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A stimulation inducing long-term potentiation (LTP) of synaptic transmission induces a persistent expansion of
dendritic spines, a phenomenon known as structural LTP (sLTP). We previously proposed that the formation of a
reciprocally activating kinase-eﬀector complex (RAKEC) between CaMKII and Tiam1, an activator of the small
G-protein Rac1, locks CaMKII into an active conformation, which in turn maintains the phosphorylation status of
Tiam1. This makes Rac1 persistently active, speciﬁcally in the stimulated spine. To understand the signiﬁcance
of the CaMKII-Tiam1 RAKEC in vivo, we generated a Tiam1 mutant knock-in mouse line in which critical residues
for CaMKII binding were mutated into alanines. We conﬁrmed the central role of this interaction on sLTP by
observing that KI mice showed reduced Rac1 activity, had smaller spines and a diminished sLTP as compared to
their wild-type littermates. Moreover, behavioral tests showed that the novel object recognition memory of these
animals was impaired. We thus propose that the CaMKII-Tiam1 interaction regulates spine morphology in vivo
and is required for memory storage.

1. Introduction
A high frequency stimulation of presynaptic ﬁbers causes a transient
inﬂux of Ca2+ into the postsynaptic compartment, which triggers a
series of biochemical reactions that leads to a long-term potentiation
(LTP) of synaptic transmissions. At the same time, dendritic spines
enlarge, an observation that has been named “structural LTP” (sLTP)
(Bosch & Hayashi, 2012; Matsuzaki, Honkura, Ellis-Davies, & Kasai,
2004; Okamoto, Nagai, Miyawaki, & Hayashi, 2004). Actin is the major
cytoskeletal element found in dendritic spines. During sLTP, the equilibrium between ﬁlamentous (F-) and globular (G-) actin shifts towards
F-actin and maintained in the spine (Matsuzaki et al., 2004; Okamoto
et al., 2004), suggestive of the presence of an active and persistent
mechanism to modify the equilibrium. Rac1, a member of the Rho family of small GTPase proteins, is a good candidate for this regulation.
Indeed, a FRET-based sensor shows persistent activation of Rac1 in
stimulated spine (Hedrick et al., 2016; Saneyoshi et al., 2019). Also,
pharmacological blockade of Rac1 activity during the maintenance
phase reverses the spine enlargement to baseline levels (Saneyoshi
et al., 2019). Then there must be a mechanism to convert a transient
Ca2+ signal into persistent Rac1 activity maintained throughout the

period of sLTP.
We previously found that activated Ca2+/calmodulin-dependent
protein kinase II (CaMKII) persistently interacts with Tiam1, a Rac1speciﬁc guanine nucleotide exchange factor (RacGEF), in stimulated
spines (Saneyoshi et al., 2019). The interaction occurs between the
“pseudo-autoinhibitory” domain of Tiam1 and the binding pocket “Tsite” of CaMKII, normally occupied by the autoinhibitory domain of the
kinase. Tiam1 binding to the T-site interrupts the autoinhibition of the
kinase such that it becomes persistently activated, which, in turn,
causes a persistent phosphorylation of Tiam1, even after Ca2+ concentration subsides. This mechanism can therefore convert transient
Ca2+-signaling into a persistent activation of Rac1 and its downstream
actin regulators. Based on this observation, we proposed the concept of
a “reciprocally activating kinase-eﬀector complex” (RAKEC) (Saneyoshi
et al., 2019). In this work, we explore how the RAKEC-mediated regulation of Tiam1 is related to learning and memory in intact animals. To
do so, we generated tiam1 knock-in (KI) mice harboring mutations in
the pseudo-autoinhibitory domain of the Tiam1 protein. We found that
KI mice displayed reduced Rac1 activity and that their hippocampal
CA1 neurons harbored smaller spines. In addition, their object recognition memory was impaired seven days after training. We conclude
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that the CaMKII-Tiam1 interaction is required for normal long-term
memory storage.

Table 1
Summary of tests.
Animal Age

Figure number

Mouse cohort 1 (n = 12 each)
Body weight
Rectal temperature
Wire hang tes
Grip strength test
Open ﬁeld test
Rotor rod test
Y-maze test
Elevated plus maze
Light/dark transition test
Hotplate test
Porsolt forced swim test
Acoustic startle response test
Pre-pulse-inhibition test
Tail suspension test

8–14 weeks
8–14 weeks
8–14 weeks
8–14 weeks
9–15 weeks
9–15 weeks
9–15 weeks
9–15 weeks
9–15 weeks
10–16 weeks
10–16 weeks
11–17 weeks
11–17 weeks
13–19 weeks

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Mouse cohort 2 (n = 12 each)
Novel object recognition test, 1 day

8–11 weeks

Fig. 7

Mouse cohort 3 (n = 12 each)
Novel object recognition test, 7 days

8–11 weeks

Fig. 7

2. Material and methods
2.1. KI animals
Animal experiments were performed in accordance with the institutional guidelines of RIKEN, Kyoto University, and University of
Tokyo.
To generate KI animal with the CRISPR/Cas9 genome editing
technology, a web tool (https://benchling.com) was used to design four
sgRNAs targeted against the vicinity of the mutation site with high ontarget and low oﬀ-target eﬀects. We co-transfected each of them in a
pX330 vector together with Cas9 and mouse Tiam1 cDNA into
HEK293T cells and tested for reduced expression of Tiam1 by immunoblotting. The most eﬀective sequence was sgRNA #1 5′-AGAGC
CCGAGTTGCCCC-3′. Other sgRNAs, #2 5′-CCCCCGTTGATGCCC
GAG-3′, #3 5′-GCCCTCTCGGGCATCAAC-3′, and #4 5′-GGCCCTCTCG
GGCATCAA-3′ were less eﬀective. Approximately 2 pl per egg of mixture of sgRNA #1 (50 ng/µl), Cas9 mRNA (100 ng/µl) and Tiam1
1552–1554 AAA single stranded oligodeoxynucleotide (25 ng/µl for
nuclear injection, 100 ng/µl for nuclear + cytosolic or cytosolic injection) was then injected into cytoplasm, nuclei or both of the fertilized
eggs from C57BL/6J mice by the RIKEN Research Resource Center core
facility. The single-strand oligodeoxynucleotide had the following sequence: 5′- AGACCTTCAGGAGCAGCTTCAGGCTGCCTCCATCAGTCAG
CGGGCCCGAGGCCGGAGAACCCTCGATAGCCACGCCTCCCGCATGACA
CAGGCCGCGGCGCAAGCGGCACTCTCGGGCATCAACGGGGGCCT
GGA-3′. The PAM sequence was modiﬁed from CCC to CAC in the
single-strand oligodeoxynucleotide sequence to prevent Cas9 from
cutting after successful editing.
For genotyping, tail biopsy specimens (~5 mm) were incubated for
10 min at 95–100 °C with 120 µl of 50 mM NaOH, neutralized with 80 µl
of 1 M Tris-HCl (pH 8.0) and centrifuged to remove debris. The supernatant was used as a template for PCR. PCR conditions were as
follows: 94 °C for 2 min, 40 × [94 °C for 20 s, 60 °C for 30 s, 72 °C for
30 s], 72 °C for 2 min. The following primers, designed by primer
BLAST, were used for genotyping: Forward primer 5′-CTGCCCCAAGC
AAGTCTCTT-3′, Reverse primer for mutant 5′-GTGCCGCTTGCGCCG-3′,
Reverse primer for wild-type 5′-AGGGCCGCTTGCTTCTTG-3′. The
primer for the sequencing of Tiam1 genome was 5′-GTACGAGGAGCA
GGATGACA-3′. We backcrossed the homozygous KI mice with WT
C57BL/6J mice twice and used one of heterozygous mice to expand the
colony.
For behavior experiments, male 8–12-week old mice were housed
under controlled temperature and humidity on a 12:12-h light/dark
cycle with the lights on from 7:00 a.m. to 7:00 p.m., and had access to
food and water ad libitum. The tests were performed between 9:00 a.m.
and 6:00 p.m. The age of animals when behavior tests were performed
is summarized in Table 1.

S1
S1
S1
S1
S2
S3
S4
S5
S5
S3
S6
8
8
S6

Name of tests and age of animals when the tests were conducted are shown.

previously described (Saneyoshi et al., 2019). The CaMKII-Tiam1
binding deﬁcient mutant was generated by site-directed mutagenesis
using QuikChange Multi Site-Directed Mutagenesis Kit (Agilent Technologies).
2.3. Antibodies
Anti-Tiam1 rabbit antibody (C-16 and N-15, for western blotting),
anti-β-actin monoclonal antibody (C-4), anti-Homer 1b/c monoclonal
antibody (D-8) and anti-PSD-95 monoclonal antibody (7E3) were obtained from Santa Cruz Biotechnology; anti-β-PIX rabbit antibody
(#4515), anti-coﬁlin1 rabbit antibody (#3318), and anti-Pak1 rabbit
antibody (#2602) from Cell Signaling; anti-CaMKII monoclonal antibody (clone 45), anti-Rac1 monoclonal antibody (clone 102), and antiLIMK1 monoclonal antibody (clone 42) from BD Bioscience; anti-GluA1
rabbit antibody (ab31232) and anti-NeuN rabbit antibody (ab177487)
from Abcam; anti-GluN2B monoclonal antibody (MAB5778) and antiKalirin rabbit antibody (07-122) from Millipore, anti-Tiam1 sheep antibody (for immunoprecipitation) from R&D Systems; anti-mouse IgG
HRP-linked whole antibody and anti-rabbit IgG HRP-linked whole antibody from GE healthcare. Anti-mouse IgG Alexa Fluor 488 or antirabbit IgG Alexa Fluor 488, from Thermo Fisher Scientiﬁc. For western
blotting, the primary antibodies were diluted at 1:1000; the secondary
antibodies at 1:5000.
2.4. Immunohistochemistry
The mice were transcardially perfused with 4% (w/v) paraformaldehyde (PFA) in phosphate buﬀered saline (PBS). The brains were
then removed and submerged in 4% PFA at 4 °C for one day. The
medium was replaced by PBS and incubated at 4 °C for another day. The
vibratome sections (100 µm) were incubated with primary antibodies
(1:100) diluted by TNB buﬀer [0.1 M Tris-HCl (pH 7.5), 0.15 M NaCl,
0.5% blocking reagents (w/v) (Roche)] supplemented with 0.5%
Triton-X100 at 4 °C for 1 day. After washing with Tris-buﬀered (pH 7.5)
saline three times, the sections were incubated with Hoechst 33258
(1:1000, Calbiochem), Phalloidin Alexa Fluor 594 (1:200, Thermo
Fisher Scientiﬁc) and secondary antibodies (1:500, anti-mouse Alexa
Fluor 488 or anti-rabbit Alexa Fluor 488) in TNB buﬀer + 0.5% TritonX100 at 4 °C for 1 h. After washing with TBS three times, the sections
were mounted on cover slips with a drop of mounting media
(Vectashield, Vector laboratories). Images were taken by BZ-X700-All-

2.2. Reagents and plasmid constructs
Tris-buﬀered saline (TBS) contained 137 mM NaCl, 2.7 mM KCl,
25 mM Tris-HCl (pH 7.5); TBS-T: TBS with 0.05% (v/v) Tween 20. DDM
lysis buﬀer: 0.1% n-dodecyl-β-D-maltopyranoside (DDM, Dojindo),
150 mM NaCl, 50 mM Tris-HCl (pH 8.5), 10% glycerol, 10 mM glycerophosphate, 1 mM Na3VO4, 10 mM MgCl2, and 0.2 mM CaCl2. BOS lysis
buﬀer: 1% (w/v) NP40, 50 mM Tris-HCl (pH 7.4), 200 mM NaCl, 10%
(v/v) glycerol, 0.5 mM β-glycerophosphate, 10 mM MgCl2, and 0.2 mM
CaCl2. IP wash buﬀer: 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1%
(w/v) DDM, 5% (v/v) glycerol; GST wash buﬀer: TBS with 1 M NaCl.
Complete protease inhibitor cocktail (Roche) and phosphatase inhibitor
cocktail (Nacalai tesque) were added to the lysis buﬀer before use.
The plasmids encoding myc-CaMKIIα and FLAG-Tiam1 were
2
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in-One Fluorescence Microscope (Keyence).

2.10. Neuromuscular strength

2.5. Golgi-Cox staining

The neuromuscular strength was measured with the grip strength
test and wire hang test. A grip strength meter (O'Hara & Co., Tokyo,
Japan) was used (Yamasaki et al., 2008).

Freshly dissected mouse brains were submerged in Golgi-Cox solution (Zaqout & Kaindl, 2016) for total 7 days in a dark room at room
temperature. The medium was replaced by 30% sucrose solution and
the brains further incubated at room temperature for 2 days. Then vibratome sections (200 µm) were made and washed twice with deionized water. The precipitation of metallic mercury was performed with
28% ammonia water for 30 min. The sections were dehydrated with an
ethanol series (50, 70, 80, 90, and 100%). After cleaning three times
with xylene, the sections were left in the solution consisting of 1:1:1
mixture of xylene, chloroform, and ethanol for 2 h in darkness. The
slices were mounted on slides with Entellan New (Merck Millipore). The
images were taken with 100 × oil immersion objective lens (Olympus).

2.11. Open ﬁeld test
Each mouse was placed in the center of the open ﬁeld apparatus
(40 × 40 × 30 cm; Accuscan Instruments, Columbus, OH). The spontaneous locomotor activity was measure by the total distance traveled
(in cm) and time spent in the center were recorded for 60 min (Belzung
& Griebel, 2001; Holmes, 2001; Yamasaki et al., 2008).
2.12. Accelerating rotarod test
Mice were placed on rotating drums (3 cm diameter, UGO Basile
Accelerating Rotarod) and the speed of the rotarod accelerated from 4
to 40 rpm over a 5 min period. The time animals could stay on the rod
were measured (Yamasaki et al., 2008).

2.6. Immunoblot analysis, immunoprecipitation, and Pak1 CRIB pull-down
assay
For GST pull-down assay, mouse forebrains were homogenized with
9 volumes of the BOS lysis buﬀer and centrifuged at 100,000 g for 1 h to
obtain soluble supernatant fraction. One milliliter of the supernatant
was subjected to GST-pull down assay with 50 µg of GST-PAK1-CRIB
plus 25 µl of glutathione agarose (GST-Accept, Nacalai tesque). For
immunoprecipitation, soluble fraction from mouse forebrains was obtained using the DDM lysis buﬀer. The lysates were immunoprecipitated with 50 µl of Protein G-agarose (IgG-Accept, Nacalai
tesque) plus 5 µg of anti-Tiam1 antibody (R&D Systems) or normal goat
IgG (Santa Cruz Biotechnology) at 4 °C for 3 h. After washing with the
same buﬀer for 3 times, bound proteins were eluted with 100 µl of
2 × SDS sample buﬀer. Western blotting was performed as previously
described (Saneyoshi et al., 2019).

2.13. Hot plate test
Mice were placed on a 55 °C hot plate (Columbus Instruments) and
latency to the ﬁrst hind-paw response, deﬁned as either a paw shake or
a paw lick, was recorded (O'Callaghan & Holtzman, 1975; Yamasaki
et al., 2008).
2.14. Y-maze test
A Y-shaped maze with three white, opaque plastic arms at a 120°
angle from each other was used (Belforte et al., 2010; Le Pen et al.,
2006; Yamasaki et al., 2008). After introduction to the center of the
maze, mice were allowed to freely explore the maze for 5 min and the
number of arm entries was recorded. The percentage of alternation was
calculated by: N1/(N2 − 2), where N1 = The number of entry sequences into arms other than the one which the mice had entered just
before, for at least three times consecutively, N2 = The total number of
entries into any arm.

2.7. Hippocampal slice culture and gene transfection
Hippocampal organotypic slice cultures were prepared from postnatal day 6–7 mice as described (Okamoto et al., 2004). Slices were
transfected after DIV 5–7 with a plasmid encoding GFP by ballistic
method (Helios Gene Gun System, Bio-Rad).

2.15. Light/dark transition test

2.8. Two-photon microscopy imaging and induction of sLTP in single spines

The light/dark transition test was performed in a cage
(21 × 42 × 25 cm) divided into two sections of equal size by a partition
with a passage (O'Hara & Co., Tokyo, Japan) (Cryan & Holmes, 2005;
Yamasaki et al., 2008), one brightly illuminated (390 lx) and the other
dark (2 lx). Mice were placed into the dark side and allowed to move
freely between the two sections for 10 min. The total number of transitions, the time spent on each side, the ﬁrst latency to enter the bright
side as well as the distance traveled were recorded.

sLTP experiments were carried out with a two-photon microscope
(Olympus) with two Ti:sapphire lasers (Sprectra-Physics) in apical
dendrites of CA1 pyramidal neurons essentially as described (Bosch
et al., 2014).
2.9. Novel object recognition test (NORT)
After handling by the experimenter for a week, mice were placed
near a wall of an open ﬁeld arena (50 × 50 × 50 cm) and allowed to
explore for 15 min (Yamasaki et al., 2008). One day later, two identical
objects were placed near corners of the arena (5 cm from each adjacent
wall) and the mice were again allowed to explore the arena for 15 min.
For the test session, the mice were divided into two groups to be tested
after 1 or 7 days. On the day of the test, two objects were placed in the
same positions as in the training session but one was replaced by a
novel object. The mice were allowed to explore the arena for 5 min.
Explorative behavior was deﬁned as sniﬃng or touching the object with
nose and/or forepaws. Sitting on the object was not considered as exploration. The memory score was calculated as a discrimination ratio
for each mouse with the following formula: (T2 − T1)/(T1 + T2),
where T1 = time spent exploring the familiar object and T2 = time
spent exploring the novel object.

2.16. Elevated plus-maze test
The elevated plus-maze (O'Hara & Co., Tokyo, Japan) consisted of
two open arms (25 × 5 cm) with 3-mm high plastic ledges and two
enclosed arms of the same size with 15-cm high transparent walls
(Cryan & Holmes, 2005; Yamasaki et al., 2008). The maze was placed at
55 cm above the ﬂoor. Mice were placed in the central square of the
maze (5 × 5 cm), facing one of the closed arms and monitored for 10min. The number of entries into the open and closed arms, the time
spent in the open arms (s), and total distance traveled (cm), were recorded.
2.17. Porsolt forced swim test
The Porsolt forced swim test was carried out in a plastic cylinder
3
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(20 cm height × 10 cm diameter) ﬁlled with water (23 °C) up to a
height of 7.5 cm (Cryan & Holmes, 2005; Yamasaki et al., 2008). The
distance traveled during 10 min was monitored.

the mutation site with high on-target and low oﬀ-target eﬀects using a
web tool (https://benchling.com) (Fig. 1B). To check their eﬃcacy, we
subcloned each sgRNA into a pX330 vector (Cong et al., 2013) and cotransfected them with Cas9 and mouse Tiam1 cDNA into HEK293T cells
to analyze the expression level of Tiam1 by immunoblotting. sgRNAs
#1 showed the highest eﬃciency in reducing Tiam1 expression
(Fig. 1C) and was thus used for genome editing. sgRNA #1, Cas9 mRNA
and single-stranded oligodeoxynucleotides (ssODN) Tiam1 1552–1554
AAA were injected into the cytoplasm, nuclei or both of fertilized eggs.
All conditions yielded mutant pups with cytoplasmic injection allowing
for the highest viability and eﬃciency (Supplementary Table S1). From
a total of 500 injected eggs, we obtained 69 mutant pups, out of which
19 were heterozygous and 4 homozygous KI. We used one homozygous
mouse to further expand the colony after conﬁrming the sequence of
the mutation site and the vicinity. KI mice were born at the expected
Mendelian ratio and did not show any abnormality in gross appearance,
weight, or behavior. Rectal temperature and muscle strength were not
signiﬁcantly diﬀerent between KI and WT mice (Fig. S1). There was
also no obvious diﬀerence in brain structure including layer structures
between KI and WT (Fig. 2).
We performed immunostaining against Tiam1, ﬁnding similarly
diﬀuse expression patterns in WT and KI mouse brain slices (Fig. 2B).
We then examined Tiam1 expression levels by western blotting, ﬁnding
comparable levels in hippocampal homogenates from WT and KI mice
(Fig. 3). In addition, the expression levels of representative synaptic
proteins were comparable (Fig. 3). The knock-in therefore neither affected basic brain architecture nor synaptic protein expression at this
resolution.
We then checked if the CaMKII-Tiam1 interaction was disrupted in
KI animals by co-immunoprecipitation from brain tissue of CaMKII and
Tiam1 using an anti-Tiam1 antibody. Co-immunoprecipitated CaMKII
was signiﬁcantly lower in KI animal than in WT littermate (Fig. 4A and
B), conﬁrming that CaMKII-Tiam1 interaction was impaired in KI mice.
Although we only tested for a Tiam1 interaction with the α subunit of
CaMKII here, we expect that the KI also aﬀects interaction with the β
subunit because critical residues lining T-site, such as F98, E139, I205,
and W237 (numbering based on α subunit. Bayer et al., 2006;
Saneyoshi et al., 2019) are well conserved among subunits. Since we
observed that the CaMKII-Tiam1 complex regulates Rac1 activity ex

2.18. Tail suspension test
Mice were suspended 30 cm above the ﬂoor in a visually isolated
area by adhesive tape placed 1 cm from the tip of the tail, and their
behavior was recorded over a 10 min test period (Cryan & Holmes,
2005; Yamasaki et al., 2008).
2.19. Startle response/prepulse inhibition tests
Startle response/prepulse inhibition tests were performed in a
startle reﬂex measurement system (O'Hara & Co., Tokyo, Japan)
(Yamasaki et al., 2008). Mice were placed in a plastic cylinder for
10 min. The response to a startle noise (white noise, 40 msec) was recorded for 140 ms starting with the onset of the prepulse stimulus. The
background noise level in each chamber was 70 dB. The peak startle
amplitude recorded during the 140 ms sampling window was used as
the dependent variable. A test session consisted of six trial types (i.e.
two types for startle stimulus only trials, and four types for prepulse
inhibition trials). The intensities of the startle stimulus were 90, 100,
110 or 120 dB. The prepulse sound was presented 100 ms before the
startle stimulus, and its intensity was 74 or 78 dB. Four combinations of
prepulse and startle stimuli were used (70–120, 75–120, 80–120, and
85–120). Six blocks of the six trial types were presented in pseudorandom order such that each trial type was presented once within a
block. The average inter-trial interval was 15 s (range: 10–20 s).
3. Results
3.1. Generation of tiam1 KI mice
We used the CRISPR/Cas9 genome editing technology (Doudna &
Charpentier, 2014) to generate tiam1 KI mice harboring mutations in
the CaMKII binding domain of Tiam1 (leucine 1552, lysine 1553, lysine
1554 to alanines (LKK-AAA)) (Saneyoshi et al., 2019) (Fig. 1A). We ﬁrst
designed 4 single guide RNAs (sgRNAs) targeted against the vicinity of

Fig. 1. Design of sgRNAs for genome
editing. (A) Domain structure of Tiam1 and
mutated region on CaMKII binding domain.
PHn; N-terminal pleckstrin homology domain, CC-Ex; a coiled-coil region with adjacent sequence, RBD; Ras-binding domain,
PDZ; PSD-95/DlgA/ZO-1 domain, DH; catalytic Dbl homology domain, PHc; C-terminal
pleckstrin homology domain, CBD; CaMKII
binding domain. (B) Schema of CRISPR/
Cas9 mediated KI. The genomic DNA (top)
was digested by Cas9 nuclease and a guide
RNA (green) near the CaMKII binding domain of Tiam1. PMA sequence in blue. Blue
triangle shows expected cleavage site. The
sequence of homologous single stranded
oligodeoxynucleotide with KI mutation
(red) is also shown. (C) Immunoblot analysis of the eﬃciency of sgRNAs. Four different sgRNA #1 to #4 were designed and
cotransfected with Cas9 and Tiam1 cDNA.
(For interpretation of the references to
colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Brain structure of KI mice is largely unaﬀected. (A) Macroscopic view of the brains of WT and KI mice. (B) Staining with anti-Tiam1 antibody. (C) Staining
with Hoechst 33258 (blue), anti-NeuN antibody (green), and phalloidine (red). (D) Higher magniﬁcation of coronal slice showing hippocampus and vicinity, stained
similarly to (C). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

comparable to that of WT animals (Fig. 5C). In contrast, spine length
and head width were signiﬁcantly smaller (Fig. 5D).
We then investigated whether the CaMKII-Tiam1 interaction plays a
role in plasticity-related spine morphological changes using 2-photon
glutamate uncaging (Fig. 6). In neurons of WT mice, dendritic spines
enlarged upon stimulation and a measurable size increase was maintained for over 30 min, while unstimulated nearby spines did not show
any changes. In contrast, dendritic spines of KI animals did not enlarge
in response to glutamate uncaging (Fig. 6B and C). Therefore, we
concluded that the CaMKII-Tiam1 interaction is necessary for basal
spine morphology and for structural plasticity.

vivo (Saneyoshi et al., 2019) we checked whether Rac1 activity was
aﬀected in KI mice. We used the Pak1 Cdc42/Rac1 interactive binding
(CRIB) domain to pull-down active Rac1 or Cdc42 proteins (Saneyoshi
et al., 2008). As a result, the KI mice showed signiﬁcantly lower Rac1
activity compared to their WT littermates (Fig. 4C and D). The activity
of Cdc42 was not signiﬁcantly diﬀerent between KI and WT, highlighting a selective deﬁciency. Taken together, these results validate
that the CaMKII-Tiam1 interaction is disrupted and that Rac1 activity is
dysregulated in KI mice.
3.2. The role of CaMKII-Tiam1 interaction in structural plasticity

3.3. Behavioral phenotypes of tiam1 KI mice

Because Tiam1 is important for spine morphogenesis (Tolias et al.,
2005, 2007; Zhang & Macara, 2006), the CaMKII-Tiam1 interaction
might play a critical role in regulating spine shape during development.
We thus ﬁrst examined by Golgi-Cox staining (Kang et al., 2017; Zaqout
& Kaindl, 2016) if basal spine structure was altered in CA1 pyramidal
neurons of KI animals (Fig. 5). The density of dendritic spines was

Because spine morphology and structural spine remodeling are
implicated in various behaviors including learning and memory as well
as in psychiatric disorders such as anxiety, depression, and autism, we
conducted a battery of behavioral tests (Penzes, Cahill, Jones,
5
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2001) because abnormal excitatory transmission and plasticity have
been related to this disorder. Interestingly, KI mice showed signiﬁcantly
lower pre-pulse inhibition, suggesting a potential implication of the
CaMKII-Tiam1 pathway in the pathogenesis of schizophrenia (Fig. 8).
4. Discussions
The necessity of NMDA receptors and CaMKII for LTP as well as for
learning and memory is well established (Collingridge, Kehl, &
McLennan, 1983; Dhanrajan et al., 2004; Malenka et al., 1989;
Malinow, Schulman, & Tsien, 1989; Morris, Anderson, Lynch, &
Baudry, 1986; Silva, Paylor, Wehner, & Tonegawa, 1992). However,
how these proteins transmit the signal further, eventually causing spine
enlargement and increasing AMPA-type glutamate receptor mediated
currents is still elusive. The small G-protein of the Rho family Rac1 has
been linked to learning and memory via several observations. First,
Rac1 knock-out induces a signiﬁcant decrease of learning and memory
(Haditsch et al., 2009). Second, Rac1 pharmacological inhibition blocks
both electrical and structural LTP (Martinez & Tejada-Simon, 2011;
Saneyoshi et al., 2019). Third, Rac1 is persistently activated during
sLTP as observed by FRET (Hedrick et al., 2016; Saneyoshi et al., 2019).
Given these, it is of great importance to understand the mechanism
through which NMDA receptor activation leads to the persistent activation of Rac1 and what the function of persistent Rac1 activation
might be.
In this study, we generated a novel KI mouse line disrupting the
interaction between CaMKII and the RacGEF Tiam1 by introducing
speciﬁc point mutations at the CaMKII T-site binding sequence on the
carboxyl tail of Tiam1. We conﬁrmed that the CaMKII-Tiam1 interaction regulates the basal activity of Rac1, but not that of Cdc42, a close
member of the Rho-family of small G-proteins. We also showed that
while the basic brain architecture and synaptic protein composition of
KI animals are largely unaltered, there is a signiﬁcant reduction in the
dimensions of hippocampal dendritic spines. The binding between
CaMKII and Tiam1 is normally triggered by Ca2+ inﬂux through NMDA
receptors and persists even after Ca2+ levels return to baseline
(Saneyoshi et al., 2019). Consistently, in this KI animal, sLTP was impaired. Our results thus indicate that the CaMKII-Tiam1 interaction is
necessary for both the maintenance of basal dendritic spine structure
and the activity-dependent long-term structural plasticity of dendritic
spines. We then went on to test the importance of this interaction in
learning and memory and found that KI animals have impaired novel
object recognition memory. We indeed observed a trend towards reduced discrimination one day after training and a signiﬁcant deﬁcit
after seven days as compared to their WT littermates. These results are
consistent with the idea that sLTP is required for learning and memory,
especially during the consolidation phase.
During sLTP, actin ﬁlaments are reorganized and polymerized to
maintain the enlarged spine structure (Okamoto et al., 2004). As Tiam1
activates Rac1, two downstream pathways may be considered. Activated Rac1 may activate its downstream eﬀectors, the p21-activated
kinase (PAK) and the LIM domain containing kinase (LIMK). LIMK
would then phosphorylates coﬁlin1, a key determinant of actin stability
and turnover, thereby inhibiting its actin dissociating activity (Arber
et al., 1998; Edwards, Sanders, Bokoch, & Gill, 1999; Yang et al., 1998).
Alternatively, Rac1 may also activate the WAVE complex and the Arp2/
3 complex, which control actin ﬁlament branching (Eden, Rohatgi,
Podtelejnikov, Mann, & Kirschner, 2002; Miki, Suetsugu, & Takenawa,
1998). Neurons lacking WAVE-1 or the ArpC3 subunit of the Arp2/3
complex, display dendritic spines of abnormal shapes and the Arp2/3
complex is required for sLTP, underlining their importance in the regulation of spine structure (Kim et al., 2013; Soderling et al., 2007). It
thus remains to be determined whether CaMKII/Tiam1-activated Rac1
speciﬁcally activates either of the coﬁlin1 or the WAVE/Arp2/3 pathways during LTP and learning.
Tiam1 works not only as a signaling molecule but also as a

Fig. 3. KI showed comparable expression of synaptic proteins to WT. (A)
Western blot analysis of synaptic proteins in hippocampus from KI and WT
mice. (B) Quantitative analysis of amount of each protein. n = 5 each. Student’s
t-test.

VanLeeuwen, & Woolfrey, 2011; Yamasaki et al., 2008). In open ﬁeld,
hot plate, rotarod, Y-maze, light/dark transition, Porsolt forced swim
and tail suspension tests, the KI performed comparably to the WT (Fig.
S1–S6, Table 1) indicating overall physical and mental health.
We then more speciﬁcally examined learning and memory related
functions. For this purpose, we tested a separate cohort of animals on
the novel object recognition task (NORT), which requires both the
hippocampus and the perirhinal cortex (Antunes & Biala, 2012). Mice
were left to explore an arena containing 2 identical objects during a
training session before being subjected to a test trial in which one of the
objects had been exchanged for a novel one. First, we checked object
recognition memory 1 day after training. The memory of the KI mice
appeared somewhat poorer than that of their WT littermates but this
trend did not reach statistical signiﬁcance (Fig. 7A). We next examined
the performance of a separate group of mice 7 days after training.
Under these conditions, KI mice obtained statistically lower memory
scores when compared with WT animals (Fig. 7B). These results indicate that CaMKII-Tiam1 dependent sLTP is required for the maintenance of object recognition memory.
Finally, we evaluated the schizophrenia-phenotype of KI mice using
a pre-pulse inhibition test (Geyer, Krebs-Thomson, Braﬀ, & Swerdlow,
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Fig. 4. Interaction between CaMKII and
Tiam1 is impaired in KI mice, resulting in
reduced Rac activity. (A) Co-immunoprecipitation of CaMKII with Tiam1
using anti-Tiam1 antibody. CaMKII showed
a non-speciﬁc precipitation with control
IgG. This fraction was subtracted as background in the quantiﬁcation shown in (B).
(B) Quantitative analysis showed a signiﬁcant decrease of co-immunoprecipitated
CaMKII in KI mice. n = 3. Student’s t-test,
*p < 0.05. (C) Representative blot of
pulled-down of active Rac1 and Cdc42 from
KI and WT mice. (D) Summary of Rac and
Cdc42 activity in KI and WT mice. n = 3
each, Student’s t-test, **p < 0.01.

Fig. 5. KI mice had reduced dimensions of spine head. (A) Representative Golgi-Cox staining images of hippocampal CA1 pyramidal neurons from WT and KI
mice brains. (B) The quantitative analysis of spine density. C. Cumulative curves of length and head width of dendritic spines in KI and WT mice Spine numbers: WT,
n = 131; KI, n = 167 from each 20 cells. Student’s t-test, ** p < 0.01, * p < 0.05.
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Fig. 6. sLTP was impaired in KI mice. (A) Representative images of glutamate uncaging experiment on single spines. Red dots show stimulated spines. (B) Time
course of the volume change of each spine. (C) The average volume change of spines in transient (1–6 min after stimulation) and sustained phase (24–30 min after
stimulation). n = 15 spines. Student’s t-test, **p < 0.01. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

required for structural and functional LTP (Lai et al., 2012). In addition,
BDNF autocrine activity and TrkB activation are largely dependent on
CaMKII during LTP (Harward et al., 2016). The Tiam1-TrkB complex
may thus cooperate with the Tiam1-CaMKII RAKEC for the maintenance of LTP. Interestingly, TrkB S478A KI mice showed an impairment in memory consolidation but not in memory acquisition (Lai et al.,
2012). This phenotype is similar to the one reported here using Tiam1
mutation KI mice as well as that of dominant-negative PAK transgenic
mice (Hayashi et al., 2004). These observations suggest that the
CaMKII-Tiam1 RAKEC regulates the memory consolidation process
through the TrkB to Pak1 signaling axis.

scaﬀolding molecule for various proteins including NMDA-type glutamate receptor subunit NR1 (Tolias et al., 2005), erythropoietin-producing hematocellular (Eph) receptor (Tolias et al., 2007), spinophilin
(Buchsbaum, Connolly, & Feig, 2003) and TrkB, a brain-derived neurotrophic factor (BDNF) receptor (Lai et al., 2012; Miyamoto,
Yamauchi, Tanoue, Wu, & Mobley, 2006). Therefore, it is possible that
the binding of CaMKII to Tiam1 alters its interaction with these proteins
and/or their phosphorylation status.
BDNF stimulates Tiam1 binding to TrkB, which requires S478
phosphorylation through cyclin-dependent kinase 5 (Cdk5). Using TrkB
S478A knock-in mice, Lai et al. showed that S478 phosphorylation is

Fig. 7. Impaired novel object recognition test in KI mice. Summary of novel object recognition test 1 (A) or 7 (B) days after the training session. n = 12 each,
Student’s t-test, **p < 0.01.
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Fig. 8. Reduced pre-pulse inhibition in KI mice. (A) The startle response to 90, 100, 110, or 120 dB stimuli. (B) A pre-pulse inhibition test for each combination of
pre-pulse and startle stimuli (70–120, 75–120, 80–120, and 85–120 dB). n = 12 each, Student’s t-test, *p < 0.05.
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Spinophilin also binds Tiam1 and this interaction regulates the actin
cytoskeleton (Buchsbaum et al., 2003; Mori et al., 1998). The role of
WAVE-1 and spinophilin is not yet fully understood in the context of
sLTP, but it is likely that CaMKII signaling also regulates these molecules through Tiam1. Its downstream eﬀector PAK1 has also been implicated in spine structural plasticity and memory (Bosch et al., 2014;
Hayashi et al., 2004; Soderling et al., 2003).
On the other hand, the induction of sLTP causes the activation of
other Rho-family small GTPases, namely RhoA and Cdc42, in parallel to
Rac1 (Murakoshi, Wang, & Yasuda, 2011). In addition, other Rac1-GEFs
such as Kalirin-7 and βPIX are required for the structural changes of
dendritic spines as well as LTP (Herring & Nicoll, 2016; Saneyoshi et al.,
2019). The interplay between the various Rho GTPase pathways, their
activators and their eﬀectors may thus be key to encoding various types
of memory.
Both hippocampus and perirhinal cortex are required for NORT,
though in diﬀerent aspects (Antunes & Biala, 2012). The perirhinal
cortex represents basic information about familiarity or novelty of an
object. In contrast, the hippocampus is involved in object memorization
by encoding information about the experience of the object (Antunes &
Biala, 2012). At this point, it is not clear which brain region caused the
impairment in NORT in the KI animals. Tiam1 is widely expressed
(Tolias et al., 2005) and likely involved in NMDA receptor-mediated
plasticity in various parts of the brain. Therefore, the observed impairment of NORT may be caused either by defective synaptic plasticity
in the hippocampus, the perirhinal cortex, or both.
Future studies will be needed to investigate the interplay between
synaptic plasticity of individual synapses and memory consolidation as
regulated by CaMKII-Tiam1 signaling. It is therefore essential to dissect
out the speciﬁc involvement of each of these pathways to understand
the many aspects of synaptic plasticity, learning and memory.
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