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Neurogranin/RC3 is a neural-specific Ca2*-sensitive calmodulin
(CaM)-binding protein whose CaM-binding affinity is modulated
by phosphorylation and oxidation. Here we show that deletion of
the Ng gene in mice did not result in obvious developmental or
neuroanatomical abnormalities but caused an impairment of spa-
tial learning and changes in hippocampal short- and long-term
plasticity (paired-pulse depression, synaptic fatigue, long-term
potentiation induction). These deficits were accompanied by a
decreased basal level of the activated Ca2*/CaM-dependent kinase
11 (CaMKII) (~60% of wild type). Furthermore, hippocampal slices of
the mutant mice displayed a reduced ability to generate activated
CaMKIl after stimulation of protein phosphorylation and oxidation
by treatments with okadaic acid and sodium nitroprusside, respec-
tively. These results indicate a central role of Ng in the regulation
of CaMKII activity with decisive influences on synaptic plasticity
and spatial learning.

eurogranin/RC3 (Ng) is a Ca’"-sensitive calmodulin

(CaM)-binding protein that is highly concentrated in selec-
tive neurons within the cerebral cortex, hippocampus, and
striatum. This protein has been implicated in the regulation of
numerous postsynaptic signal transduction pathways because of
its role in the regulation of Ca?* and CaM in neurons (1-3). The
CaM-binding affinity of Ng is attenuated by phosphorylation
with protein kinase C (PKC) and by oxidation with nitric oxide
(NO) (4-7); both modifications have the potential to modulate
neuronal free Ca®>* and CaM levels. The phosphorylated Ng also
stimulates the G-protein-coupled phosphoinositide second mes-
senger pathways that trigger the mobilization of Ca?>" from
intracellular stores (8). PKC is the only known Ng kinase in vitro
(5), and deletion of PKC vy gene in mice negates both the
glutamate- and depolarization-mediated phosphorylation of Ng
(9). The close functional relationship between Ng and PKC vy is
further illustrated by their similar developmental expression
patterns in the cerebral cortex (10-12). Previous studies also
suggest that Ng plays a critical role in synaptic plasticity. Ng was
found to become phosphorylated by PKC after induction of
long-term potentiation (LTP), and the intracellular application
of antibodies binding to the Ng phosphorylation site domain
prevented the induction of LTP (13-15).

CaM-dependent kinase II (CaMKII), like Ng, is also highly
concentrated in dendritic spines (1, 16) and the two proteins can
be functionally related to each other. CaMKII has been proposed
as a molecular decoder of Ca’>* spikes in neurons; it is also
implicated in the modulation of gene expression, ion channel
conductance, neurotransmission, and synaptic plasticity (17).
Activation of CaMKII involves binding of Ca>*/CaM to the
regulatory domain to free the inhibition imposed by the auto-
inhibitory domain. The activated kinase can phosphorylate many
substrates as well as its own autoinhibitory domain at Thr?
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(aCaMKII). The autophosphorylated CaMKII remains partially
active even in the absence of Ca2*/CaM, which is referred to as
autonomous activity (17). The autonomous CaMKII continues
to propagate the autophosphorylation, a feature that has been
implicated in associative learning in rodents and in hippocampal
LTP (18, 19). In support of this hypothesis, mice lacking
aCaMKII (20) or with mutation of the autophosphorylation site
from Thr?8¢ to alanine exhibited severe deficits in LTP and
spatial learning (21).

We report here the generation of a strain of Ng knockout
(KO) mice that did not exhibit obvious developmental and
neuroanatomical abnormalities; however, these animals were
profoundly impaired in spatial learning accompanied by changes
in hippocampal short- and long-term plasticity. Our data suggest
that the observed functional deficits of the KO mice are caused
by the absence of Ng, which is crucial for a fine-tuned amplifi-
cation of the Ca?* signal and the activation of CaMKII.

Experimental Procedures

Generation and Characterization of Ng KO Mice. The use of animals
was approved by the National Institute of Child Health and
Human Development Animal Care and Use Committee. Mouse
Ng genomic clones were isolated from A FIX II genomic library
(Stratagene) by using a labeled rat Ng cDNA as a probe. The
sequence derived from two phage clones covered the 5'-flanking
region, first exon and intron, and 54 bp of the second exon. A
series of PCR were performed by using mouse genomic DNA as
a template and primers corresponding to rat Ng genomic se-
quence (12) to obtain the entire genomic sequence of mouse Ng
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(GenBank accession no. AF230869). To construct the targeting
vector, the sequence coding for the first five amino acids in the
first exon and the adjoining 98 bp of the first intron were replaced
by bacterial lacZ and the neomycin resistance (neo) genes
derived from pZINIMn vector. The targeting vector (linearized
by Notl digestion) was transfected into embryonic stem cells
derived from 129/sv mouse for homologous recombination, and
clones obtained by the positive—negative selection strategy were
positively identified by Southern blot (after Sacl digestion) with
a probe containing 5’'-flanking sequence. Two clones were used
to generate chimeras. Germline transmission was obtained by
crossing male chimeras with female C57BL/6 mice, and the F1
heterozygous (HET) littermates were then inbred to generate
three genotypes. Genotyping was done by Southern blot of the
Sacl-digested tail DNA by using 3?P-random primed probe
(Sacl/BamHI fragment) or by PCR with a 5'-primer (5'-
AGAGTCGAGAGAAGGAGTTGGTCC-3") and two 3'-
primers, one corresponding to Ng (5'-CCACTTCCATCCCT-
CACTCACCCC-3’, which was deleted in the targeting vector)
and another one to lacZ sequence (5'-GAGTAACAAC-
CCGTCGGATTCTCC-3"). In the Southern blot, the wild type
(WT) has a positive band of 11.5 kb and the KO 6 kb and in the
PCR assay, the WT has a band of 370 bp and the KO 780 bp.
Polyclonal antibody (no. 270) against rat brain Ng (5) and an
Ng-Ser30-POy-specific antibody (no. 3615) were used for West-
ern blot, and an Ng C-terminal peptide (66—78)-specific antibody
(no. 2641) was used for immunocytochemical analysis. Antibod-
ies for the detections of aCaMKII and autophosphorylated
aCaMKII were obtained from Boehringer Mannheim and Pro-
mega, respectively. Frozen mouse brain sections fixed in 1%
glutaraldehyde for 5 min were used for detection of the B-
galactosidase activity.

Morris Water Maze Task. A circular pool (1.05 m in diameter)
enclosed with white poster boards decorated with several sym-
bols was filled with opaque water maintained at 25°C. Naive 3-
to 8-mo-old mice received 3 blocks of 4 trials per day for 4
consecutive days to learn the position of a hidden platform (10 X
10 cm). A trial was started by lowering the animal into the water
with head facing the wall at one of four starting positions, each
located in a different quadrant of the pool. The trial was
terminated if the animal found the platform or if 60 s had
elapsed. During the trial, swim path and escape latency were
recorded. Between trials, the mouse was allowed to sit on the
platform for 15 s. At the end of the fourth day of training, a probe
trial was conducted, i.e., each mouse was allowed to swim in the
pool without platform for 60 s, and the time spent in each
quadrant as well as the distance traveled were recorded. On the
fifth day, the animals were given four blocks of the visible-
platform task. In this version of the water maze, the platform was
made visible (with a small grayish cylinder on top) and its
position varied across trials.

Electrophysiology. Electrophysiological recordings were per-
formed in the CA1 region of the hippocampal slices (400 um).
The slices were kept in a submerged-type chamber superfused
with oxygenated artificial cerebrospinal fluid (ACSF) (in mM:
NaCl 124/KCl 4.9/MgSO, 1.3/CaCl, 2.5/KH,PO4 1.2/
NaHCOj3 25.6/D-glucose 10) maintained at 33°C and allowed to
recover for at least 2 h. A lacquer-coated stainless steel mo-
nopolar stimulation electrode and a glass recording electrode
(filled with ACSF, 1-4 M) were placed in the stratum radiatum
of the CA1 region to record field excitatory postsynaptic poten-
tials (fEPSPs). The initial slope of the fEPSP was used as a
measure of this potential, thereby avoiding errors caused by a
contamination by population spikes. After input/output curves
were generated by recording fEPSP slopes at an increasing
stimulation intensity, the stimulation voltage was adjusted to
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35% of the maximum, and test stimuli were applied every 15 min.
Once stable responses were obtained for 60 min, LTP was
induced by a “strong” tetanization protocol consisting of 100
pulses at 100 Hz (double-pulse width), applied 3 times every 10
min. Experiments with mutant mice were interleaved with
experiments with normal controls. To check paired-pulse facil-
itation (PPF), three paired pulses with interpulse intervals (IPIs)
of 10, 40, 100, 200, and 500 ms were delivered at 60-s intervals
at a stimulation voltage adjusted to 35% of the maximum. The
three responses were averaged, and the degree of PPF was
defined as % PPF (fEPSP slope of second pulse X 100/fEPSP
slope of first pulse). Within-group comparisons were performed
with the Wilcoxon matched-pairs signed rank test. Intergroup
differences were analyzed by the Mann-Whitney u test and
repeated measures by ANOVA.

Treatment of Hippocampal Slices and CaMKIl Assay. Transverse
hippocampal slices (400 wm) from adult mice were incubated in
ACSF in a chamber saturated with 95%0,/5%CO, at room
temperature for at least 1 h before treatment. In each experi-
ment, hippocampal slices from two WT and two KO mice were
treated with 0.5 mM sodium nitroprusside (SNP) or 0.5 uM
okadaic acid for the indicated time, and the tissues were kept
frozen on dry ice after removing the medium. Each sample (8-10
slices) was homogenized in 0.12 ml of buffer (50 mM TrisCl, pH
7.8/2 mM EDTA/2 mM EGTA/5 mM Na pyrophosphate/50
mM KF/50 nM okadaic acid/0.5 mM sodium orthovanadate/5
wng/ml each of leupeptin, aprotinin, pepstatin A, and chymosta-
tin/2 mM DTT/0.1% Nonidet P-40), centrifuged at 20,000 X g
for 20 min and the supernatant used for protein determination,
kinase activity assay, and immunoblot analysis. CaMKII activity
was measured at 30°C for 3 min in a mixture (25 ul) containing
30 mM Hepes buffer (pH 7.6), 6 mM MgCl,, 0.12 mM
[y-32P]ATP, 1 mg/ml BSA, 2 mM EGTA, 4 mM DTT, 80 uM
autocamtide-2, = 1.2 uM CaM/2.4 mM CaCl,, and 1 pg protein
of tissue extract.

Results

Generation of Ng Mutant Mice. A targeting vector containing lacZ
and neo genes was used for homologous recombination in
embryonic stem cells (Fig. 14). Approximately 20% of the
selected embryonic stem cell clones harbored the disrupted Ng
gene. Two separate clones were used to generate chimeric mice.
Male chimeras were bred with C57BL/6 female to produce HET
that were subsequently inbred to produce WT, HET, and KO
progeny at a ratio expected for the segregation of a nonlethal
mutation (1:2:1). These genotypes were identified by either
Southern blot (Fig. 1B) or PCR (Fig. 1C). Northern blot (Fig.
1D) and Western blot (Fig. 1E) confirmed that the KO mice did
not produce Ng mRNA or Ng protein. As indicated by immu-
noblotting with the polyclonal antibody no. 270, which detects
both Ng and neuromodulin/GAP-43 (Nm) (Fig. 1E), the hip-
pocampal and cortical Ng levels of the HET mice were approx-
imately one-half of those in WT mice. In contrast, Nm was
present in comparable levels in all three genotypes.

Mutant mice appeared to have normal growth, motor coor-
dination, and longevity. No detectable gross anatomical abnor-
malities in the KO mice were seen in the hippocampus, neocor-
tex, olfactory bulb, and striatum by light microscopy of cresyl
violet-stained sections or those stained with Nm or CaM anti-
bodies (data not shown). The KO mice were devoid of Ng
immunoreactivity throughout all brain sections examined.
Strong positive 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-
gal) staining in the KO mice was seen in layers II-I'V and layer
VI of the cerebral cortex, cortical amygdaloid nucleus, and
hippocampus. These staining patterns exhibited good correspon-
dence with the Ng-positive staining in WT mice (Fig. 2),
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Fig.1. Generation of Ng KO mice. (A) Restriction map of the native and mutant
Ng alleles and targeting vector. The locations of the Ng gene exon (solid block),
herpes simplex virus thymidine kinase gene (hsv-TK), neomycin resistance gene
(neo), lacZ gene, and the probe for Southern blot analysis to identify the various
genotypes are shown. (B) Southern blot analysis of Sacl-digested genomic DNA
from mouse tails. (C) PCR analysis of the tail DNA for routine genotyping. (D)
Northern blot analysis of Ng mRNA derived from olfactory bulb (OB), cerebral
cortex (CR), and cerebellum (CB). Approximately 20 ug of RNA from each tissue
was analyzed by using labeled rat Ng cDNA as a probe and referenced with signal
probed with cyclophilin (cyc) cDNA. (E) Immunoblot analysis of Ng and Nm in
tissue extracts derived from hippocampus and cerebral cortex. The polyclonal
antibody (no. 270) detects both Ng and Nm.

suggesting that the expression of lacZ gene is under the control
of the Ng promoter.

Ng KO Mice Exhibit Deficits in Learning and Memory. Three sets of
mice (n = 40, 43, and 39 for WT, HET, and KO, respectively)
were examined for their performances in the hidden platform,
visible platform, and probe trial versions of the Morris water
maze. After 4 consecutive days of training, all 3 sets of mice
showed a significant decrease in their escape latencies (Fig. 34).
The escape latencies of the WT, HET, and KO mice at the fourth
day of training (block 10-12) were 10.4 * 0.75, 15.4 = 1.2, and
259 = 1.4 s, respectively, and ranks of performance were
WT>HET>KO (Kruskal-Wallis ANOVA, H = 899, P =
0.001). After the hidden platform test, all three sets of mice
performed equally well in their visible platform tests, indicating

Xgal Ng

1. Xgal -/-

I1. Ng +/+

Fig. 2. Staining of the mouse brain sections with X-gal and Ng-specific
antibody. Coronal sections through the hippocampus of the WT (+/+), HET
(+/-), and KO (—/—) mice were stained with X-gal or with Ng-specific
antibody (no. 2641). The magnified areas show a good correspondence be-
tween the X-gal and Ng-positive staining of neurons between +/+ and —/—
mice. X-gal staining is restricted to neuronal cell bodies, whereas Ng-positive
staining covers both cell bodies and processes.
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Fig. 3. Learning performance in the Morris water maze. (A) In the first part
of the experiment, WT (+/+, n = 40), HET (+/—, n = 43),and KO (—/—,n =
39) mice received 12 blocks of training (3 blocks of 4 trials per day for 4
consecutive days) in the hidden platform version of the maze. The graph
shows the escape latency to find the hidden platform for each genotype over
successive blocks of trial. Thereafter, each animal was given 4 blocks of the
visible platform test (n = 18, 18, and 20 for WT, HET, and KO, respectively). (B)
During the probe trial after the twelfth block of training, WT mice spent
significantly more time at the trained quadrant no. 1 (49.5 = 2.4%, n = 40)
than did KO mice (32.8 = 2.4%, n = 39), and HET mice displayed an interme-
diate performance (37.4 = 2.2%, n = 43) (one-way ANOVA, P < 0.001).
Means = SEM are given.

their differences in the hidden platform tests were not because
of impairment in their vision, swimming ability, or motivation.
After the fourth day of training, mice were subjected to probe
trials to test their spatial memories without the hidden platform.
The WT mice spent 49.5 = 2.4% of the time swimming at the
target quadrant as compared with 37.4 = 2.2 for the HET and
32.8 = 2.4 for the KO mice (Fig. 3B); the differences between the
three genotypes were statistically significant (one-way ANOVA,
P < 0.001). Interestingly, the performances of the HET mice
were intermediate between the WT and KO mice, which appar-
ently correlated with the hippocampal Ng levels. The HET mice
attained 62.6 = 9.1% (SD, n = 15) of the WT values (by
quantitative Western blot analysis), and the KO contained no
Ng. In accordance with the findings in the water maze, the KO
mice also exhibited a similar performance decline in contextual
fear conditioning [T. Miyakawa, JH.P., F.L.H., K-P.H. & J. N.
Crawley (1999) Society of Neuroscience Meeting Abstract 257, 13],
another hippocampus-dependent learning paradigm.

Deletion of Ng Causes Changes in the Induction of Hippocampal LTP

and in Short-Term Plasticity. Although both the WT and KO mice
expressed LTP with a repeated strong tetanization protocol (3 X

Pak et al.
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Fig.4. LTP, basal synaptic transmission, and short-term plasticity in the hippocampal CA1 region of WT and KO mice. (A) LTP was induced by a repeated strong
tetanization protocol consisting of 3 stimulus trains at 100 Hz (0.2 msec per polarity) with a 10-min intertrain interval. During the initial phase of potentiation,
WT mice attained nearly the maximal level of potentiation after the first tetanus, whereas KO mice progressively increased the potentiation after each tetanus.
For KO (but not WT) mice, the magnitude of the third tetanus potentiation was significantly greater than that of the first (P = 0.018 Wilcoxon matched-pairs
signed rank test). Arrows indicate the time of tetanization. (B) Input/output curves of the KO and WT mice. fEPSP slopes were recorded at increasing stimulation
intensities until a maximum was attained. There were no significant differences between the two groups. (C) Short-term plasticity as evaluated by paired-pulse
stimulation at different IPIs. Although paired-pulse stimulation at an IPl of 10 ms resulted in PPD, at all other IPIs, PPF appeared. Note the stronger PPD of KO
mice (P < 0.05). (D) Decay of fEPSPs during the first tetanic stimulation. The slope of 15 consecutive fEPSPs immediately at the onset of tetanic stimulation was
determined, averaged across each group, and plotted vs. time. The curves were obtained by nonlinear fits with a two-phase exponential equation. The fEPSPs
of KO mice decayed much faster than the WT in the initial part (first 100 ms) of the decay (P = 0.022, ANOVA with repeated measures). Insets show analogue
traces of the first four fEPSPs during the first tetanization. Note the marked decay of fEPSP slope of the KO mouse between the first and second recording. (E)
Representative analogue recordings of fEPSP changes in a WT vs. KO during the first tetanization. The faster decay of fEPSPs in the KO results in a smaller
depolarizing envelope evoked by summation of the fEPSPs (area: WT, 878.4 units; KO, 530.5 units). The applied sampling rate permits a clear distinction of the

fEPSPs between the WT and KO.

100 Hz, 1 s, 10-min interval) that lasted for more than 3 h (Fig.
4A4), there was a difference in the induction of potentiation. The
WT mice attained a near maximal level of potentiation after the
first tetanus, whereas the KO mice started from a lower level,
and every additional tetanization added another portion to
potentiation. As a consequence, there is a statistically significant
difference in the level of potentiation between the first and third
tetanus in the KO but not in the WT mice (P = 0.018, Wilcoxon
matched-pairs signed rank test). The differences in LTP induc-
tion were not caused by changes in basal synaptic function, as
evidenced by input/output (I/O) curves (Fig. 4B), which showed
only a tendency of both the WT and KO mice to attain the
maximum of the I/O curve at higher stimulation intensities.
We next examined whether short-term plasticity was affected
by deletion of Ng. A common form of short-term plasticity is
observed when two identical stimuli are delivered to homosyn-
aptic afferent fibers in rapid succession (a conditioning stimulus
followed by a test stimulus). Depending on the IPI, this proce-
dure results in either depression or facilitation of the test
stimulus (22). At IPIs = 40 ms, PPF was observed with no
detectable differences between the KO and WT mice (Fig. 4C).
In contrast, at an IPI of 10 ms, both strains displayed paired-
pulse depression (PPD), which was significantly more so in the
KO as compared with their WT littermates (P = 0.05). The
higher magnitude of depression of KO mice at 10 ms tempted us
to check whether this might result in different tetanization
kinetics because the same IPI was contained in the tetanic
stimulation at 100 Hz. To estimate the decaying kinetics of
fEPSP during tetanization, the slope of the first 15 consecutive
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fEPSPs during each tetanic stimulation was determined, aver-
aged across each strain of mice, and plotted vs. time. As depicted
in Fig. 4D for the first of three successive tetanic stimulations, the
recorded fEPSPs of each strain displayed a rapid exponential
decline that is significantly better fitted by a two-phase expo-
nential equation (y = a*e "™ + b*e ™ + ¢) as compared with
a one-phase exponential decay (P < 0.01). It is evident from the
graph that the fEPSPs of KO mice decayed much faster during
the initial phase of tetanic stimulation, which is supported by
their respective time constants of the slow components of 21.0
ms in the KO and 27.7 ms in the WT. Thus, the decay curves of
the WT and KO mice are significantly different during the initial
100 ms (Fig. 4D, P = 0.022, ANOVA with repeated measure-
ments). A slightly smaller strain difference was discernible in the
decline of fEPSPs during the second and third tetanic stimula-
tions (data not shown). The faster decay of fEPSPs in KO mice
was accompanied by a smaller depolarizing envelope evoked by
summation of the fEPSPs as an example given in Fig. 4E.

Ng KO Mice Have a Defective Mechanism for the Activation of CaMKII.
In search of biochemical correlates of the behavioral and
electrophysiological changes in the KO mice, CaMKII activities
in hippocampal extracts were measured. The total hippocampal
CaMKII activity in the KO mice was ~15% higher than that of
the WT (97.7 = 4.03 vs. 84.5 = 3.35 nmol/min/mg, n = 16, ¢ test,
P < 0.05), whereas the autonomous activity in the KO was ~60%
that of the WT mice (5.92 = 0.46 vs. 8.93 * 0.66 nmol/min/mg,
n =16, t test, P < 0.001). The percent of autonomous activity in
the WT was 1.75-fold greater than that of the KO (10.5 = 0.54

PNAS | October 10,2000 | vol.97 | no.21 | 11235

BIOCHEMISTRY



-
(=]

»
=1

Ny - #3615 .oTc
* ABeame .
o ¥ i )
§ 30 1 b.“ M p.Ng Ng o '5,-,' an Npu—— - 0x. Ng
525_ B 2 5 10 20 30(mn) EZS Py e, mw
13
wT
é 20 % 55
£ 454 KO 2
..g 15 5 15 KO
§ 10 R
o 5_ E
o & 59
0 - - - T 0 . v - v
0 [ 10 15 20 25 30 35 0 5 0 15 20 25 30 35
Time (min) D Time (min)
KO wT
- S ol
VN

o mSeess gEEses

0 2 5 10 20 30

Fig. 5.

O 2 5 10 20 30 (min)

0 2 5 10 20 30 0 2 5 10 20 30 (min)

Okadaic acid- and SNP-induced modifications of Ng and activation of CaMKII. Hippocampal slices from WT and KO mice were incubated with 0.5 uM

of okadaic acid (A and B) or 0.5 mM SNP (C and D). At timed intervals, samples were taken and tissue extracts used for the measurement of CaMKII activity in
the presence or absence of Ca2*/CaM. Percent of Ca2*/CaM-independent activity was determined. A PO;-Ng antibody (antibody no. 3615), which is specific for
the phosphorylated form, was used for the detection of p-Ng (A Inset) and antibody no. 270 for the detection of total Ng (A Inset) and the reduced (Red) and
oxidized (Ox) forms (C Inset). For determination of Ng oxidation (C Inset), slices were homogenized in buffer containing 100 mM iodoacetamide without DTT
and electrophoresis carried out under nonreducing condition to preserve the extent of oxidation. Autophosphorylated (p-CaMKII) and total «CaMKIl were
determined by using commercially available antibodies (B and D). The increase in autophosphorylated CaMKII corresponds well with the increase in the
Ca?*/CaM-independent activity. The data represent the mean (= SEM) of three separate experiments by using slices from six each of the WT and KO mice.

vs. 6.0 = 0.36%,n = 16, t test, P < 0.001), suggesting the KO mice
contain less autophosphorylated CaMKII than that of the WT.
This was also confirmed by quantitative immunoblot analysis
with «CaMKII-Thr?86-POg-specific antibody, with which the KO
was found to be 49.5 * 13% (n = 4) of the level of the WT.
To investigate further whether CaMKII autophosphorylation
in the KO mice is defective, hippocampal slices were treated with
chemicals known to increase protein phosphorylation or oxida-
tion. Treatment of the hippocampal slices with okadaic acid (0.5
uM), which caused Ng phosphorylation in the WT (Fig. 54
Inset), resulted in a larger increase in the autonomous kinase
activity of the WT as compared with that of the KO mice (Fig.
5A). The increase in the autonomous CaMKII activity corre-
sponded with the autophosphorylation at Thr?8¢ of aCaMKII
determined by immunoblot with «CaMKII-Thr?86-PO-specific
antibody (Fig. 5B). Okadaic acid caused a biphasic increase in
the autonomous CaMKII in both the WT and KO mice. The
initial rate of increase was similar for both, but the second phase
of increase was greater in WT than in KO mice. After 30 min of
incubation, the Ca?>*/CaM-independent activities in the WT and
KO were 26.6 = 0.3 vs. 13.4 = 0.4% (P < 0.001). Incubation of
the hippocampal slices with SNP (0.5 mM), which caused Ng
oxidation in the WT (Fig. 5C Inset), also resulted in a larger
increase in autonomous CaMKII activity (20.2 = 0.4 in WT vs.
13.2 £ 1.2% in KO after 30 min, P < 0.01) (Fig. 5C) and
autophosphorylation at Thr?%¢ (Fig. 5D) in the WT than the KO
mice. The consistently higher level of CaMKII autophosphory-
lation in the WT slices as compared with that of the KO indicates
a critical role of Ng in the generation of autonomous CaMKII.

Discussion

Ng is a postsynaptic protein believed to be involved in the
regulation of intracellular Ca®* and CaM levels after neuronal
excitation. As Ca>*/CaM play a central role in controlling a
plethora of cellular events, deletion of Ng could affect multi-
farious signaling pathways. In the adult mouse brain, Ng is
expressed at high levels in the neocortex, hippocampus, and
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amygdala, brain areas known to be important for learning and
memory in vertebrates. Indeed, the Ng KO mice, which express
no Ng in the hippocampus, exhibited severe performance deficits
in the Morris water maze, a hippocampus-dependent spatial
learning paradigm. In addition to these learning deficits, Ng KO
mice displayed changes in hippocampal short- and long-term
plasticity as well as a defective mechanism for the activation of
CaMKII. The phenotypic changes in the Ng KO mice resemble
in certain respects those of the «CaMKII KO and the autophos-
phorylation site-defective mutants (20, 21). This perhaps is
expected, as Ng functions as an upstream modulator for many
neuronal signaling pathways, including those using Ca?*, CaM,
cyclic nucleotides, and NO. Thus, the Ng KO mouse will be a
very useful genetic model to delineate the roles of these mes-
sengers in synaptic plasticity.

Paired-pulse stimulation, a widely used protocol for the
investigation of short-term plasticity, evoked a greater PPD at an
IPT of 10 ms in KO mice as compared with controls. At IPIs =
40 ms, both strains displayed EPSP facilitation (PPF), which
agreed with other studies (23). The PPD obtained at an IPI of
10 ms is most likely because the second pulse arrives during the
period of recurrent GABAs-mediated inhibition generated by
the conditioning stimulus (23). This inhibition overrides facili-
tatory effects because of short-term presynaptic enhancement
(24, 25). Because of a stronger PPD at 10 ms, KO mice displayed
a faster decay of fEPSPs during tetanization at 100 Hz, which
contains the same IPI. However, during long trains of repetitive
stimulation at high frequencies, the GABAs-mediated inhibi-
tion shows a rapid rundown (26). Therefore, this inhibition might
play a role during the initial phase of tetanization, but the
observed depression of fEPSPs over time is predominantly
because of a presynaptic phenomenon termed synaptic fatigue.
This form of short-term synaptic depression can be largely
attributed to rapid depletion of a readily releasable pool of
vesicles (27, 28). GABA-mediated inhibition and synaptic
fatigue represent the principal sources of the observed rapid
decline of fEPSPs during tetanization. The faster decay in KO
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mice will result in a smaller depolarizing envelope evoked by
summation of the fEPSPs (29), which in turn is likely to be
responsible for the reduction of the initial magnitude of poten-
tiation to about 65% of that of the WT. This difference was
stepwise reduced by the two subsequent tetanic stimulations,
which resulted in a similar LTP maintenance for both the WT
and KO mice. It is difficult to deduce whether the lower initial
potentiation resulted from deficits in posttetanic potentiation or
LTP. The apparent changes of GABAergic inhibition and the
presumably postsynaptic expression of functional disturbances
after Ng deletion strongly suggest a deteriorated interaction
between interneurons and pyramidal cells in the hippocampal
CA1 region of the KO mice. These alterations are likely to result
in shifted computational properties of hippocampal networks.

Our biochemical data indicate that the observed deficits in
hippocampal synaptic plasticity and hippocampus-dependent
spatial learning of the KO mice could be because of an aberrant
regulation of neuronal Ca>* and CaM levels, which affect the
activation of many Ca?*/CaM-dependent enzymes. Indeed, in
mutant mice, the basal level of the activated CaMKII was
reduced to about 60% of the WT values, and the mechanism for
the stimulation of CaMKII autophosphorylation in the hip-
pocampus was impaired. Reduction of the neuronal level of the
activated CaMKII is likely to have a decisive impact on down-
stream signaling, such as the phosphorylations of SynGap,
mitogen-activated protein kinases, and cAMP-responsive
element-binding protein, thought to be important for the con-
solidation and formation of long-term memory (30, 31). Fur-
thermore, phosphorylation of the GluR1 subunit of the AMPA
receptor by the activated CaMKII (32) leads to an enhanced
receptor channel conductance (33), which plays a major role in
mediating the postsynaptic mechanism of LTP. A deficit in the
activation of CaMKII in the Ng KO mice could dampen the
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increase of AMPA channel conductance during LTP induction
and magnify the responses to GABAergic inhibition.

Because the phosphorylation and oxidation of Ng with oka-
daic acid and SNP, respectively, provide a greater boost of
CaMKII autophosphorylation in the WT mice than that of the
mutants, we conclude that these modified forms of Ng partici-
pate in the regulation of CaMKII autophosphorylation. In this
respect, one may consider that CaM sequesters Ng at the basal
level of [Ca”"]; and release it on a rise in [Ca®*];, so it can be
activated via phosphorylation by PKC or oxidation by NO. As Ng
is enriched in the dendritic spines (1), it may concentrate CaM
there for localized responses on Ca’" influx triggered by gluta-
mate release and/or depolarization. Thus, at basal levels of
[Ca?*];, Ng and CaM can be considered as mutual silencers, i.c.,
CaM prevents Ng from being phosphorylated or oxidized, and
Ng dampens the sensitivity of CaM to minor fluctuations of
[Ca2*].. When [Ca®*]; exceeds a certain threshold, Ca?*/CaM
enhance Ng oxidation by stimulation of NO synthase, and Ca?*
stimulates PKC to phosphorylate Ng. The phosphorylated and
oxidized Ng in turn may support an elevation of the Ca?*/CaM
concentration. Taken together, the data obtained with the Ng
KO mice support the hypothesis that Ng and CaM maintain a
distinct functional interaction, which is essential for a fine-tuned
amplification of the Ca?* signal. Any disturbance of this unique
partnership will lead to detrimental consequences in important
neural function such as synaptic plasticity and learning and
memory.
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