynaptic PKC
or CaMKII blocks induction but not expression of LTP. Science 245:
862-866.

Milekic MH, Alberini CM. 2002. Temporally graded requirement for
protein synthesis following memory reactivation. Neuron 36:
521-525.

Mitrophanov AY, Groisman EA. 2008. Positive feedback in cellular control
systems. BioEssays 30: 542-555.

Miyashita T, Kubik S, Lewandowski G, Guzowski JF. 2008. Networks of
neurons, networks of genes: An integrated view of memory
consolidation. Neurobiol Learn Mem 89: 269-284.

Mohamed HA, Yao W, Fioravante D, Smolen PD, Byrne JH. 2005.
cAMP-response elements in Aplysia creb1, creb2, and Ap-uch promoters:
Implications for feedback loops modulating long term memory. J Biol
Chem 280: 27035-27043.

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

1249-1254.

Moore JL, Roche RA. 2007. Reconsolidation revisited: A review and
commentary on the phenomenon. Rev Neuorsci 18: 365-382.

Miiller U, Carew TJ. 1998. Serotonin induces temporally and
mechanistically distinct phases of persistent PKA activity in Aplysia
sensory neurons. Neuron 21: 1423-1434.

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.

Noel F, Nufiez-Regueiro M, Cook R, Byrne JH, Eskin A. 1993. Long-term
changes in synthesis of intermediate filament protein, actin and
other proteins in pleural sensory neurons of Aplysia produced by an
in vitro analogue of sensitization training. Brain Res Mol Brain Res 19:
203-210.

Ogasawara H, Kawato M. 2009. Bistable switches for synaptic plasticity. Sci
Signal 2: pe7.

Otani S, Marshall CJ, Tate WP, Goddard GV, Abraham WC. 1989.
Maintenance of long-term potentiation in rat dentate gyrus requires
protein synthesis but not messenger RNA synthesis immediately
post-tetanization. Neuroscience 28: 519-526.

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.

www.learnmeonrg

Pettigrew DB, Smolen P, Baxter DA, Byrne JH. 2005. Dynamic properties of
regulatory motifs associated with induction of three temporal domains
of memory in Aplysia. ] Comput Neurosci 18: 163-181.

Pi HJ, Lisman JE. 2008. Coupled phosphatase and kinase switches produce
the tristability required for long-term potentiation and long-term
depression. ] Neurosci 28: 13132-13138.

Pomerening JR. 2008. Uncovering mechanisms of bistability in biological
systems. Curr Opin Biotechnol 19: 381-388.

Rose JK, Rankin CH. 2006. Blocking memory reconsolidation reverses
memory-associated changes in glutamate receptor expression. J
Neurosci 26: 11582-11587.

Rossato JI, Bevilaqua LR, Medina JH, Izquierdo I, Cammarota M. 2006.
Retrieval induces hippocampal-dependent reconsolidation of spatial
memory. Learn Mem 13: 431-440.

Rudy JW, Biedenkapp JC, Moineau J, Bolding K. 2006. Anisomycin and the
reconsolidation hypothesis. Learn Mem 13: 1-3.

Sanhueza M, McIntyre CC, Lisman JE. 2007. Reversal of synaptic memory
by Ca**/calmodulin dependent protein kinase II inhibitor. J Neurosci
27:5190-5199.

Sharma SK, Sherff CM, Shobe ], Bagnall MW, Sutton MA, Carew TJ. 2003.
Differential role of mitogen-activated protein kinase in three distinct
phases of memory for sensitization in Aplysia. ] Neurosci 23:
3899-3907.

Si K, Giustetto M, Etkin A, Hsu R, Janisiewicz AM, Miniaci MC, Kim JH,
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.

Smolen P, Baxter DA, Byrne JH. 2008. Bistable MAP kinase activity: A
plausible mechanism contributing to maintenance of late long-term
potentiation. Am ] Physiol Cell Physiol 294: C503-C515.

Smolen P, Baxter DA, Byrne JH. 2009. Interlinked dual-time feedback loops
can enhance robustness to stochasticity and persistence of memory.
Phys Rev E Stat Nonlin Soft Matter Phys 79: 031902.

Song H, Smolen P, Av-Ron E, Baxter DA, Byrne JH. 2006. Bifurcation and
singularity analysis of a molecular network for the induction of
long-term memory. Biophys ] 90: 2309-2325.

Song H, Smolen P, Av-Ron E, Baxter DA, Byrne JH. 2007. Dynamics of a
minimal model of interlocked positive and negative feedback loops of
transcriptional regulation by cAMP-response element binding
proteins. Biophys ] 92: 3407 -3424.

Squire LR, Davis HP. 1975. Cerebral protein synthesis inhibition and
discrimination training: Effect of extent and duration of inhibition.
Behav Biol 13: 49-57.

Stafford JM, Lattal KM. 2009. Direct comparisons of the size and persistence
of anisomycin-induced consolidation and reconsolidation deficits.
Learn Mem 16: 494-503.

Stanton PK, Sarvey JM. 1984. Blockade of long-term potentiation in rat
hippocampal CA1 region by inhibitors of protein synthesis. ] Neurosci
4: 3080-3088.

Suzuki A, Josselyn SA, Frankland PW, Masushige S, Silva AJ, Kida S. 2004.
Memory reconsolidation and extinction have distinct temporal and
biochemical signatures. ] Neurosci 24: 4787-4795.

Tanaka K, Augustine GJ. 2008. A positive feedback signal transduction loop
determines timing of cerebellar long-term depression. Neuron 5§9:
608-620.

Waelsch H, Lajtha A. 1961. Protein metabolism in the nervous system.
Physiol Rev 41: 709-736.

Wang S-H, Morris GM. 2010. Hippocampal-neocortical interactions in
memory formation, consolidation and reconsolidation. Annu Rev
Psychol 61: 49-79.

Wu L, Wells D, Tay J, Mendis D, Abbott MA, Barnitt A, Quinlan E,
Heynen A, Fallon JR, Richter JD. 1998. CPEB-mediated cytoplasmic
polyadenylation and the regulation of experience-dependent
translation of alpha-CaMKII mRNA at synapses. Neuron 21: 1129-1139.

Xiong W, Ferrell JJ. 2003. A positive feedback-bases bistable
“memory-module” that governs a cell fate decision. Nature 426:
460-465.

Zhang XP, Cheng Z, Liu F, Wang W. 2007. Linking fast and slow positive
feedback loops creates an optimal bistable switch in cell signaling. Phys
Rev E Stat Nonlin Soft Matter Phys 76: 031924. doi: 10.1103/
PhysRevE.76.031924.

Received April 21, 2010; accepted in revised form July 6, 2010.

Learning & Memory


http://learnmem.cshlp.org/
http://www.cshlpress.com

Downloaded from learnmem.cshlp.org on October 5, 2020 - Published by Cold Spring Harbor Laboratory Press

The sensitivity of memory consolidation and reconsolidation to
inhibitors of protein synthesis and kinases: Computational analysis

Yili Zhang, Paul Smolen, Douglas A. Baxter, et al.

Learn. Mem. 2010, 17:
Access the most recent version at doi:10.1101/Im.1844010

References This article cites 89 articles, 30 of which can be accessed free at:
http://learnmem.cshlp.org/content/17/9/428.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

© 2010 Cold Spring Harbor Laboratory Press


http://learnmem.cshlp.org/lookup/doi/10.1101/lm.1844010
http://learnmem.cshlp.org/content/17/9/428.full.html#ref-list-1
http://learnmem.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/lm.1844010&return_type=article&return_url=http://learnmem.cshlp.org/content/10.1101/lm.1844010.full.pdf
http://learnmem.cshlp.org/
http://www.cshlpress.com

