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Inositol 1,4,5-Trisphosphate 3-Kinase A Functions As a
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Activity-dependent alterations of synaptic contacts are crucial for synaptic plasticity. The formation of new dendritic spines and synapses
is known to require actin cytoskeletal reorganization specifically during neural activation phases. Yet the site-specific and time-
dependent mechanisms modulating actin dynamics in mature neurons are not well understood. In this study, we show that actin
dynamics in spines is regulated by a Rac anchoring and targeting function of inositol 1,4,5-trisphosphate 3-kinase A (IP;K-A), indepen-
dent of its kinase activity. On neural activation, IP,K-A bound directly to activated Racl and recruited it to the actin cytoskeleton in the
postsynaptic area. This focal targeting of activated Racl induced spine formation through actin dynamics downstream of Rac signaling.
Consistent with the scaffolding role of IP;K-A, IP;K-A knock-out mice exhibited defects in accumulation of PAKI by long-term
potentiation-inducing stimulation. This deficiency resulted in a reduction in the reorganization of actin cytoskeletal structures in the
synaptic area of dentate gyrus. Moreover, IP,K-A knock-out mice showed deficits of synaptic plasticity in perforant path and in
hippocampal-dependent memory performances. These data supportanovel model in which IP,K-A is critical for the spatial and temporal
regulation of spine actin remodeling, synaptic plasticity, and learning and memory via an activity-dependent Rac scaffolding mechanism.

Introduction
Memory formation and storage in the brain is believed to be
mediated by changes in synaptic efficacy and strength (Bliss et al.,
2003; Segal, 2005). Dendritic spines, the postsynaptic part of syn-
apses, display a highly dynamic morphology in the developing
(Dailey and Smith, 1996) and the mature brain (Yuste and
Bonhoeffer, 2001). Because the number and morphology of den-
dritic spines are linked to synaptic efficacy and neuronal plasticity
(Engertand Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Kim et
al., 2002; Leuner et al., 2003), mechanisms that modulate the
formation and differentiation of spines are thought to be essential
for learning and memory (Kennedy et al., 2005). Additionally,
abnormal spine morphology has been observed in brain tissue
samples of patients with mental retardation (Purpura, 1974).
Filamentous actin (F-actin) is highly enriched in dendritic
spines (Matus et al., 1982) and the regulation of actin dynamics
plays an essential role in the molecular processes underlying
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spine morphogenesis (Bonhoeffer and Yuste, 2002; Star et al,,
2002) and plasticity (Fukazawa et al., 2003; Penzes et al., 2003; Lin
et al,, 2005). The key regulators of actin remodeling in postsyn-
aptic spines are the small GTPase proteins such as Rho-A, Cdc42,
and Racl (Luo, 2002). In particular, Racl has been shown to
regulate the morphogenesis of dendritic spines by affecting actin
dynamics (Nakayama et al., 2000; Tashiro et al., 2000). The acti-
vation of Racl requires guanine nucleotide exchange factors
(GEFs) such as Tiam1 and kalirin (Penzes et al., 2001, 2003;
Tolias et al., 2005). However, whether there are mechanisms that
are responsible for activity-dependent positioning of activated
Racl to the dendritic actin cytoskeleton, remains unclear.
Inositol 1,4,5-trisphosphate 3-kinase A (IP;K-A) is a brain-
and neuron-specific molecule that is enriched in dendritic spines
(Mailleux et al., 1991). Previously, the only known activity of
IP,K-A was its ability to convert inositol 1,4,5-trisphosphate
(IP5) to inositol 1,3,4,5-tetrakisphosphate (IP,), thereby reduc-
ing the influx of calcium released from endoplasmic reticulum
via IP; receptor signaling (Irvine et al., 1986; Choi et al., 1990). In
addition to its catalytic domain, IP;K-A also has an F-actin-
binding domain of unknown significance in its N terminus
(Schell et al., 2001). Because IP;K-A is enriched in dendritic
spines, it has been speculated that IP;K-A is involved in spine
remodeling through its kinase function (Schell and Irvine, 2006).
Furthermore, we recently reported that IP;K-A mRNA and pro-
tein are upregulated in rat brain after spatial learning tasks (Kim
et al., 2004). Therefore, IP;K-A appears to be a strong candidate
to be involved in the synaptic plasticity underlying learning and
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memory. Previous analysis of IP;K-A knock-out (KO) mice dem-
onstrated the loss of IP;K-A does not affect intracellular calcium
levels in neurons (Jun et al., 1998). Thus, whether or not IP;K-A
plays a functional role via its catalytic activity to modulate synap-
tic signaling has been an open question. It is possible IP;K-A may
have other, as of yet unexplored, neurophysiological properties
that are independent of 1P, levels.

In the present study, we demonstrate that IP;K-A promotes
structural remodeling of dendritic spines by affecting actin dy-
namics. Surprisingly, these effects were not induced by the kinase
activity of IP,K-A, but rather by IP,K-A-mediated targeting of
activated Racl to the actin cytoskeleton of dendrites. Most im-
portantly, this process occurred during neural activation. We
observed that IP;K-A directly interacts with activated Racl and
recruits it to the actin cytoskeleton in the spine-rich region after
long-term potentiation (LTP) induction. This IP;K-A scaffolding
function supports the local induction of Rac downstream events
such as p21-activated kinase (PAK) phosphorylation and den-
dritic spine formation. Furthermore, IP;K-A knock-out mice ex-
hibited defects in synaptic plasticity in the dentate gyrus and
hippocampal-dependent memory formation. Together, these
data suggest a novel kinase-independent role for IP;K-A as an
activity-dependent Rac scaffolding protein in dendritic spine re-
modeling and memory formation.

Materials and Methods

Animals. Male Sprague Dawley rats (Orient) and mice were housed in a
temperature (22°C)-, humidity (50%)-, and light-controlled vivarium
(light on at 7:00 P.M./light off at 7:00 A.M.) with ad libitum access to food
and water. The genetic background of mice was 129Sv X C57BL/6. They
were backcrossed >10 times with C57BL/6. We used only littermate mice
from heterozygous parents. Animals were treated in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals, and formal approval to conduct this experiment was obtained
from the animal subjects review board of Korea University.

In vivo LTP. In vivo LTP induction using rats was performed essen-
tially as described previously (Fukazawa et al., 2003) with some modifi-
cations. Rats were anesthetized with sodium pentobarbital (60 mg/kg)
injected intraperitoneally. A concentric electrode was positioned in the
region of the perforant path (7.5 mm posterior and 4.0 mm lateral to the
bregma). A recording electrode made of tungsten (125 wm in diameter;
impedance, 1-6 M(); A-M Systems) was positioned ipsilaterally in the
dentate gyrus (DG) granule cellular layer (3.8 mm posterior and 2.0 mm
lateral to the bregma). For the baseline field potential recording, 50% of
the maximum slope was used. To induce LTP, the biphasic square wave
form of strong tetanic stimulation (four trains with 15 min intertrain
intervals, with each train consisting of 20 bursts of 30 pulses at 400 Hz,
delivered at 5 s interburst intervals) was applied to the perforant path.
These evoked potentials were amplified (1000X), filtered at 0.1 Hz to 10
kHz bandwidth, and digitized at 10 kHz. Ten minutes after the last teta-
nus, potentiation was monitored for 45 min.

Cell culture. The rat hippocampus (embryonic, 18.5 d) was dissected
and digested with 0.25% trypsin-EDTA (Invitrogen) and trituration. The
dissociated cells were plated on poly-p-lysine (Sigma-Aldrich) (50 g/
ml)-precoated coverslips at a density of 7 X 10* cells per 24-well plate.
The complete growth medium consisted of Neurobasal medium (In-
vitrogen) containing B27 supplement (Invitrogen), 0.5 mM L-glutamine
(Invitrogen), 25 mm glutamic acid (Sigma-Aldrich), and antibiotics. The
neurons were treated with 1 um AraC (Sigma-Aldrich) to reduce the
growth of contaminating non-neuronal cells. HeLa cells were seeded at a
density of 2 X 10* cells per 24-well plate and maintained in DMEM
(Invitrogen) plus 10% fetal bovine serum (Invitrogen) and antibiotics.

Preparation of constructs. To construct pEGFP-tagged wild-type (WT)
and deletion and point mutants of IP;K-A (GenBank accession number
NM_031045), inserts were created by PCR amplification of rat brain
cDNA with the appropriate primers (supplemental table, available at
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www.jneurosci.org as supplemental material), digested with BamHI
and HindIII (Promega), and then ligated into pEGFP-CI1 vector (Clon-
tech) with T4 DNA ligase (Promega). The GFP-IP,K-A-K262A was gen-
erated by site-directed mutagenesis using the QuikChange II XL
mutagenesis kit (Stratagene) with the appropriate primers (Togashi etal.,
1997) (supplemental table, available at www.jneurosci.org as supple-
mental material). To construct DsRed-tagged Racl (GenBank accession
number NM_134366) and Cdc42/Rac interactive binding (CRIB) (Gen-
Bank accession number NM_002576), inserts were created by PCR am-
plification of rat brain cDNA and AGS cell cDNA, respectively, with
appropriate primers (supplemental table, available at www.jneurosci.org
as supplemental material). The inserts were digested with EcoRI and
BamHI (Promega) and ligated into pDsRed2-Cl vector (Clontech).
Next, each construct was transformed into Escherichia coli DH5a. For
glutathione S-transferase (GST)-tagged constructs, inserts were created
by PCR amplification of rat brain cDNA with the appropriate primers
(supplemental table, available at www.jneurosci.org as supplemental ma-
terial), and then amplified inserts were digested with BamHI and EcoRI
(Promega) and ligated into pGEX-5X-1 vector (pGEX-2TK vector for
GST-CRIB) (GE Healthcare), followed by transformation into E. coli
BL-21 (CodonPlus; Stratagene).

Adenoviral infection and transfection. Adenoviruses (synthesized at
Neurogenex) at a concentration of 200 multiplicities of infection were
used. For both neurons and HeLa cells, a one-half volume of medium was
removed and replaced by virus-containing medium, and the cells re-
turned to the incubator. Transfections of plasmids or small interfering
RNA (siRNA) into primary hippocampal neurons were performed in
24-well plates using the calcium phosphate method. Transfections of
plasmids or siRNA into HeLa cells are performed using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. After
expression, neurons or HeLa cells were fixed with 4% paraformaldehyde,
followed by additional experiments.

Statistical analyses. For analysis of a difference between two groups,
Student’s  test or paired t test (SPSS 12.0K) was used. When comparing
among more than two groups, one-way ANOVA (SPSS 12.0K) was used.
ANOVA with repeated measures was used to analyze data from the object
recognition and radial arm maze tests (SAS). Scheffé’s test, Tukey’s test,
and Bonfferoni’s correction were used for post hoc test (SPSS 12.0K). All
values were expressed as mean = SEM, and results were considered
statistically significant if p < 0.05.

The experimental procedures of In vivo LTP for mice, Chemical LTP,
GST pulldown assay, Immunoprecipitation, Western blotting, Immuno-
histochemistry, Immunocytochemistry, siRNA, Electroporation, Pro-
tein expression, Subcellular fractionation, Purification of Racl protein,
Racl activity assay, Golgi staining, Object recognition test, and Radial
arm maze test can be found in supplemental Experimental Procedures
(available at www.jneurosci.org as supplemental material).

Results

IP;K-A accumulates in dendritic spines on LTP induction
Previously, we reported that learning enhances IP;K-A protein
expression in the hippocampal formation (Kim et al., 2004). The
molecular mechanisms underlying this effect were further ana-
lyzed in vivo and in vitro. After induction of LTP in the DG
perforant path in vivo, we observed a marked accumulation of
IP,K-A immunoreactivity (IR) in the middle and outer molec-
ular layers of DG, which is the synaptic contact region with the
medial and lateral perforant path from the entorhinal area
(Fig. 1A). Densitometric analysis for IP;K-A IR in DG showed
significant increase of density ratio (middle molecular layer/
inner molecular layer) in the LTP-induced hemisphere com-
pared with the nontreated contralateral side (t = 11.09; df = 6;
p < 0.0001).

For a more detailed examination of individual neurons, LTP
was chemically induced in 22 d in vitro (DIV 22) hippocampal
primary neurons, and IP;K-A IR was quantified. Thirty minutes
after chemical LTP (c-LTP) induction, the number of spines was
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To further address the role of IP;K-A
in spontaneous spine formation, IP;K-A
was overexpressed in DIV 22 hippocam-
pal neurons by infection with adenovirus
containing full-length IP,K-A. Eighteen
hours after infection, the neurons ex-
hibited a markedly increased number of
dendritic structures, and overexpressed
GFP-IP;K-A signals were highly localized
in the heads of dendritic protrusions (Fig.
2B,C). Quantification revealed that the

9 ® )seine  pumber of protrusions in IP;K-A-express-
< 407 o mock Te—shat  ing neurons was significantly increased
E 5:;2:2 v otTP v .cornpared with that of the control GFI:-
<5 o Yoy . infected group (F(§,201> = 90.03; Tukey’s
23 " MRS v test, p < 0.05) (Flg: 2G). Thus, IP3K—A
£ &?@ v appears to be able to induce production of
= 3:::3 &. ¢ new dendritic protrusions.

§ © IP,K-A catalytic activity regulates cal-

40 60 80
# of spine / 100pum

Figure 1.

density in dendritic spine (green circle, spine; blue circle, shaft).

increased (Fig. 1B; supplemental Movie S1, available at www.
jneurosci.org as supplemental material) and high levels of GluR1
signals were observed on the spines (supplemental Fig. S1, avail-
able at www.jneurosci.org as supplemental material), which is
consistent with previous reports (Xie et al., 2005). Interestingly,
neurons with a greater number of spines displayed a stronger
IP,K-A IR signal in those spines (Fig. 1B). A strong correlation
(r=10.726; p < 0.0001) existed between spine number and mean
value of the density ratio of IP;K-A (spine/shaft) (Fig. 1C). These
data suggest dynamic targeting of IP;K-A to the spine area by
neural activation and a possible involvement of IP;K-A in
activity-dependent spine formation.

IP;K-A promotes dendritic spine formation

To investigate the function of IP;K-A, we introduced siRNA spe-
cific for IP;K-A into neurons [the specificity of the IP;K-A siRNA
is shown in supplemental Fig. S2 (available at www.jneurosci.org
as supplemental material)]. After transfection of IP;K-A siRNA
in combination with green fluorescent protein (GFP)-expressing
vectors into DIV 22 hippocampal neurons, GFP ™ neurons exhib-
ited markedly reduced IP;K-A expression (Fig. 2A). Quantifica-
tion revealed that the density of dendritic spines was also greatly
reduced in IP;K-A siRNA-transfected/GFP ™ neurons when
compared with control siRNA-transfected/GFP ™ neurons (t =
14.17; df = 52; p < 0.0001). To avoid off-target effects of siRNA,
we also did rescue experiments and found that the effect of
IP,K-A siRNA on spine formation could be rescued by expres-
sion of an siRNA-resistant N-terminal fragment of GFP-IP;K-A
(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material). These data indicate that IP;K-A is required for
the development or maintenance of dendritic spines.

IP;K-A accumulates in dendritic spines on LTP induction. 4, Redistribution of IP,K-A in DG after in vivo LTP induction.
One hour after the last tetanus in the perforant path, IP;K-A IR was observed by immunohistochemistry (green signal). Note the
accumulation of IP;K-A IR in the spine-rich field of DG (MML and OML) only in the LTP-induced hemisphere (ipsilateral). The orange
lines represent schematic illustration of a granule cell in DG. Blue signals, Nucleus. GCL, Granule cell layer; IML, inner molecular
layer; MML, middle molecular layer; OML, outer molecular layer. Scale bar, 200 pm. B, Inmunocytochemical assays showed an
increase in density of dendritic spines after c-LTP induction. In ¢-LTP-treated neurons, endogenous IP;K-A was densely localized in
spines by ¢-LTP induction (yellow arrows). Scale bar, 3 pum. €, Spine number was correlated with the mean value of the density
ratio between dendritic spine and shaft (r = 0.726; p << 0.0001). Densitometry analysis revealed that neurons with a greater
number of spines had more IP;K-A accumulated in those spines. The schematic figure indicates the calculating points for IP;K-A

cium levels by modulating the metabo-
lism of IP;. Yet previous work suggests
IP,K-A may not function to regulate cal-
cium flux in neurons (Jun et al., 1998).
Thus, it is important to evaluate whether
the function of IP;K-A in protrusion for-
mation is mediated by its kinase activity.
To address this issue, we overexpressed a
mutant IP;K-A containing a point muta-
tion (IP;K-A-K262A) that lacks kinase ac-
tivity (Togashi et al., 1997). Remarkably,
GFP-IP;K-A-K262A overexpression pro-
duced results similar to those for wild-
type IP;K-A overexpression (Tukey’s test, p < 0.05) (Fig. 2E, G).
This finding suggested that some function other than the kinase
activity of IP;K-A is essential for the spinogenic activity observed.
Consistent with this, deletion of the actin-binding domain (66 aa
of the N-terminal end; GFP-IP;K-A-Aact) completely abolished
the spinogenic activity of IP;K-A. Additionally, GFP-IP;K-A-
Aact showed a dominant-negative effect on spine density when
compared with the GFP control (Tukey’s test, p < 0.05) (Fig.
2D,G), suggesting that the F-actin binding ability of IP;K-A is
essential for spine-forming activity. GFP-IP;K-A-WT and GFP-
IP,K-A-Aact signals were perfectly merged with F-actin (Fig. 3A)
and DsRed (supplemental Fig. S8, available at www.jneurosci.org
as supplemental material) signals, respectively, indicating that
both GFP signals can be used as markers for dendritic protrusion
morphology.

Collectively, these data suggest that [P;K-A is involved in the
formation or maintenance of dendritic spines via its ability to
interface with the actin cytoskeleton.

100 120 140 160 180

IP;K-A influences actin dynamics

The above results indicated a functional interplay between
IP,K-A and F-actin in the process of dendritic protrusion forma-
tion. Indeed, GFP-IP;K-A colocalizes with postsynaptic F-actin,
further suggesting that spine remodeling in neurons by IP;K-A
might be related to actin dynamics (Fig. 3A). To examine whether
actin reorganization is involved in the IP;K-A-induced increase
in protrusion density, HeLa cells were infected with GFP-IP;K-
A-expressing adenovirus. This heterologous system has two ma-
jor advantages: (1) F-actin fibers of HeLa cells are clearly
resolved, allowing close observation of actin dynamics; and (2)
HeLa cells do not express IP;K-A, eliminating any possible influ-
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Figure2. IP;K-Apromotes dendritic spine formation. 4, IP,K-A siRNA transfection (36 h) downregulated the expression of IP;K-A protein (red signals) and reduced the number of dendritic spines
(greenssignals) of DIV 22 hippocampal neurons. High-magnification views showed that GFP signals of neurons transfected by control siRNA represented normal spine morphology, whereas those of
IP,K-A siRNA-transfected neurons showed a markedly reduced spine density. The arrows indicate the cell bodies of control siRNA- and IP,K-A siRNA-transfected neurons, showing the absence of
IP;K-A protein in IP;K-A siRNA-transfected neuron, but not in control siRNA-transfected neuron. Scale bar, 10 um. B—E, Mature hippocampal neurons (DIV 22) were infected with adenovirus
containing GFP or GFP fused to full-length IP,K-A (GFP-IP,K-A-WT), or an F-actin-binding domain deletion mutant of IP;K-A (GFP-IP,K-A-Aact), or a point mutant form of IP,K-A (GFP-IP,K-A-
K262A) for 18 h. GFP-IP,K-A-WT overexpression dramatically increased the density of dendritic protrusions (€) compared with control GFP expression (B). Overexpressed GFP-IP;K-A-Aact was
diffusely localized in neurons and did not change the morphology of dendritic spines (D). Overexpressed GFP-IP;K-A-K262A, which has no kinase activity, was primarily localized in protrusion heads
with a protrusion density similar to that of overexpressed GFP-IP;K-A-WT (E). Scale bar, 10 wum. High-magnification view indicates that overexpressed GFP-IP;K-A was localized primarily in
protrusion heads rather than shafts (C). Scale bar, 7 um. F, The schematic figure indicates the regions of deletion domain or point mutation on IP;K-A. GFP, Enhanced GFP protein; act, actin-binding
domain; (D, catalytic domain; K262A, point mutation at Lys % to Ala. G, Quantification revealed that the number of dendritic protrusions was significantly increased in neurons with overexpressed
GFP-IP;K-A-WT and GFP-IP,K-A-K262A, but was decreased by GFP-IP;K-A-Aact overexpression compared with neurons overexpressing GFP (F 5 5;, = 90.03; Tukey's test, *p << 0.05). Data are

presented as mean == SEM.

ence of endogenous IP;K-A. After infection, GFP-IP,K-A signals
completely overlapped with F-actin fiber signals. GFP-IP;K-A-
infected cells also substantially reorganized their F-actin struc-
ture, resulting in filopodia-like fiber formation (Fig. 3B). The
results of these HeLa cell-based assays indicate that a major effect
of IP;K-A is to alter actin dynamics.

IP,K-A acts as a scaffold for activated Racl

Because small GTPase proteins are known to be key factors for
modulating dendritic spine formation through actin polymeriza-
tion (Nakayama et al., 2000; Tashiro et al., 2000), we asked
whether IP;K-A interacts with small GTPase proteins. In pull-
down assays with rat hippocampal lysate (P2) using GST-IP;K-A,
we found that IP;K-A interacted with Racl, but not with RhoA
and cdc42 (Fig. 3C). Because Racl is active when GTP binds to it,
but inactive when GDP binds to it (Van Aelst and D’Souza-
Schorey, 1997), we asked whether the binding affinity of IP;K-A
for Racl is dependent on the activity status of Racl. To address
this issue, GDP- or GTP+ys-bound purified Racl was used in GST
pulldown assays with GST-IP;K-A. This experiment also allowed
us to examine whether IP;K-A binds directly to Racl or not.
Interestingly, only GTP+ys-bound/activated Racl exhibited effi-
cient binding affinity to IP;K-A (Fig. 3D). Furthermore, an im-
munoprecipitation assay with hippocampal lysate demonstrated
that endogenous IP;K-A was able to bind endogenous Rac1 (Fig.
3E). Increased binding between IP;K-A and Racl was observed
when GTPys was added to the lysate, whereas no Racl binding
was detected in the control group that was precipitated by anti-
GST antibody. Interaction between overexpressed IP;K-A and

Racl also occurred in a HeLa cell model (supplemental Fig. S3,
available at www.jneurosci.org as supplemental material).

Because the catalytic activity of IP;K-A is not required for
efficient spine remodeling, we suspected it may not function as a
downstream effector of Rac. Instead, our data indicated that
IP,K-A might serve as a novel scaffold for active Racl. One hall-
mark feature of a scaffold is that the binding interaction does not
occlude other effectors from binding to Racl. This predicts that,
while bound to IP;K-A, Racl should be able to still bind to down-
stream effectors such as PAK. To address this question, we exam-
ined whether a trimeric complex consisting of IP;K-A, Racl, and
PAK can exist (Fig. 3F). Hippocampal lysates were loaded with
either GDP or GTPys, and the Rac binding domain of PAK
(CRIB domain) was used to isolate activated Racl. As expected,
Western blot analysis showed that Racl was enriched in GTP+ys-
treated lysate. Immunoblot analysis of these samples showed
IP,K-A was also coprecipitated by the CRIB pulldown assay, but
only in GTPys-treated lysate that also contained Racl. These
results indicate that complexes containing IP;K-A and active
Racl are able to simultaneously bind to Rac effectors such as
PAK1.

IP;K-A regulates dendritic spines through Racl activity

The ability of IP;K-A to scaffold active Racl suggests Racl may
be required for IP;K-A-induced effects in neurons. Thus, we
next examined whether IP;K-A overexpression effects are de-
pendent on Racl activity. When HeLa cells were treated with a
Racl-specific inhibitor [6-N-[2-[5-(diethylamino)pentan-2-ylamino]-
6-methylpyrimidin-4-yl]-2-methylquinoline-4,6-diamine chlo-
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Figure3. IP;K-Ainfluences actin dynamics and hinds directly to only activated Rac1. A, Overexpressed GFP-IP;K-A (green) and
F-actin (red) signals in neurons merged. The arrows indicate colocalized signals in heads of dendritic protrusions. Scale bar, 5 m.
B, Overexpressed IP;K-A signals (green) were perfectly merged with F-actin fibers (red) of HeLa cells. GFP-IP;K-A overexpression
increased F-actin fibers, resulting in filopodia-like fiber formation. Note the expression gradient of GFP-IP,K-A; increased GFP-
IP,K-A expression correlated with increases in filopodial F-actin fibers. Arrow, Strong expression; arrowhead, moderate expression;
asterisk, weak expression of GFP-IP;K-A. Scale bar, 30 wm. €, GST pulldown assay with rat hippocampal P2 fraction by
GST-IP,K-A. IP;K-A interacted with Rac1, but not with RhoA and cdc42. D, GST pulldown assay with purified His-RacT by
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ride (NSC23766)], filopodia formation
induced by GFP-IP;K-A was blocked,
suggesting that Racl activity is essential
for the effects of IP;K-A on cellular actin
(Fig. 4A). To obtain direct evidence of
Racl-mediated TP;K-A effects on the
formation of dendritic protrusions, we
treated DIV 22 hippocampal neurons that
were infected by GFP-IP;K-A-expressing
adenovirus with NSC23766. After 18 h of
treatment, IP;K-A-induced protrusion
formation was partially blocked by the
Racl inhibitor (F(, ;o4 = 65.2; Scheffé’s
test, p < 0.05) (Fig. 4B, C). These results
indicate that IP;K-A-induced protrusion
formation is dependent on Racl activity.
Based on the above results, a question
arises as to whether IP;K-A is involved in
regulating the activity status of Racl
(GDP- or GTP-bound). GST-CRIB pull-
down assays using lysates of HeLa cells
that had been transfected with GFP-
IP,K-A revealed that overexpressed GFP-
IP,K-A did not affect Racl activity,
indicating that IP;K-A is not involved in
the exchange of GDP-Racl to GTP-Racl
(supplemental Fig. S4, available at www.
jneurosci.org as supplemental material).

LTP induction promotes IP,K-A/Rac
complex formation and synaptic

Rac signaling

At the cellular level, LTP induces cytoskel-
etal remodeling in dendritic spines (Négerl
et al., 2004; Chen et al., 2007). Accord-
ingly, Fukazawa et al. (2003) reported in-
creases in F-actin in the synaptic field by
in vivo LTP induction. Because we ob-
served enhanced IP;K-A IR in the synap-
tic field by LTP induction (Fig. 1), we
asked whether Rac activity is enhanced in
the synaptic area in which IP;K-A has ac-
cumulated. Because immunostaining for

<«

GST-IP;K-A. Immunoblotting with anti-Rac1 antibody re-
vealed that IP;K-A bound to GTP-ys-bound purified Rac1 (ac-
tiveRac1), butdid not bind to GDP-bound Rac1 (inactive Rac1).
Coomassie staining showed equal loading amounts of GST-
IP,K-A proteins. E, Inmunoprecipitation assay with rat hip-
pocampal lysate showed that endogenous IP;K-A bound to
endogenous Racl. The addition of GTPys to the lysate in-
creased the amount of precipitated Rac1 compared with non-
treated lysate group. Input lanes showed similar loading
amounts of lysates. No Rac1 signal was detected in the control
group that was precipitated by anti-GST antibody. Similar in-
tensity of heavy and light chain band showed equal loading
amounts of IP,K-A antibody. The arrow indicates Rac1 band.
H.C, Heavy chain; L., light chain. F, GST-CRIB pulldown assay
with GDP- or GTP-ys-treated hippocampal lysate. Input lanes
showed the equal amount of proteins used in each assays.
Pulldown lanes showed that activated RacT, pulled down with
GST-CRIB, was increased by GTP-ys treatment. Note that IP;K-A
was co-pulled down with activated Rac1 in GTPys-treated group.
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Figure4. Racl activity is essential for IP;K-A to exert its effects on dendritic spines. 4, Rac1-specific inhibitor NSC23766 gradually blocked the IP;K-A expression-induced formation of filopodia
in Hela cells. After transfection of GFP-IP,K-A, HeLa cells were incubated for 24 h in medium containing the Rac1 inhibitor. Treatment with 40 um NSC23766 mostly inhibited, and 80 yum treatment
completely inhibited, the filopodia formation effect of IP;K-A. Scale bar, 30 wm. B, Treatment with NSC23766 (10 or 30 m) mostly prevented IP,K-A overexpression from inducing formation of
protrusions in DIV 22 hippocampal neurons. Scale bar, 7 um. €, Quantification revealed that the increased dendritic protrusion number induced by IP;K-A overexpression was significantly inhibited
by NSC23766 treatment. (F, 104 = 65.2; Scheffé’s test, *p << 0.05). Data are presented as mean =+ SEM.
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Figure5. LTPinduction activates Rac1 downstream events in dendritic spines. 4, Distribution of p-PAK in DG after in vivo LTP induction. One hour after last tetanus, p-PAK as well as F-actin had
accumulated in spine-rich field of DG (MML) only in the LTP-induced side. The white squares indicate the measure points forimmunoreactivity. Scale bar, 100 .um. B, Representative images showing
(-LTP-induced targeting of IP;K-A along with p-PAK into dendritic spines. High-magnification views showed colocalization of p-PAK with IP;K-A. Scale bar, 10 um. €, GST-CRIB pulldown assay with
C-LTP-induced P2 fraction of neurons. Input lanes showed that total Rac1 as well as IP;K-A in synaptosome seemed to be slightly increased in LTP-induced neurons, but levels of the control protein
GAPDH did not seem to be different between the two groups. Pulldown lanes showed that activated Rac1 (GTP-Rac1), which was pulled down with GST-CRIB, was increased in LTP-induced neurons
compared with that in the nontreated control group. IP;K-A was pulled down with activated Rac1. Coomassie staining showed equal loading amounts of GST-CRIB proteins.
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activated Rac is not currently available, we instead tracked the
phosphorylated PAK (p-PAK), a product of activated Rac. As was
observed for IP;K-A (Fig. 1A), p-PAK and F-actin were observed
to be more accumulated in the synaptic field of the LTP-induced
hemisphere than in the contralateral side (Fig. 5A4) (F-actin: t =
8.95,df = 6, p < 0.0001; p-PAK: t = 7.05,df = 6, p < 0.0001). In
fact, total PAK1 was also accumulated in the synaptic field by LTP
induction (supplemental Fig. S5, available at www.jneurosci.org
as supplemental material), suggesting that this Rac signaling
pathway may be augmented. Furthermore, GST-CRIB pulldown
assays with the synaptosomal (P2) fraction from c-LTP-induced
hippocampal neurons demonstrated that the activated Racl
pulled down with GST-CRIB was increased in c-LTP-induced
neurons compared with that in the nontreated control group.
Importantly, IP;K-A was pulled down together with activated
Racl, showing this signaling complex is organized downstream
of synaptic activity (Fig. 5C). Immunocytochemical assay also
showed that p-PAK IR overlapped with spine-targeted IP;K-A IR
(Fig. 5B). Densitometry analysis revealed that more p-PAK IRs
were accumulated in dendritic spines by ¢-LTP induction (t =

Merge

IP,K-Arecruits activated Rac1 onto F-actin fibers. Aa, When HeLa cells were infected by GFP-containing adenoviruses,
Rac1 signals were evenly distributed in cells. Ab, Similar to GFP-infected cells, when infected by GFP-IP,K-A-Aact-containing
adenoviruses, Rac1 signals rarely merged with F-actin signals. Ac, When infected by GFP-IP,K-A-WT, a large part of the Rac1 signal
merged with the F-actin fiber signal. Z-scan image showed colocalization among Rac1, F-actin, and GFP-IP;K-A-WT. Scale bar, 30
um. B, DsRed-CRIB, an activated Rac1-binding domain from PAK1, was colocalized with GFP-IP;K-A-WTin HeLa cells. Scale bar, 10
m. G, The majority of p-PAK IRs was accumulated in heads of dendritic protrusions together with overexpressed full-length
GFP-IP;K-A (right panels) compared with GFP-vector-expressing neuron (left panels). The arrows indicate heads of dendritic
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4.03; df = 24; p < 0.0001), corresponding
to the report of Chen et al. (2007) describ-
ing the p-PAK accumulation in the CAl
dendritic spines by LTP induction using
rat brain slices. Because isolated dentate
granule neurons cannot be cultured, we
examined the localization of IP;K-A in
CA neurons as the best available proxy.
These results likely hold true in both neu-
ronal types since IP;K-A is expressed
equally in the CAl and DG. Together,
these results suggest IP;K-A acts as an
activity-dependent scaffold for activated
Rac in dendritic spines, at which Rac
downstream events are stimulated on
neural activation.

Z-scan

IP;K-A recruits activated Rac onto
F-actin fibers

Based on the above observations, we hy-
pothesized that IP;K-A recruits activated
Racl onto the F-actin in the dendrites and
spines after neuronal activation. To test this
hypothesis, first we infected HeLa cells with
adenoviruses containing full-length IP;K-A
(GFP-IP,K-A-WT) or GFP-IP,K-A-Aact
or GFP vector, then examined the local-
ization of Racl. Under normal conditions
(GFP vector expression), Racl IR was dif-
fusely localized in the cytoplasm and was
not associated with F-actin (Fig. 6Aa).
However, after GFP-IP;K-A-WT overex-
pression, a majority of Racl-IR and GFP-
IP,K-A-WT signals were colocalized with
augmented F-actin fibers (Fig. 6Ac),
whereas Racl IR was diffusely localized in
cytoplasm when GFP-IP;K-A-Aact was
overexpressed (Fig. 6Ab). z-axis image
analysis indicated the colocalization of the
three signals (F-actin, Racl, and IP;K-A-
WT) in IP;K-A-WT overexpressed cells.
Because both GFP-IP,;K-A-WT and GFP-
IP,K-A-Aact can bind to Racl (supple-
mental Fig. S6, available at www.jneurosci.org as supplemental
material), this difference is not attributable to differential binding
ability. Thus, we reasoned that F-actin binding ability of IP;K-A
is required for the targeting of Racl onto the actin cytoskeleton.
Moreover, cotransfection of GFP-IP;K-A and DsRed-CRIB into
HelLa cells revealed that IP;K-A indeed recruits activated Rac
onto the actin fibers (Fig. 6 B). Furthermore, p-PAK IRs were
dramatically merged with overexpressed GFP-IP;K-A signals,
which are localized on the F-actin in the head of dendritic pro-
trusions (Figs. 34, 6C), suggesting that IP,K-A-dependent target-
ing of activated Rac onto F-actin cytoskeleton also occurs in
neurons.

In vivo impairment of activity-dependent accumulation of
PAK1/F-actin and synaptic plasticity in IP;K-A knock-out
mice

The combined results so far indicate a model whereby IP,K-A
plays an important role in synaptic targeting of active Rac. Our in
vitro data predict that, in the absence of IP;K-A, there may be
alterations to the developmental course leading to synapse for-
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mation. Golgi staining followed by cam-
eralucida analyses with young KO mice (4
weeks of age) revealed a significantly de-
creased density of dendritic spines in DG
neurons (F 4 = 125.2; Scheffé’s test,
p < 0.05). However, the spine density re-
covered to the WT value in 8-week-old
KO mice (supplemental Fig. S7, available
at www.jneurosci.org as supplemental
material). These observations suggest a
retardation of the spine development in
KO mice, which is rescued by an un-
known compensatory mechanism at
later time points. Nonetheless, these
data are in agreement with our in vitro
data implicating IP;K-A function dur-
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F-actin in the middle molecular layer -10
(MML) and outer molecular layer (OML)
of the DG in KO mice when compared
with littermate controls (¢ = 43.81, df = 4,
p <0.0001 for PAK1; = 8.50,df =4,p <
0.001 for F-actin) (Fig. 7A, B), suggesting
that IP;K-A plays an essential role in acti-
vated Rac targeting as well as in activity-
dependent actin dynamics in DG neurons
in vivo.

To elucidate the physiological signifi-
cance of IP;K-A in adult brains, we next
investigated the synaptic plasticity in IP;K-A KO mice. Previ-
ously, Jun et al. (1998) reported that the hippocampal slices of
IP,K-A KO mice showed enhanced LTP in CA1 region. Addition-
ally, there was a slight, but distinct disruption of DG LTP in KO
mice during first 30 min even though the magnitude of potenti-
ation was <0.15 mV induced by 100 Hz stimulations. To exam-
ine plasticity in the DG in a more physiologic context, we used an
in vivo LTP induction and measurement method. For this, we
induced LTP in the anesthetized mice (10 weeks of age) using
stereotactically placed probes. LTP was induced by high-
frequency stimulation (HFS) in perforant path-DG synapses.
Notably, IP;K-A KO mice exhibited disrupted LTP compared
with WT littermate mice. The magnitude of potentiation after
HEFS was enhanced 363.4 = 8.6% or 102.6 = 5.9% over the initial
baseline average in the WT or KO mice, respectively (Fig. 7C).
The difference of the enhancement between the two genotypes
was statistically significant (paired ¢ test; t = 29.5, df = 49, p <
0.0001). Although KO mice also showed inductions of popula-
tion spikes by HES (72% of WT mice), the induced potentiations
were not maintained over 20 min, suggesting the possibility that
rapid remodeling of actin by IP;K-A is important to the mainte-
nance of synaptic plasticity in vivo. A previous report showed that
there was no difference in paired-pulse facilitation in perforant
path between WT and KO (Jun et al., 1998). Basically, in addi-

Figure 7.

both genotypes.
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IP,K-A knock-out mice show defects in LTP and actin dynamics in dentate gyrus. A, Less PAK1 and F-actin was
observed in the MML and OML of the DG in KO mice compared with WT mice. B, Densitometry analyses revealed the defect of KO
mice in PAK1 and F-actin accumulation in the synaptic field of DG (MML) by neural activation (PAK1: t = 43.81, df = 4, *p <
0.0001; F-actin: t = 8.50, df = 4, *p << 0.001). Data are presented as mean == SEM. C, In vivo LTP experiments of DG-perforant
path showed that LTP of the population spike was disrupted in KO mice when compared with WT littermate mice (363.4 = 8.6%
for WT; 102.6 = 5.9% for KO; paired ¢ test; t = 29.5, df = 49, p << 0.0001). Data are mean == SEM population spikes. Slopes are
expressed as a percentage of the baseline recordings made 10 min before HFS. The right panel shows representative waveforms of

tion, IP;K-A does not express in axon including presynapse (data
not shown), suggesting that IP;K-A may not be essential for ax-
onal input.

IP,K-A knock-out mice show defects in

memory performances

Previously, it was reported that there was no significant difference
in escape latency between IP;K-A KO and WT mice in the Morris
water maze test (Jun et al., 1998); we also confirmed this result
(data not shown). However, we observed that IP;K-A KO mice
have augmented fear levels compared with WT mice (unpub-
lished observations). Because Morris water maze may evoke fear-
related responses, a high level of fear in KO mice should enhance
the driving force to search for the hidden platform, complicating
the interpretation of these results. Thus, we tested the capability
for memory formation in IP;K-A KO mice using alternative
hippocampal-dependent memory tasks that are less influenced
by fear motivations. We first performed an object recognition
test. In this test, mice are instinctively interested in a novel object
rather than a familiar one. If a mouse remembers the object that
has been explored before, it will normally prefer to explore and
contact a new object more frequently. As expected, WT mice
recognized and spent more time exploring the new object in a
24 h choice test. In contrast, IP;K-A KO mice did not recognize
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Figure 8.  IP;K-A knock-out mice show defects in synaptic plasticity and memory perfor-
mances. A, IP;K-A KO mice showed defects in novel object recognition. One day after a sample
trial of an object recognition test, WT mice spent more time exploring a novel object (object B);
however, exploration of a novel object by KO mice remained at the chance level (Scheffé’s test,
*p << 0.05). At a second choice test (exposure three times to object A), KO mice spent substan-
tially more time on the new object C. Obj, Object. Data are presented as mean == SEM. B, IP;K-A
KO mice showed defects in spatial learning tasks. The error rates of KO mice at session 6 and 7 of
the radial arm maze test were significantly higher than those of WT mice (*p << 0.05). Data are
presented as mean =+ SEM.

the novel object and spent similar amounts of time exploring
each object (Scheffé’s test, p < 0.05) (Fig. 8A) (for additional
statistical analysis, see supplemental material, available at www.
jneurosci.org as supplemental material). Thus, KO mice have a
reduced ability to process novel object recognition memory. A
72 h choice was subsequently performed, using the familiar ver-
sus yet another novel object. In this trial, in which both genotypes
have been exposed to the familiar object on three occasions, both
WT and KO mice recognized the novel object. These data indi-
cate that, with an additional trial, the IP;K-A KO mice can dis-
tinguish the familiar versus novel object and confirm that these
mice retain novelty-seeking behavior. Importantly, neophobic
responses to the objects did not confound the behavior in either
cohort, as the total number of touches on objects was not differ-
ent between either genotype (data not shown).

Memory deficits were also noted in an independent assay to
evaluate spatial memory using the radial arm maze test. In this
task, mice were required to remember previously visited maze
arms extending from a central starting platform to get rewards.
Spatial memory errors were measured as the number of visits to
the same arm more than once, in which the reward had already
been obtained. Interestingly, both WT and KO mice improved
their error rate in the first three trials. After this point, WT mice
continued to improve, whereas KO mice did not. Statistical anal-
yses with ANOVA (repeated measures) followed by Bonfferoni’s
correction revealed that the KO mice were impaired in spatial
memory on sessions 6 and 7 ( p < 0.05) (Fig. 8 B) (for additional
statistical analysis, see supplemental material, available at www.
jneurosci.org as supplemental material). These results suggest
that the spatial memory of IP;K-A KO mice was also impaired in
this test.

Discussion

In the present study, we identified a novel function of IP;K-A that
regulates activity-dependent remodeling of dendritic spine actin
by scaffolding active Rac. We found that IP;K-A is translocated to
dendritic spines by neural activation, in which it recruits and
anchors activated Rac to the actin cytoskeleton. Our in vivo and in
vitro data may provide new insights into the site-specific and
time-dependent signaling mechanisms of synaptic plasticity, which
appears to be important for the processes of memory formation.
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The plasticity-dependent localization of IP;K-A in

dendritic spines

We demonstrated here the targeting of IP;K-A in dendritic spines
follows LTP induction. Previously, it was reported that treatment
of cultured neurons with glutamate or NMDA diminishes
IP,K-A levels in dendritic spine heads (Schell and Irvine, 2006).
In agreement with this, we also observe a similar loss of IP;K-A
from spine heads after 100 uM glutamate treatment; yet with this
treatment, the spines eventually collapsed (data not shown). Ac-
cumulating evidence suggests that direct treatment of brain slices
with NMDA produces long-term depression-like phenomena
(Lee et al., 1998), which promote the shrinkage of spines (Zhou et
al., 2004). Furthermore, we also previously showed that aberrant
neuronal activations by chemical reagents (kainic acid) or electric
stimulation (electroconvulsive shock) reduce the expression of
IP,K-A (Kim et al., 1994; Sun et al., 2006). Because these condi-
tions reduce synaptic efficacy and induce amnesia (Squire and
Spanis, 1984; Holmes, 1991), these results collectively sug-
gested that the expression and localization of IP;K-A might be
dynamically regulated by neuronal plasticity. Our current
study evaluated the dynamics of IP;K-A localization after LTP
induction. After in vivo and in vitro c-LTP induction, IP;K-A
dramatically accumulated in the synaptic area, demonstrating
that the localization of IP;K-A is regulated by neuronal activ-
ity. Therefore, the localization of IP;K-A in the dendrites ap-
pears to be intimately paired with mechanisms of synaptic
plasticity in vivo.

IP,K-A-induced remodeling of dendritic spines uses a novel
kinase-independent mechanism

Overexpression of IP;K-A in neurons markedly increased the
number of dendritic protrusions, whereas knockdown of IP;K-A
expression reduced the number of these protrusions. Together,
these results suggest that IP,K-A can modulate structural reorga-
nization of dendritic spines. Until now, the only known role of
IP,K-A was its kinase activity, which phosphorylates IP; to IP,
(Irvine et al., 1986). IP, is known to regulate calcium influx from
the endoplasmic reticulum in combination with IP; (Hermosura
etal.,2000). Because intraspine calcium is essential for the control
of actin dynamics and spine morphology (Oertner and Matus,
2005), it was natural to assume that the mechanism of IP;K-A to
modify actin dynamics is related to its catalytic activity. Surpris-
ingly, the present results exclude this idea. Overexpression of
IP,K-A-K262A, a point mutant lacking catalytic activity, recapit-
ulated the spine-forming effect of normal IP;K-A, suggesting that
the catalytic activity of IP;K-A is not essential for spine forma-
tion. In line with our result, cytoskeletal reorganization induced
by IP;K-A overexpression was observed in H1299 cells, indepen-
dent of its catalytic activity (Windhorst et al., 2008). Further-
more, Jun etal. (1998) reported that the responses of intracellular
calcium levels to glutamate treatment in the neurons of IP;K-A
KO mice were similar to those of neurons in WT mice, adding to
the likelihood that the kinase activity of IP;K-A is not relevant to
its function in spines.

Although IP;K-A lacking catalytic activity could still induce
spine formation, deletion of the actin-binding domain of IP;K-A
completely eliminated this effect, indicating that the spine-
forming activity of IP;K-A is related to its ability to interact with
F-actin. Because IP;K-A was found to be a direct binding partner
of the active form of Racl, and inhibition of Racl partially
blocked the spine-forming activity of IP;K-A, we hypothesized
that IP;K-A may play an anchoring role between activated Rac
and actin cytoskeleton in dendritic spines.
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Rac signaling remodels F-actin structures, producing a spe-
cific morphology in many types of cells, including neurons
(Hering and Sheng, 2001; Etienne-Manneville and Hall, 2002).
Constitutively active Rac disrupts normal spine morphology of
neurons, causing a net increase of dendritic protrusions. Con-
versely, dominant-negative Rac causes a progressive reduction of
the number of spines (Nakayama et al., 2000; Tashiro et al.,
2000), indicating that Rac activity is important for the mainte-
nance of spine density. The regulation of Rac activity status
(GTP-GDP exchange) by GEFs and GAPs (GTPase-activating
proteins) is crucial for activity-dependent synaptic remodeling
(Van Aelst and D’Souza-Schorey, 1997). For instance, Rac-GEFs
BPIX, Tiam1, and kalirin-7 are localized within the spine head,
and their activity is regulated by synaptic activity (Penzes et al.,
2001; Tolias et al., 2005; Saneyoshi et al., 2008). In addition to Rac
activation, the anchoring and targeting of activated Rac to “hot
spots” of actin remodeling may be required to promote actin
dynamics-mediated spine formation. Additionally, if the posi-
tioning of activated Rac is restricted to preexisting spines, it
would be difficult to explain the phenomena of the formation of
new spines from the dendritic shaft by the Rac pathway. We
propose in this study that IP;K-A recruits activated Rac to
F-actin-rich domains in which Rac signaling is required for
mechanisms of synaptic plasticity. This is supported by our find-
ings that, after LTP induction, p-PAK accumulated with an IP;K-
A/F-actin complex in the synaptic area in adult rat DG.
Importantly, IP;K-A KO mice showed a clear reduction of PAK1
and F-actin accumulation in the synaptic field. These data high-
light the possibility that IP;K-A plays an essential scaffolding role
in support of Rac signaling events by localizing activated Rac
within the actin-rich spines of neurons.

Impairment of synaptic plasticity and memory formation in
IP;K-A knock-out mice

Consistent with the reduced PAK1 and F-actin accumulations,
we observed in IP;K-A KO mice, in vivo LTP was also greatly
impaired, suggesting that the IP;K-A/Rac/F-actin complex we
identified is essential for synaptic plasticity in vivo.

These defects were also manifested by behavioral impairments
in the IP;K-A KO mice. Object recognition and radial arm maze
tests consistently demonstrated the impairment of hippocampal-
dependent memory formation in IP;K-A KO mice. Recognition
memory is associated with the function of the hippocampal for-
mation regions in humans, monkeys, and rodents (Myhrer, 1988;
Reed and Squire, 1997; Zola et al., 2000). For example, rats seem
to be unable to recognize novelty when hippocampal perforant
path projection is disrupted (Myhrer, 1988). In present study,
IP,K-A KO mice showed a deficit in remembering the object seen
the day before the testing, indicating reduced ability of recogni-
tion memory of KO mice.

We also used the radial arm maze test, in which the ability to
master the task being tested is also dependent on the hippocam-
pal formation, including the DG (McNaughton et al., 1989). Al-
though the radial arm maze test can evaluate the capacity of
spatial working memory, this task also requires reference mem-
ory (Satoh etal., 2007). Interestingly, IP;K-A KO mice showed no
difference in radial arm maze test error rate compared with WT
animals in the first three sessions, suggesting that there was no
specific working memory deficit during that early period. Yet,
whereas WT mice continued to improve their error rate after
session 3, KO mice did not. Therefore, it is possible that the
spatial memory deficit of KO mice in late phases may be caused
by the retardation of working memory improvement, or by dif-
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ferences in reference memory. In either scenario, our analysis
using both the novel object recognition and radial arm tests are
consistent with deficits in learning and memory as a consequence
of the loss of IP;K-A-dependent pathways.

In summary, we define a previously unknown mechanism to
scaffold active Rac to spines in response to plasticity-inducing
stimuli. Our data indicate that this mechanism is essential for in
vivo Rac signaling pathways, synaptic plasticity, and aspects of
hippocampal-dependent learning and memory.
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