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Deletion of the LIMK1 gene is associated with Williams syndrome, a unique neurodevelopmental disorder characterized by se-
vere defects in visuospatial cognition and long-term memory (LTM). However, whether LIMK1 contributes to these deficits
remains elusive. Here, we show that LIMK1-knockout (LIMK1�/�) mice are drastically impaired in LTM but not short-term
memory (STM). In addition, LIMK1�/� mice are selectively defective in late-phase long-term potentiation (L-LTP), a form of
long-lasting synaptic plasticity specifically required for the formation of LTM. Furthermore, we show that LIMK1 interacts and
regulates the activity of cyclic AMP response element-binding protein (CREB), an extensively studied transcriptional factor criti-
cal for LTM. Importantly, both L-LTP and LTM deficits in LIMK1�/� mice are rescued by increasing the activity of CREB. These
results provide strong evidence that LIMK1 deletion is sufficient to lead to an LTM deficit and that this deficit is attributable to
CREB hypofunction. Our study has identified a direct gene-phenotype link in mice and provides a potential strategy to restore
LTM in patients with Williams syndrome through the enhancement of CREB activity in the adult brain.

Williams syndrome (WS) is a neurodevelopmental disorder
caused by the hemizygous deletion of a 1.5-million-bp seg-

ment of human chromosome 7q11.23 (1). Although individuals
with WS have global cognitive impairments, they demonstrate a
consistent pattern of strengths and weaknesses characterized by a
relatively preserved concrete vocabulary and verbal short-term
memory (STM) paired with dramatic deficits in visuospatial con-
struction and long-term memory (LTM) (2–6). Another notable
feature of WS patients is their hypersociability and enhanced em-
pathy toward others, contrasting sharply with autism, which is
characterized by impaired communication and social interaction
(3, 4, 6). These apparently bidirectional phenotypes of WS and
autism suggest that these two brain disorders may share common
mechanisms, a notion that is also supported by human genetic
studies (7). Thus, WS, with its clearly defined genetic abnormali-
ties, provides an important window to understanding human cog-
nition and behavior.

The hemizygous deletion in patients with WS spans 28 genes,
but which of these genes are responsible for the cognitive deficits
remains elusive (7–10). Human genetic studies, however, have
suggested that the LIMK1 gene may be particularly important in
relation to the visuospatial memory deficit (9–13). Recent in vitro
and animal studies have also provided evidence that supports such
a possibility (14–16). LIMK1 encodes a serine/threonine protein
kinase whose main function is to regulate the actin cytoskeleton by
phosphorylating and inactivating the actin depolymerization fac-
tor (ADF)/cofilin (17–24). Indeed, we have demonstrated that
LIMK1-knockout (LIMK1�/�) mice exhibit reduced cofilin phos-
phorylation and altered actin networks (14, 25), but whether these
actin aberrations are related to the synaptic and behavioral deficits
seen in these mice remains unknown.

In addition to its role in actin regulation, LIMK1 is also known
to interact with protein kinase C, neuregulin, and cyclic AMP
response element-binding protein (CREB) (20, 22, 26). However,
the functional significance of these protein interactions is un-

known. The interaction with CREB is particularly interesting be-
cause CREB is a key transcription factor critically involved in the
formation of LTM and hippocampal plasticity (27–30), both of
which are profoundly impaired in patients with WS (3, 31–33). In
this study, we provide evidence that LIMK1 regulates LTM and
long-lasting synaptic plasticity through interacting with and acti-
vating CREB. Our study has identified a novel signaling pathway
and provides a potential therapeutic strategy to improve LTM
through enhancing the activity of CREB in patients with WS.

MATERIALS AND METHODS
Animals. The generation and initial characterization of LIMK1�/� mice
were described previously (14). The mutant mice were backcrossed with
C57BL/6 mice for more than 8 generations to obtain a cogenic genetic
background. The mice were housed under a standard 12-h light/12-h dark
cycle condition. All the procedures used for this study were approved by
the Animal Use Committee at The Hospital for Sick Children, Toronto,
Ontario, Canada.

Electrophysiology. The preparation and recovery of hippocampal
slices were described previously (34). Briefly, a single slice was placed in a
recording chamber and continuously perfused with oxygenated artificial
cerebrospinal fluid (ACSF) containing 120 mM NaCl, 3.0 mM KCl, 1.2
mM MgSO4, 1.0 mM NaH2PO4, 26 mM NaHCO3, 2.0 mM CaCl2, and 1
mM 1 D-glucose saturated with 95% O2 and 5% CO2 at a rate of 2 to 2.5
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ml/min. The Schaffer collateral pathway was stimulated, and the response
of the CA1 synapse was recorded. The slices were typically stimulated at
60% of the maximum evoked field excitatory postsynaptic potential
(fEPSP). For high-frequency stimulation (HFS)-induced late-phase long-
term potentiation (L-LTP), four trains of high-frequency stimulations of
100 Hz lasting 1 s each were given at 5-min intervals. The response was
then recorded for at least 3 h after the last HFS. For theta burst stimula-
tion-induced L-LTP, three trains of 10 theta bursts with an intertrain
interval of 10 s were used, and the response was then recorded for at least
3 h after the last stimulation. For the tetra HFS stimulation protocol, four
trains of HFS were given at intervals of 20 s. L-LTP was verified by its
sensitivity to the protein synthesis inhibitor anisomycin. Early-phase
long-term potentiation (E-LTP) was induced by one train of HFS at 100
Hz lasting 1 s, and the response was recorded for 40 min following the HFS
stimulation. For rescue experiments, slices were treated with either 200
�M cell-permeant cofilin peptides [for the control, NFVKIVGDSVAVG
SAMRQIKIWFQNRRMKWKK; for phospho-serine 3 (pS3), MAS(p)GV
AVSDGVIKVFNRQIKIWFQNRRMKWKK; for the serine 3 (S3) peptide,
MASGVAVSDGVIKVFNRQIKIWFQNRRMKWKK; purity, 99%; Bio-
matik, Canada] or 50 �M forskolin for 1 h prior to electrophysiological
recordings. All recording data were collected using pCLAMP (version 8 or
7) software (Axon Instruments). fEPSPs were measured by taking the
slope of the rising phase between 5% and 60% of the peak response. The
size of the response was normalized using the mean baseline response
value as 100%. All data were statistically evaluated by using Student’s t
test.

Slice treatment and extraction of protein lysate. Total protein lysates
were extracted from whole brain, hippocampal slices, or dissected CA1
regions as described previously (35). Briefly, hippocampal slices were pre-
pared in a manner identical to that used for electrophysiology. After re-
covery for 2 h in oxygenated ACSF and/or after appropriate stimulations
(i.e., HFS) or drug treatment (30 �M N-methyl-D-aspartic acid [NMDA]
and 3 �M glycine for 0 to 10 min or 200 �M S3, 200 �M pS3, 50 �M
forskolin, or 50 �M rolipram for 30 min), the slices were lysed for protein
extraction. For direct analysis of protein samples, 140 �l of lysis buffer (50
mM Tris, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1% Triton
X-100, 0.5 mM phenylmethylsulfonyl fluoride) was used. For immuno-
precipitation experiments, a buffer containing 1% Triton X-100, 137 mM
NaCl, 5 mM EDTA, 5 mM EGTA, and 20 mM Tris was used. Both buffers
contained a combination of inhibitors for proteases and protein phospha-
tases, as recommended by the supplier (Calbiochem). The slices were then
mechanically broken down and allowed to be digested for at least 1 h on
ice. The samples were then centrifuged at 12,500 rpm for 20 min, and the
supernatants were then either used immediately or stored at �70°C.

HEK293 cell culture, immunoprecipitation, and Western blot anal-
ysis. HEK293 cells at 20 to 40% confluence were transfected by use of the
calcium phosphate protocol. The culture medium (Dulbecco modified
Eagle medium) was changed on the next day, and cells were harvested 4
days later and resuspended in either lysis buffer or immunoprecipitation
buffer. Standard protocols for immunoprecipitation and Western blot
analysis were used (35). The extracted protein (600 to 800 �g) was mixed
with 50 �l of a primary antibody, and the mixture was incubated over-
night at 4°C. Fifty microliters of protein A-agarose beads was then added
to the protein-antibody mix, and the mixture was incubated for a further
2 h at 4°C. The samples were then centrifuged, the supernatant was dis-
carded, and the beads were washed three times with lysis buffer and re-
suspended in 70 �l of lysis buffer, 20 �l of 6� loading buffer, and 10 �l of
1 M dithiothreitol. Fifteen to 20 �l of the samples was separated on 10%
SDS-polyacrylamide gels, electrotransferred to nitrocellulose mem-
branes, and probed with one of the following primary antibodies: poly-
clonal anti-CREB (Cell Signaling), anti-phospho-CREB (anti-pCREB;
Cell Signaling), anti-LIMK1 (Cell Signaling), anticofilin (Cytoskeleton),
and antiphosphocofilin (Santa Cruz). The blots were then probed with
appropriate secondary antibodies linked with horseradish peroxidase,
and the proteins were visualized by enhanced chemiluminescence (GE

Healthcare). The amounts of the proteins were estimated by measuring
the density of the luminescence signals using AlphaEaseFC software per
the manufacturer’s instruction. The levels of the phosphorylated forms of
CREB and cofilin were normalized to the density values of total CREB and
cofilin, respectively. The data were then statistically evaluated using Stu-
dent’s t test.

Neuronal culture, immunostaining, and image analysis. Hippocam-
pal neuronal cultures were prepared from postnatal day 1 pups as previ-
ously described (30, 34). For immunostaining, the cells were fixed with
ice-cold 4% paraformaldehyde– 4% sucrose for 20 min and permeabilized
with 0.25% Triton X-100 for 20 min. Cells were blocked with 3% donkey
serum and 3% bovine serum albumin in phosphate-buffered saline (PBS)
for 1 h and incubated with primary antibodies overnight at 4°C, followed
by incubation with appropriate secondary antibodies (Invitrogen, Jack-
son ImmunoResearch) for 1 h at room temperature. After washing with
PBS, coverslips were mounted using Dako mounting medium for image
collection. The primary antibodies used included anti-LIMK1 (Cell Sig-
naling Technology), anti-CREB (Cell Signaling Technology), and anti-
microtubule-associated protein 2 (anti-MAP2) (Millipore). Images were
obtained using a Zeiss LSM 510 laser scanning system and confocal mi-
croscope under a 63� (numerical aperture, 1.4) objective lens.

Fear conditioning test. The previously described apparatus and pro-
cedures for fear conditioning training and testing (14, 35) were followed,
but the following modifications were made in order to minimize the po-
tential effect of enhanced short-term memory on the assessment of long-
term memory in LIMK1�/� mice. Individual mice were placed in a con-
ditioning chamber with controlled contextual cues and an electrified
shock floor (Coulbourn Instruments). During the training session, the
mice were allowed to acclimate to the chamber for 2 min. After the 2 min,
a 30-s tone (85 dB, 18,000 Hz) was played and was paired with a mild foot
shock (0.5 mA) in the last 2 s of the tone. The mouse was allowed to
remain in the chamber for 1 more minute after the shock. Short-term
memory was tested 2 h after the training. Since LIMK1�/� mice have
enhanced early LTP and short-term memory, as shown previously (14),
we tested long-term memory 48 h or 1 week after the training in order to
avoid any potential effect of the enhanced short-term memory on long-
term memory. This also applied to the water maze test (see below). During
the contextual test, the mouse was placed back in the original training
chamber for 5 min. During the cued test, the mouse was placed in a new
chamber with different contextual cues, and after a 2-min acclimation, the
same tone used for training was presented without shocks, and then freez-
ing behavior was monitored for 2 min. Freezing is defined as a lack of any
movement with the exception of respiration. For rescue experiments, the
mice received an intraperitoneal injection of rolipram or vehicle (di-
methyl sulfoxide [DMSO]) at 0.1 �mol/kg of body weight 1 h before the
onset of the training, and the same training/testing procedures described
above were then followed.

Morris water maze test. For the Morris water maze test, the previously
described procedures and water maze apparatus were used with some
modifications (14). Briefly, the mice were handled for at least 3 days prior
to the beginning of the experiments. All mice were subjected to training
on the visible platform (10 cm in diameter raised 2 cm above the surface of
the water), which consisted of 3 days of trials and 4 trials per day, before
training on the hidden platform (10 cm in diameter submerged 0.5 to
1.0 cm under the water level) began. The hidden platform training also
lasted for 3 days with 4 trials per day. All training started by placing an
individual mouse in the water maze (diameter, 1.3 m) with the ar-
ranged spatial cues. The starting position of the mice was randomized.
The mice were then left to swim until the platform was found or until
60 s elapsed. In cases where the platform was not found, the mice were
directed and placed on the platform and allowed to stay on the plat-
form for 5 s. The position of the mice was tracked and recorded
continuously using a camera connected to a video tracking system
(Noldus Information Technology). During probe trials (2 h, 48 h, or 1
week after the training), the platform was removed and mice were
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placed in the quadrant opposite that from the platform and allowed to
swim for 60 s. The platform zone was defined as a zone of 20 cm in
diameter, with the center being located at the position of the platform.
The amount of time that the animals spent searching the platform zone
was recorded and compared to the amount of time that the animals
spent searching similar zones in the other quadrants. For rolipram
rescue experiments, the drug or vehicle (DMSO) at 0.1 �mol/kg was
administered by intraperitoneal or bilateral intrahippocampal injections 1 h
before the training on each training day. Intrahippocampal injections were
made using stainless steel guide cannulae inserted in the dorsal hippocampus
(distances from bregma: anteroposterior (AP) � �4.3 mm, mediolateral
(ML) � �3.5 mm, dorsoventral (DV) � �2.0 mm). The cannulae were
secured using dental cement.

RESULTS

LIMK1 deletion specifically impairs long-term memory. Hu-
man genetic studies on WS patients with smaller chromosomal
deletions suggest that the LIMK1 gene might be particularly im-

portant for the visuospatial cognition (9, 13). To test this hypoth-
esis, we analyzed spatial learning and memory in LIMK1�/� mice.
We focused our investigations on hippocampus-dependent mem-
ory and synaptic plasticity, as WS patients exhibit profound alter-
ations in hippocampal function (11, 31, 32). We first used the
Morris water maze paradigm, a well-established test for hip-
pocampus-dependent spatial learning and memory in mice. As
shown in Fig. 1A and B, LIMK1�/� mice performed equally as well
as their wild-type (WT) littermates during the learning acquisi-
tion phase. Analysis of variance showed no differences in either
latency (for WT mice, 29.5 � 2.5 s, n � 14; for LIMK1�/� mice,
28.9 � 2.8 s, n � 11; P � 0.05) or travel distance (for WT mice,
715.3 � 9.7 cm, n � 14; for LIMK1�/� mice, 727.1 � 11.1 cm, n �
11; P � 0.05) to locate the platform between LIMK1�/� and WT
animals. In addition, the probe trial carried out 2 h after the train-
ing showed no differences in platform bias between genotypes
(Fig. 1C) (for WT mice, 18.4 � 2.6 s, n � 14; for LIMK1�/� mice,

FIG 1 Selective deficits in LTM in LIMK1�/� mice in the water maze test. (A) Learning acquisition graph showing that both LIMK1�/� mice and their WT
littermates were able to locate the hidden platform equally well during the 3 days of training. (B) Learning acquisition graph showing the distance traveled to
locate the platform during the training period. (C) Results of the probe test carried out 2 h after the 3rd day of training showing that both LIMK1�/� mice and
their WT littermates exhibited a significant bias toward the target zone, suggesting that STM was intact in LIMK1�/� mice. (D) Results of the probe test done at
48 h posttraining showing that WT mice but not LIMK1�/� mice exhibited a significant bias toward the target zone. (E) Results of a probe test done at 1 week
posttraining showing that WT mice but not LIMK1�/� mice exhibited a significant bias toward the target zone, suggesting a deficit in LTM in LIMK1�/� mice.
(F) During the probe test carried out 2 h after the training, neither LIMK1�/� mice nor WT mice spent a considerable amount of time searching around the
perimeter of the water maze. (G, H) During the probe test carried out 48 h (G) and 1 week (H) after the training, LIMK1�/� mice spent significantly more time
than the WT control mice searching around the perimeter of the water maze. (I to K) The swim speed recorded during the probe test at 2 h (I), 48 h (J), and 1 week
(K) after the training showed no significant differences between LIMK1�/� mice and their WT littermates. Error bars represent SEMs. *, P � 0.05; n, number of
animals; ns, no statistical significance.
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23.9 � 2.9 s, n � 11; P � 0.05). However, LIMK1�/� mice were
severely impaired in platform searching during the probe trials
carried out 48 h (Fig. 1D) (for WT mice, 16.3 � 2.1 s, n � 14; for
LIMK1�/� mice, 8.9 � 2.9 s, n � 11; P � 0.05) and 1 week (Fig.
1E) (for WT mice, 14.8 � 1.1 s, n � 14; for LIMK1�/� mice, 7.2 �
1.2 s, n � 11; P � 0.05) after the training. In fact, the LIMK1�/�

mice showed no bias to the platform zone in probe tests carried
out both 48 h and 1 week after the training. Importantly, no dif-
ferences in the swim speed were seen between LIMK1�/� and WT
mice (Fig. 1F to K). These results indicate that LIMK1�/� mice are
selectively impaired in LTM but exhibit intact learning acquisition
and STM. To determine if this deficit also exists in a different
learning paradigm, we conducted contextual fear conditioning,
another form of hippocampus-dependent task. As shown in Fig. 2,
although LIMK1�/� and WT mice performed equally well in both
the training phase (Fig. 2A) (before shock, 8.3% � 4.8% for
LIMK1�/� mice [n � 13] and 15.1% � 6.5% for WT mice [n �
15], P � 0.05; after shock, 49.6% � 8.1% for LIMK1�/� mice and
55.4% � 5.3% for WT mice, P � 0.05) and the contextual test
carried out 2 h after the training (Fig. 2B) (for LIMK1�/� mice,
75.5% � 10.0%, n � 13; for WT mice, 85.0% � 3.5%, n � 15; P �
0.05), the LIMK1�/� mice had a diminished freezing response in
the test carried out 48 h (Fig. 2C) (for LIMK1�/� mice, 42.8% �
6.8%, n � 13; for WT mice, 71.5% � 4.4%, n � 15; P � 0.05) and
1 week (Fig. 2D) (for LIMK1�/� mice, 27.9% � 6.2%, n � 13; for
WT mice, 46.6% � 5.7%, n � 15; P � 0.05) after the training.
These results together indicate that LIMK1 is specifically required
for LTM but not STM.

LIMK1�/� mice exhibit selective deficits in L-LTP. To inves-
tigate the synaptic basis of this selective LTM deficit in LIMK1�/�

mice, we performed electrophysiological recordings in the CA1
region of the hippocampus. At this synapse, two distinct forms of
LTP, early-phase LTP (E-LTP) and late-phase LTP (L-LTP), are

known to exist and are thought to be important for STM and
LTM, respectively (36, 37). Our previous studies indicated that
E-LTP is enhanced in LIMK1�/� mice (14), which is consistent
with an intact or slightly enhanced STM in these animals. Given
the selective deficit in LTM in these mice, we turned our attention
to L-LTP specifically. As shown in Fig. 3A, three trains of theta
burst stimulation at 10-min intervals, a widely used protocol for
eliciting protein synthesis-dependent L-LTP (38), induced a per-
sistent enhancement of synaptic transmission that remained sta-
ble during the entire period of recording (�2 h) in WT mice, but
this form of L-LTP was significantly reduced in LIMK1�/� mice
(for WT mice, 166% � 14%, n � 7; for LIMK1�/� mice, 132% �
13%, n � 6; P � 0.05). To confirm this deficit, we employed two
additional protocols to induce L-LTP, and in both cases, L-LTP
was significantly reduced with an intact E-LTP, and the results are
shown in Fig. 3B (for WT mice, 171% � 11%, n � 6; for
LIMK1�/� mice, 130% � 10%, n � 7; P � 0.05) and Fig. 3C (for
WT mice, 178% � 10%, n � 7; for LIMK1�/� mice, 158% � 14%,
n � 6; P � 0.05). Consistent with previous results (14, 25), E-LTP
was enhanced in LIMK1�/� mice (Fig. 3B) (for LIMK1�/� mice,
202% � 6%, n � 4; for WT mice, 166% � 5%, n � 4; P � 0.05).
Baseline responses without LTP-inducing stimuli were stable for
at least 4 h in both WT and LIMK1�/� mice (Fig. 3D). These
results indicate that LIMK1 is specifically required for L-LTP, in
accordance with its role in LTM.

LIMK1 regulation of L-LTP is independent of cofilin. To elu-
cidate the molecular mechanisms by which LIMK1 regulates LTM
and L-LTP, we analyzed the actin binding protein cofilin. Earlier
in vitro studies indicated that cofilin is the predominant substrate
and the key mediator of LIMK1 (22, 39). Indeed, our previous in
vivo studies showed that LIMK1�/� mice exhibited a decreased
level of phosphorylated cofilin (i.e., increased cofilin activity),
which, consequently, reduced the amounts of actin filaments (14,
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25). Because actin reorganization is required for long-lasting syn-
aptic plasticity (40), we reasoned that the L-LTP and/or LTM def-
icits in LIMK1�/� mice might be due to the elevated cofilin activ-
ity and altered actin. To test this hypothesis, we manipulated
cofilin activity by using two TAT-conjugated, cell-permeant short
peptides, pS3 and S3, which are known to increase and decrease
cofilin phosphorylation in cultured neurons, respectively (41, 42).
First, we confirmed that these peptides had the expected effects in
hippocampal slices. As shown in Fig. 4A and C, the pS3 peptide
increased cofilin phosphorylation to a similar level in both
LIMK1�/� and WT mice (for WT mice with pS3 treatment,
1.94 � 0.15, n � 7; for LIMK1�/� mice with pS3 treatment,
1.62 � 0.13, n � 7; P � 0.05), whereas the S3 peptide decreased
cofilin phosphorylation in WT mice but had no effect in
LIMK1�/� mice (for WT mice with S3 treatment, 0.47 � 0.07, n �
7, P � 0.05 compared to WT control mice; for LIMK1�/� mice
with S3 treatment, 0.62 � 0.06, n � 7, P � 0.05 compared to
LIMK1�/� control mice). Neither the pS3 nor the S3 peptide had
any effect on CREB activity (Fig. 4B and D). Then, we assessed the
effects of these peptides on LTP. As shown in Fig. 4E and consis-
tent with earlier results (Fig. 3B), E-LTP in LIMK1�/� mice was
enhanced (for LIMK1�/� mice, 202% � 6%, n � 4; for WT mice,
166% � 5%, n � 4; P � 0.05). Treatment with the S3 peptide
enhanced E-LTP in WT mice but had little effect on E-LTP in
LIMK1�/� mice (Fig. 4F) (for LIMK1�/� mice, 238 � 12, n � 4;
for WT mice, 226 � 10, n � 4; P � 0.05 compared to the results for
WT control mice in Fig. 4E). Importantly, treatment with the pS3

peptide reduced the enhanced E-LTP in LIMK1�/� mice to the
level found in WT mice (Fig. 4G) (for LIMK1�/� mice with pS3
treatment, 144% � 8%; for WT mice with pS3 treatment, 139% �
6%; P � 0.05). These results suggest that the enhanced E-LTP in
LIMK1�/� mice was due to decreased cofilin phosphorylation or
enhanced cofilin activity. However, despite its rescuing effect on
cofilin phosphorylation and E-LTP, the pS3 peptide treatment did
not improve L-LTP in LIMK1�/� mice (Fig. 4H) (for WT mice
with pS3 treatment, 196% � 11%, n � 4; for LIMK1�/� mice with
pS3 treatment, 130% � 8%, n � 4; P � 0.05). In fact, in
LIMK1�/� mice L-LTP was indistinguishable with or without
treatment with the peptide. These results suggest that altered co-
filin/actin is not likely responsible for the L-LTP or LTM deficits in
LIMK1�/� mice.

LIMK1 regulates L-LTP and LTM via interaction with the
transcription factor CREB. We then turned our attention to
CREB, an extensively studied transcriptional factor critical for the
establishment of L-LTP and LTM (27, 28, 43, 44). An early in vitro
study showed that LIMK1 can directly interact with and phos-
phorylate CREB (45), but whether this interaction occurs in the
brain remains unknown. We therefore set out to test whether
alterations in CREB function are related to the synaptic and mem-
ory deficits in LIMK1�/� mice. We first showed that in hippocam-
pal CA1 neurons, LIMK1 is not only expressed in spines and den-
drites but also highly expressed in the cell bodies, where it is
colocalized with CREB (Fig. 5A). To determine whether LIMK1
interacts with CREB in the brain, we performed reciprocal immu-

FIG 3 Selective L-LTP deficits in LIMK1�/� mice. (A) Plasticity induced by theta burst stimulation showing a significantly reduced L-LTP in LIMK1�/� mice
compared to their WT littermates. (B) LTP induced by four trains of 100 Hz lasting 1 s each delivered at 5-min intertrain intervals showing that LIMK1�/� mice
were significantly impaired in L-LTP compared to their WT littermates. Note that E-LTP was enhanced in LIMK1�/� mice. (C) Plasticity induced by four trains
of 100 Hz lasting 1 s each delivered at 20-s intertrain intervals showing that LIMK1�/� mice were significantly impaired in L-LTP compared to their WT
littermates. (D) Baseline recordings without LTP-inducing stimuli showing that synaptic responses were stable for up to 4 h in both WT and LIMK1�/� mice.
Representative traces shown above the graphs were taken at the time points indicated by their respective numbers (1 and 2). Dashed lines indicate 100% and are
shown for reference. Error bars represent SEMs. Arrows, L-LTP-inducing protocols; *, P � 0.05; n, number of animals.
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noprecipitation experiments using hippocampal protein lysates
and showed that LIMK1 and CREB exist in one immunoprotein
complex (Fig. 5B). Consistent with the findings of a previous
study (45), we also showed that in HEK293 cells cotransfected
with LIMK1 and CREB, these two proteins could coimmunopre-
cipitate with each other (Fig. 5C). Additionally, we demonstrated
that the LIMK1 and CREB interaction occurs in the nuclear frac-
tion of hippocampal brain lysate (Fig. 5D).

To assess the functional consequence of LIMK1 deletion on
CREB activity, we compared the amount of phosphorylated (or

activated) CREB at serine 133. As shown in Fig. 5E and F, although
the basal levels of phospho-CREB (pCREB) were the same be-
tween LIMK1�/� and WT mice, the level of CREB activation in-
duced by NMDA treatment (Fig. 5E and F) (for LIMK1�/� mice,
0.99 � 0.01, n � 9; for WT mice, 138.1 � 0.04, n � 8; P � 0.05) or
by a L-LTP-inducing protocol, high-frequency stimulation (HFS)
(Fig. 5G and H) (for LIMK1�/� mice, 1.28 � 0.07, n � 7; for WT
mice, 1.58 � 0.1, n � 7; P � 0.05), was significantly reduced.
These results indicate that LIMK1 is a positive in vivo regulator for
activity-dependent CREB activation and suggest that reduced

FIG 4 Rescue of E-LTP but not L-LTP in LIMK1�/� mice by reduced cofilin activity. (A) Western blot analysis of total protein lysates prepared from hippocampal slices
treated for 30 min with pS3 or S3 peptide or not treated (control) showing that pS3 increased the amount of phosphorylated cofilin (pCofilin) in WT and LIMK1�/� mice
and that S3 decreased the amount of phosphorylated cofilin in WT but not LIMK1�/� mice. The level of total cofilin (A) and CREB or phosphorylated CREB (B) was
not affected by either the pS3 or S3 peptide. (C) Summary graph of the Western blot shown in panel A showing a significant increase in the phosphorylated cofilin/cofilin
relative density (RD) in slices from both WT and LIMK1�/� mice treated with pS3 peptide and a significant decrease in phosphorylated cofilin/cofilin in slices from WT
but not LIMK1�/� mice treated with S3 peptide. Note that the basal phosphorylated cofilin/cofilin was significantly lower in slices from LIMK1�/� mice than those from
WT mice. (D) Summary graph of the Western blot in panel B showing that neither the pS3 nor the S3 peptide had an effect on CREB or pCREB. (E) E-LTP induced by
one train of HFS (100 Hz lasting 1 s) showing a significant enhancement of E-LTP in LIMK1�/� mice compared to that in WT mice. (F) E-LTP induced by one train of
HFS (100 Hz lasting 1 s) in hippocampal slices treated with S3 peptide showing that the E-LTP in WT mice was increased to the level in LIMK1�/� mice. The S3 peptide
had no effect on LIMK1�/� mice. (G) E-LTP induced by one train of HFS (100 Hz lasting 1 s) in hippocampal slices treated with pS3 peptides showing that enhanced
E-LTP in LIMK1�/� mice was reduced to the level found in WT mice. The pS3 peptide had no effect on slices from WT mice. (H) L-LTP induced by four trains of HFS
(100 Hz each lasting 1 s at 20-s intertrain intervals) showing that the pS3 peptide did not rescue the L-LTP deficit in LIMK1�/� mice. Traces above the graphs are
representative responses taken from the indicated time points. Representative traces shown above the graphs were taken at the time points indicated by their respective
numbers (1 and 2). Dashed lines indicate 100% and are shown for reference. Error bars represent SEMs. Arrows, LTP-inducing protocols; *, P � 0.05; ns, no significant
difference; n, number of independent experiments (A to D) or number of animals (E to H).
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CREB activation might be responsible for the L-LTP and LTM
deficits in LIMK1�/� mice. To directly test this possibility, we
performed rescue experiments using forskolin and rolipram,
compounds commonly used to enhance CREB activity (46–48).
First, we confirmed that treatment of hippocampal slices with for-
skolin or in vivo injection of rolipram increased CREB activity in
both LIMK1�/� and WT mice without affecting cofilin activity
(Fig. 6A to H). Then, we assessed the effects of the same treatments
on L-LTP and LTM. As shown in Fig. 6I, forskolin treatment fully
restored the L-LTP deficits found in the LIMK1�/� mice to the
WT level (for LIMK1�/� mice, 202% � 10%, n � 7; for WT mice,
204% � 9%, n � 6; P � 0.05). A similar rescuing effect on LTP was

obtained by rolipram (Fig. 6J). Importantly, rolipram treatment
either by systematic injections (Fig. 7) or by direct bilateral hip-
pocampal injections (Fig. 8) also rescued the LTM deficits of
LIMK1�/� mice in the water maze test (e.g., the results of the
searching time at 48 h after training in the probe test are shown in
Fig. 7D) (for LIMK1�/� mice treated with DMSO, 8.9 � 2.1 s, n �
7; for LIMK1�/� mice treated with rolipram, 13.9 � 2.4 s, n � 7;
P � 0.05; for WT mice treated with DMSO, 15.0 � 2.1 s, n � 8; for
WT mice treated with rolipram, 18.8 � 2.8 s, n � 8; P � 0.05). It
is important to note that the rolipram treatment had no effect on
learning acquisition (Fig. 7A and B) or swim speed (Fig. 7E to H).
We also examined the effect of rolipram on fear memory and

FIG 5 LIMK1 interacts with and regulates CREB. (A) (Top) WT mouse brain sectioned 10 �m thick coimmunostained with anti-CREB (red) and anti-LIMK1
(green) showing the colocalization of LIMK1 and CREB in the cell bodies of hippocampal CA1 neurons; (middle) cultured WT mouse hippocampal neuron (21
days in vitro) coimmunostained with anti-CREB (red) and anti-LIMK1 (green) showing coexpression of CREB and LIMK1 in the nucleus of the neuron;
(bottom) LIMK1�/� mouse brain section 10 �m thick costained with anti-CREB (red) and anti-LIMK1 (green) showing no detectable LIMK1 immunoactivities.
(B) Western blot analysis with anti-LIMK1 (top) or anti-CREB (bottom) of total brain lysates (input) and immunoprecipitates prepared by using anti-LIMK1
(LIMK1 IP), anti-CREB (CREB IP), or control IgG (IgG), showing that LIMK1 and CREB exist in one protein complex. Note that anti-LIMK1 pulled down both
LIMK1 and CREB in WT mouse (	/	) but not in LIMK1�/� mouse (�/�) protein samples and that anti-CREB pulled down LIMK1 in WT mouse but
not LIMK1�/� mouse samples. (C) LIMK1 and CREB interact in transfected HEK293 cells. Protein lysates were prepared from HEK293 cells cotransfected with
either hemagglutinin (HA)-tagged or green fluorescent protein (GFP)-tagged LIMK1 and CREB, immunoprecipitated with hemagglutinin and green fluorescent
protein, and probed with anti-LIMK1 (top) and anti-CREB (bottom), and the analyses show that LIMK1 and CREB exist in one protein complex. Inputs were
WT and LIMK1�/� mouse brain lysates. (D) LIMK1 and CREB interact in hippocampal nuclear fraction. Total protein lysate (L), nuclear (N), and cytosolic (C)
fractions were prepared from the hippocampus, immunoprecipitated with anti-LIMK1, and probed with anti-LIMK1 (top) and anti-CREB (bottom), and the
analyses show that LIMK1 and CREB interact in the hippocampal nuclear fraction. Note that a small amount of LIMK1 was detected in the nuclear fraction,
whereas a small amount of CREB was found in the cytosolic fraction. (E, F) Western blot analysis of hippocampal protein lysates (E) and summary graph (F)
showing that NMDA treatment (30 �M NMDA plus 10 �M glycine) for 0 to 10 min (the times are indicated above the lanes in panel E) induced a significant
increase in the amount of pCREB at serine 133 in slices from WT mice and that this NMDA-induced pCREB upregulation was significantly reduced in slices from
LIMK1�/� mice at 10 min following treatment. The level of total CREB in slices from either WT or LIMK1�/� mice was not affected by NMDA treatment. (G,
H) Western blot analysis of dissected hippocampal CA1 areas (G) and summary graph (H) showing that an L-LTP-inducing protocol (HFS) elicited a significant
increase in pCREB in slices from WT mice and that this HFS-induced pCREB upregulation was significantly reduced in slices from LIMK1�/� mice. The level of
total CREB was not affected by HFS in slices from either WT or LIMK1�/� mice. Error bars represent SEMs. *, P � 0.05; n, number of independent experiments.
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found that it rescued the LTM deficit tested at 48 h after the
training (Fig. 9C) (for LIMK1�/� mice treated with DMSO,
48.0% � 2.4%, n � 7; for LIMK1�/� mice treated with rolipram,
70.9% � 4.7%, n � 7; P � 0.05; for WT mice treated with DMSO,
79.0% � 3.2%, n � 8; for WT treated with rolipram, 84.9% �
2.7%, n � 7; P � 0.05). These results suggest that the reduced
CREB activation in the hippocampus is likely responsible for the
L-LTP and LTM deficits in LIMK1�/� mice.

LIMK1�/� mice exhibit deficits in L-LTP and LTM. Since WS
is caused by a hemizygous deletion, we went on to examine
whether LIMK1	/� heterozygous mice also display abnormalities
in L-LTP and spatial memory. First, we assessed whether
LIMK1	/� mice exhibited a deficit in L-LTP. As shown in
Fig. 10A, L-LTP was significantly smaller in LIMK1	/� mice (for
LIMK1	/� mice, 116% � 6%, n � 5, P � 0.05 compared to an
L-LTP of 171% � 11% for WT mice in Fig. 3B). Importantly,
similar to the findings for LIMK1�/� mice, the L-LTP deficit in
LIMK1	/� mice was rescued by coapplication of 50 �M forskolin

during HFS (for LIMK1	/� mice treated with forskolin, 148% �
7%, n � 5; for LIMK1	/� mice not treated with forskolin, 116% �
6%, n � 5; P � 0.05). Next, we examined LTM in LIMK1	/� mice.
During the training phase of the Morris water maze test, the
LIMK1	/� mice learned equally as well as the WT controls, as
indicated by latency (Fig. 10B) (for WT mice, 29.5 � 2.5 s, n � 10;
for LIMK	/� mice, 28.9 � 2.8 s, n � 10; P � 0.05) and travel
distance (Fig. 10C) (for WT mice, 811.2 � 13.2 cm, n � 10; for
LIMK	/� mice, 791.1 � 11.9 cm, n � 10; P � 0.05). The
LIMK1	/� mice also performed equally as well as their WT litter-
mates in the probe test carried out 2 h after the training (Fig. 10D)
(for WT mice, 27.3 � 1.0 s, n � 10; for LIMK	/� mice, 25.8 � 1.3
s, n � 9; P � 0.05). However, just like the LIMK1�/� mice, the
LIMK1	/� mice exhibited a specific deficit in LTM, as they
showed a significantly reduced bias toward the platform zone in
the probe test carried out 48 h after the training (Fig. 10E) (for WT
mice, 19.7 � 1.6 s, n � 10; for LIMK	/� mice, 14.8 � 1.1 s, n � 9;
P � 0.05). These results together indicate that LIMK1	/� mice

FIG 6 Rescue of L-LTP by enhanced CREB activity. (A) Western blot analysis of total protein lysates prepared from hippocampal slices treated with
forskolin for 10 min (lanes 10) showing increased pCREB but not CREB compared to that in untreated slices (lanes 0) for both LIMK1�/� mice and their
WT littermates. (B) Summary graph of the Western blots shown in panel A showing a significant increase in the levels of pCREB and CREB in hippocampal
slices treated with forskolin (10 min) compared to the levels in untreated slices. (C) Western blot analysis of total brain protein lysates prepared from mice
treated with intraperitoneal injections of rolipram (R) or the DMSO vehicle (V) showing that rolipram enhanced pCREB but not CREB levels in both
LIMK1�/� mice and their WT littermates. (D) Summary graph of the Western blots shown in panel C showing a significant increase in the levels of pCREB
and CREB in mice treated with rolipram compared to that in mice treated with DMSO. (E to H) Western blot experiments showing that neither forskolin
(E, F) nor rolipram (G, H) had an effect on cofilin or phosphorylated cofilin. (I, J) Plasticity induced by HFS (four trains of 100 Hz lasting 1 s each delivered
at 20-s intertrain intervals) showing that L-LTP in LIMK1�/� mice was completely rescued to the level in WT mice by coapplication of 50 �M forskolin
(solid line) during HFS (arrows) (I) or rolipram injections (J). Representative traces shown above the graphs were taken at the time points indicated by
their respective numbers (1 and 2). Dashed lines indicate 100% and are shown for reference. Error bars represent SEMs. *, P � 0.05; n, number of
independent experiments (A to H) and number of animals (I and J).
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behave similarly to the LIMK1�/� mutants and suggest that re-
duced CREB function is responsible for the L-LTP and LTM def-
icits in both LIMK1�/� and LIMK1	/� mice.

DISCUSSION

In this study, we have utilized a combination of behavioral tests,
electrophysiological recordings, and biochemical analysis to dem-
onstrate that LIMK1 mutant mice are selectively impaired in LTM
and long-lasting synaptic plasticity. In addition, we have identified
CREB to be the key molecular target by which LIMK1 regulates
these processes. Our results suggest that LIMK1 deletion is suffi-

cient to lead to an LTM deficit in patients with WS and that this
deficit may be rescued by enhancing CREB function.

Although WS is a well-defined genetic disorder, the determi-
nation of its molecular and neurobiological mechanisms has been
challenging. This is because the disorder is linked to a hemizygous
deletion of 28 genes, and many of these genes remain poorly un-
derstood. In addition, WS is a multifaceted disease involving mul-
tiple organs and systems, of which the cognitive deficits are par-
ticularly complex. For example, patients with WS are severely
impaired in visuospatial cognition and LTM, but their language
skills and STM are relatively preserved. Additionally, certain do-

FIG 7 Rescue of spatial LTM in LIMK1�/� mice by enhanced CREB activity (A, B) Learning acquisition graphs of the results of water maze training showing no
differences in latency (A) and travel distance (B) to locate the hidden platform between LIMK1�/� mice and their WT littermates treated with rolipram or vehicle
(DMSO). (C) Results of a probe test carried out 2 h after the training showing that all groups showed a significant bias toward the target zone. (D) Results of a
probe test carried out 48 h after the training showing that LIMK1�/� mice treated with rolipram but not those treated with DMSO displayed a significant bias
toward the target zone. (E to H) Locomotor behavior of LIMK1�/� and WT mice treated with rolipram. (E) Results of a probe test carried out 2 h after the training
showing that all mice treated with either vehicle (DMSO) or rolipram spent a similar amount of time searching around the perimeter of the water maze. (F)
Results of a probe test carried out 48 h after the training showing that LIMK1�/� mice treated with DMSO spent significantly more time searching around the
perimeter of the water maze than LIMK1�/� mice treated with rolipram or WT mice treated or not treated with rolipram. (G, H) Swim speeds in the probe test
recorded 2 h (G) and 48 h (H) after training showing no differences between LIMK1�/� mice and their WT littermates treated with DMSO or rolipram. Error
bars represent SEMs. *, P � 0.05; ns, no statistical significance; n, number of animals.

Todorovski et al.

1324 mcb.asm.org April 2015 Volume 35 Number 8Molecular and Cellular Biology

http://mcb.asm.org


mains of behavior, such as social interaction and empathy for
others, are even enhanced in these patients (2–6, 31, 49). One
strategy to unravel the complexity of WS is to use genetically al-
tered mice that have defined alterations in one or more of these
genes (16, 50). To this end, we have previously generated
LIMK1�/� mice and shown that these mice are altered in learning
and memory (14, 25). However, the mechanisms underlying these
memory disorders remain a major unresolved question. In addi-
tion, the relevance of this mouse model to WS and whether its
deficits could be rescued had yet to be determined. In this study,
we have strived to address these key questions.

First, we show that both LIMK1�/� and LIMK	/� mice are
severely impaired in LTM. In both the water maze and fear con-
ditioning tests, this form of memory was significantly diminished
or completely absent at 48 h and 1 week after training (Fig. 1 and
2). It is important to note that in this study we chose to use 48 h or
longer posttraining for the LTM test because LIMK1�/� mice ex-
hibit enhanced STM, which may affect accurate assessment of
LTM in these mice if they had been tested 24 h after the training. In
addition, we employed relatively weaker training procedures (i.e.,
a reduced foot shock in the fear test and a shorter training dura-
tion in the water maze test) to avoid potential differences in STM
between the LIMK1�/� and WT mice. Indeed, using these proto-
cols, we demonstrate that LIMK1�/� mice are impaired in LTM
but show no significant changes in learning acquisition, shock
sensitivity, STM, or swim speed, indicating that LIMK1 is partic-
ularly important for LTM. Because the LTM but not the STM of

patients with WS is also defective (3, 4, 33), our results support the
suggestion that LIMK1 mutant mice may be particularly useful to
model the memory aspects of cognitive deficits in patients with
WS. Our results also confirm that a LIMK1 hemizygous deletion is
sufficient to cause LTM deficits (Fig. 10), suggesting a direct causal
link between this gene and a specific phenotype associated
with WS.

In accordance with the LTM deficit, LIMK1 mutant mice were
also impaired in L-LTP. This L-LTP deficit was consistently found
across different induction protocols (Fig. 3), indicating that
LIMK1 is an essential component for this form of plasticity. It is
important to note that E-LTP was not reduced or was even en-
hanced in the mutant mice (Fig. 3 and 4). These results suggest
that LIMK1 is likely involved in the expression but not the induc-
tion of L-LTP. Indeed, both the NMDA and 
-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors, which
play a larger role in E-LTP, appear to be unaffected in LIMK1�/�

mice (14). It is important to emphasize that L-LTP is a well-stud-
ied form of long-lasting synaptic enhancement widely regarded to
be a synaptic mechanism for LTM storage (37, 51). Thus, the
finding that only L-LTP and not E-LTP is impaired in LIMK1
mouse models corroborates the selective role of LIMK1 in LTM.

FIG 8 Rescue of spatial LTM in LIMK1�/� mice by enhanced CREB activity
with bilateral local hippocampal injections of rolipram (0.1 �mol/kg). (A)
Learning acquisition graph of the results of water maze training showing no
differences in the latency to locate the hidden platform between LIMK1�/�

mice and their WT littermates injected with rolipram or vehicle (DMSO). (B)
Results of a probe test carried out 2 h after training showing that all groups
showed a significant bias toward the target zone. (C) Results of a probe test
carried out 48 h after the training showing that LIMK1�/� mice treated with
hippocampal local injections of rolipram displayed a significant bias toward
the target zone.

FIG 9 Rescue of LTM of fear in LIMK1�/� mice by rolipram treatment. (A)
During the training phase, both LIMK1�/� mice and their WT littermates
showed similar amounts of freezing before and after the foot shock. After the
training, mice were randomly selected for rolipram or DMSO injections, and
then STM and LTM were tested at 2 and 48 h posttraining, respectively. (B) All
groups performed equally well in the STM test. (C) In the LTM test, LIMK1�/�

mice treated with rolipram performed significantly better than LIMK1�/�

mice treated with DMSO and similarly to their WT littermates. Error bars
represent SEMs. *, P � 0.05; n, number of animals.
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What, then, is the molecular mechanism by which LIMK1 reg-
ulates LTM and L-LTP? Extensive previous studies have shown
that LIMK1 is a potent regulator of the actin cytoskeleton through
phosphorylating and inactivating the actin binding protein ADF/
cofilin (23, 24). Specifically, we have shown before that LIMK1�/�

mouse neurons have enhanced cofilin activity and more dynamic
actin (14, 25). Given the critical role of actin in synaptic plasticity
(40, 52), we had reasoned that LIMK1 might regulate L-LTP and
LTM through stabilizing the actin cytoskeleton. Surprisingly, de-
spite the normalization of E-LTP by manipulations of cofilin ac-
tivity, L-LTP is not restored in LIMK1�/� mice (Fig. 4), indicating
that while cofilin regulation by LIMK1 is important for E-LTP, it is
not likely the mechanism used to regulate L-LTP.

To identify the molecular target of LIMK1 that mediates L-LTP
and LTM, we turned our attention to CREB. CREB is known to be
specifically required for the formation of LTM and L-LTP but not
E-LTP or STM (27–30). In addition, CREB has been shown to
interact with LIMK1 in a cultured cell line (45), but whether these
two proteins interact in neurons was still unknown. We therefore
hypothesized that LIMK1 might regulate LTM and L-LTP via reg-
ulation of CREB. First, we showed that LIMK1 is expressed and
colocalizes with CREB in the nucleus of hippocampal neurons in
both cultured neurons and brain sections (Fig. 5A). Second, we
demonstrated that CREB and LIMK1 exist in one immunoprotein
complex (Fig. 5B to D). Third, we show that the absence of LIMK1
results in reduced plasticity-dependent CREB activation, as indi-
cated by reduced CREB phosphorylation in response to HFS or
NMDA treatment (Fig. 5E to H). It is important to note that the
basal level of CREB phosphorylation is not altered in LIMK1 mu-

tant mice, suggesting that LIMK1 does not play a major role in
basal regulation of CREB activity. Finally, we show that manipu-
lating CREB but not cofilin is sufficient to restore L-LTP and LTM
deficits in LIMK1 mutant mice (Fig. 6 to 9). Therefore, we have
identified a novel mechanism activated by LIMK1 that is indepen-
dent of the conventional actin regulation process but instead re-
quires the transcriptional factor CREB. Exactly how synaptic ac-
tivity leads to LIMK1-mediated CREB activation remains
unknown, but it is possible that activation of synaptic LIMK1 in
the spine induces its translocation into the nucleus, where it binds
to and activates CREB. Alternatively, LIMK1 may regulate CREB
via indirect pathways, including activation of protein kinase C and
mitogen-activated protein kinase. Therefore, it would be impor-
tant to distinguish these possibilities in future studies.

Conclusion. In summary, the present results provide strong
evidence that LIMK1 regulates hippocampal synaptic plasticity
and LTM through two distinct mechanisms mediated by cofilin/
actin and CREB, respectively. While cofilin/actin is critical for
short-term synaptic plasticity, LIMK1-dependent CREB activa-
tion is essential for L-LTP and LTM. These results suggest that the
LTM deficit in patients with WS is attributable to LIMK1 deletion
and, consequently, reduced CREB function and that this deficit
may be treatable by enhancing CREB signaling in the adult brain.
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