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Ca’*/calmodulin (CaM)-dependent protein kinase IT (CaMKII)
is a major mediator of physiological glutamate signaling in-
volved in higher brain functions. Here, we show CaMKII in-
volvement in pathological glutamate signaling relevant in
stroke. The novel inhibitor tatCN21 was neuroprotective even
when added hours after glutamate insults. By contrast, the “tra-
ditional” inhibitor KN93 attenuated excitotoxicity only when
present during the insult. Both inhibitors efficiently blocked
Ca®*/CaM-stimulated CaMKII activity, CaMKII interaction
with NR2B and aggregation of CaMKII holoenzymes. However,
only tatCN21 but not KN93 blocked the Ca**-independent
“autonomous” activity generated by Thr-286 autophosphoryla-
tion, the hallmark feature of CaMKII regulation. Mutational
analysis further validated autonomous CaMKII activity as the
drug target crucial for post-insult neuroprotection. Overexpres-
sion of CaMKII wild type but not the autonomy-deficient
T286A mutant significantly increased glutamate-induced neu-
ronal death. Maybe most importantly, tatCN21 also signifi-
cantly reduced infarct size in a mouse stroke model (middle cer-
ebral arterial occlusion) when injected (1 mg/kg intravenously)
1 h after onset of arterial occlusion. Together, these data dem-
onstrate that inhibition of autonomous CaMKII activity pro-
vides a promising therapeutic avenue for post-insult neuro-pro-
tection after stroke.

Glutamate is the most abundant excitatory neurotransmitter
in the mammalian brain. However, excessive glutamate release
causes Ca®"-dependent excitotoxic neuronal death in patho-
logical situations such as focal cerebral ischemia (stroke) (for
review see Refs. 1-4). Most glutamate receptors are involved
in excitotoxicity, but especially important are the Ca®>* -per-
meable ionotropic receptors such as the NMDA*-type glu-
tamate receptor (NMDAR) (5-8). Extensive attempts to
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develop a stroke therapy by targeting glutamate receptors have
resulted in disappointment (for review see Refs. 9, 10), suggest-
ing that alternative strategies will be necessary. Currently, the
only approved pharmacological treatment of stroke patients
is hemolytic therapy with tissue plasminogen activator.
However, less than 2% of patients actually receive tissue plas-
minogen activator. Although tissue plasminogen activator is
effective in stroke caused by blood clots, it is actually contrain-
dicated in hemorrhagic stroke, and diagnostic evaluation
pushes most patients beyond the therapeutically effective time
window (11-13).

The Ca®>*/calmodulin (Ca®>*/CaM)-dependent protein ki-
nase II (CaMKII) is a major physiological downstream target
of glutamate-induced Ca>" signaling (for review see Refs.
14—17) and was examined in this study for involvement in path-
ological excitotoxic glutamate signaling. CaMKII is highly
expressed in brain where it participates in NMDAR-depen-
dent long term potentiation and learning and memory (14—
17). CaMKII forms multimeric holoenzymes, and each kinase
subunit is activated separately by Ca®>*/CaM. An inter-subunit
autophosphorylation at Thr-286 renders the kinase “autono-
mous” that is active even after Ca>*/CaM dissociates. This
autonomy is thought to be a form of molecular memory and is
indeed important in learning and memory (14 -18). The role of
CaMKII in pathological glutamate signaling is unclear, as pre-
vious reports have indicated that CaMKII may either promote
(19-22) or attenuate (23-26) neuronal cell death. A possible
reason for the apparent contradictions was that excitotoxic glu-
tamate affects not only CaMKII activity but also its protein
interactions and subcellular localization, such as binding to the
NMDAR and translocation to postsynaptic sites (27-30), and
self-aggregation and extrasynaptic clustering (31-34). These
glutamate effects on CaMKII may modulate neuron survival
following excitotoxic insult in different ways. Another possible
reason for the apparent contradictions in previous studies was
the use of inhibitors now known to also target non-CaMKII
proteins. KN93, the most commonly used CaMKII inhibitor,
also inhibits CaMKI and CaMKIV (35), as well as voltage-gated
Ca®** and K* channels (36, 37). CaMKII inhibitors derived
from the autoinhibitory region, such as AC3-I and AIP, also
inhibit other protein kinases such as myosin light chain kinase
(MLCK), PKA, and PKD (38 —40), and some studies indicated a
low potency of CaMKII inhibition (IC, ~30 um) (41). Highly
specific inhibitors are now available with CN peptides such
tatCN21 (42), which are derived from the natural CaMKII
inhibitory protein CaM-KIIN (43).
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Here, we demonstrated a role for CaMKII in glutamate exci-
totoxicity by several lines of evidence. Remarkably, the CaMKII
inhibitor tatCN21 was neuroprotective also when applied
hours after a glutamate insult in vitro or in a mouse stroke
model. Biochemical and mutational analysis identified specifi-
cally the “autonomous” form of CaMKII activity as the relevant
drug target for post-insult neuroprotection.

EXPERIMENTAL PROCEDURES

Materials—CaMKIla and CaM were isolated and purified
as described previously (29, 30, 42). Reagents were obtained
from Sigma, except for the following: inhibitor peptides
and controls (Biomatix, Wilmington, DE, and Global Pep-
tides, Fort Collins, CO); neuron culture supplies, ethidium
homodimer 2 (EtDH2), Hoechst 33258, and Lipofectamine
2000 (Invitrogen); KN93, KN92, and STO-609 (Calbiochem);
D-APV (Tocris Bioscience, St. Louis, MO); paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA); lactate dehydro-
genase assay (LDH) kit (Roche Applied Science); antibodies
against MAP2 (Pharmingen); total CaMKIla (CBa2; Invitro-
gen); and phospho-Thr-286 (PhosphoSolutions, Aurora, CO).
The sequences of tatCN21 and the reverse sequence control
tatRev were described previously (42); the additional control
peptide tatCtrl was a fusion of the tat sequence to a scrambled
CN21 sequence (VKEPRIDGKPVRLRGQKSDRI).

Cell Culture and Transfection—Medium density primary dis-
associated hippocampal or cortical neuron cultures were pre-
pared from newborn Sprague-Dawley rats, plated onto poly-
D-lysine-coated 24-well dishes (=~40,000-50,000/well), and
maintained at 37 °C, 5% CO, in Neurobasal A media with
B-27 supplement, 50 units/ml penicillin/streptomycin, 2 mm
Glutamax. Glial growth was inhibited with 70 um 5-fluoro-2'-
deoxyuridine and 140 um uridine. Neurons were transfected
by electroporation (AMAXA Biosystems, Basel, Switzerland)
prior to plating or at 7 or 10 days in vitro (DIV) with Lipo-
fectamine 2000, as described previously (29, 30, 42). Cells were
cultured with 100 um D-APV following transfection with CaMKII
constructs. APV was washed from cells prior to inducing cell
death.

Neuron Death Assays—7 DIV hippocampal neurons (unless
indicated otherwise) were generally insulted with 400 um glu-
tamate (or 300 um NMDA) for 5 min (which leads to ~80%
neuronal death; see Fig. 1B). 200 um glutamate was used when
induction of submaximal death was desired (such as in overex-
pression experiments); 100 um glutamate was used in older
neurons, which are more sensitive. Thus, all insults were done
in the generally used glutamate range of 50 -500 um (44 —46).
Following glutamate treatment, medium was exchanged, and
neurons were returned to 37 °C and 5% CO,, for 20—-24 h. Cell
death was then assessed using an LDH assay kit or by staining
with 1 um EtDH2 (10 min). Cells were fixed in 4% paraformal-
dehyde and stained with 10 ng/ul Hoechst 33258 for 30 min.

Neurons were incubated with 5 uM tatCN21 (or control
peptide), 10 um KN93, 10 um KN92 (Calbiochem), 100 um
D-APV, or 5 um STO-609 either 20 min prior to glutamate
treatment or different times after glutamate insult, as indicated.
Results were normalized by setting untreated conditions to
zero and glutamate treated to one, unless indicated otherwise.
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Significance was determined as indicated, generally using a
one-way ANOVA followed by either Dunnett’s (to compare
multiple treatments to control) or Newman-Keule’s multiple
comparison test (to compare among multiple treatments).

CaMKII Activity Assays—CaMKIla (20 nm subunit concen-
tration) activity was assessed in 50 mm PIPES, pH 7.2, 0.1 mg/ml
bovine serum albumin, 10 mm MgCl,, 100 um [y-**P]ATP (~1
Ci/mmol), 50 um AC2 substrate, and 1 mm, 1 um Ca**/CaM
(stimulated) or 0.5 mm EGTA (autonomous) for 1 min at 30 °C,
essentially as described previously (42). For measurement
of autonomy, CaMKII (100 nm) was pre-phosphorylated as
in the stimulated conditions, but for 5 min on ice and with-
out AC2 and radioactivity. CaMKII autophosphorylation at
Thr-286 was verified by Western blot as described previously
(29, 42, 47).

CaMKII Binding to NR2B-c—To assess the effect of inhibi-
tors on CaMKII binding to the NR2B subunit, GST-NR2B-c
was immobilized on an anti-glutathione S-transferase-coated
microtiter plate, as described previously (29, 30, 42). 100 nm
CaMKlla, 0.5 mm Ca*>", and 1.5 um CaM was added together
with the indicated concentrations of inhibitor. After washing,
the bound protein was disassociated from the plates by boiling
in SDS loading buffer. Eluted CaMKII was detected by Western
blot as described previously (29, 30, 42).

CaMKII Self-association Assays—For standard assays, puri-
fied 0.5 um CaMKIla was combined with 25 um PIPES, pH 6.5,
20 mMm KCl, 10 mm MgCl,, 0.1 mg/ml bovine serum albumin,
0.1% Tween 20, 0.5 mm dithiothreitol, 0.5 mm CaCl,, 2.0 um
CaM, and 10 um ATP. Where indicated, 1 um tatCN21 or 2 um
KN93 was included. The mixtures were prepared on ice and
then incubated for 5 min at room temperature prior to centri-
fugation at 4 °C for 30 min (16,000 X g). CaMKII in the super-
natant and pellet was detected by Western blot as described
previously (29, 30, 42).

Mouse MCAO Stroke Model—Focal ischemia was induced in
male C57BL/6] mice by occluding the anterior communicating
and middle cerebral arteries for 1 h while measuring physiolog-
ical parameters (heart rate and arterial blood pressure, pH lev-
els, PaCO,, and Pa0,), as described previously (48 -50). 24 h
later, infarct size was assessed by cutting 1-mm-thick coronal
sections and staining them with 2% triphenyltetrazolium chlo-
ride, which stains live tissue red and leaves dead tissue white.
Sections were imaged using an Olympus microscope and pho-
tographed with a Hitachi CCD camera, and infarct volume was
calculated based on area and slice thickness.

RESULTS

tatCN21 Protects Neurons from Excitotoxic Death—The
peptide tatCN21 is a new, highly selective and cell-penetrat-
ing inhibitor of CaMKII and thus is an excellent tool to clar-
ity if CaMKII stimulation promotes or reduces excitotoxic
death. Therefore, the effect of tatCN21 (5 um, ~50-fold IC,)
on glutamate-induced neuron death was measured in hip-
pocampal neurons cultured for 7 DIV. Neurons were insulted
with glutamate for 5 min, in the presence or absence of
tatCN21. 20-24 h later, nuclei of dead neurons were stained
with EtHD2, a dye that is excluded from live cells. Nuclei of all
cells were counter-stained using Hoechst 33258 or 4’,6-di-
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FIGURE 1. CaMKII inhibition reduced excitotoxic neuron death assessed
by cell staining. A, EtDH2 stained necrotic and late stage apoptotic nuclei but
was excluded from the nuclei of healthy cells. Hoechst counter-stained all
nuclei; anti-MAP2 immunocytochemistry and morphology identified neu-
rons. B, live/dead cell counting revealed that 400 um glutamate induced
death in ~75% of neurons, which was significantly reduced by 5 um tatCN21
(**, p < 0.001 in Dunnett’s t test ANOVA post hoc analysis) but not by the
control peptide tatRev. C, although tatCN21 reduced total cell death after
glutamate treatment (see B), it did not change the ratio of apoptotic to
necrotic cells. D, neurons subjectively classified as apoptotic versus necrotic
by morphology (see A) have distinct, nonoverlapping nuclear diameters (**
indicates p < 0.001 in Dunnett’s t test ANOVA post hoc analysis), as expected
based on nuclear condensation during apoptosis. Compared with healthy
neurons, nuclear diameter of necrotic neurons was slightly but significantly
increased (* indicates p < 0.05 in analysis as above), consistent with mild
nuclear swelling. Individual data points (n = 18) and the mean are indicated.
Error bars show standard deviation.

amidino-2-phenylindole, and neurons were identified by mor-
phology and/or anti-MAP2 immunocytochemistry. Necrotic
and apoptotic neurons were distinguished by nuclear conden-
sation (Fig. 1A4); additionally, apoptotic neurons showed re-
duced and irregular MAP2 staining (Fig. 1A4), consistent with
previous observations (51-54). This approach revealed that
tatCN21 significantly reduced glutamate-induced neuronal
death, indicating that CaMKII stimulation promotes excitotox-
icity (Fig. 1B). Although reducing overall death, tatCN21 did
not affect the ratio of neurons with necrotic versus apoptotic
appearance after a glutamate insult, suggesting that CaMKII
promotes neuron death both with apoptotic and necrotic mor-
phology (Fig. 1C). The decision to classify a neuron as necrotic
or apoptotic was made subjectively; however, post hoc mea-
surements of their nuclear diameters highlights that there is a
clear objective distinction (Fig. 1D).
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FIGURE 2. CaMKII inhibition reduced excitotoxic neuron death assessed
by LDH release. A, CaMKll inhibition by 5 um tatCN21 or 10 um KN93 reduced
glutamate-induced death also when measured by LDH assay (** indicates p <
0.007 in Dunnett’s t test ANOVA post hoc analysis). The controls tatRev and
KN92 had no effect, whereas the CaMKI and IV inhibitor STO-609 (5 um)
increased cell death (p < 0.05 in analysis as above). B, glutamate-induced
neuron death was significantly reduced by the NMDAR inhibitor p-APV (100
um), and NMDA-induced neuron death was significantly inhibited by tatCN21
(5 um) (** indicates p < 0.001 compared with glutamate in Newman-Keuls
multiple comparison test after ANOVA; n.s. indicates that there was no differ-
ence between these two conditions). C, tatCN21 inhibited NMDA-induced
deathinan additional independent experiment (p < 0.001 in Student’s t test),
similar to what was observed for glutamate-induced death in A. D, CaMKIl
inhibition by 5 and 15 um tatCN21 showed significant neuroprotection (**,
p < 0.001) that was indistinguishable between the two concentrations (n.s.),
whereas 1.5 umtatCN21 also significant neuroprotection but to a much lesser
extent (*, p < 0.07; all in Newman-Keuls multiple comparison test after
ANOVA). Thus, 5 um tatCN21 is sufficient to elicit maximal neuroprotection
levels. In all panels, results shown are mean = S.E.; N indicates the number of
independent experiments; n indicates the number of coverslips.

Further Pharmacological Evidence That CaMKII but Not
CaMKI or CaMKIV Promotes NMDAR-mediated Excito-
toxicity—The tatCN21 peptide, but not the reverse sequence
control peptide tatRev, showed the same neuroprotective effect
in another assay of cell death, which measures release of LDH
from dead and dying cells (Fig. 24). This LDH assay allows rapid
quantification of death in large populations of cells. Thus, we
decided to also test other inhibitors of CaMK activity as follows:
KNO93, an inhibitor of CaMKI, CaMKII, and CaMKIV; KN92,
the inactive control substance; and STO-609, an inhibitor of
CaMKK, a CaM-dependent upstream kinase required for full
activation of CaMKI and CaMKIV but not CaMKII. Neuropro-
tection was seen for KN93 but not KN92 or STO-609 (Fig. 24),
further supporting the conclusion that CaMKII but not CaMKI
or CaMKIV promotes excitotoxic death.

Overstimulation of most glutamate receptors can lead to
cell death, but the NMDAR appears to be the most sensitive
death-mediating receptor in excitotoxicity (1-5). Indeed,
the NMDAR inhibitor APV significantly reduced glutamate-
induced neuron death in our assay, as expected (Fig. 2B).
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FIGURE 3. Overexpression of mGFP-CaMKIll« increased basal and gluta-
mate-induced neuron death. A, overexpression of mGFP-CaMKll« in 7 DIV
hippocampal neurons substantially increased basal cell death (p < 0.001), but
400 um glutamate did not cause a furtherincrease (p > 0.05 in Newman-Keuls
multiple comparison test after ANOVA). B, in mGFP-CaMKlla overexpressing
neurons, basal cell death was reduced to normal levels by culturing cells with
the NMDAR inhibitor b-APV. However, glutamate-induced cell death was sig-
nificantly increased (D-APV was washed from the cells prior to glutamate
treatment) (**, p < 0.001 in Newman-Keuls multiple comparison test after
ANOVA). Results shown are mean = S.E. in all panels.

Additionally, direct receptor overstimulation by the agonist
NMDA induced a similar level of cell death as the glutamate
insult. More importantly, tatCN21 was neuroprotective also
after NMDA treatment, in two independent experiments (Fig.
2, Band Q).

The tatCN21 concentration used in the excitotoxicity exper-
iments (5 um) is ~100-fold IC,, of CaMKII inhibition and is
thus a reasonable pharmacological dose. Indeed, the maximal
neuroprotective effect of tatCN21 was reached at 5 M, as neu-
roprotection was not further increased by a 3-fold higher con-
centration (Fig. 2D).

Overexpression of CaMKlla Increases Neuron Death—The
involvement of CaMKII in neuronal cell death, which was
strongly indicated by the pharmacological data, was further
tested by a molecular biology approach. AMAXA electropo-
ration yielded a transfection rate of >30% in 7 DIV hip-
pocampal neurons, allowing assessment of the cell death by
LDH assays. Overexpression of CaMKIl« significantly increased
basal level of neuronal cell death (without glutamate insult), to
a degree that could not be significantly further increased by an
insult with 400 uMm glutamate (Fig. 3A) (suggesting that pro-
longed glutamate released from dying transfected neurons
caused death also of the untransfected neurons in the dish, to a
similar extent as the 5-min glutamate bath application). Incu-
bation of the CaMKII-expressing cultures with APV immedi-
ately after transfection reduced neuronal cell death back to near
basal levels (Fig. 3B), indicating that the CaMKII-mediated
basal death required spontaneous activation of NMDAR in the
cultures. When neurons that were cultured in presence of APV
were then insulted with 200 um glutamate (after removal of the
APV), excitotoxic cell death was significantly higher in the
CaMKII-expressing cultures than in green fluorescent protein
expressing controls (Fig. 3B). Taken together, the pharmaco-
logical and molecular data strongly support that CaMKII acti-
vation promotes neuronal cell death in excitotoxicity.

tatCN21 but Not KN93 Protects against Excitotoxicity When
Added Post-insult—Remarkably, tatCN21 protected from exci-
totoxic neuronal cell death even when added 1 h after the insult
(Fig. 4, A-C), which is within a clinically relevant window of
therapeutic opportunity. The same post-insult neuroprotec-
tion by tatCN21 was seen in 7 DIV hippocampal neurons (Fig.
4A), 7 DIV cortical neurons (Fig. 4B), and 18 DIV cortical neu-
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FIGURE 4. Post-insult neuroprotection by tatCN21 but not KN93. A, 7 DIV
hippocampal neurons. B, 7 DIV cortical neurons; C, 18 DIV cortical neurons,
tatCN21 (5 um) significantly reduced glutamate-induced cell death when
added during the insultand when added 1 hour after insult. By contrast, KN93
(10 um) only reduced cell death when added during the insult. (**, p < 0.01; %,
p < 0.05; compared with glutamate treatment without inhibitors, in Dun-
nett’s t test ANOVA post hoc analysis.) D, tatCN21 significantly reduced glu-
tamate-induced neuron death even when added up to 6 h after insult (**,p <
0.01;*, p < 0.05). There was no statistically significant difference between the
different times of tatCN21 treatment (n.s. (not significant) p > 0.05; all in
Newman-Keuls multiple comparison test after ANOVA). In all panels, results
shown are mean = S.E.,, and N (number of independent experiments) or n
(number of independent wells, from at least two independent experiments,
except for C) are indicated.
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rons (Fig. 4C). By contrast, the traditional CaMK inhibitor
KN93 was neuroprotective only when present during the insult
but not when added 1 h later (Fig. 4, A—C). This further sup-
ports involvement of CaMKII and shows that some but not all
CaMKII inhibitors are protective in a clinically relevant time
frame.

To investigate the time window of post-insult neuroprotec-
tive potential, tatCN21 was also added at later time points (Fig.
4D). tatCN21 showed significant neuroprotection even when
added up to 6 h after the glutamate insult (Fig. 4D).

tatCN21 but Not KN93 Inhibits Autonomous CaMKII—Why
does one CaMKII inhibitor (tatCN21) result in post-insult
neuroprotection whereas another one (KN93) does not? To
answer this question, we compared the effects of the two
inhibitors on several changes in CaMKII activity and protein
interactions that can be induced be Ca®" signals generated by
excitotoxic levels of glutamate. Both tatCN21 and KN93 effi-
ciently inhibited Ca**/CaM-stimulated activity of CaMKII
(Fig. 5A). However, only tatCN21 but not KN93 blocked Ca*" -
independent autonomous CaMKII activity (Fig. 5A4). For gen-
erating autonomous activity, CaMKII Thr-286 autophosphor-
ylation was first stimulated by Ca®>"/CaM (and verified by
Western blot; Fig. 5B); autonomous activity was then measured
after chelating Ca®>" with EGTA. Thus, when present during a
glutamate insult, KN93 would prevent CaMXKII stimulation and
generation of autonomous activity. However, once autono-
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FIGURE 5. tatCN21 but not KN93 inhibits autonomous CaMKII activity.
A, tatCN21 (5 um) but not KN93 (10 um or 20 um) inhibited Ca?*-independent
autonomous CaMKIll activity (after 5 min Thr-286 autophosphorylation oniice)
in a cell-free assay using purified CaMKlla and measuring phosphorylation of
AC2 peptide substrate for 1 min at 30 °C. By contrast, both inhibitors effi-
ciently inhibited Ca?*/CaM-stimulated CaMKIl activity (**, p < 0.001 Dun-
nett’s t test ANOVA post hoc analysis; n.s. (not significant) indicates no statis-
tical difference, with p > 0.07 in ANOVA). Error bars indicate S.E. B, effective
Thr-286 autophosphorylation on ice was verified by Western blot analysis
with a phospho-Thr-286-specific antibody (P-T286) after different reactions
times, indicating maximal phosphorylation even after 30 s (upper panels).
Total CaMKIl was stained as control. Loading different amounts of CaMKII
after 10 min autophosphorylation showed that the detection was in the linear
range (lower panels, but from same blot and exposures as the upper panels).

mous CaMKII activity is generated, it can be inhibited only by
tatCN21 but not KN93, providing an explanation for the post-
insult protection seen only for tatCN21 but not KN93.

Both tatCN21 and KN93 Inhibit NR2B-binding and Aggrega-
tion of CaMKII—Physiological glutamate signals can induce
translocation of CaMKII to postsynaptic sites, a process likely
mediated by regulated binding to the NMDAR subunit NR2B
(27-30). In biochemical assays, KN93 as well as tatCN21 and
other related CN peptides (such as CN27) prevented Ca®*/
CaM-induced binding of purified CaMKIl« to the cytoplasmic
C terminus of NR2B immobilized on 96-well plates (Fig. 6A)
(42). By contrast, the general kinase inhibitor H7 did not inhibit
this interaction (Fig. 6A4). When CaMKII was allowed to bind to
NR2B first, none of the inhibitors caused any measurable dis-
sociation of the bound kinase (Fig. 6A4). Thus, both CaMKII
inhibitor classes had the same effect on interaction with NR2B
in vitro, and none of them affected the interaction once it was
formed.

Excitotoxic glutamate and ischemic conditions can induce
formation of extra-synaptic CaMKII clusters, a process likely
mediated by the aggregation of multiple CaMKII holoen-
zymes (31-34). Indeed, mimicking ischemic conditions in a
test tube (pH <6.8, low ATP, and addition of Ca**/CaM)
triggered precipitation of purified CaMKII holoenzymes into
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FIGURE 6. CN inhibitor peptides and KN93 inhibited CaMKII binding to
NR2B and aggregation of holoenzymes. A, binding of purified CaMKll« to
immobilized GST-NR2Bc was inhibited by both KN93 and CN27, as has been
previously shown for tatCN21. By contrast, the general kinase inhibitor H7 did
inhibit binding, and none of the inhibitors reversed the CaMKIl binding to
NR2Bc when added after the binding had already been established. NR2Bc-
bound CaMKIl was detected by Western blot. B, tatCN21 and KN93 both pre-
vented formation of sedimentable CaMKIl aggregates that are induced in
vitro by Ca®*/CaM at low pH. Shown are Western blot analysis of centrifuga-
tion supernatants (S) and pellets (P).

aggregates that can be pelleted by centrifugation (Fig. 6B).
Addition of either KN93 or tatCN21 inhibited formation of
these precipitates (Fig. 6B). This tatCN21 effect further sup-
ports the proposed model of inter-holoenzyme T-site/Thr-286
region interaction as underlying mechanism for holoenzyme
aggregation (34, 55), as tatCN21 acts by T-site binding (42).
Inhibitor effects on pre-formed aggregates were not tested,
because such CaMKII aggregates are quickly reversible even
without any inhibitor within cells (32, 33). Thus, taken together,
post-insult neuroprotection by tatCN21 cannot be explained by
effects on CaMKII localization mediated by NR2B binding or
self-aggregation.

Significantly Increased Glutamate-induced Death by Overex-
pression of CaMKIla Wild Type but Not the Autonomy-defi-
cient T286A Mutant—Comparing the biochemical effects of
tatCN21 with KN93 strongly indicated autonomous CaMKII
activity as the drug target important in post-insult neuropro-
tection. Thus, the effect of CaMKII autonomy on excitotoxicity
was further elucidated using the autonomy-deficient CaMKII
T286A mutant. Cell death of transfected 7 DIV hippocampal
neurons was assessed by EtDH2 staining (compare Fig. 14).
Overexpression of CaMKII wild type and the T286A mutant
enhanced basal neuronal cell death to a similar degree (Fig. 7A).
However, a 5-min insult with 200 um glutamate increased cell
death significantly more in neurons expressing CaMKII wild
type than in neurons expressing the T286A mutant (Fig. 7A).
Thus, although excessive stimulated CaMKII activity appears
sufficient to increase cell death induced by continuing basal
activation, autonomous CaMKII activity is required for the
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FIGURE 7. Mutational analysis further implicated a role for CaMKII
autonomy in excitotoxic neuronal cell death. A, overexpression of mGFP-
CaMKlla wild type but not the autonomy-deficient T286A mutant signifi-
cantly increased glutamate-induced neuron death (**, p < 0.001; n.s. (not
significant) p > 0.05 in Newman-Keuls multiple comparison test after ANOVA,
compared with GFP, if not indicated otherwise). Basal cell death was
increased by both mGFP-CaMKlla wild type and T286A mutant (based on
analysis as above). Two-way ANOVA indicated significant differences for glu-
tamate treatment, transfection condition (p < 0.001), and their interaction
(p < 0.05), with Bonferroni post hoc analysis indicating that glutamate
increased cell death for each transfection condition. Transfected cells were
cultured with p-APV until the glutamate treatment; cell death was assessed
by live/dead cell counting. The number of individual coverslips (n) analyzed in
fourindependent experiments is indicated. Results are shown as mean = S.E.
B, mGFP-CaMKlla expression in transfected neurons (identified by GFP fluo-
rescence of mMGFP-CaMKllqa; left panel) increases the level of total CaMKlla
over untransfected neurons (as assessed by immunostaining with the anti-
CaMKlla antibody CBa2; right panel). C, quantification of experiments as
shown in B showed that mGFP-CaMKlla wild type (wt) was expressed at
slightly lower levels than the T286A mutant (p < 0.048, t test) and that total
CaMKlla immunostaining intensities were ~4-5-fold higher in transfected
neurons (wild type or T286A) than in untransfected neurons (endogenous).

massive increase in neuronal death after a single strong but
brief insult.

Expression levels of CaMKlIla wild type and the T286A
mutant were compared by quantifying green fluorescent
protein fluorescence in the transfected neurons (Fig. 7, Band
C). The T286A mutant was expressed at slightly higher levels
than CaMKII wild type (Fig. 7C), excluding the possibility that
the different effect on excitotoxic death was caused by ineffi-
cient expression of the T286A mutant. Immunostaining of total
CaMKIl« indicated ~4—5-fold overexpression over endoge-
nous CaMKIle« (Fig. 7, B and C). Note that CaMKII expression
starts already at birth, but is restricted to hippocampal neurons
(56), and that « is the prominent CaMKII isoform already at 7
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FIGURE 8. tatCN21 significantly reduced infarct size in a mouse stroke
model, even when injected 1 h after onset of arterial occlusion. Infarct
areas (in white in the upper panels) were determined by triphenyltetrazolium
chloride staining, 24 h after MCAO. Injection of tatCN21 (1 mg/kg intrave-
nously) atreperfusion, 1 h after the occlusion, significantly reduced the recon-
structed infarct volume (**, p < 0.01 in t test, n = 10; lower panel). Results are
shown as mean = S.E.

DIV, a time when its expression level reaches almost half of
maximum (57).

tatCN21 Is Neuroprotective in a Mouse Model of Stroke—
Maybe most importantly, tatCN21 was also neuroprotective
in a mouse MCAO model of stroke. Injection of tatCN21 (1
mg/kg intravenously) at reperfusion, 1 h after onset of the
occlusion, dramatically reduced the infarct size 24 h later, com-
pared with saline control (Fig. 8). The occlusion did not result
in any detectable differences in any physiological parameters
(heart rate, arterial blood pressure, pH levels, PaCO,, and
PaO,) between control and tatCN21-treated animals as a result
(data not shown). Inactive tat fusion control peptides are well
established to leave infarct size unaffected (for examples see 8,
58—60). Thus, CaMKII autonomy is indeed a promising drug
target for stroke therapy.

DISCUSSION

CaMKII is well established as an important mediator of phys-
iological glutamate signals (14—17), but its role in pathological
excitotoxic glutamate signaling has been less clear. This study
shows that CaMKII activity promotes excitotoxic cell death in
hippocampal and cortical neurons, using a combination of sev-
eral pharmacological inhibitors and CaMKII overexpression
(Figs. 1-3). Most importantly, the Ca*>"-independent autono-
mous CaMKII activity that is generated by Thr-286 autophos-
phorylation was identified as a drug target for post-insult neu-
roprotection (Figs. 4 —8); tatCN21, a highly specific inhibitor of
stimulated and autonomous CaMKII activity (42), protected
neurons even when added hours after a glutamate insult (Fig. 4),
whereas the “traditional” KN93 inhibited only stimulated but
not autonomous CaMKII activity (Fig. 5) and was neuroprotec-
tive only when present during the insult (Fig. 4). Furthermore,
overexpression of the autonomy-deficient T286A mutant in-
creased glutamate excitotoxicity significantly less than overex-
pression of CaMKII wild type (Fig. 7). Finally, neuroprotection
by tatCN21 was also demonstrated in an iz vivo model of stroke
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(Fig. 8), demonstrating that CaMKII autonomy is indeed a
promising drug target.

The role of CaMKII in neuronal cell death has been exam-
ined before but yielded conflicting conclusions (19 —26). A vari-
ety of different approaches performed here now clearly support
that CaMKII activation promotes excitotoxic death. Most im-
portantly, however, this study shows for the first time that a
CaMKII inhibitor can provide neuroprotection even when ap-
plied in a therapeutically relevant time window hours after the
insult, not only in primary culture but also an animal model. In
addition to acute conditions such stroke and global ischemia,
excitotoxicity is thought to be a major cause in chronic neuro-
degenerative diseases (1—4). Chronic use of CaMKII inhibitors,
which would be necessary in slow neurodegeneration, will
likely be contraindicated due to the important role of CaMKII
activity in learning and memory. However, for acute treatment
of stroke or global ischemia (within 1 day or up to 1 week post-
insult), temporary impairment of learning would be more than
acceptable. In contrast to the current very limited treatment
options (see Introduction), CaMKII inhibition is not expected
to have contraindications in hemorrhagic stroke, making it a
potential therapy for any stroke patient. Although development
of a stroke therapy that targets CaMKII autonomy is still a far-
away goal, even the current inhibitor tatCN21 may prove to be
clinically useful, as tat fusion peptides and even proteins can
cross the blood-brain barrier (8, 61). Indeed, tatCN21 was effec-
tive in the MCAO stroke model even after the clinically relevant
route of systemic delivery by intravenous injection.

What are possible reasons why previous reports came to
conflicting conclusions about the role of CaMKII in excito-
toxicity? We had considered that the different effects of exces-
sive glutamate on CaMKII activity (stimulated and autono-
mous) and targeting (to synapses and extra-synaptic clusters)
may have different consequences in promoting or protecting
from cell death. Then the different CaMKII inhibitors could
differentially affect cell survival, depending on which subset of
glutamate effects on the kinase they inhibit. However, instead,
our results suggest autonomous activity as the most important
glutamate-regulated CaMKII property promoting excitotoxic
death; the other glutamate-induced CaMKII changes did not
appear to significantly affect cell survival either way. Thus, the
reason for apparent discrepancies among previous findings
may rather lie in the limited selectivity of KN93, which inhibits
additionally CaMKI, CaMKIV, and L-type Ca®>" channels (35—
37),as well as AIP and AC3-1, which inhibit additionally MLCK,
protein kinase C, and PKD (38 —40). Indeed, our results indi-
cate that the CaMKI and -IV inhibitor STO-609 enhanced exci-
totoxic death of hippocampal neurons. Such death-increasing
effect of CaMKIV inhibition was also predicted by previous
studies (62— 64). Thus, KN93 could enhance excitotoxicity in
specific situations or neuronal cell types where the toxic effect
of CaMKI/IV inhibition outweighs the protective effect of
CaMKII inhibition. However, although the limited drug selec-
tivity may explain some contradictory reports, it does not
explain the results of a study using knock-out mice, which had
indicated a neuroprotective effect of CaMKII (23). It is possible
that a complete lack of a protein has a profoundly different
effect than inhibition of that same protein. Maybe more impor-
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tantly, lack of CaMKIl« for a prolonged period of time (during
all of development of the knock-out mice) may cause maladap-
tive compensatory effects indirectly leading to higher gluta-
mate sensitivity. Indeed, CaMKII« knock-out mice are epilep-
tic (65), consistent with greater excitability.

What are the potential downstream effectors through which
autonomous CaMKII activity may contribute to excitotoxic
neuronal death? These could include CaMKII-induced poten-
tiation of glutamate receptors (14—17) and L-type Ca>" chan-
nels (66). Additionally, CaMKII has recently been shown to
directly interact with connexin hemichannels (67), which are
important for maintaining neuronal homeostasis and for
neuron-glia communication and have been implicated in glu-
tamate-induced cell death (68 —70). However, the actual mech-
anism(s) linking CaMKII to neuronal death may be not yet
identified. A neuroprotective effect of CaMKII inhibition could
not have been directly predicted from the literature. In fact,
many downstream effects of CaMKII phosphorylation are actu-
ally involved in promoting cell survival, including inhibition of
neuronal nitric-oxide synthase (8, 71) and activation of extra-
cellular signal-regulated kinase (ERK) (72) and cAMP-response
element-binding protein (73).

In summary, we now have several lines of evidence demon-
strating the role of CaMKII in glutamate excitotoxicity. Impor-
tantly, autonomous CaMKII activity was singled out as a prom-
ising drug target for effective post-insult neuroprotection, not
only in culture but also in vivo.
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