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Accumulating evidence indicates the key role of �-calcium/calmodulin-dependent protein kinase II (�CaMKII)
in synaptic plasticity and learning, but it remains unclear how this kinase participates in the processing of mem-
ory extinction. Here, we investigated the mechanism by which �CaMKII may mediate extinction by using
heterozygous knock-in mice with a targeted T286A mutation that prevents the autophosphorylation of this kinase
(�CaMKIIT286A+/–). Remarkably, partial reduction of �CaMKII function due to the T286A+/– mutation prevented
the development of extinction without interfering with initial hippocampus-dependent memory formation as assessed
by contextual fear conditioning and the Morris water maze. It is hypothesized that the mechanism of extinction may
differ depending on the interval at which extinction training is started, being more akin to “new learning” at longer
intervals and “unlearning” or “erasure” at shorter intervals. Consistent with this hypothesis, we found that extinction
conducted 24 h, but not 15 min, after contextual fear training showed spontaneous recovery (reappearance of
extinguished freezing responses) 21 d following the extinction, representing behavioral evidence for new learning and
unlearning mechanisms underlying extinction 24 h and 15 min post-training, respectively. Importantly, the
�CaMKIIT286A+/– mutation blocked new learning of contextual fear memory extinction, whereas it did not interfere
with unlearning processes. Our results demonstrate a genetic dissociation of new learning and unlearning
mechanisms of extinction, and suggest that �CaMKII is responsible for extinguishing memories specifically through
new learning mechanisms.

A growing body of evidence suggests that memory retrieval is a
dynamic process that modifies stored information following ini-
tial learning. For example, if animals are given repeated or pro-
longed re-exposure to the conditioned stimulus (CS) without the
unconditioned stimulus (US) after training with CS–US pairing(s)
in Pavlovian fear conditioning, they exhibit memory extinction
as measured by a decline in conditioned fear responses. Extinc-
tion is thought to be an active learning process resulting in new
memories that compete with and suppress the expression of
original memory (“new learning”) (Myers and Davis 2002, 2007).
Alternatively, extinction may simply reflect forgetting or erasing
mechanisms of the original memory trace (“unlearning”) (Myers
and Davis 2002, 2007). Interestingly, recent studies have begun
to reveal that these different mechanisms that underlie extinc-
tion occur depending on the length of time following fear acqui-
sition (Cain et al. 2005; Mao et al. 2006; Myers et al. 2006).
Extinction initiated shortly after acquisition preferentially en-
gages unlearning processing, while extinction initiated at longer
delays recruits a new learning mechanism as evidenced by the
re-emergence of extinguished fear responses with the passage of
time (spontaneous recovery), following unsignaled presentation
of the US (reinstatement) or when tested in a context different
from the one where extinction training takes place (renewal)
(Myers et al. 2006). Although some, but not all, components of

the molecular machinery required for initial memory formation
are suggested to be involved in its extinction (Myers and Davis
2002, 2007), it remains unclear how the learning-related signal-
ing is responsible for the two distinct mechanisms of memory
extinction.

�-Calcium/calmodulin-dependent protein kinase II
(�CaMKII) is an abundant synaptic protein that is central to
memory formation (Irvine et al. 2006) and long-term potentia-
tion (LTP), an activity-dependent strengthening of synapses that
is thought to underlie learning and memory (Lisman et al. 2002).
A broad range of genetic lesions of �CaMKII signaling has been
demonstrated to block both learning and LTP (Elgersma et al.
2004). In particular, autophosphorylation of �CaMKII at threo-
nine-286 in response to Ca2+ influx, which switches the kinase
into a Ca2+/calmodulin-independent or autonomously active
state, provides a crucial step (Miller and Kennedy 1986; Fukunaga
et al. 1995; Tan and Liang 1996; Ouyang et al. 1997; Rodrigues et
al. 2004), since knock-in mice with a targeted point mutation
(T286A) that prevents autophosphorylation at this site exhibit
deficits in hippocampal LTP and memory formation (Giese et al.
1998; Ohno et al. 2002, 2005, 2006; Need and Giese 2003; Irvine
et al. 2005; Cooke et al. 2006). Although the mechanisms by
which �CaMKII autophosphorylation contributes to learning
have been well documented, its role in memory extinction re-
mains to be determined. Two pharmacological investigations
demonstrated that extinction of step-down passive avoidance
performance was impaired when rats received the CaMKII inhibi-
tor KN-62 before the first extinction exposure (Szapiro et al. 2003;
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Bevilaqua et al. 2006), but the precise mechanism by which this
kinase mediates memory extinction is poorly understood. To ad-
dress this question, the present study was designed to test the
impacts of the �CaMKIIT286A point mutation on the extinction of
hippocampus-dependent memory in contextual fear condition-
ing and Morris water maze paradigms, focusing on new learning
and unlearning mechanisms. Although �CaMKIIT286A mice pro-
vide a valuable tool to study �CaMKII function in vivo, the ho-
mozygous T286A mutation significantly impairs hippocampal
learning and precludes the analysis of extinction processes that
follow the establishment of memory. Therefore, we investigated
mice heterozygous for a T286A point mutation (�CaMKIIT286A+/–)
that have partially reduced levels of �CaMKII function but retain
normal learning abilities (Ohno et al. 2001), thus allowing us to
specifically test their phenotypes during memory extinction.

Results

The �CaMKIIT286A+/– mutation blocks extinction
of contextual fear memory
Our previous study demonstrated that mice homozygous for an
�CaMKIIT286A point mutation show impairments in hippocam-
pus-dependent contextual fear conditioning, in which mice
learn to associate a distinct context (CS) with an aversive foot
shock (US) (Ohno et al. 2005). In contrast, heterozygous
�CaMKIIT286A+/– mice were normal in contextual learning, since
they exhibited a robust contextual freezing response (the absence
of all but respiratory movements) that was comparable to wild-
type controls when tested 24 h after training with one CS–US
pairing (F(1,58) = 0.24, P > 0.05) (Fig. 1). Furthermore, no differ-
ence was observed between �CaMKIIT286A+/– and wild-type mice
in levels of freezing before or after the foot shock during training

sessions (data not shown), suggesting that �CaMKIIT286A+/– mu-
tants were also normal in movements and fear expression. Dur-
ing extinction, mice were repeatedly re-exposed to the condition-
ing chamber without a foot shock for 6 min per day for five
consecutive days. Wild-type control mice showed a significant
reduction in contextual freezing levels during the extinction ses-
sions (F(4,170) = 7.57, P < 0.05). In contrast, repeated 6-min expo-
sures to the conditioning chamber for 5 d did not affect contex-
tual memory in �CaMKIIT286A+/– mutants (F(4,120) = 0.26,
P > 0.05) (Fig. 1A), and freezing levels of �CaMKIIT286A+/– mice
observed on Day 5 were significantly higher than those of wild-
type littermate mice (F(1,58) = 14.58, P < 0.05) (Fig. 1B). Together,
the �CaMKIIT286A+/– mutation specifically blocked extinction of
contextually conditioned fear memory without affecting initial
memory formation.

�CaMKIIT286A+/– mutation blocks extinction of spatial
memory
To address the role of �CaMKII signaling in extinguishing the
different types of memory, we next tested �CaMKIIT286A+/– mice
in the Morris water maze (Fig. 2). In the hidden platform version
of the water maze, animals learn to locate a submerged platform
in a pool filled with opaque water. This hippocampus-dependent
spatial navigation performance is profoundly impaired in homo-
zygous �CaMKIIT286A mutant mice (Giese et al. 1998; Need and
Giese 2003; Ohno et al. 2005). In contrast, �CaMKIIT286A+/– mice
were normal in spatial learning in the water maze, since both the
heterozygotes (F(4,30) = 2.88, P < 0.05) and wild-type controls
(F(4,70) = 10.62, P < 0.05) showed similar reductions in their la-
tencies to find the escape platform during acquisition (three ses-
sions of two trials per day for 5 d) (Fig. 2A). Twenty-four hours
after the last training trial, mice received four consecutive probe

trials (30-min intervals) in which the
platform was removed and mice were al-
lowed to search for it for 60 sec, and the
effects of the �CaMKIIT286A+/– mutation
on the course of spatial memory extinc-
tion were examined. On the first probe
test, both �CaMKIIT286A+/– mutant
(F(3,24) = 3.45, P < 0.05) and wild-type
control (F(3,56) = 3.71, P < 0.05) mice
spent a significantly longer time in the
target quadrant where the hidden plat-
form was during spatial training, as com-
pared with the other three quadrants.
No significant difference in the search
performance on the first probe trial
(F(1,20) = 0.74, P > 0.05) demonstrated
that �CaMKIIT286A+/– mice had normal
spatial memory function (Fig. 2B).

Consistent with previous results
(Lattal et al. 2003; Suzuki et al. 2004),
repeatedly placing mice into the pool in
the absence of the platform resulted
in a decreased preference for the target
quadrant in wild-type controls (F(3,56) =
3.48, P < 0.05) (Fig. 2B). In contrast,
�CaMKIIT286A+/– mutants showed no re-
duction in the percentage of time spent
in the target quadrant through four
probe trials (F(3,24) = 0.15, P > 0.05),
and their extinction rate of spatial
memory was significantly lower than
that of wild-type littermate controls
(F(1,20) = 21.31, P < 0.05). Using another

Figure 1. The �CaMKIIT286A+/– mutation interferes with extinction of contextual fear memory. (A)
�CaMKIIT286A+/– mice (n = 25) and wild-type littermates (n = 35) were trained with a single CS–US
pairing for contextual fear conditioning. Mice were then re-exposed to the conditioning context for 6
min once daily for 5 d, starting 24 h after training. Levels of freezing are plotted across daily extinction
sessions. (B) Whereas wild-type control mice exhibited significant extinction of contextually condi-
tioned fear ([*] P < 0.05 vs. Day 1), �CaMKIIT286A+/– mutants showed no reductions in freezing levels
following repeated re-exposures to the chamber and exhibited significantly higher levels of contextual
freezing on Day 5 as compared with those of wild-type controls ([#] P < 0.05 vs. wild-type). All data are
presented as mean � SEM.
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measure of spatial memory (Fig. 2C), we confirmed that extinc-
tion occurred in wild-type mice, as assessed by significant in-
creases in proximity to the accurate platform position (F(3,56) =
3.45, P < 0.05), whereas �CaMKIIT286A+/– mutants showed no
change in proximity through four consecutive probe trials
(F(3,24) = 0.36, P > 0.05) and extinction was significantly prohibited
in this mutant (F(1,20) = 12.04, P < 0.05). During the extinction tri-
als, neither significant floating behavior nor reductions in the av-
erage swim speed were observed in �CaMKIIT286A+/– mutants
(F(3,24) = 2.00, P > 0.05) or wild-type control mice (F(3,56) = 1.98,
P > 0.05), and there was no difference in swim speed between

both groups (F(1,20) = 1.71, P > 0.05) (Fig.
2D). Therefore, the �CaMKIIT286A+/– mu-
tation specifically interfered with extinc-
tion of spatial memory without affecting
swim performance by itself in the water
maze.

�CaMKIIT286A+/– mutation blocks
new learning but not unlearning
mechanisms of fear memory
extinction
Different mechanisms of extinction are
suggested to occur depending upon the
length of intervals between initial learn-
ing and extinction sessions: Extinction
after longer intervals may more prefer-
entially trigger new learning mecha-
nisms, while shorter intervals may result
in unlearning processes (Cain et al.
2005; Mao et al. 2006; Myers et al. 2006).
To address the roles of �CaMKII signal-
ing in the two distinct processes of ex-
tinction, mice were subjected to a single
but longer re-exposure to the condition-
ing context in the absence of foot shock,
which has been reported to favor the de-
velopment of rapid and dramatic extinc-
tion of contextually conditioned fear
(Suzuki et al. 2004; Isiegas et al. 2006).
Consistent with these findings, we also
found that a single 30-min re-exposure
of wild-type control mice to the cham-
ber 24 h after training with one CS–US
pairing resulted in a significant reduc-
tion of contextual freezing within the
long extinction session (F(4,105) = 6.99,
P < 0.05) (Fig. 3A). A form of new learn-
ing that underlies extinction is ac-
counted for by the fact that spontaneous
recovery of extinguished fear responses
occurs with the passage of time follow-
ing extinction in the absence of any fur-
ther training (Myers and Davis 2002,
2007). Importantly, while wild-type
mice showed significantly lower levels of
freezing during the last 6-min period of
extinction session as compared with the
first 6-min period, comparable contex-
tual freezing reappeared in a test for
spontaneous recovery given 21 d after
extinction (F(2,63) = 11.30, P < 0.05)
(Fig. 3B). Since the original fear memory
remained intact, this experimental
protocol for extinction initiated 24 h

after contextual conditioning engaged new learning of inhibi-
tion.

�CaMKIIT286A+/– mutant mice exhibited robust contextual
freezing during the first 6 min of extinction that was indistin-
guishable from that of wild-type controls (F(1,39) = 0.28, P > 0.05),
but they showed no significant reduction in freezing through the
30-min extinction session conducted 24 h after conditioning
(F(4,90) = 1.04, P > 0.05), presenting a contrast to the performance
of wild-type mice (Fig. 3A). Notably, freezing levels of
�CaMKIIT286A+/– mice observed during the final 6-min period of
the extinction session were significantly higher than those of

Figure 2. The �CaMKIIT286A+/– mutation interferes with extinction of spatial memory in the water
maze. (A) �CaMKIIT286A+/– mice (n = 7) and wild-type littermates (n = 15) were trained with six trials
(three blocks of two trials) per day for 5 d in the hidden platform version of the Morris water maze.
Latencies to reach the escape platform are plotted across training days. (B,C) Twenty-four hours after
the last training trial, mice received four consecutive probe trials in which the platform was removed
from the pool. Wild-type control mice exhibited significant reductions in preference for the original
target location as assessed by the percent time in the target quadrant (B) and proximity to the target
(C). [*] P < 0.05 vs. probe trial 1. Note that �CaMKIIT286A+/– mutants showed no changes in spatial
memory measures through the probe trials and exhibited significantly higher levels of selective search
for the platform position during extinction as compared with those of wild-type controls. (#) P < 0.05
vs. wild-type. (D) The average swim speed neither significantly changed during the extinction trials nor
differed between �CaMKIIT286A+/– mutants and wild-type controls. All data are presented as mean � SEM.
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wild-type littermate mice (F(1,39) = 5.70, P < 0.05) (Fig. 3B) and
were not different from levels of freezing in �CaMKIIT286A+/–

mice during the initial 6 min of extinction or during the test for
spontaneous recovery conducted 21 d later (F(2,54) = 1.39,
P > 0.05). Taken together, these results showed that the
�CaMKIIT286A+/– mutation interfered with new learning mecha-
nisms underlying extinction of contextual fear memory without
affecting initial contextual learning.

On the other hand, neither wild-type mice (F(4,95) = 1.56,
P > 0.05) nor �CaMKIIT286A+/– mutants (F(4,115) = 0.79, P > 0.05)
showed a significant within-session reduction in contextual
freezing when the 30-min extinction session was given 15 min
after training (Fig. 4A). Since similar levels of freezing were ob-
served throughout the extinction session, including the first
6-min period in �CaMKIIT286A+/– and wild-type control groups
(Fig. 4A,C), we tested a subset of mice 1 d later to clarify whether
conditioned fear memory was extinguished (Fig. 4B). Signifi-
cantly lower levels of freezing during this post-extinction test as
compared with the first 6 min of the extinction session were
observed in wild-type control mice (F(2,57) = 8.72, P < 0.05) and
�CaMKIIT286A+/– mutants (F(2,69) = 13.78, P < 0.05), and, more
importantly, the freezing levels of both groups remained signifi-
cantly lower 21 d after the extinction session, representing no
spontaneous recovery of extinguished memory. However, it is
possible that the additional exposure to the conditioning cham-
ber 1 d after extinction prevented spontaneous recovery. To ad-
dress this possibility, we tested the other set of mice for sponta-
neous recovery 21 d after the 30-min extinction session without
any sessions intervening between them (Fig. 4D). While no
within-session extinction was observed again in wild-type
controls (F(4,55) = 0.68, P > 0.05) or �CaMKIIT286A+/– mice
(F(4,75) = 0.69, P > 0.05) during 30-min exposure to the chamber
given 15 min post-training (Fig. 4C), their freezing levels 21 d
later were significantly lower than those of the first 6-min period
in wild-type mice (F(1,22) = 10.98, P < 0.05) and �CaMKIIT286A+/–

mutants (F(1,30) = 24.43, P < 0.05) (Fig. 4D). Thus, we concluded

that extinction initiated 15 min after
training was devoid of spontaneous re-
covery of contextual memory in both
wild-type control and �CaMKIIT286A+/–

mutant mice.
It should be noted that the short-

interval group of wild-type mice pro-
duced poorer extinction (Fig. 4), as com-
pared with the long-interval group that
received the same 30-min extinction ses-
sion 24 h after contextual training and
exhibited a robust within-session extinc-
tion (Fig. 3A). However, this did not ap-
pear to account for the lack of recovery
in the short-interval extinction group,
since poorer extinction was not associ-
ated with poorer retention of extinction
but rather enduring extinction. In the
first set of experiments (Fig. 4B),
�CaMKIIT286A+/– mutants showed sig-
nificantly lower levels of freezing as
compared to wild-type controls during
the memory testing 1 d (F(1,42) = 29.14,
P < 0.05) and 21 d (F(1,42) = 11.42,
P < 0.05) after mice were exposed to a
30-min extinction session 15 min post-
training. However, this was likely due
to slightly lower levels of freezing dur-
ing the first 6 min of extinction in
�CaMKIIT286A+/– mutants (although sta-

tistically not significant; F(1,42) = 3.54, P = 0.07), and no differ-
ence in freezing was observed between �CaMKIIT286A+/– and wild-
type mice during the first 6 min of the extinction session
(F(1,26) = 0.45, P = 0.51) or during memory testing 21 d post-
extinction (F(1,26) = 0.12, P = 0.74) in the second set of experi-
ments (Fig. 4D). Obviously, in contrast to the impacts on new
learning mechanisms of delayed extinction 24 h post-training
that were followed by spontaneous recovery (Fig. 3), the
�CaMKIIT286A+/– mutation did not inhibit the short-interval ex-
tinction, which was initiated 15 min post-training and showed
no signs of spontaneous recovery (Fig. 4). Collectively, our results
strongly supported the idea that different mechanisms are re-
cruited during memory extinction at shorter and longer time
points after training (Cain et al. 2005; Mao et al. 2006; Myers et
al. 2006).

Discussion
Extinction appears to rely on similar molecular pathways that are
responsible for initial learning processes (Myers and Davis 2002,
2007), while evidence is also emerging that extinction may en-
gage different mechanisms (Lattal and Abel 2001; Cain et al.
2002; Marsicano et al. 2002; Isiegas et al. 2006). We investigated
the role of �CaMKII, a key molecular determinant of memory
formation (Irvine et al. 2006), in extinction of contextual fear
and spatial memories by testing how a heterozygous T286A point
mutation at the autophosphorylation site of this kinase
(�CaMKIIT286A+/–) affects the mechanisms that extinguish
memories. Although mice that are homozygous for the
�CaMKIIT286A mutation and deficient in autophosphorylation
exhibit impairments in contextual fear conditioning and spatial
learning in the water maze (Giese et al. 1998; Ohno et al. 2002,
2005, 2006; Need and Giese 2003; Irvine et al. 2005),
�CaMKIIT286A+/– mice were normal in the formation of contex-
tual and spatial memories tested 24 h after training. Remarkably,
the �CaMKIIT286A+/– mutation prevented extinction of contex-

Figure 3. The �CaMKIIT286A+/– mutation interferes with new learning mechanisms for fear memory
extinction. (A) �CaMKIIT286A+/– mice (n = 19) and wild-type littermates (n = 22) were trained with one
CS–US pairing for contextual fear conditioning. Mice were subjected to a single 30-min re-exposure to
the conditioning context 24 h after training. Levels of freezing are plotted every 6 min through the
30-min extinction session. Wild-type mice, but not �CaMKIIT286A+/– mutants, exhibited significant
reductions in freezing within the 30-min extinction session. (B) In wild-type control mice, levels of
contextual freezing were significantly reduced during the last 6-min period compared with the first 6
min of the extinction session, and spontaneous recovery of the extinguished fear memory was ob-
served 21 d later. (*) P < 0.05 vs. the first 6 min and 21 d after extinction. Note that �CaMKIIT286A+/–

mutants showed no significant changes in freezing throughout testing and exhibited significantly
higher levels of contextual freezing during the last 6 min of extinction as compared with those of
wild-type controls ([#] P < 0.05 vs. wild-type). All data are presented as mean � SEM.
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tual fear and spatial memories when the mice were repeatedly
subjected to the contextual CS-alone sessions or exposed to the
water maze pool in the absence of the platform. Therefore, these
findings indicate that both initial learning and the development
of memory extinction require the activation of �CaMKII through
its autophosphorylation, but extinction processes are more sus-
ceptible to partial disruption of �CaMKII signaling due to the
heterozygous T286A mutation and place higher demands on in-
tact �CaMKII function as compared with memory formation.

It is hypothesized that the length of time between the initial
training and extinction sessions may be a determinant of neural
mechanisms involved in extinguishing original memory (Cain et
al. 2005; Mao et al. 2006; Myers et al. 2006; for review, see Myers
and Davis 2007). In particular, Myers et al. (2006) recently tested
this hypothesis by giving different groups of rats an extinction

session at different time points ranging
from 10 min to 72 h after acquisition
and evaluated their susceptibility to re-
covery of conditioned fear through rein-
statement, renewal, and spontaneous re-
covery 21 d later. They demonstrated
that rats extinguished 24–72 h following
conditioning exhibit moderate to strong
recovery that provides evidence for new
learning accounts of extinction, while
rats extinguished 10 min to 1 h after ac-
quisition exhibit little or no recovery,
representing erasure mechanisms of
conditioned fear. New learning accounts
of extinction involve the formation of a
second, inhibitory association whose ef-
fect is opposite to the excitatory associa-
tion between representations of the CS
and US during acquisition and renders
the CS no longer capable of evoking fear
responses. It is conceivable that this in-
hibitory association is generally more la-
bile or subject to disruption than initial
excitatory associations and thus may be
lost during the recovery processes of fear
memory following extinction (Myers
and Davis 2002, 2007). Consistent with
these views, we found that wild-type
control mice, re-exposed to the chamber
for 30 min 24 h after acquisition, exhibit
new learning mechanisms of extinction,
since they showed spontaneous recovery
of contextually conditioned fear re-
sponses that were measured 21 d after
extinction.

Importantly, our results demon-
strated that the �CaMKIIT286A+/– muta-
tion significantly and specifically im-
pairs the new learning processing of fear
memory extinction tested 24 h after
training with a single CS–US pairing
without affecting initial fear learning,
suggesting a critical role of �CaMKII sig-
naling in extinguishing memories
through new learning mechanisms. It
should be noted that a homozygous
�CaMKIIT286A mutation abolishes
NMDA-receptor-dependent LTP at hip-
pocampal Schaffer collateral-CA1 syn-
apses (Giese et al. 1998; Ohno et al.
2002; Cooke et al. 2006) and impairs

contextual conditioning after a single training trial (Irvine et al.
2005; Ohno et al. 2005), while LTP is only attenuated, and con-
siderable levels of LTP remain in the heterozygotes (Ohno et al.
2002). It is reasonable to suppose that partial reductions in LTP
may impact new learning mechanisms of extinction but the re-
sidual level of LTP may be enough to sustain initial fear learning
in �CaMKIIT286A+/– mutants, since the inhibitory association is
formed by re-exposure to the context CS alone during extinction
and thus, is more vulnerable to disruptions as compared with the
excitatory association with CS–US pairing during fear memory
acquisition.

On the other hand, a single 30-min re-exposure of wild-type
control mice to the conditioning chamber 15 min after contex-
tual training caused less extinction of fear memory compared
with that given 24 h after conditioning, since it showed no

Figure 4. �CaMKIIT286A+/– mutation does not interfere with unlearning mechanisms for fear memory
extinction. (A) �CaMKIIT286A+/– mice (n = 24) and wild-type littermates (n = 20) were trained with one
CS–US pairing for contextual fear conditioning. Mice were subjected to a single 30-min re-exposure to
the conditioning context 15 min after training. Levels of freezing are plotted every 6 min through the
30-min extinction session. Neither wild-type mice nor �CaMKIIT286A+/– mutants exhibited significant
reductions in freezing within the 30-min extinction session. (B) Both wild-type control mice and
�CaMKIIT286A+/– mutants showed significantly lower levels of contextual freezing during the test ses-
sion given 1 d after the 30-min re-exposure, as compared with the first 6 min of the extinction session.
(*) P < 0.05 vs. the first 6 min. Furthermore, neither group exhibited spontaneous recovery of the
extinguished fear memory when tested 21 d later. Significant differences in freezing levels between
�CaMKIIT286A+/– mice and wild-type controls were observed during memory tests given both 1 d and
21 d after extinction. (#) P < 0.05 vs. wild-type. (C,D) Separate groups of �CaMKIIT286A+/– (n = 16) and
wild-type (n = 12) mice were subjected to the 30-min extinction session 15 min after training (C) and
tested for spontaneous recovery 21 d later without any intervening sessions (D). (*) P < 0.05 vs. the first
6 min. All data are presented as mean � SEM.
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within-session extinction and produced significant but only lim-
ited levels of reduction in freezing during a post-extinction test
occurring 24 h later. Similar differences in the efficacy of short-
interval versus long-interval extinction have been reported pre-
viously (Cain et al. 2005; Cammarota et al. 2005; Maren and
Chang 2006; Myers et al. 2006). Of particular interest, Maren and
Chang (2006) compared the 15-min and 24-h interval extinc-
tions after tone fear conditioning in rats, and demonstrated that
both extinction procedures acutely suppressed fear memories,
but shorter-interval extinction was less effective in producing
long-term suppression of conditioned fear (48 h after extinction).
Therefore, the results suggest that recent fear memory is more
resistant to extinction. However, this difference does not seem to
reflect the conditioning–extinction interval per se, but rather is
due to the higher levels of freezing at the outset of shorter-
interval extinction training. In fact, the investigators demon-
strated that reducing the number of conditioning trials and thus
decreasing levels of fear at the time of extinction (15 min post-
training) enabled animals to exhibit the long-term retention of
extinction, which lasted at least for a week without spontaneous
recovery. The present study similarly demonstrated that extinc-
tion of contextual fear memory at a shorter time point (15 min)
after initial training, as compared with that at a longer time point
(24 h), becomes less complete but more resistant to spontaneous
recovery. Our results are also consistent with recent findings that
animals that underwent extinction 10–60 min after conditioning
lacked spontaneous recovery of memory, as measured by fear-
potentiated acoustic startle responses, in contrast to the animals
extinguished 24–72 h after training (Myers et al. 2006).

What mechanisms may account for the short-interval ex-
tinction, which is less susceptible to spontaneous recovery of
original memories than is long-interval extinction? Psychologi-
cal theories have described extinction as “unlearning,” in which
the excitatory association between CS and US mediating condi-
tioned responses is weakened and ultimately lost (Rescorla and
Wagner 1972; Wagner and Rescorla 1972; for review, see Myers
and Davis 2007). More recent evidence points to the importance
of the timing of extinction relative to conditioning in determin-
ing the nature of extinction. Given that recovery effects serve as
the impetus for new learning accounts of extinction (Myers and
Davis 2002, 2007), the absence of spontaneous recovery implies
the possibility that erasure may be a plausible mechanism under-
lying short-interval extinction (Myers et al. 2006). Importantly,
this idea is strongly supported by recent neurobiological obser-
vations (Cain et al. 2005; Mao et al. 2006). For example, fear
extinction initiated immediately after acquisition is insensitive
to the L-type voltage-gated calcium channel (L-VGCC) blocker
nifedipine, whereas delayed extinction is impaired by nifedipine
(Cain et al. 2005). Therefore, the L-VGCC dependence of extinc-
tion is related to the maturity or consolidation state of the ac-
quired memory. The investigators suggested that extinction
training may act to weaken the excitatory CS–US association
formed during acquisition in an L-VGCC-independent manner
when fear memory has not yet fully consolidated at shorter in-
tervals after acquisition, probably via a mechanism correspond-
ing to depotentiation or long-term depression (LTD). Consistent
with this hypothesis, extinction training applied 1 h after acqui-
sition reversed the fear conditioning-induced synaptic insertion
of AMPA-type glutamate receptors (a putative molecular mecha-
nism for erasure of fear memories), whereas this reversal did not
occur when extinction was started 24 h after training (Mao et al.
2006). The present study demonstrated that the �CaMKIIT286A+/–

mutation does not affect short-interval extinction, which is ini-
tiated 15 min after contextual conditioning, as opposed to inter-
fering with new learning mechanisms during delayed extinction
24 h post-training. Therefore, our observations further support

the view that distinct molecular mechanisms underlie short- and
long-interval extinction of memory. It seems reasonable to
speculate that the incomplete consolidation state 15 min after
training may be preferentially subjected to an �CaMKII-inde-
pendent unlearning processing of fear memory (e.g., depotentia-
tion or LTD) rather than new learning of inhibition, which pro-
ceeds via �CaMKII-mediated mechanisms and is crucial for ex-
tinguishing well-consolidated memory 24 h after conditioning.

Taken collectively, our results suggest that �CaMKII-
dependent signaling is specifically involved in mediating a form
of new learning that counteracts the expression of original
memories during long-interval extinction, whereas �CaMKII
function does not contribute to erasure processing of memories
at a labile state during short-interval extinction. The data pre-
sented here favor the notion that the molecular machinery may
differentially participate in extinguishing memories depending
on the timing of extinction, although further studies will be re-
quired to fully understand the neurobiological basis of both types
of memory extinction.

Materials and Methods

Mice
The generation of the �CaMKIIT286A mutant mice was described
previously (Giese et al. 1998). The heterozygous �CaMKIIT286A

population was backcrossed more than 15 generations into the
C57BL/6N background from the original 129/B6 background.
The resultant �CaMKIIT286A+/– mutants at 3–5 mo of age were
used for the experiments, and wild-type littermate mice served as
controls. At 3–4 wk postnatally, the mice were weaned and geno-
typing was performed by PCR analysis of tail DNA. All experi-
ments were done blind with respect to the genotype of the mice
and were conducted with the approval of the Nathan Kline In-
stitute Animal Care and Use Committee.

Fear conditioning
Contextual fear conditioning was tested as described previously
(Ohno et al. 2001, 2005). The experiments were performed using
four standard conditioning chambers, each of which was housed
in a soundproof isolation cubicle and equipped with a stainless-
steel grid floor connected to a solid-state shock scrambler. Each
scrambler was connected to an electronic constant-current shock
source that was controlled via an interface connected to a Win-
dows XP computer running FreezeFrame software (Coulbourn
Instruments). A digital camera was mounted on the steel ceiling
of each chamber, and video signals were sent to the same com-
puter for analysis. During training, all mice that were going to be
subjected to extinction later were placed in the conditioning
chamber for 3 min and then exposed to a foot shock (1.0 mA, 2
sec). After the shock delivery, mice were left in the chamber for
another 30 sec. Contextual fear memory was measured by scor-
ing freezing behavior (the absence of all but respiratory move-
ment) when the mice were placed back into the same condition-
ing chamber. We also assessed freezing before and after foot
shock was delivered during training. The automated FreezeFrame
system digitizes the video signal at 4 Hz and compares movement
frame by frame to score the amount of freezing.

During the repeated extinction sessions, mice were re-
exposed to the conditioning chamber in the absence of foot
shock for 6 min per day for five consecutive days, staring 24 h
after contextual fear training, and levels of freezing were assessed.
To investigate new learning and unlearning mechanisms of fear
memory extinction, different sets of mice received a single 30-
min re-exposure to the chamber without foot shock 24 h and 15
min after contextual conditioning, respectively. Since significant
within-session reductions in contextual freezing were not ob-
served in the short-interval extinction groups, extinction was
evaluated by comparing the freezing when these mice were re-
exposed to the conditioning chamber for 3 min, 24 h after the
30-min extinction session. As a control, a subset of mice that
were subjected to 30-min extinction 15 min after training did not
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receive the additional 3-min exposure to the chamber 24 h post-
extinction. Twenty-one days after extinction, all mice were re-
exposed to the training context for 3 min to test spontaneous
recovery of extinguished fear memory.

Morris water maze
The basic water maze protocol and apparatus have been de-
scribed previously (Bourtchuladze et al. 1994; Ohno et al. 2005).
Before training, each mouse was handled for 2 min every day for
7–10 d. The pool was 1.2 m in diameter and was made of white
plastic. The water was maintained at 24°C � 1°C throughout the
experiments and was made opaque with nontoxic white paint to
hide the white and square escape platform (10 cm � 10 cm).
During training, the escape platform was submerged (1 cm) be-
low the water surface and remained in the same position in the
pool for a particular mouse, but groups of animals were trained
with different platform positions to avoid quadrant biases.

Every training trial started with the mouse on the platform
for 30 sec. The mouse was placed into the water facing the wall of
the pool and was allowed to search for the platform. The starting
position varied among four locations in a pseudorandom man-
ner for each trial. The mice received six trials per day for 5 d
(three blocks of two trials; 1-min inter-trial intervals, 1-h inter-
block intervals). The trial ended either when an animal climbed
onto the platform or when a maximum of 60 sec elapsed. The
mouse was placed on the platform for 30 sec at the end of each
trial. Twenty-four hours after the last training trial, all mice were
given four consecutive 60-sec probe trials (30-min intervals) in
which they swam in the pool in the absence of the platform. The
data collection and analysis were performed using a digital track-
ing device (HVS Image).

Statistical analysis
The significance of differences between the groups was deter-
mined by a one-way ANOVA or by a two-way ANOVA with re-
peated measures, and post-hoc Fisher’s PLSD tests were per-
formed when appropriate.
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