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Numerous studies have suggested that memories ‘‘destabilize” and require de novo protein synthesis in
order to reconsolidate following retrieval, but very little is known about how this destabilization process
is regulated. Recently, ubiquitin–proteasome mediated protein degradation has been identified as a
critical regulator of memory trace destabilization following retrieval, though the specific mechanisms
controlling retrieval-induced changes in ubiquitin–proteasome activity remain equivocal. Here, we found
that proteasome activity is increased in the amygdala in a CaMKII-dependent manner following the
retrieval of a contextual fear memory. We show that in vitro inhibition of CaMKII reversed retrieval-
induced increases in proteasome activity. Additionally, in vivo pharmacological blockade of CaMKII abol-
ished increases in proteolytic activity and activity related regulatory phosphorylation in the amygdala
following retrieval, suggesting that CaMKII was ‘‘upstream” of protein degradation during the memory
reconsolidation process. Consistent with this, while inhibiting CaMKII in the amygdala did not impair
memory following retrieval, it completely attenuated the memory impairments that resulted from
post-retrieval protein synthesis blockade. Collectively, these results suggest that CaMKII controls the
initiation of the memory reconsolidation process through regulation of the proteasome.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

The formation of long-term fear memories requires de novo
gene transcription and protein translation in neurons during mem-
ory consolidation (Johansen, Cain, Ostroff, & LeDoux, 2011;
McGaugh, 2000). While once thought to be permanent, it is now
widely supported that upon retrieval once consolidated memories
‘‘destabilize” and require new protein synthesis in order to ‘‘resta-
bilize”, a process referred to as memory reconsolidation (Alberini &
Ledoux, 2013; Nader, Schafe, & Le Doux, 2000; Tronson & Taylor,
2007). This reconsolidation process is thought to be dynamic,
allowing modification of previously formed memories. Consistent
with this, numerous studies have shown that reconsolidation can
strengthen, weaken or change the specific content of a memory
(De Oliveira Alvares et al., 2013; Inda, Muravieva, & Alberini,
2011; Lee, 2008, 2010; Monfils, Cowansage, Klann, & LeDoux,
2009; Schiller et al., 2010; Sierra et al., 2013), which highlights
the therapeutic potential of the reconsolidation process in alleviat-
ing fear associated with traumatic memories.

While most studies have focused on the mechanisms that regu-
late the restabilization or protein synthesis-dependent phase of the
reconsolidation process, few have examined the mechanisms that
regulate memory trace destabilization. NMDA receptor activation
appears to initiate the destabilization process as inhibition of
NMDA receptor activity in the amygdala prior to retrieval prevents
the memory impairments that result from post-retrieval adminis-
tration of the protein synthesis inhibitor anisomycin (Ben Mamou,
Gamache, & Nader, 2006; Lopez, Gamache, Schneider, & Nader,
2015; Wang, de Oliveira Alvares, & Nader, 2009). Downstream of
NMDA receptors, ubiquitin–proteasome mediated protein degra-
dation has been consistently implicated as a critical regulator of
memory trace destabilization since blocking functional protea-
some activity prevents memories from undergoing reconsolidation
and can attenuate reconsolidation-dependent memory modifica-
tion (Jarome, Werner, Kwapis, & Helmstetter, 2011; Lee, 2008;
Lee et al., 2008). However, though NMDA receptor activity can
result in increased proteasome activity in vitro and in vivo
(Bingol & Schuman, 2006; Jarome et al., 2011), it is hypothesized
that this occurs through a second messenger and not as a direct
result of calcium influx (Jarome & Helmstetter, 2013). To date,
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the molecule(s) that links NMDA receptor activation to protein
degradation during the destabilization process remains equivocal.

One molecule that is directly activated by increased intracellu-
lar calcium levels is the calcium–calmodulin dependent protein
kinase II (CaMKII), which has well described roles in the memory
consolidation process (Bejar, Yasuda, Krugers, Hood, & Mayford,
2002; Mayford et al., 1996; Rodrigues, Farb, Bauer, LeDoux, &
Schafe, 2004; Yasuda & Mayford, 2006). Interestingly, the role of
CaMKII in the reconsolidation of fear memories has never been
examined. Additionally, studies examining the role of CaMKII in
the reconsolidation of memory for other behavioral tasks have
found mixed results, with some indicating normal memory
retention following post-retrieval inhibition of CaMKII signaling
(Arguello et al., 2014; Da Silva, Cardoso, Bonini, Benetti, &
Izquierdo, 2013; Sakurai, Yu, & Tan, 2007). One intriguing explana-
tion for these mixed results is that CaMKII regulates protein degra-
dation upstream of its potential (but not proven) regulation of
protein synthesis during the reconsolidation process (Jarome &
Helmstetter, 2013). Consistent with this, CaMKII can regulate pro-
teasome activity and phosphorylation in vitro and in vivo (Bingol
et al., 2010; Djakovic, Schwarz, Barylko, DeMartino, & Patrick,
2009; Djakovic et al., 2012; Hamilton et al., 2012; Jarome,
Kwapis, Ruenzel, & Helmstetter, 2013), though this relationship
has never been examined during memory reconsolidation. Here,
using a combination of biochemical, pharmacological and behav-
ioral approaches, we directly tested whether CaMKII controls
memory trace destabilization through its regulation of the
proteasome.
2. Materials and methods

2.1. Subjects

Male Long Evans rats weighing between 300 and 350 g at time
of arrival were obtained from Harlan (Madison, WI). All animals
were housed individually in shoebox cages with free access to
water and rat chow. The colony room was maintained under a
14:10-h light/dark cycle. Experiments took placed during the light
portion of the cycle. All procedures were approved by the Univer-
sity of Wisconsin-Milwaukee Institutional Animal Care and Use
Committee and conducted within the ethical guidelines of the
National Institutes of Health.
2.2. Surgery

All animals were anesthetized with 2–4% isoflurane in 100% O2

and implanted with bilateral stainless steel 26-gauge cannulae
aimed at the basolateral nucleus of the amygdala (AP �3.0 mm,
ML ±5.0 mm, DV �7.2 mm) using stereotaxic coordinates relative
to bregma. Cannulae were secured to the skull with stainless steel
screws, superglue, and dental acrylic. Rats were given a recovery
period of at least 7 d before behavioral testing.
2.3. Apparatus

Contextual fear conditioning was conducted in a set of four
Plexiglas and stainless-steel observation chambers (Context A)
housed in sound-attenuating chambers. The floor was comprised
of 18 stainless steel bars 5 mm in diameter spaced 12 mm apart
and connected to a shock generator. Ventilation fans produced
62–64 dB of background noise. Each chamber was equipped with
a speaker centered in the middle of one end of the chamber. Before
testing of each animal, Context A was cleaned with a 5% ammo-
nium hydroxide solution.
2.4. Drug preparation and infusion procedure

Rats received bilateral infusions into the amygdala. The total
volume of the infusion (0.5 ll/side) was given over 60-s, and the
injection cannula remained in place an additional 90-s to ensure
diffusion away from the injector tip. The injection cannulae were
cut to extend approximately 0.5 mm beyond the guide cannula.
Rats were returned to their home cages after infusions. The specific
CaMKII inhibitor myristoylated autocamtide-2 related inhibitory
peptide (myr-AIP, 6 ng/ll; Enzo Life Sciences) was dissolved in dis-
tilled H2O. The myristoylated version of this peptide was used to
enhance cell permeability. This dosage was determined based on
prior work from our lab (Jarome et al., 2013). Anisomycin (ANI,
125 lg/ll; Sigma) was dissolved in HCl and diluted with artificial
CSF. A small amount of NaOH was added to bring the pH to �7.4.

2.5. Behavioral procedures

Animals underwent context fear conditioning acquisition and
retrieval as described previously (Jarome et al., 2011). Briefly, fol-
lowing 3-days of acclimation to the transporting and injection pro-
cedures, animals were placed in novel Context A and after a 2-min
baseline, received 5 unsignaled footshock (1.0 mA, 1-s) presenta-
tions. After a 2-min post-shock period, the animals were returned
to their homecages. The following day, the animals were returned
to Context A for 90-s to reactivate the memory and then returned
to their homecages. The testing session occurred the day after
retrieval and consisted of an 8-min exposure to Context A. In cases
where animals received drug infusions, microinfusions were per-
formed immediately after the animals were removed from the
chamber. No retrieval (No React) animals were trained with con-
textual fear conditioning as described above. The following day
they received infusions of vehicle bilaterally into the amygdala
and were returned to their home cages. These animals were then
sacrificed 1.5 h after the start of the infusion procedure to match
sacrifice times of the separate retrieval groups receiving vehicle
or drug infusions.

2.6. Tissue collection and crude synaptosomal membrane preparation

Animals were overdosed with isoflurane and the brain was
rapidly removed (<1-min) and immediately frozen on dry ice.
Amygdala tissue was then dissected out by blocking the brain in
a rat brain matrix (Harvard Apparatus, Holliston, MA) incubated
with dry ice. Crude synaptosomal membrane fractions were
obtained as described previously (Jarome et al., 2011, 2012).
Briefly, following dissection tissue was homogenized in TEVP with
320 mM sucrose and Roche protease inhibitor tablet. Samples were
then centrifuged at 1000g for 10-min, 4 �C. The supernatant was
collected and centrifuged at 10,000g for 10-min, 4 �C. The resulting
pellet was denatured in Lysis buffer (50 mM Tris–HCl, 150 mM
NaCl, 1 mM EDTA, 1 mM NaF, 1% SDS, 1 mM sodium orthovanadate
and Roche protease inhibitor tablet), supernatant collected and
measured using a Bradford protein assay kit (BioRad, Hercules, CA).

2.7. Proteasome activity assay

Proteasome activity assays were performed as described previ-
ously with a small scale modification (Jarome, Kwapis, Hallengren,
Wilson, & Helmstetter, 2014; Jarome et al., 2013). Samples (10 lg)
were diluted in DDH2O and mixed with reaction buffer (250 mM
HEPES, pH 7.5, 5 mM EDTA, 0.5% NP-40, 0.01% SDS, 5 mM ATP).
Fluorogenic peptide Suc-LLVY-AMC (Millipore) was added to the
samples to assess proteasome chymotrypsin-like activity (10 lM).
The reaction was incubated at 37 �C for 2-h (Suc-LLVY-AMC) and
fluorescence monitored at 360 (excitation)/460 (emission) on a
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monochromatic plate reader (Synergy H1; Biotek). Protein free
blanks were used and an AMC standard curve was produced. For
in vitro manipulation of CaMKII, samples were incubated with the
CAMKII inhibitor AIP (10 lM) for 30-min at 37 �C prior to the addi-
tion of the proteasome substrate.

2.8. Antibodies

Mouse monoclonal primary antibodies included Rpt6 (1:500;
Enzo Life Sciences). The phosphorylated Rpt6-Serine120 rabbit
polyclonal antibody was generated commercially (ProSci) against
a synthetic peptide [NH2-CALRND(pS)YTLHK-OH] as described pre-
viously (Jarome et al., 2013).

2.9. Western blotting

Samples (10 lg) were loaded on 7.5% TGX gels, ran through
SDS–PAGE and transferred using a Turbo Transfer System (Biorad).
Membranes were incubated in 3% milk in TBS + 0.1% Tween-20
(blocking buffer) for 1-h at room temperature, followed by over-
night incubation in antibody in 3% BSA in TBS + 0.1% Tween-20.
Membranes were then washed and incubated in secondary anti-
body (1:20,000; Millipore for goat anti-rabbit, Santa Cruz for goat
anti-mouse) in blocking buffer for 60-min. Following a final wash,
membranes were incubated in enhanced chemiluminescence sub-
strate (SuperSignal West Dura, Thermo) for 5-min and images
developed using a CCD-camera based system (GBOX Chemi XT-4;
Syngene) and analyzed using GeneTools software.

2.10. Conditioned fear responses

The activity of each rat was recorded on digital video and the
amount of movement determined by frame-by-frame changes in
pixels using FreezeScan 1.0 software (CleverSys, Reston, VA). The
automatic scoring parameters are chosen such that the scored
activity matches hand-scoring methods previously used in our
lab to measure freezing.

2.11. Statistical analyses

For phosphorylated Rpt6 levels, mean pixel density was calcu-
lated for each sample and normalized to total Rpt6 levels. All sam-
ples were then expressed as a percentage of the control group. For
proteasome activity assays, each raw fluorescence unit (RFU) read-
ing was standardized to the generated AMC standard curve for that
plate and normalized to total Rpt6 levels to account for differences
in proteasome number. All samples were then taken as a percent-
age of the control group. Statistical outliers were determined as
those samples that fell two or more standard deviations above/be-
low the group mean. All data is presented as group average with
standard error of the mean (SEM) and was analyzed using t-test,
Analysis of Variance (ANOVA) and Fisher Least Significant Differ-
ence (LSD) post hoc test using Graphpad Prism 6 software.

3. Results

3.1. Inhibition of CaMKII in vitro reverses retrieval-induced increases
in proteasome activity in the amygdala

While several studies have reported a role for ubiquitin–protea-
some mediated protein degradation in the memory reconsolida-
tion process, it is currently unknown if proteasome catalytic
activity is increased as a function of retrieval. To test this, we
trained animals to a contextual fear conditioning paradigm and
gave them a brief retrieval the following day (Fig. 1A). We then
measured proteasome activity in amygdala lysates 1.5 h after
retrieval using an in vitro proteasome activity assay (Jarome
et al., 2013). As expected, we found an increase in proteasome chy-
motrypsin activity in the amygdala of animals exposed to the
training context during retrieval relative to no retrieval controls
(independent samples t-test: t(14) = 2.264, p < 0.05; Fig. 1B), sug-
gesting that proteasome activity is increased during the memory
reconsolidation process. To test if CaMKII was potentially involved
in these increases in proteasome activity, we ran the same samples
through the proteasome activity assay again but this time inhibited
CaMKII activity in the lysates for 30 min prior to start of the reac-
tion. Interestingly, we found no differences in proteasome activity
between groups following CaMKII inhibition (independent samples
t-test: t(14) = 0.540, p = 0.59; Fig. 1C). To examine this relationship
further, we calculated the percent change in fluorescence between
the activity assay done with the CaMKII inhibitor and the one done
without. Remarkably, we found that while the CaMKII inhibitor
reduced fluorescence readings in both groups, the effect was more
pronounced in the retrieval group (independent samples t-test:
t(14) = 2.338, p < 0.05; Fig. 1D). This indicates that the increased
proteasome activity in the retrieval group was likely dependent
on CaMKII signaling in vivo and that in vitro manipulation of CaM-
KII can reverse this increase. Collectively, this suggests that CaMKII
may control changes in proteasome activity in the amygdala dur-
ing fear memory reconsolidation.

3.2. Inhibition of CaMKII in vivo prevents retrieval-induced increases
in proteasome activity and Rpt6 phosphorylation in the amygdala

Since we found that inhibition of CaMKII in the amygdala could
reverse retrieval-induced increases in proteasome activity, we next
tested if CaMKII signaling was critical for increases in proteasome
activity in vivo following retrieval. Animals were implanted with
chronic cannula aimed at the basolateral amygdala and trained
with our context fear conditioning procedure. Following retrieval,
they received intra-amygdala infusions of the CaMKII inhibitor
myr-AIP or vehicle and amygdala crude synaptosomal membrane
fractions were collected 1.5-h later (Fig. 2A). We found a main
effect for drug on proteasome chymotrypsin activity (One-way
ANOVA: F(2,19) = 3.616, p < 0.05; Fig. 2B). Fisher LSD posthoc tests
revealed an increase in proteasome activity in the amygdala of
vehicle infused animals exposed to the retrieval context relative
to vehicle infused no retrieval controls, which was prevented in
the group receiving the CaMKII inhibitor. This suggests that CaMKII
activity is necessary for retrieval-induced increases in proteasome
activity in the amygdala. Since activity-dependent changes in pro-
teasome activity are thought to be regulated by phosphorylation of
proteasome subunit Rpt6 at serine-120 (Rpt6-S120), we next
tested if CaMKII inhibition effected phosphorylation of Rpt6-S120
in the amygdala following retrieval using a commercially gener-
ated phospho-Rpt6-S120 antibody. We found a main effect for
drug on Rpt6 phosphorylation (One-way ANOVA: F(2,19) = 4.172,
p < 0.05; Fig. 2C). Fisher LSD posthoc tests revealed an increase in
phospho-Rpt6-S120 levels in the amygdala of vehicle infused ani-
mals exposed to the retrieval context relative to vehicle infused
no retrieval controls, which was prevented in the group receiving
the CaMKII inhibitor. Collectively, these results suggest that CaM-
KII activity is necessary for retrieval-induced increases in protea-
some activity and phosphorylation in the amygdala.

3.3. CaMKII activity regulates memory trace destabilization following
retrieval

Our current experiments found that inhibiting CaMKII activity
in the amygdala prevented changes in proteasome activity and
phosphorylation in the amygdala. We have previously demon-



Fig. 1. Inhibiting CaMKII activity in vitro can reverse retrieval-induced changes in proteasome activity in the amygdala. (A) Animals were trained to contextual fear
conditioning and exposed to the training context the following day. Amygdala crude synaptosomal membrane fractions were then collected 1.5-h later (n = 8 per group). (B)
Amygdala proteasome activity was increased following exposure to the training context during retrieval. (C) There were no differences between groups in the presence of the
CaMKII inhibitor AIP indicating that (D) inhibiting CaMKII in vitro reversed the retrieval-induced increases in proteasome activity in the amygdala. Number inside bar denotes
group size for that specific assay. ⁄ p < 0.05 from No React on independent-samples t-test.

Fig. 2. Inhibiting CaMKII activity in the amygdala in vivo can prevent retrieval-induced changes in proteasome activity and Rpt6-S120 phosphorylation. (A) Animals were
trained to contextual fear conditioning and exposed to the training context the following day. Infusions of the vehicle or a CaMKII inhibitor (myr-AIP) where given into the
amygdala immediately after the completion of the retrieval event and amygdala crude synaptosomal membrane fractions were then collected 1.5-h later (n = 7–8 per group).
A separate group of animals was trained, infused (vehicle) on day 2, and tissue collected 1.5-h later. (B) The CaMKII inhibitor prevented retrieval-induced increases in
proteasome activity in the amygdala. (C) Retrieval-induced increases in Rpt6-S120 phosphorylation were blocked by the CaMKII inhibitor. Representative western blots are
spliced from the same membranes. Number inside bar denotes group size for that specific assay ⁄ p < 0.05 from No React, # p < 0.05 from AIP with one-way ANOVA and Fisher
LSD posthoc tests.
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strated that proteasome inhibitors applied into the amygdala fol-
lowing retrieval do not impair memory, but rather rescue memory
impairments that result from anisomycin-induced protein synthe-
sis blockade (Jarome et al., 2011). This suggests that inhibiting
CaMKII following retrieval should prevent memory trace destabi-
lization. To test this directly, we implanted animals with injection
cannula aimed at the amygdala and trained them to contextual fear
conditioning. The following day, we briefly exposed them to the
training context and immediately gave microinfusions of vehicle,
the protein synthesis inhibitor anisoymcin (ANI), myr-AIP or a
combination of myr-AIP + ANI and tested their retention for the
fear conditioning task 24 h later (Fig. 3A). While there were no dif-
ferences between groups during the retrieval session (One-way
ANOVA: F(3,29) = 1.195, p = 0.329; Fig. 3B), we found a main effect
for drug during the final test (One-way ANOVA: F(3,28) = 3.572,
p < 0.05; Fig. 3C). Fisher LSD posthoc tests revealed that while
ANI impaired memory relative to vehicle infused controls, the
CaMKII inhibitor myr-AIP had no effect. However, simultaneously
blocking CaMKII and protein synthesis actually rescued the mem-
ory impairments that normally resulted from protein synthesis
blockade. Collectively, these results suggest that CaMKII controls
destabilization in the amygdala, likely through its regulation of
the proteasome.
4. Discussion

While numerous studies have identified transcriptional and
translational regulators of memory reconsolidation (reviewed in,
Alberini & Kandel, 2015; Jarome & Lubin, 2014), very little is



Fig. 3. Inhibiting CaMKII activity in the amygdala prevents memory trace destabilization following retrieval. (A) Animals were trained to contextual fear conditioning and
exposed to the training context the following day. Infusions of vehicle, a CaMKII inhibitor (myr-AIP), the protein synthesis inhibitor anisomycin (ANI) or a combination of
myr-AIP and anisomycin (AIP + ANI) where given into the amygdala immediately after retrieval and memory tested the following day (n = 7–9 per group). (B) There were no
differences between groups during retrieval. (C) The protein synthesis inhibitor, but not the CaMKII inhibitor, impaired long-term memory. However, simultaneous blockade
of protein synthesis and CaMKII rescued the memory impairments that resulted from blocking protein synthesis alone. Number inside bar denotes group size for retrieval or
test. ⁄ p < 0.05 from Vehicle, # p < 0.05 from ANI with one-way ANOVA and Fisher LSD posthoc tests.
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known about how the reconsolidation process is initiated follow-
ing retrieval. One mechanism shown to control memory trace
destabilization and the need for de novo protein synthesis follow-
ing retrieval is ubiquitin–proteasome mediated protein degrada-
tion (Jarome et al., 2011; Lee et al., 2008, 2012; Ren et al., 2013;
Sol Fustinana, de la Fuente, Federman, Freudenthal, & Romano,
2014). However, how protein degradation is regulated down-
stream of NMDA receptor activity during the reconsolidation pro-
cess remains unknown. Here, we found that CaMKII signaling is
necessary for increased proteasome activity following retrieval as
pharmacological blockade of CaMKII abolished retrieval-induced
increases in proteasome activity and phosphorylation in the amyg-
dala. Supporting this, while inhibition of CaMKII signaling did not
impair memory following retrieval, it rescued the memory impair-
ments that normally result from post-retrieval blockade of protein
synthesis in the amygdala. Collectively, these results identify a crit-
ical role for CaMKII signaling in the amygdala during memory
reconsolidation through regulation of the proteasome complex.

Several studies have demonstrated that CaMKII is a critical reg-
ulator of memory consolidation (e.g., Chen, Bambah-Mukku,
Pollonini, & Alberini, 2012; Halt et al., 2012; Naskar, Wan, &
Kemenes, 2014; Ota, Monsey, Wu, & Schafe, 2010; Wan, Mackay,
Iqbal, Naskar, & Kemenes, 2010), but despite this evidence, little
is known about how CaMKII regulates memory reconsolidation fol-
lowing retrieval (Arguello et al., 2014; Da Silva et al., 2013; Sakurai
et al., 2007). One theory is that CaMKII is involved in transcrip-
tional and subsequent translational regulation in neurons follow-
ing retrieval (Tronson & Taylor, 2007), as well as AMPA receptor
trafficking (Johansen et al., 2011). However, a recent addition to
this theory is that CaMKII signaling could regulate increased pro-
tein degradation during the reconsolidation process (Jarome &
Helmstetter, 2013). Consistent with this revised theory, in the pre-
sent study we found that CaMKII activity was critical for retrieval-
induced increases in proteasome activity in the amygdala and
pharmacological manipulation of CaMKII activity rescued memory
impairments that resulted from local infusions of a protein synthe-
sis inhibitor, mirroring the effect we have previously observed
with a proteasome inhibitor (Jarome et al., 2011). This result
strongly suggests a critical role for CaMKII signaling in the recon-
solidation process and may explain findings from other studies
where CaMKII inhibitors have not impaired memory when admin-
istered following retrieval (Arguello et al., 2014).
Recently, we found that CaMKII signaling regulates proteasome
activity during the memory consolidation process (Jarome et al.,
2013). However, since CaMKII, proteasome and protein synthesis
inhibitors all impair memory when applied into the amygdala fol-
lowing training (Jarome et al., 2011; Rodrigues et al., 2004; Schafe
& LeDoux, 2000), it is unknown whether CaMKII regulates protein
degradation and synthesis simultaneously during memory storage
or if its regulation of one process supersedes the other (reviewed
in, Jarome & Helmstetter, 2014). Our present study addresses part
of this question, showing that inhibition of CaMKII during retrieval
mimics the effects of a proteasome inhibitor by rescuing memory
impairments that result from protein synthesis inhibition. This
provides the first evidence that CaMKII-dependent regulation of
protein degradation may be upstream of CaMKII-dependent regu-
lation of protein synthesis. However, it is unknown if CaMKII sim-
ply regulates protein degradation prior to initiating translational
mechanisms or if CaMKII regulates protein synthesis by promoting
protein degradation, which would in turn remove translational
repressor proteins. Furthermore, it is possible that CaMKII regu-
lates protein synthesis and degradation simultaneously, though
protein degradation is needed to allow CaMKII to exert its effects
on translation. Such would be the case with de novo gene transcrip-
tion, since it is possible that CREB repressor proteins would need to
be degraded before CaMKII-dependent phosphorylation of CREB
could positively regulate transcriptional and subsequent transla-
tional processes (Upadhya, Smith, & Hegde, 2004). If this were
the case, the CaMKII-dependent regulation of protein synthesis
would actually be dependent on protein degradation, potentially
explaining the effects we observed in our study. However, few
studies have directly tested if protein synthesis is increased follow-
ing learning (Hoeffer et al., 2011) and the regulation of protein syn-
thesis through CaMKII signaling during memory storage has never
been directly tested, so deciphering the temporal dynamics by
which CaMKII regulates protein synthesis and degradation remains
complex. As a result, more studies are needed to completely under-
stand how CaMKII simultaneously regulates the protein degrada-
tion and synthesis processes during the memory reconsolidation
process.

One intriguing finding from our study was that proteasome
activity was rapidly increased following retrieval. While this
increase is earlier than has previously been reported during initial
memory consolidation (Jarome et al., 2013; Lopez-Salon et al.,
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2001), it was in line with previous studies examining memory
reconsolidation as the increase in proteasome activity was slightly
delayed from the reported peak increases in protein polyubiquiti-
nation (Jarome et al., 2011; Lee et al., 2008). Additionally, the
increase in proteasome activity we observed in the present study
corresponds with the time-dependent degradation of synaptic
scaffolding proteins following retrieval (Lee et al., 2008), further
supporting this rapid change in proteasome catalytic activity.
While the functional relevance of this rapid degradation of synap-
tic proteins remains open to interpretation, it is possible that such
dynamic changes in overall ubiquitin–proteasome activity are nec-
essary to allow proper modification of the memory trace. Several
studies have supported the idea that protein degradation is
upstream of protein synthesis during the reconsolidation process
(Jarome et al., 2011; Lee et al., 2008, 2012; Ren et al., 2013), how-
ever, the temporal dynamics of the retrieval-dependent protein
synthesis process remain poorly understood. Future studies will
need to address how the rapid protein degradation process inter-
acts with protein synthesis and synaptic remodeling following
retrieval.

5. Conclusion

In conclusion, our data identify a novel role for CaMKII signaling
in fear memory reconsolidation. Importantly, while we found that
CaMKII regulates retrieval-induced increases in protein degrada-
tion upstream of protein synthesis, our results do not occlude a
potential role for CaMKII in direct translational regulation during
the reconsolidation process. These results provide important infor-
mation about how the reconsolidation process is initiated and
identify CaMKII as a critical second messenger that links NMDA
receptor activation to increased protein degradation during mem-
ory reconsolidation in the amygdala.
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