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Ca’*/calmodulin-dependent protein kinase Il (CaMKIIq) is an essential mediator of activity-dependent synaptic plasticity that pos-
sesses multiple protein functions. So far, the autophosphorylation site-mutant mice targeted at T286 and at T305/306 have demonstrated
the importance of the autonomous activity and Ca**/calmodulin-binding capacity of CaMKIIq, respectively, in the induction of long-
term potentiation (LTP) and hippocampus-dependent learning. However, kinase activity of CaMKIIw, the most essential enzymatic
function, has not been genetically dissected yet. Here, we generated a novel CaMKII« knock-in mouse that completely lacks its kinase
activity by introducing K42R mutation and examined the effects on hippocampal synaptic plasticity and behavioral learning. In homozy-
gous CaMKII (K42R) mice, kinase activity was reduced to the same level as in CaMKIIa-null mice, whereas CaMKII protein expression
was well preserved. Tetanic stimulation failed to induce not only LTP but also sustained dendritic spine enlargement, a structural basis for
LTP, at the Schaffer collateral-CA1 synapse, whereas activity-dependent postsynaptic translocation of CaMKII« was preserved. In
addition, CaMKII« (K42R) mice showed a severe impairment in inhibitory avoidance learning, a form of memory that is dependent on the
hippocampus. These results demonstrate that kinase activity of CaMKII« is a common critical gate controlling structural, functional, and
behavioral expression of synaptic memory.

Introduction Extensive studies in search for molecular basis for LTP identified
Activity-dependent synaptic plasticity in the hippocampus, as rep- Caz+/ cal.modl'llin—depe.ndent protein kinase II (CaMKII) as a lead-
resented by long-term potentiation (LTP) in the CA1 region, is con-  ing candidate involved in such a process (Hudmon and Schulman,

sidered to be one of the fundamental mechanisms for learningand ~ 2002; Lisman etal., 2002; Colbran and Brown, 2004). CaMKII exists
memory (Bliss and Collingridge, 1993; Malenka and Bear, 2004).  abundantly in the CNSand isa major constituent of the postsynaptic
density (PSD). CaMKII is composed of structurally related, homol-

ogous isoforms (subunits) derived from four distinct genes (i.e.,
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According to the current hypothesis, strong synaptic activa-
tion induces LTP by way of postsynaptic Ca*>* influx through
NMDA-type glutamate receptors (NMDARs) (Bliss and Col-
lingridge, 1993; Malenka and Bear, 2004). Ca?" influx causes
activation of CaMKII by binding of Ca**/calmodulin and the
following translocation of CaMKII to postsynaptic sites, whereby
it binds to postsynaptic proteins, such as NMDARs (Hudmon
and Schulman, 2002; Lisman et al., 2002; Colbran and Brown,
2004). Activated CaMKII undergoes T286 autophosphorylation
through an intersubunit mechanism, which endows the kinase
with the Ca’*/calmodulin-independent autonomous activity
and prolongs its association to postsynaptic sites. Such persis-
tently activated CaMKII phosphorylates AMPA-type glutamate
receptors (AMPARs) and/or AMPAR-associated proteins, lead-
ing to a prolonged enhancement of AMPAR-mediated synaptic
transmission (i.e., LTP) (Derkach et al., 1999; Hayashi et al.,
2000; Tomita et al., 2005). The importance of binding of Ca?"/
calmodulin and the following postsynaptic translocation, and the
autonomous activity of CaMKIla was supported by the previ-
ously reported CaMKIIa (T305D) and CaMKIla (T286A)
knock-in mice, respectively, because both of them showed an
impairment in LTP and learning (Giese et al., 1998; Elgersma et
al., 2002).

On the other hand, recent high-resolution microscopic exam-
inations indicated that LTP is associated with long-lasting en-
largement of dendritic spines (Matsuzaki et al., 2004; Okamoto et
al., 2004; Otmakhov et al., 2004; Harvey and Svoboda, 2007;
Zhang et al., 2008), and here again, the involvement of CaMKII
has been implicated (Matsuzaki et al., 2004; Otmakhov et al,,
2004; Honkura et al., 2008; Zhang et al., 2008). However, studies
using previously reported CaMKIIa knock-in mice have not yet
explored LTP-associated spine structural plasticity, and critical
evidence for the involvement of kinase activity of CaMKIl« in
prolonged spine enlargement is still lacking.

In this study, we generated a novel CaMKIIa (K42R) knock-in
mouse to explore the role of kinase activity of CaMKII« in spine
structural plasticity, LTP, and learning.

Materials and Methods

Generation of the CaMKIlo (K42R) knock-in mouse. CaMKIl« gene frag-
ments were cloned from a TT2 (F, hybrid between C57BL/6 and CBA)
genomic library (Yagi et al., 1993) by using a Smal-digested 5'-terminal
0.45 kbp fragment of rat CaMKIIae cDNA (Yamauchi et al., 1989) that
encodes part of the catalytic domain, as a probe. Based on a previously
reported rat CaMKIIa genomic structure (Nishioka et al., 1996), a 7.9
kbp Kpnl/Xbal fragment that encodes exon 2 containing Lys-42 (AAG)
was subcloned into pBluescript (Stratagene). K42R mutation was intro-
duced by replacing the 136 bp Smal/HindIII fragment with an oligonu-
cleotide encoding the mutation (Arg-42, AGG), as indicated in Figure
1 A. This mutation simultaneously generated a new BstNI site to facilitate
its detection. A PGK-neo cassette [PGK-Neo-poly(A)], a G418-selectable
marker, flanked by two loxP sites was inserted in the Apal site 790 bp
downstream of the targeted exon 2. A diphtheria toxin A cassette [MC1-
DT-A-poly(A)] was included in the targeting vector to allow selection
against random integration (Yanagawa et al., 1999). The linearized tar-
geting vector was electroporated into TT2 ES cells. Homologous recom-
bination was detected in G418-resistant colonies by PCR using combi-
nations of the following oligonucleotide primers: 5'-terminal sense 4.4
kbp upstream of exon 2, locating outside the targeting vector (5'-TGT-
GCTCTTGACTGAGATCCTCCCTC-3"); 5'-terminal antisense within
the PGK-neo cassette (5'-AAAGCGCATGCTCCAGACTGCCTTG-3");
3'-terminal sense within the PGK-neo cassette (5-TGAAGAAC-
GAGATCAGCAGCCTCTGT-3"); and 3'-terminal antisense 3.5 kbp
downstream of exon 2, locating outside the targeting vector (5'-
GCTCCTCAGACAGATCCAAGCTCAAG-3"). Four of 524 colonies
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showed the PCR products of expected size, and homologous recombina-
tion was further verified by Southern blot analyses. The PGK-neo cassette
was then removed by transient expression of Cre recombinase (pCre-
Pac) (Taniguchi etal., 1998). The final positive ES cells were injected into
eight cell embryos from ICR mice to obtain chimeras (Yagi et al., 1993).
Heterozygous mice were obtained by crossing the chimeric mice with
C57BL/6 or ICR female mice. Homozygous K42R and control wild-type
mice were obtained by crossing heterozygous mice.

Homologous recombination was confirmed by Southern blot analyses
of mouse genomic DNA using a 3’ external probe (i.e., a 0.23 kbp Xbal—
HindIII genomic fragment just downstream of the targeting site) and an
internal probe (i.e., a 1.1 kbp Apal-Apal genomic fragment that contains
exon 2) (see Fig. 1A). Mouse genomic DNA was digested by Apal for the
3’ probe and by EcoRV for the internal probe, respectively (see Fig. 1 B).
Genotypes of mice were determined by PCR using oligonucleotide prim-
ers 5'-sense (5'-GGTCTTGAAGACTGTCTGGTGTGAGA-3") and 3'-
antisense (5'-CACAGGCCAGTTTAGGTCTTGCTAGG-3") to amplify
the loxP insertion site (see Fig. 1C). Another PCR was performed using
oligonucleotide primers 5’-sense (5'-CAGCTCCCTTCCTTGCA-
TGGTACATC-3") and 3'-antisense (5'-AGGGGTCAAGTTTGGGG-
TTCAGGTCT-3') to amplify the region containing exon 2, and the PCR
products were digested by BstNI to detect a new restriction site generated
by the mutation (see Fig. 1D). Alternatively, the PCR products were
purified and subjected to direct nucleotide sequencing to detect the nu-
cleotide replacement (see Fig. 1E).

Animal experiments. Animal experiments were reviewed and approved
by the Animal Care and Use Committees of the Okazaki Organization of
National Institutes of Natural Sciences and affiliated universities. All
experiments were conducted in accordance with the Guide for Animal
Experimentation in corresponding institutes and universities. Animals
were housed in cages with ad libitum access to water and food and main-
tained on a 12 h light/dark cycle.

All analyses were performed using adult male or female homozygous
or heterozygous CaMKIla (K42R) and wild-type littermate mice gener-
ated by intercrosses between heterozygous mice unless otherwise speci-
fied. Rating of survival, in situ hybridization, and biochemical experi-
ments were performed in mice backcrossed to C57BL/6 for one
generation. Immunoelectron microscopic analysis, electrophysiological
experiments, and behavioral analyses were performed in mice back-
crossed to C57BL/6 for more than six generations. Culture studies were
performed in mice backcrossed to ICR for two or three generations.

CaMKII« knock-out mice were purchased from The Jackson Labora-
tory. Since there were breeding difficulties in female heterozygous
knock-out mice (Hinds et al., 1998), male heterozygous mice were
crossed with female wild-type C57BL/6 mice, and resultant heterozygous
knock-out and wild-type offspring were analyzed.

Sample preparation for biochemical analyses. Forebrain and cerebellar
homogenates were prepared as previously described (Yamagata et al.,
2006). Animals were decapitated under pentobarbital (50 mg/kg) or car-
bon dioxide anesthesia. Brains were removed quickly, put in ice-cold
homogenization buffer within 30 s after decapitation, and left in the
buffer for 30 s for chilling. Forebrain (without diencephalon and stria-
tum) and cerebellum were dissected on an ice-cold Petri dish and imme-
diately homogenized in a fivefold volume of homogenization buffer in a
Teflon-glass homogenizer on ice. The homogenization buffer consisted
of 20 mm Tris/HCI, pH 7.5, 5 mm EDTA, 1 mm EGTA, 10 mm sodium
pyrophosphate, 50 mm NaF, 1 mm Na;VO, (ortho), I mum dithiothreitol,
10 ug/ml each of leupeptin, antipain, pepstatin, and chymostatin, 0.1 mm
phenylmethylsulfonyl fluoride, and 0.1 um calyculin A. Each sample was
quickly aliquoted, an aliquot was saved for the preparation of samples for
SDS-PAGE, another for the measurement of protein concentration, and
the rest were frozen immediately and stored at —80°C until additional
characterization of kinase activity. Protein concentration was deter-
mined by using BCA Protein Assay Reagent (Pierce) and bovine serum
albumin as a standard.

CaMKII kinase activity assay. CaMKII kinase activity assay was per-
formed as previously described (Yamagata et al., 2006) with some mod-
ifications. The assay was conducted in the presence of 50 mm HEPES/
NaOH, pH 7.5, 10 mm magnesium acetate, 1 mm EGTA, 50 ug/ml BSA,
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0.1% Triton X-100, 50 uMm autocamtide-2 [KKALRRQETVDAL (Han-
son et al., 1989); synthesized by Mimotopes], 2 um PKI-(5-24)-amide
(Peninsula Laboratories), 2 um PKC-(19-36)-amide (Peninsula Labora-
tories), 100 um [y->2P]ATP (400—800 cpm/pmol; PerkinElmer Life and
Analytical Sciences), and with (for the total activity) or without (for the
Ca?"/calmodulin-independent autonomous activity) 1.5 mm CaCl, and
25 pg/ml calmodulin in a final volume of 50 ul. The reaction was started
by the addition of [y- **P]ATP, performed for 1 min at 30°C, and termi-
nated by the addition of acetic acid (final concentration, 10%). After
spotting aliquots onto pieces of P81 phosphocellulose papers (What-
man) and washing the papers with 75 mm phosphoric acid, the retained
radioactivity on the papers was measured in a beta scintillation counter
(Beckman Coulter). The amount of protein used for the kinase activity
assay was 0.6 and 1.0 ug from forebrain and cerebellar homogenates,
respectively, and the reaction was linear in terms of both protein concen-
tration and incubation time.

Immunoblot analyses. Quantitative immunoblot analyses were per-
formed as described previously (Yamagata et al., 2006). Antibodies
against CaMKIla (mouse monoclonal; 6G9; 1:1000; BIOMOL),
CaMKIIB (mouse monoclonal; CBb-1; 1:200; Zymed), CaMKIIy (goat
polyclonal; C-18; 1:200; Santa Cruz Biotechnology), CaMKII$ (rabbit
polyclonal; 1:125; Transgenic), and phospho-T286-CaMKIl« (rabbit
polyclonal; 1:500; Promega) were used for the primary reaction. For
mouse and goat antibodies, rabbit anti-mouse and anti-goat 1gG (1:500;
MP Biomedicals) were used in the secondary reaction, respectively. Blots
were then visualized by using '*’I-protein A (3.5-5 X 10> cpm/ml;
PerkinElmer Life and Analytical Sciences), and the radioactivity was
measured in a gamma counter (Aloka). The amounts of protein used
were as follows: forebrain homogenate, 2 ug (anti-CaMKlIle, anti-
CaMKIlvy, and anti-CaMKIId), 4 ug (anti-CaMKIIB), and 8 ug (anti-
phospho-T286-CaMKIla); cerebellar homogenate, 2 ug (anti-CaMKIIy
and anti-CaMKII$), 4 ug (anti-CaMKIIB), 8 ug (anti-CaMKIl«), and 32
pg (anti-phospho-T286-CaMKIla). The measured immunoreactivity
was in a linear range in terms of protein amounts used for each antibody.
The values obtained from mutant samples were expressed as percentages
against those from control wild-type samples on the same blots.

In situ hybridization. In situ hybridization histochemistry with radio-
active oligonucleotides was performed as described previously (Sak-
agami et al., 2004). The oligonucleotide probes specific for individual
isoforms of CaMKII were as follows: CaMKIIq, 5'-CCAAAGGAGAAC-
CAGCAGCCACATTCCACGGACAAAGAGCGGATC-3';  CaMKIIB,
5'-GGAGCAGCAGCAACTCTCAGGCACAACTAGCAGGAAAGGAG-
GCAG-3'; CaMKIly, 5'-GCCCACTGTTCATGCCTGGATGAGCAT-
CACACAAACTCCTGTCTC-3"; CaMKIIS, 5'-GCTAGCTAGTGAAA-
GTGAGGCAGGAAATGTCCTCTGACCCAGGTTG-3'.

Immunoelectron microscopic analysis. Postembedding immunogold
analysis was performed as reported previously (Fukaya and Watanabe,
2000). Ultrathin sections on nickel grids were treated successively with
1% human serum albumin (Wako)/0.1% Tween 20 in TBS (HTBST), pH
7.5, for 1 h, mouse anti-CaMKII« (6G9; Millipore Bioscience Research
Reagents) or rabbit anti-PSD-95 antibodies (Fukaya and Watanabe,
2000) (15 ug/ml for each) in HTBST overnight, and colloidal gold (10
nm)-conjugated anti-mouse or rabbit IgG (1:100; British Bio Cell Inter-
national) in HTBST for 2 h. Finally, grids were stained with uranyl acetate
for 15 min and examined with an H-7100 electron microscope (Hitachi).
For quantitative analysis, immunogold particles on the PSD of axospi-
nous asymmetrical synapses were counted on electron micrographs.

Generation of recombinant adenoviruses. The generation and charac-
terization of recombinant adenoviruses expressing enhanced green fluo-
rescent protein (EGFP)-Homerlc were described previously (Okabe et
al,, 2001). Expression plasmids for wild-type and K42R-mutant
CaMKIIa N-terminally labeled with EGFP were generated by inserting
respective full-length cDNAs into pEGFP-C1 (Clontech). K42R-mutant
CaMKIIa was generated from wild-type CaMKIIa using PCR and the
QuickChange Site-Directed Mutagenesis kit (Stratagene). Replication-
deficient adenoviruses were prepared as described previously (Okabe et
al., 1999).

Hippocampal neuronal culture. Cell suspensions were prepared indi-
vidually from every embryo at the age of embryonic day 16.5 of gestation
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from female heterozygous mice mated with male heterozygous mice. The
extremities of each embryo were saved for genotyping. The hippocampus
was dissected in Ca®", Mg?"-free HBSS, free from the choroid plexus
and meningeal tissue. The two hippocampi from the same embryo were
placed in a tube containing Minimum Essential Medium (MEM) with
B27 supplement and 5% FCS, and then triturated by passing them several
times through a P-1000 pipette. The cell suspension was plated onto glass
coverslips coated with poly-1-lysine. Cells were incubated at 37°C under
5% CO,. Two days after plating, 10 um ara-C was added to prevent glial
cell proliferation. Neurons were exposed to adenoviruses at a multiplicity
of infection of 2050 at 12-16 d after plating and maintained for 2 d
before imaging.

Imaging of dissociated hippocampal neurons. Live hippocampal neu-
rons were mounted in a chamber at 37°C with a continuous flow of
humidified 5% CO, to maintain the pH of the medium for long time-
lapse experiments. Alternatively, culture medium was replaced with Ty-
rode’s solution (in mm: 119 NaCl, 2.5 KCl, 2 CaCl,, 2 MgCl,, 25 HEPES,
pH 7.4, and 30 glucose) and live cells were mounted in a chamber at 37°C
without a continuous gas flow. Images were obtained on a Fluoview
confocal laser-scanning microscope (Olympus). A 60X oil-immersion
lens (numerical aperture, 1.1) was used, and images were collected at an
additional electric zoom factor from 3 to 6 X. For long time-lapse imag-
ing, multiple optical sections (z-spacing of 0.3—0.4 wm) were collected,
and these images were recombined using a maximum-brightness opera-
tion. Fluorescence recovery after photobleaching (FRAP) experiments
were performed using a Macro program to control sequential image
acquisition and delivery of a photobleaching laser pulse to the region of
interest defined by acousto-optic tunable filter. Uncaging of brominated
7-hydroxycoumarin-4-ylmethoxycarbonyl L-glutamate (Bhc-glu) was
performed by focal illumination of dendritic segments with 405 nm di-
ode laser beam with the duration of 100 ms. Bhc-glu was applied to the
cells at the concentration of 50 um.

Immunocytochemistry. Cells were fixed in 2% paraformaldehyde in
PBS for 25 min at room temperature or with methanol for 10 min at
—20°C, permeabilized by incubating with 0.2% Triton X-100 in PBS for
5 min, blocked with 5% normal goat serum, and incubated with mouse
monoclonal anti-PSD-95 (Affinity Bioreagents) or rat polyclonal anti-
Homer (Millipore Bioscience Research Reagents) antibodies. Primary
antibodies were visualized with goat anti-mouse IgG conjugated to Cy3
(Jackson ImmunoResearch).

Hippocampal organotypic slices. Hippocampal slice cultures from post-
natal day 4—5 mice were prepared as described previously (Stoppini etal.,
1991). Briefly, the dissected hippocampus and cortex were cut into 375
pum slices with a Mcllwain-type tissue chopper. Slices were placed on a
transparent porous filter (Millicell CM; Millipore) in a 34°C, 5% CO,
humid incubator, and fed every 3 d with culture medium containing 48%
MEM, 24% Earle’s balanced salt solution (EBSS), 24% heat-inactivated
horse serum supplemented with 5 mg/ml glucose, 10 mm HEPES, 1 mm
glutamine, penicillin, and streptomycin (50 U/ml each). The slices were
used for time-lapse imaging at 12-14 d in vitro.

Single-cell electroporation. Pyramidal neurons were transfected with
pEGFP-NI1 plasmid (Clontech). Plasmid solution at the concentration of
1 ng/ul with 6 mg/ml tetramethylrhodamine (TMRD) in water was in-
troduced into the cytoplasm of hippocampal pyramidal neurons in slice
culture at 810 d in vitro by single-cell electroporation (Haas et al., 2001).
Slice cultures were placed in a dish containing low serum medium (48%
MEM, 43% EBSS, 5% heat-inactivated horse serum, 5 mg/ml glucose, 10
mM HEPES, and 1 mm 1-glutamine) on the stage of an upright micro-
scope with micromanipulators. A micropipette was filled with the solu-
tion containing plasmid DNA and TMRD and placed close to the cell
body of CA1 pyramidal neurons. A stimulus consisting of 200 rectangu-
lar pulses at 200 Hz (30 V; 1 ms duration) was applied to the slice prep-
aration. After electroporation, samples were maintained for an addi-
tional 2—4 d for green fluorescent protein (GFP) expression.

Imaging of organotypic slice culture. Live slice cultures were placed in a
chamber containing Tyrode’s solution for at least 1 h before the experi-
ment. The chamber was maintained at 35°C and perfused at 0.5 ml/min
with the same solution. A stimulation electrode was filled with Tyrode’s
solution and placed in the vicinity of GFP-positive dendrites (520 pm)
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using a laser scanning differential interference contrast image and GFP
fluorescence. Tetanic stimulation consisted of 100 pulses at 100 Hz (10 V;
0.1 ms duration). To evaluate direct depolarizing effects on dendrites,
APV was applied at 150 uM in control experiments. This pharmacologi-
cal manipulation completely suppressed the increase of spine volume
after tetanic stimulation, indicating essential roles of postsynaptic
NMDAR activation in spine enlargement.

Time-lapse imaging of live slice cultures was performed using a two-
photon laser-scanning microscope (Radiance 2000MP; Bio-Rad), and
GFP was excited at an excitation wavelength of 860 nm. A 60X water-
immersion lens was used, and images were collected at additional digital
zoom to obtain a nominal spatial resolution of 90 nm per pixel. Multiple
optical sections were collected every 3 min. Under our imaging condi-
tions, photobleaching of GFP and phototoxicity of two-photon excita-
tion were not detectable.

Electrophysiology. Standard procedures were used to prepare hip-
pocampal slices (400 um thick) from male mice aged 7-10 weeks
(Bongsebandhu-phubhakdi and Manabe, 2007). External solution con-
tained the following (in mm): 119 NaCl, 2.5 KCl, 1.3 MgSO,, 2.5 CaCl,,
1.0 NaH,PO,, 26.2 NaHCO;, 11 glucose, and 0.1 picrotoxin (a GABA
receptor antagonist). Synaptic responses were recorded from hippocam-
pal slices at 25°C with extracellular field potential recordings in the stra-
tum radiatum of the CAl region, using a glass recording pipette filled
with 3 M NaCl, or they were recorded with whole-cell voltage-clamp
recordings from CA1 pyramidal neurons, using a patch pipette filled with
the internal solution containing the following (in mm): 122.5 Cs glu-
conate, 17.5 CsCl, 10 HEPES, 0.2 EGTA, 8 NaCl, 2 Mg-ATP, and 0.3
Na;-GTP, pH 7.2 and 290-310 mOsm. To evoke synaptic responses,
Schaffer collateral/commissural fibers were stimulated at 0.1 Hz with a
bipolar tungsten electrode. AMPAR-mediated EPSCs were recorded at
—80 mV, and NMDAR-mediated EPSCs were recorded at +50 mV with
the same stimulus strength in the presence of 10 um 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) (a non-NMDAR antagonist). The
baseline synaptic response was almost constant among experiments (ini-
tial slope values of EPSPs, 0.10—0.15 mV/ms; EPSCs amplitudes, 100—
200 pA). For examining input—output relationships, a low concentration
of CNQX (1 um) was present to partially block AMPARs, which enables
more accurate measurements, since the nonlinear summation of field
EPSPs is reduced. An Axopatch-1D amplifier (Molecular Devices) was
used to record synaptic responses. Data were digitized at 10 kHz and
analyzed on-line and off-line using pClamp software (Molecular
Devices).

Inhibitory avoidance. All mice used were male and 13-16 weeks of age
at the time of training. They were accustomed to the experimenter by
careful handling for >1 week before the start of the experiment. The
procedure followed basically as described previously (Irvine et al., 2005).
The mice were placed individually into the light compartment of a piece
of inhibitory avoidance apparatus (O’HARA & Co.) facing away from the
door. After 1 s, the door was opened, and the mice were allowed to enter
the dark (shock) compartment. Once they entered the dark compart-
ment after crossing with all four feet, the door was closed. The time to
reach the middle of the dark compartment was measured automatically
with infrared detection system (training latency). After a delay of 3 s, the
mice received a mild footshock (125 V for 2 s, 0.2—0.4 mA). The foot-
shock caused both wild-type and homozygous CaMKIIa (K42R) mice
vocalization, urination, and bumping against the wall, demonstrating
that the footshock was effective as an aversive stimulus to both genotypes.
Ten seconds after the shock, they were removed from the apparatus and
returned to the home cage. Twenty-four hours after training, the mice
were again placed into the light compartment. The door was opened after
1s,and the latency (maximum, 300 s) to enter the dark compartment was
scored (test latency). To assess short-term memory, the mice were tested
40 min after training. In multitrial training, the mice were trained as
described above, except that they were again placed in the light compart-
ment after receiving a footshock. One second after the placement, the
door was opened. If the mice reentered the dark compartment, the door
was closed, and a footshock was again administered. Immediate learning
after a single trial was assessed by comparing the latencies in the first and
second trials (i.e., before and after the first shock). The training trials
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were repeated until the mice stayed in the light side for >120 s in a single
trial. Twenty-four hours after multitrial training, the latency to enter the
dark compartment was measured (maximum, 300 s). The behavior of the
mice during training and tests was videotaped. Mice were excluded from
the analysis if they took longer than 60 s to go into the dark compartment
in the first training trial.

Data analysis. All data are expressed as mean = SEM unless otherwise
specified. Statistical analysis was performed by using t test, ANOVA fol-
lowed by Fisher’s PLSD test, Wilcoxon’s signed rank test, or Mann—
Whitney test.

Results

Generation of the CaMKII« (K42R) knock-in mouse

To completely eliminate kinase activity of CaMKIIa, we took
advantage of K42R mutation that prevents ATP binding neces-
sary for phosphorylation reaction within the catalytic core of the
enzyme, which is a standard procedure to inactivate various pro-
tein kinases (Taylor et al., 1990). Previous transfection experi-
ments in cultures revealed that K42R mutation did not affect
calmodulin-binding capacity of CaMKIla, multimeric structure
of the CaMKII holoenzyme, and activity-dependent postsynaptic
translocation of CaMKIl« (Hanson et al., 1994; Mukherji and
Soderling, 1994; Shen and Meyer, 1999). Using a CaMKIl«
genomic fragment containing exon 2, we constructed a targeting
vector containing nucleotide replacement for K42R mutation
and generated the CaMKIIa (K42R) knock-in mouse (Fig. 1 A).
Homologous recombination was confirmed by Southern blot
analyses (Fig. 1B), and genotypes were determined by PCR am-
plifying the loxP insertion site (Fig. 1C). Nucleotide replacement
was confirmed by another PCR amplifying the mutation site fol-
lowed by digestion with BstNI (Fig. 1 D) and further verified by
nucleotide sequencing of the PCR products (Fig. 1E).

The genotypic distribution of the offspring obtained by cross-
ing heterozygous mice followed Mendelian inheritance. Both
heterozygous and homozygous K42R mice were hyperactive, but
otherwise indistinguishable from wild-type mice. They were fer-
tile and without any obvious neurological symptoms, except that
mild limbic seizure was sporadically observed after 10 weeks of
age, and that the survival rate in 6 months was lower compared
with wild-type mice (wild type, 98.5%, 66 of 67; heterozygous,
95.2%, 159 of 167; homozygous, 78.8%, 67 of 85). Mice that
showed any signs of seizure were excluded from the experiments.

Basic characterization of the CaMKII« (K42R)

knock-in mouse

Homozygous CaMKIIa (K42R) mice showed normal histologi-
cal structures in adult brain sections examined by Nissl staining
(data not shown). Their mRNA expression patterns of all iso-
forms (subunits) of CaMKII [i.e., CaMKII« (neuron specific; the
major forebrain isoform), CaMKIIB (neuron specific; the second
major forebrain and the major cerebellar isoform), CaMKIIyand
CaMKII$ (non-neuron specific; minor isoforms)] were indistin-
guishable from those of wild-type mice, including dendritic
mRNA localization of CaMKIl« in the hippocampus (Fig. 2A).
Immunoblot analyses of forebrain and cerebellar homogenates
revealed normal expression levels of all isoform proteins, except
for a small decrease in CaMKIla protein in the forebrain, in
homozygous K42R mice (Fig. 2B, Table 1).

We next examined kinase activity of CaMKII in brain homog-
enates using a selective peptide substrate, autocamtide-2 (Fig. 2,
compare C, D). Even in the forebrain from conventional
CaMKIIa-null mice (Silva et al.,, 1992), about one-half of
CaMKII activity was reported to be preserved, mainly because of
the presence of intact CaMKIIf activity. Consistent with such an
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Figure 1.

Generation of the CaMKIl e (K42R) knock-in mouse. A, K42R mutation was introduced by replacing a nucleotide from AAG to AGG (* on top) within exon 2 of the CaMKll«x gene, which

simultaneously generated a new restriction site for BstNI. The homologously recombined ES clones after Cre recombination [CaMKIl ce(K42R), bottom] were microinjected into eight-cell embryos to
generate the K42R mouse. A, Apal; BSK, pBluescript SK; EV, EcoRV; H, Hindlll; K, Kpnl; N, Notl; X, Xbal. B, Southern blot analyses of mouse genomic DNA to confirm homologous recombination. Mouse
genomic DNA extracted from tails was digested by Apal and hybridized with a 3" external probe, or by £coRV and with an internal probe. The positions of the probes are indicated in A. K42R,
Homozygous K42R mouse; K42R(+/—), heterozygous K42R mouse; WT, wild-type mouse. €, Genotyping of the mouse by PCR amplifying the loxP insertion site to detect a 67 bp size shift. D,
Detection of a new BstNI site (*) generated by nucleotide replacement for K42R mutation. The amplified PCR products containing the mutation site were digested by BstNI. E, Direct demonstration

of the nucleotide replacement by sequencing the purified PCR products generated as in D.

observation, we observed a 60-70% reduction in the total and
Ca’"/calmodulin-independent autonomous activity of CaMKII
in the homozygous K42R forebrain, compared with wild-type
control (Fig. 2C, left; Table 2). In the forebrain from heterozy-
gous K42R mice, 75% of kinase activity was preserved (Fig. 2C,
left; Table 2), and this moderate reduction was again comparable
with that of CaMKIIa knock-out heterozygotes (Chapman et al.,
1995) (Fig. 2D, left; Table 3). In the cerebellum in which
CaMKIIB predominates over CaMKIle, no significant decrease
was observed (Fig. 2C, right; Table 2). These results are consistent
with the selective elimination of kinase activity of CaMKIl«
within the CaMKII holoenzyme that shows compositional heter-
ogeneity in specific brain regions.

The phospho-T286 level of CaMKIlIe, a conventional indica-
tor of the autonomous activity of CaMKIIa (Hudmon and Schul-
man, 2002; Lisman et al., 2002; Colbran and Brown, 2004), was
reduced to 60% of the wild-type level in homozygous K42R fore-
brain (Fig. 2B, Table 1). The remaining T286 autophosphoryla-
tion seems to be derived from intact CaMKII that can add phos-
phates to the adjacent inactive CaMKIlew within a CaMKII
holoenzyme. The presence of a reduced, but certain level of T286
autophosphorylation in the K42R brain is a clear difference from
previously reported T286A mice (Giese et al., 1998).

Since CaMKlIlI« is enriched in the PSD (Hudmon and Schul-
man, 2002; Lisman et al., 2002; Colbran and Brown, 2004), we ex-

amined the content of CaMKIl« in the PSD by immunoelectron
microscopy (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). Postembedding immunogold analysis in
the stratum radiatum of the hippocampal CA1 region revealed that
the number of immunogold particles for CaMKlIle, as well as that
for PSD-95, a representative PSD protein, was indistinguishable be-
tween homozygous K42R and wild-type synapses, demonstrating
that PSD association of CaMKII« was intact in K42R mice.

Postsynaptic dynamics of CaMKIl« in cultured

hippocampal neurons

We next performed a series of cell-biological studies using hip-
pocampal cultured neurons to characterize the molecular prop-
erties of glutamatergic synapses with high resolution. Immuno-
cytochemical staining of PSD-95 and Homer, representative
postsynaptic proteins, revealed similar densities of protein clus-
ters along dendrites in wild-type and homozygous K42R neurons
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material), indicating that the basic pattern of the devel-
opment of the synapse was intact in K42R mice.

We then expressed GFP-labeled either wild-type or K42R-
mutated CaMKII« in neurons with respective genotypes and ex-
amined a synaptic turnover rate and activity-dependent postsyn-
aptic translocation of CaMKIl« (Fig. 3). In neurons without
stimulation, GFP-CaMKIla showed diffuse distribution
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Figure 2.  CaMKil isoform expression and CaMKII kinase activity in the CaMKIlce (K42R) knock-in mouse. 4, In situ hybridization showing the CaMKIl isoform (CaMKIlcx, B, 7, and ) mRNA

expression in adult brain sagittal sections (left) and hippocampal coronal sections (right) from wild-type (WT) and homozygous (K42R) mice. CA1-3, Subfield CA1-3 of Ammon’s horn; Cb,
cerebellum; CP, caudate—putamen; Cx, cerebral cortex; DG, dentate gyrus; Hi, hippocampal formation; MO, medulla oblongata; 0B, olfactory bulb; Th, thalamus. B, Inmunoblot analyses showing
the CaMKIlisoform protein levels and the phospho-T286 level of CaMKIl e (P-CaMKIl ) in forebrain and cerebellarhomogenates. See also Table 1. ¢, CaMKIl kinase activity in forebrain and cerebellar
homogenates from wild-type (WT), heterozygous [K42R(+/—)], and homozygous (K42R) mice. Open columns, Total activity; filled columns, Ca 2+/caImodulin—independent autonomous activity.
Error bars indicate SEM. ***p < 0.0001, *p << 0.05, ANOVA followed by Fisher's PLSD test (n = 5). See also Table 2. D, CaMKIl kinase activity in heterozygous CaMKIlcx knock-out mice [CaMKllcx
A(+/=)] for comparison. **p < 0.01, t test (n = 4). See also Table 3. The CaMKIlx protein level in heterozygous knock-out mice was 39.8 = 5.3% ( p << 0.001, forebrain) and 49.5 = 15.3%
(p << 0.05, cerebellum) of the wild-type level (one-group ¢ test, n = 5).

Table 2. Relative CaMKII kinase activity in brain homogenates from homozygous

Table 1. CaMKIl isoform protein levels and phospho-T286 level in brain
and heterozygous CaMKll« (K42R) mice compared with wild-type mice

homogenates from homozygous CaMKIl« (K42R) mice compared with wild-type

mice Forebrain (% of WT) Cerebellum (% of WT)

Forebrain (% of WT) Cerebellum (% of WT) K42R K&R(+/—) K2R K42R(+/—)
CaMKllex 787 £ 6.2% 109.5 = 23.4 Total activity N0+16  759+29  1065+80 1048 = 69
GaMKIlB 1084 =43 1013 =147 Autonomousactivity 31927 75641 966173 1052 * 147
CaMKll-y 137239 39175 CaMKIl kinase activity in mutant mice shown in Figure 2Cis expressed as a percentage of that in wild-type (WT) mice
CaMKIS 1035 = 179 1002 110 i thesame reparaton aroup (1 — 9.
Phospho-T286-CaMKll e 63.4 + 12.0% nd.’

Quantitative data were obtained by immunoblot analyses as represented in Figure 28.
“Phospho-T286-CaMKllcx level in the cerebellum was too low to quantify accurately.
*Significantly different from wild-type (WT) levels: p << 0.05 (one group t test), n = 5.

Table 3. Relative CaMKlII kinase activity in brain homogenates from heterozygous
CaMKll« knock-out mice compared with wild-type mice

Forebrain (% of WT) Cerebellum (% of WT)
, , o CaMKllex A(+/—) CaMKllee A(+/—)
throughout the soma and neurites (Fig. 3A,D). This distribu-
. . . . ivi + +
tional pattern was consistent with previous reports (Shen and L?Jtti:naocrtr:\gl:{ activity 2?? N ;g 2(3)233 L 13?

Meyer, 1999; Shen et al., 2000; Hudmon et al., 2005) and was
preserved in homozygous K42R neurons. A steady-state turnover
rate of CaMKII« in dendritic spines was measured by using FRAP
(Fig. 3A,B). The recovery rate of GFP-CaMKIla on spines was

CaMKIl kinase activity in mutant mice shown in Figure 2D is expressed as a percentage of that in wild-type (WT) mice
in the same preparation group (n = 4).

slightly enhanced in K42R neurons (Fig. 3B). This increased mo-
bility cannot be attributed to general enhancement of protein
mobility in spines, as the recovery rate of GFP-Homerlc was
indistinguishable between the genotypes (Fig. 3C).

Next, we examined activity-dependent postsynaptic translo-

cation of CaMKIlI« by using caged glutamate in wild-type and
homozygous K42R neurons (Fig. 3D-F). Glutamate uncaging
induced translocation of GFP-CaMKIl« to dendritic spines with
a faster time course in K42R neurons (Fig. 3D, E). The time con-
stant of CaMKIIa accumulation in homozygous K42R neurons
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Postsynaptic dynamics of CaMKll e in CaMKllx (K42R) neurons. A, FRAP analysis of wild-type and K42R-mutated CaMKIl «x tagged with GFP and expressed in hippocampal neurons with

respective genotypes. Scale bar, 3 .um. B, FRAP analysis revealed a reduced time constant of K42R CaMKIl c with enhanced fluorescence recovery at the initial three time points (30, 60, and 90 s after

bleaching). *p << 0.05, ttest. Open circles, Wild type, n = 17 cells; filled circles, K42R, n =
of GFP-Homer1c (wild type, n = 6 cells; K42R,n =

17; three independent preparations from each genotype. Error bars indicate SEM. C, Fluorescence recovery
6; one independent preparation from each genotype). D, Local dendritic stimulation by caged glutamate revealed faster translocation of K42R

CaMKllcx. The arrows indicate the CaMKllex clusters analyzed in E. Scale bar, 5 wm. E, Time course of CaMKIlac accumulation induced by glutamate uncaging. Time constants of CaMKIl«
accumulation were estimated by exponential fittings. Smaller time constants were observed in homozygous K42R neurons than in wild-type neurons. F, A plot of average time constant against
relative fluorescence intensity within dendrites. Open circles, Wild type, n = 15 cells; filled circles, K42R, n = 15; three independent preparations from each genotype.

was significantly smaller than that in wild-type neurons (wild
type, 96.2 * 19.0 s, n = 15; K42R, 26.5 = 4.4 s,n = 15; p < 0.01,
t test) (Fig. 3E). The difference in time constant was independent
of the efficiency of transfection, as there was no correlation be-
tween time constant and fluorescence intensity (Fig. 3F). Thus,
activity-dependent postsynaptic translocation of CaMKIIa was
preserved and rather enhanced in K42R neurons. The result is
consistent with a previous observation using rat hippocampal
neurons that K42R mutation did not impair postsynaptic trans-
location of CaMKIl«a (Shen and Meyer, 1999). Faster transloca-

tion of CaMKIIa in K42R neurons may be attributable to the
decreased phospho-T286 level (Fig. 2B, Table 1), as a previous
study reported that T286A mutation accelerated postsynaptic
translocation of CaMKIIa (Hudmon et al., 2005).

Tetanus-induced spine structural plasticity in organotypic
hippocampal slices

The above study clearly demonstrates that, in homozygous K42R
neurons, CaMKIla can be mobilized to synaptic sites in an
activity-dependent manner. To see whether structural remodel-
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ing of dendritic spines associated with LTP
was also preserved in K42R neurons, we
next examined tetanus-induced spine
dynamics by two-photon time-lapse mi-
croscopy in GFP-expressing hippocam-
pal pyramidal neurons from slice cul-
tures (Fig. 4). In wild-type slices, tetanic
stimulation (100 Hz; 1 s) induced a ro-
bust and sustained enlargement of den-
dritic spines on pyramidal neurons in
the CA1 region (Fig. 4 A, top). However,
such a stimulus-dependent spine re-
modeling was severely impaired in ho-
mozygous K42R neurons (Fig. 4A, bot-
tom), in both the early phase (<5 min)
and the late maintenance phase (5-20
min) of spine volume increase (Fig. 4 B).
The extent of spine volume increase in
the late maintenance phase estimated by
the average of total fluorescence increase
of spines at the last three time points (16,
19, and 22 min after tetanic stimulation)
was significantly suppressed in K42R M2+
neurons, compared with wild-type neu-
rons (wild type, 126.5 £ 5.9% of base-
line, n = 85; K42R, 102.4 * 3.3%, n =
73; p < 0.01, ¢ test). Examination of in-
dividual time-lapse sequences revealed
that a small number of K42R spines
showed an enlargement of their size in
the early phase. However, this specific
subset of K42R spines failed to sustain
spine enlargement in the late phase (Fig.
4C). Thus, spines with mutated
CaMKIIa that lacks kinase activity but
preserves its postsynaptic association
and translocational ability failed to respond to afferent stim-
ulation that was sufficient to induce structural plasticity in
wild-type spines.

Figure 4.

Tetanus-induced LTP in acute hippocampal slices

Since the above study revealed defects in structural plasticity at
the individual spine level in K42R mice, we next examined func-
tional synaptic plasticity at the Schaffer collateral-CA1 synapse
by electrophysiological experiments using acute hippocampal
slices (Fig. 5). Basal synaptic transmission was intact in K42R
mice, as revealed by indistinguishable input—output relationship
of AMPAR-mediated excitatory synaptic transmission between
the genotypes (Fig. 5A). The ratio of NMDAR-mediated EPSCs/
AMPAR-mediated EPSCs was also unchanged (wild type, 62.8 =
4.7%, n = 8 cells; K42R, 67.9 = 3.8%, n = 9; p > 0.05, t test) (Fig.
5B), indicating that the properties of NMDARs in K42R mice
were intact. In addition, two forms of presynaptic short-term
plasticity, paired-pulse facilitation (PPF) (Fig. 5C) and postte-
tanic potentiation (PTP) (Fig. 5D), were both indistinguishable
between the genotypes, suggesting that the fundamental presyn-
aptic functions are normal. However, LTP was severely impaired
in K42R mice (Fig. 5E). Tetanic stimulation (100 Hz, 1 s) induced
robust LTP in wild-type mice (156.5 % 5.6% of baseline at 50—60
min after tetanic stimulation; p < 0.0001; n = 10 slices; paired ¢
test), whereas virtually no LTP was induced in homozygous K42R
mice (106.1 = 2.8%; p > 0.05; n = 10; paired ¢ test). The differ-
ence between the genotypes was significant ( p < 0.0001; un-
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Impaired spine structural plasticity in CaMKIlcx (K42R) neurons. A, Extracellular stimulation (100 Hz; 1 s) of GFP-
expressing CAT pyramidal neuronal dendrites in organotypic hippocampal slices from wild-type or homozygous K42R mice. The
bottom time-lapse images show structural change of spines (arrows in top images) after electrical stimulation. Spine volume
increase was either undetectable (arrowhead) or transient (asterisk) in a K42R neuron. Scale bars, 2 m. B, Quantification of total
fluorescence intensity of spines before and after tetanic stimulation at t = 0. Total fluorescence intensity was normalized by the
average of fluorescence intensities before tetanic stimulation. Activity-dependent spine enlargement was severely impaired in
K42R neurons. Open circles, Wild type, n = 85 spines (6 slice preparations); filled circles, K42R, n = 73 (9 slice preparations). Error
bars indicate SEM. €, Quantification of total fluorescence intensity in spines classified by their immediate response after tetanic
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(circles), and the other spines were classified as response (—) (triangles) [wild-type response (+),n = 14 spines; K42R response
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paired f test). When the same tetanus was repeated (100 Hz; 1 s,
four times; 10 s intertetanus interval), larger LTP was observed in
wild-type mice (170.8 % 9.1% of baseline; p < 0.001; n = 7 slices;
paired f test), whereas only slight potentiation was observed in
K42R mice (130.7 £ 8.8%; p < 0.05; n = 6; paired t test) (sup-
plemental Fig. 3, available at www.jneurosci.org as supplemental
material). The potentiation ratio in K42R mice was significantly
smaller than that in wild-type mice ( p < 0.05, unpaired t test).
LTP induced by repetitive tetanic stimulation in both geno-
types was completely blocked in the presence of the NMDAR
antagonist, D-2-amino-5-phosphonovaleric acid (pD-APV, 50
uM) (wild type, 106.3 = 2.7% of baseline, p > 0.05, n = 9;
K42R, 102.2 = 2.3%, p > 0.05, n = 8, paired t test). Thus,
NMDAR-dependent LTP induction at the Schaffer collateral—
CAL1 synapse was severely impaired in K42R mice.

Inhibitory avoidance learning

The above study clearly demonstrates that kinase activity of
CaMKIle is essential for both structural and functional expres-
sion of synaptic plasticity in the hippocampus. To further exam-
ine the role of kinase activity of CaMKII« at the behavioral level,
we next studied one-trial inhibitory avoidance learning, a form of
memory that is dependent on the hippocampus (Lorenzini et al.,
1996; Impey et al., 1998; Izquierdo et al., 2006) (Fig. 6). Wild-type
mice showed clear avoidance memory 24 h after one-trial train-
ing (i.e., they stayed in the light compartment as long as the cutoff
latency of 300 s) (Fig. 6A). However, homozygous K42R mice
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the shock chamber in multitrial training,
K42R mice eventually refrained from en-
tering the dark compartment (Fig. 6F).
When tested 24 h after multitrial training,
K42R mice showed avoidance behavior to
some extent (Fig. 6G), which was still im-
paired compared with wild-type mice after
one-trial training (compare with Fig. 64,
right). These results demonstrate that, in
addition to synaptic plasticity, behavioral
learning was indeed severely impaired in
the absence of kinase activity of CaMKIIa.

WT

K42R

__]50pA

20 ms

Discussion

In this study, we critically evaluated enzy-
matic roles of CaMKIl« in long-term syn-
aptic plasticity and behavioral learning by
using the CaMKIla (K42R) knock-in
mouse that lacks kinase activity of
CaMKIIa. The K42R mouse is different
from previously reported CaMKIla mu-
tant mice that showed reduced kinase ac-
tivity in a number of ways. First, it differs
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10 from the CaMKIIa-null mouse (Silva et
al., 1992) in that both mRNA and protein
expressions of CaMKlIla are fairly well
preserved. There was a small decrease in
the total CaMKIlI« protein level in the ho-
mozygous K42R forebrain (~20%) (Table
1). However, the extent of the decrease was
even less than that in the heterozygous
knock-out forebrain (~60%) (Fig. 2D,
legend). The small decrease in the K42R
brain could be derived from either re-
duced transcription because of the re-
maining loxP site (Fig. 1 A) or possible in-
stability of the mutated protein. Second,
the K42R mouse differs from the T286A
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10). Robust LTP was induced in wild-type slices, whereas no LTP was observed in K42R slices.

entered the dark (shock) compartment without hesitation 24 h
after training (Fig. 6 B), indicating that no avoidance memory was
formed. When another groups of mice were tested 40 min after
training, wild-type mice again refrained from entering the dark
compartment (Fig. 6C), whereas K42R mice did enter (Fig. 6 D),
indicating that short-term memory was also impaired in K42R
mice.

To further examine whether learning itself or memory reten-
tion was impaired, we next examined immediate learning in
K42R mice by using multitrial training (Fig. 6 E-G). The latencies
in the first and second trials (before and after the first shock) did
not differ significantly (Fig. 6E), indicating that learning itself
was impaired in K42R mice. However, after repeated exposure to

1 1 ]
40 50 60

LTP was severelyimpaired in CaMKllcx (K42R) mice. 4, The input— output relationships of AMPAR-mediated EPSPs of
wild-type (open circles; n = 12 slices) and homozygous K42R slices (filled circles; n = 10). Error bars indicate SEM. B, AMPAR-
mediated (downward traces) and NMDAR-mediated EPSCs (upward traces) in wild-type and homozygous K42R neurons. C, PPF
recorded as a function of the interstimulus intervals in the presence of 25 wmd-APV (wild type, n = 8 slices; K42R, n = 8). D, PTP
induced by a train of high-frequency stimuli (100 Hz; 1) in the presence of 50 um p-APV (wild type, n = 10 slices; K42R, n = 8).
E, The time course of LTP induced by single tetanic stimulation (100 Hz; 1's). Representative traces (averaged 10 consecutive
responses) in the inset are EPSPs obtained at the times indicated by the numbers in the graph (wild type, n = 10slices; K42R,n =

mouse (Giese et al., 1998) in that not only
the autonomous activity but also the
Ca**/calmodulin-dependent activity is
completely lacking and in that T286 auto-
phosphorylation can occur to some extent
by adjacent intact CaMKIIS within a ho-
loenzyme. Third, it differs from the T305D
mouse (Elgersma et al, 2002) in that
Ca**/calmodulin-binding capacity and
PSD association of CaMKIl« are not al-
tered. Thus, we could extract the conse-
quences of the lack of kinase activity of
CaMKIIa with its other protein functions mostly intact by using
K42R mice.

Consistent with previous transfection studies (Shen and
Meyer, 1999), elimination of kinase activity of CaMKIla in mice did
not block its activity-dependent postsynaptic translocation (Fig.
3D, E). Immunoelectron microscopic examination also revealed the
unaltered content of CaMKIle, as well as that of PSD-95, in the PSD
(supplemental Fig. 1, available at www.jneurosci.org as supplemen-
tal material). Normal association of CaMKII« and its robust trans-
location to the PSD on synaptic activation support the notion that
molecular elements necessary for PSD remodeling after high-
frequency stimulation are mostly preserved in K42R mice. This
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property is unique, compared with altered
contents of CaMKIl« in the PSD of the mu-
tant mice with point mutations at T305/306
within the calmodulin-binding region (Elg-
ersma et al., 2002). Previous transfection
studies had indicated that Ca**/calmodulin
binding is a key regulatory mechanism for
postsynaptic translocation of CaMKlla
(Shen and Meyer, 1999) and that T305/306
autophosphorylation promotes detachment
of CaMKIlI« from postsynaptic sites (Shen et
al., 2000). Indeed, T305D mice, whose mu-
tation blocks Ca’*/calmodulin binding,
showed decreased CaMKIIw content in the
PSD and severely impaired LTP (Elgersma et
al., 2002). In addition, TT305/306VA mice,
whose mutation prevents T305/306 auto-
phosphorylation, showed  increased
CaMKII« content in the PSD and reduced
threshold for LTP (Elgersma et al., 2002).
Thus, not only kinase activity of CaMKIla
but also intracellular localization of
CaMKIl« seems to have a profound effect
on postsynaptic functions of CaMKIla. As
for K42R mice, even with normal association
of CaMKIla to the PSD and its transloca-
tional ability, high-frequency stimulation
failed to induce long-lasting spine volume
increase (Fig. 4), as well as LTP (Fig. 5E),
indicating an essential role of kinase activity
of CaMKIlI« at postsynaptic sites to initiate
these processes (Fig. 7).

Such a drastic downregulation of
postsynaptic plasticity in the absence of ki-
nase activity of CaMKIle is in contrast to
recent observations indicating a nonenzy-
matic role of CaMKIlI« in short-term pre-
synaptic plasticity. Enhanced presynaptic
plasticity was reported in the CaMKIIa-
null mouse (Hinds et al., 2003; Hojjati et
al.,, 2007), but not in any of CaMKIl«
knock-in mice (T286A, T305D and
TT305/306VA) and not by pharmacologi-
cal inhibition of kinase activity (Hojjati et
al., 2007). Consistent with such observa-
tions, PPF and PTP, two forms of presyn-
aptic short-term plasticity, were not al-
tered in K42R mice (Fig. 5C,D), which is a
clear contrast to altered PPF and PTP ob-
served in CaMKIIa-null mice (Chapman
et al., 1995). More detailed studies would
be necessary, however, to determine
whether the effect of CaMKIl« on presyn-
aptic plasticity is indeed nonenzymatic.

Can kinase activity of CaMKII« explain
all the features of postsynaptic expression
of plasticity? Defects in spine structural
plasticity observed in K42R mice are con-

sistent with previous studies reporting that pharmacological
blockade of kinase activity of CaMKII was effective in preventing
persistent enlargement of dendritic spines (Matsuzaki et al., 2004;
Honkura et al., 2008). However, other studies reported that per-
sistent spine volume increase was associated with postsynaptic
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Figure 6.  Inhibitory avoidance learning was severely impaired in CaMKIlc (K42R) mice. A, Wild-type mice showed increased

step-through latency compared with training latency, when tested 24 h after one-trial training in the inhibitory avoidance task.
Cutoff latency was set at 300 s. Bars represent median. **p << 0.01, Wilcoxon’s signed rank test (n = 14). B, Homozygous K42R
mice showed no difference between training and 24 h latencies, indicating that avoidance memory was severely impaired in K42R
mice (n = 15). Note that shorter training latency in K42R mice (B, left) than in wild-type mice (4, left) reflected hyperactivity in
K42R mice ( p < 0.01, Mann—Whitney test). C, Short-term memory was tested 40 min after training. Wild-type mice showed
increased latency after 40 min, compared with training latency. **p << 0.01, Wilcoxon's signed rank test (n = 11). D, Homozygous
K42R mice showed no difference between training and 40 min latencies, indicating that short-term memory was also severely
impaired in K42R mice (n = 12). E, Multitrial training was performed to examine immediate learning in homozygous K42R mice.
K42R mice that had been subjected to one-trial training and tested 24 h memory in B were retrained after an interval of 5-15 d.
The latencies in the first trial (before the first shock) and the second trial (after the first shock) were not different, indicating that
immediate learning after a single trial was impaired in K42R mice (n = 14). F, The number of trials necessary for homozygous
K42R mice to show immediate avoidance in multitrial training. Training trials were repeated until the mice stayed in the light side
for >120sinasingle trial. G, When tested 24 h after multitrial training, homozygous K42R mice showed increased step-through
latency compared with the first training latency (E, left) ( p << 0.05, Wilcoxon's signed rank test). Note that the 24 h latency after
multitrial training in K42R mice (G) was significantly shorter than the 24 h latency after single-trial training in wild-type mice (4,
right) ( p << 0.01, Mann—Whitney test).

accumulation of CaMKII« (Otmakhov et al., 2004; Zhang et al.,
2008), indicating a role of CaMKII« as a scaffold at postsynaptic
sites. Indeed, CaMKIIa can bind a number of postsynaptic pro-
teins including itself (Colbran and Brown, 2004; Hudmon et al.,
2005) and may be an ideal molecule as a postsynaptic scaffold. In
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kinase activity in dendritic spine enlargement, LTP, and learning.

addition, CaMKII, the other neuron-specific subunit within a
CaMKII holoenzyme, may also play such a scaffolding role in
spine structural plasticity. CaMKIIB, but not CaMKIl«, has
actin-binding capacity and morphogenic activity in spine devel-
opment (Fink et al., 2003; Okamoto et al., 2007), and remodeling
of the actin cytoskeleton seems to be critical for long-lasting en-
largement of dendritic spines (Okamoto et al., 2004; Honkura et
al.,, 2008). Thus, our results do not rule out a possibility of addi-
tional roles of CaMKIla« as a scaffold on the postsynaptic side in
the maintenance of structural and functional synaptic plasticity
after initial phosphorylation of postsynaptic proteins. Neverthe-
less, the analyses presented here revealed an unambiguous role of
CaMKIlIe kinase activity in the initiation of spine structural plas-
ticity and LTP.

Another interesting finding in this study is a possible correla-
tion between LTP and a form of learning that can be established
in a single trial. Involvement of hippocampal LTP in inhibitory
avoidance learning has been suggested (Izquierdo et al., 2006),
and a recent study reported that avoidance training actually
caused LTP in the CA1 region of the hippocampus (Whitlock et
al., 2006). Activation of CaMKII« was also reported after avoid-
ance training in the CAl region (Cammarota et al., 2008). Con-
sistent with such observations, K42R mice showed no LTP by a
single tetanus in slice experiments (Fig. 5E) and no learning in the
one-trial inhibitory avoidance task (Fig. 6 A-D). After repeated
training trials, however, K42R mice did show a certain level of
avoidance (Fig. 6G), just as repeated tetani could cause slight
potentiation in K42R slices (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). Similar deficits in
both LTP and inhibitory avoidance learning in K42R mice may
suggest a common signal transduction pathway shared by synap-
tic plasticity and behavioral learning. Thus, the K42R mice de-

e, K

-+ Learning

Schematicillustration showing that kinase activity of CaMKllx is essential for structural, functional, and behavioral
expression of synaptic memory. Strong synaptic activation induces activation of CaMKIl by binding of Ca 2" /calmodulin (Ca** /
CaM) and the following postsynaptic translocation of CaMKII. Activated CaMKII undergoes T286 autophosphorylation to generate
the autonomous activity and phosphorylates substrate proteins to initiate dendritic spine enlargement and LTP. Such synaptic
plasticity seems to be a basis for behavioral expression of learning and memory in vivo. In the kinase-dead CaMKllcx (K42R)
knock-in mouse, mutated CaMKllc did undergo postsynaptic translocation on synapticactivation, and T286 autophosphorylation
could occur to some extent by adjacent intact CaMKII3 within a CaMKIl holoenzyme. However, mutated CaMKllc cannot phos-
phorylate substrate proteins, and thus, both prolonged dendritic spine enlargement and LTP were not induced. Hippocampus-
dependent learning was also impaired in the CaMKIlcx (K42R) mouse. These results demonstrate an indispensable role of CaMKll ¢

between the two processes and to identify
downstream molecular details in memory
formation in vivo.
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