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Abstract

This study evaluated the alteration of CaMKIl autophosphorylation and distribution in rat brain following a single, brief
pentylenetetrazol (PTZ) seizure and during PTZ kindling. Total CaMkdlbunit ¢.-CaMKII) anda-CaMKIl phosphorylated
at Thr® were detected by immunoblot. A large decrease in CaMKIP¥tphosphorylation, as well as CaMKII translocation
from particulate to soluble fraction was observed in both cerebral cortex and hippocampus 0.5-4 h after the brief PTZ convulsion.
These changes reverted to control values by 12 h. These long-lasting changes in CaMKII autophosphorylation and subcellular
distribution after a brief seizure suggested that CaMKII could be involved in carrying forward the signal resulting from brief
seizure activity, at least for a few hours, as would be required for kindling to occur. In PTZ kindled rats, convulsions produced
changes in CaMKIl TH#® phosphorylation and distribution in the same direction and of similar magnitude as after the acute
convulsion, but lasting for a much longer time. In fact, reduced® lphosphorylation oft-CaMKII was observed up to 48 h,
completely bridging the interval between PTZ injections. Similar, but intermediate changes were found in tissue from rats that
were only partially kindled. These results implicate CaMKIl as a molecular messenger in the acquisition of PTZ kindling.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction are autophosphorylated at FA# and ThF®’, re-
_ _ _ spectively, resulting in autonomous activity, i.e. no
Ce?*/calmodulin-dependent protein kinase Il |onger requiring the continued presence of0€aM

(CaMKIl) is a multifunctional serine/threonine  for activity. This property extends the duration of
protein kinase. After binding to éé/calmodullm CaMKIl activation long beyond the initial signal—the
(Cat*/CaM) complex, CaMKlla and B subunits  prief increase in intracellular 4. CaMKI! is abun-
dant in brain, accounting for as much as 1% of
Abbreviations:  CaMKIl, Ca?t/calmodulin-dependent pro- tqtal_ protein (2% in h'PpocampUS?): and is W|de|)_’
tein kinase 1l;a-CaMKIl, CaMKIl « subunit; Thf86-pCaMKIl, distributed in cell bodies, dendrites, pre-synaptic
CaMKII phosphorylated on TAPS, Ce*/CaM, Cé&*/calmodulin membranes, and especially in postsynaptic density
complex; PTZ, pentylenetetrazol; PSD, postsynaptic density; LTP, (PSD), where it comprises 20—-40% of PSD protein
Iofg:ﬁ;rgp‘;ztdeizgagst?]or. Tels1-410-383-4182; (Hanson and Schulman, 1992ts unique proper-
fax: +1-419-383-2871. ties, abundance and location contribute to the_ role of
E-mail address: hrosenberg@mco.edu (H.C. Rosenberg). CaMKIl as a key transducer of extracellular signals,
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which would be extensively activated during seizure
activity.

It was reported that status epilepticus induced by
bicuculline resulted in decreased CaMKII activity in
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was evaluated. By evaluating CaMKII regulation fol-
lowing a single seizure and following kindled seizures,
a possible link between the single seizure episode and
recurrent seizure activities could be assessed, which

crude synaptic membranes of cortex and hippocampusmight shed light on the mechanism of epileptogenesis.

(Bronstein et al., 1988Using the pilocarpine-induced
seizure model, it was found that inhibition of CaMKI|
activity lasted for up to 5 days after the end of seizure
activity, and for several weeks in rats that subse-

Since PTZ mainly affects forebrain, and as the ratio
of CaMKII o andB subunits in rat forebrain is 3—4:1
(Braun and Schulman, 1985his study focused on
changes in CaMKIk subunit.

quently developed spontaneous recurrent seizures

(Churn et al., 2000a; Kochan et al., 2000n an-

other study, an antisense oligonucleotide was used?2. Materials and methods

to inhibit a-CaMKII subunit expression in cultured
hippocampal neurons, which resulted in epileptiform
activity (Churn et al., 2000b Transgenic mice carry-
ing a null mutation {/-) for the CaMKII « subunit
exhibited profound hyperexcitabilityBltler et al.,
1995. From the above studies, it appears that CaMKII
and seizure activities are highly related. Seizure ac-
tivity caused depressed CaMKIl activity, while a
decrease in available CaMKIl resulted in increased
excitability.

2.1. Materials

Male Sprague-Dawley rats (225-300g for sin-
gle PTZ injection, 150-175( initial weight for PTZ
kindling) were obtained from Harlan Laboratories
(Indianapolis, IN, USA). All animal procedures were
in strict accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory
Animals and approved by the Medical College of

The above evidence suggested a possible cause-andoOhio’s Institutional Animal Care and Use Committee.

effect relationship between seizures and CaMKIll reg-
ulation. This relationship suggests that CaMKII might
play a role in kindling, a phenomenon whereby re-
peated, initially subconvulsive stimulation (electrical
or chemical) ultimately results in intense partial or
generalized convulsive seizur€dqddard et al., 1969
Pentylenetetrazol (PTZ) is a prototype systemic con-
vulsant used to study chemical kindling. Systemic ad-
ministration of PTZ results in reliable induction of

convulsive seizures in a dose-dependent pattern. A

45 mg/kg dose of PTZ in rats induces convulsions usu-
ally manifested by front limb clonufpsenberg et al.,
1985. A single subconvulsive dose of PTZ, such as
30 mg/kg, usually is not sufficient to produce gener-
alized convulsive activity (i.e. the observable motor
component of the seizure). However, if given repeat-
edly, generalized clonic, or even tonic-clonic convul-
sions will eventually develop; i.e. PTZ kindling will
occur Pinel and Van Oot, 1975

As little is known regarding what effect a brief,
self-limited seizure might have on CaMKIl, the ef-
fects of a single convulsive dose and a single sub-

Reagents were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Antibodies, MA1-048 for total
CaMKIl and MA1-047 for CaMKIl phosphorylated
on Th?®, were obtained from Affinity BioReagents,
Inc. (Golden, CO, USA). HRP-conjugated secondary
antibody, anti-mouse IgG, was purchased from
Chemicon International (Temecula, CA, USA). ECL
Western blotting detection reagents were from Amer-
sham Pharmacia Biotech (Piscataway, NJ, USA).

2.2. Acute PTZ treatment

Male Sprague—Dawley rats (225-300 g) were given
a single convulsive dose of PTZ, 45mg/kg, i.p. in
saline. Matched controls received saline. At this PTZ
dose, convulsions typically begin in about 1 min, then
progress to bilateral front limb clonus (usually not in-
volving hind limbs). The convulsive episode usually
lasts 30-40s. Rats were decapitated at one of several
times following PTZ: 5min, 0.5, 1, 2,4, 12,24 or 48 h.

Since a 30 mg/kg PTZ dose was used for PTZ kin-
dling, the effect of an acute 30 mg/kg dose on CaMKII

convulsive dose of PTZ on CaMKII were investigated was tested in a group of rats. A single dose of 30 mg/kg
first in the present study. Then, the dynamic change PTZ typically produced either no overt convulsive be-
of CaMKII during and after the PTZ kindling process havior, or twitches of face and ears. For ease of dis-
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cussion, this is referred to as a “subconvulsive” dose. and immediately chilled in ice-cold saline for 1 min.
Rats were observed for 30—60 min after PTZ injection, Cerebral cortices and hippocampus were dissected
then decapitated at the 1 h time point. Controls were within 1 min, rapidly frozen in liquid nitrogen, and

handled the same way but received saline. stored at—76°C until use. All further preparation
was done at 4C.
2.3. PTZ kindling procedure Cerebral cortex or hippocampus was homog-

enized in 6ml (3ml for hippocampus) 10mM

Male Sprague—-Dawley rats, initially 150-175g, Tris—HCI buffer (pH 7.4) containing 1 mM EGTA,
were housed under standard conditions, one per cagel mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenyl-
These were assigned randomly to kindling or control methylsulfonyl fluoride, 0.1 mg/ml trypsin inhibitor,
(pair-handled, saline-injection) groups. Kindling was 2 mM benzamide—HCI, and 0.1 mg/ml bacitracin. For
induced by repeated i.p. injection of a subconvulsive most experiments, homogenate was centrifuged at
dose of PTZ (30 mg/kg) every 48 h between 8.00 and 14,000x g for 30 min at £C, and aliquots of super-
10.00 a.m. Atack et al., 2000; Corda et al., 1990, natant and pellet as well as total homogenate were
1992; Suzuki et al., 20Q1After each injection, the  saved for Western blotMoore et al., 1995 For a few
convulsive behavior was observed for 30min and experiments, more rigorous subcellular fractionation
the kindled seizure stage assigned based on a scalavas performed. Cerebral cortex was homogenized in
slightly modified from that ofRacine (1972)stage an isotonic sucrose buffer (the above Tris buffer plus
0, no convulsive behavior; stage 1, ear/face twitches 0.32M sucrose) according tBukuda et al. (1998)
or prolonged generalized tremors; stage 2, myoclonic The total homogenate was centrifuged at 160@
jerks or unilateral front leg clonus; stage 3, more than for 15 min, which yielded supernatant (S1), and pellet
20 severe myoclonic jerks of axial and limb muscles, (P1) that included nuclei and cell debris. The S1 frac-
or bilateral front leg clonus; stage 4, bilateral front leg tion was further centrifuged at 14,060¢ for 30 min
clonus plus a fall (loss of postural control, falling); and separated into S2 and P2 fractions, the P2 contain-
and stage 5, tonic-clonic convulsion, or clonus of all ing mainly myelin, synaptosomes and mitochondia.
four legs and falling. A rat was considered to be fully The S2 fraction was then subjected to 100,60@
kindled after having reached at least three consecutive centrifugation for 60 min to yield S3 and P3 fractions.
convulsions of stage 4 or 5, which agrees with defini- S3 represents soluble cytosolic proteins, while P3 in-
tions in the various published systems. Controls were cludes plasma membrane, rough/smooth endoplasmic
treated with the same number of saline injections. reticulum, and Golgi bodiesF(kuda et al., 1993
Fully kindled rats and their controls were decapitated All pellet fractions were resuspended in the above
1, 24 or 48 h after the final PTZ or saline injection.  Tris—sucrose buffer. Aliquots of homogenate and all

In another group of rats, PTZ treatment was arbi- subcellular fractions were stored-a76°C until use.
trarily stopped after 14 injections. These partially kin-
dled rats were randomly assigned to be used either 12.5. Immunoblot analysis
or 24 h after the last PTZ injection. For the saline con-
trols, animals were randomly assigned to two groups  Protein samples from total homogenate and sub-
after 13 saline injections. After the usual 48 h inter- cellular fractions were denatured, separated by 10%
val, one group received saline as the final dose, while SDS—polyacrylamide gel electrophoresis, and trans-
the others were given 30 mg/kg PTZ as the final dose. ferred to nitrocellulose membrane. After blocking in
This latter group was observed for convulsive behav- 5% non-fat milk, membranes were either incubated

iors for 30 min then decapitated after 24 h. with monoclonal antibody MA1-048 (1:100,000 di-
lution) to detect CaMKIla subunit total protein, or
2.4. Tissue preparation with monoclonal antibody MA1-047 (1:2000 dilu-

tion), which only recognizes.-CaMKII phosphory-
Treated rats and pair-handled controls were decapi- lated on Th#®6. Using HRP-conjugated secondary
tated at predetermined time points after PTZ injection, antibody, the protein bands were visualized by ECL
as described above. The brain was quickly isolated chemiluminescence and exposed to light sensitive au-
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toradiography film (Hyperfilm ECL, Amersham). Au-

toradiographs were analyzed with a Bio-Rad imaging
densitometer (Model GS-670). For each set of data
on an autoradiograph, the mean density of the control
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vulsion, with partial resolution by 4 h, and no further
effect or rebound at 12 h or beyond. Simultaneously,
there was a corresponding time-dependent increase in
the amount of CaMKII in supernatant. This pellet to

samples was set as 1.0, then the relative density of supernatant translocatioRi¢. 1B) had a time course

each band was taken as a fraction of this value.
2.6. Satistics

Most of the data were evaluated using one-way
ANOVA. Significant results were further evaluated by
Dunnett’s test to determine which means differed sig-
nificantly from the control. When appropriate, other
data were evaluated hytest. In all casesP < 0.05
was considered statistically significant.

3. Results

3.1. Effect of a single convulsive dose of PTZ on
CaMKI| Thr286 phosphorylation and subcellular
distribution

After an acute convulsive dose of PTZ (45 mg/kg),
convulsions began in about 1min and lasted for
30-40s. Convulsions usually started with body jerks
and progressed to bilateral front limb clonus; hind
limbs were rarely involved. A post-ictal state was
noted right after the convulsions and lasted no longer
than 10 min. Only rats that developed the above typ-
ical clonic convulsions after 45 mg/kg of PTZ were
used (about 90%). Rats not progressing to front
limb clonus or those having more severe convulsive
seizures were not used.

that precisely matched that of the decreased CaMKI|
Thr?86 phosphorylationFig. 1A).

Reduced CaMKIl TH®® phosphorylation in hip-
pocampus Kig. 2) was very similar to that found in
cerebral cortex, except that the reduction was still sig-
nificant in hippocampus 4 h after PTZ-induced convul-
sion. CaMKII translocation in hippocampus did not
appear to be as pronounced as in cerebral cortex. In
cerebral cortex, translocation of CaMKII from pellet
to supernatant doubled the CaMKIl signal intensity
in the supernatant between 0.5 and 2h. In contrast,
though there was a trend for CaMKII to increase in
hippocampal supernatant (0.5—4 h), none of these time
points reached significance. On the other hand, signif-
icant decreases of CaMKII signal in the hippocampal
pellet fraction were seen at 0.5 and 1 h.

To gain further insight into the translocation of
CaMKiII following the PTZ convulsion, a more rig-
orous subcellular fractionation was performed. Using
tissue from rats 1 h after the PTZ convulsion, the time
of peak changeN(gs. 1 and ?, cerebral cortices were
homogenized and subcellular fractions were obtained
by a series of centrifugation steps using isotonic su-
crose bufferFukuda et al., 1998 The results irFig. 3
show the data from cortex of PTZ-treated rats as a
percent of the values in the saline controls. Statistical
analysis was done with the actual values from both
treated and controls. CaMKII translocation from the
P3 to the S3 fraction was obviousig. 3). It was also

In cerebral cortex, there was a remarkable reduction clear that CaMKIl was translocated from the P2 to

in CaMKII Thr286 phosphorylation at 0.5 h (but not at
5min), and this significant reduction remained up to

the S2 fractionFig. 3). These results showed a clear
translocation of CaMKII to the soluble compartment.

2 h. The maximum change, at 1 h, was an 80% loss of Even though the buffer and fractionation method dif-

CaMKII Thr?88 phosphorylation. An apparent partial
reversal started 4 h after convulsion, with no residual
effect or rebound at 12 h or thereaftéid. 1A). The
total amount of CaMKIllx subunit in cerebral cortical

fered from that used in the experiments described
above, the results indicated that the one-step 14@00
centrifugation was sufficient to show the direction and
degree of CaMKII translocation from the particulate

homogenate was not changed at any time point after to the soluble fraction after PTZ convulsion. This was

the convulsion.

Total CaMKII « subunit in both supernatant and
pellet (separated by 14,000 g) was evaluated by
MA1-048 antibody Fig. 1B). There was a reduced
amount of CaMKIl in pellet from 0.5 to 2 h after con-

similar to the results reported bgolb et al. (1995)
comparing similar separation methodologies in a hip-
pocampal ischemia model to study CaMKIl translo-
cation. Using anti-TH®5-pCaMKII antibody, it was
found that reduced CaMKIl TR?® phosphorylation



Y. Dong, H.C. Rosenberg/ Epilepsy Research 58 (2004) 107-117 111

pCaMKII | S . e e s > Supernatant | == s - - -
CaMKII | o e e =0 =5 o» o= | Pellct [ e w= e o= o o=
Cont. 5min 0.5h 1h 2h 4h 12h Cont. 5min 0.5h 1h 2h 4h 12h
- Supernatant *
2007 pCaMKIl 300, Sup
£ £ 2001
= [=
8 1001 8
= 32 100+
o o
1501 1501 pejlet
° °
£ 1004 , £ 100
8 8
2 501 R 507
o 0-
¢ ¢
(A) Time afterPTZ (B) Time after PTZ

Fig. 1. Effect of an acute convulsive dose of PTZ (45mg/kg) on CaMKII phosphorylation and translocation in cerebral cortex. Rats were
given PTZ at time= 0, then decapitated at the times shown. Cerebral cortices were isolated and homogenized, and supernatant and pellet
fractions were separated by 14,00Q; centrifugation. Samples were evaluated by Western blot. (A) The top of the figure shows sample
results from cerebral cortical homogenates evaluated by specific monoclonal antibodies for total @ablKilinit, and for this same

protein phosphorylated on T (pCaMKIl). The bar graphs show the summary results at the various time poinf$S:pi@aMKIl was
significantly decreased in homogenate of cerebral cortex at 0.5, 1 and 2 h; total CaMKII protein in homogenate was not changed. (B) The
top part shows sample results of Western analysis for total CaMKII in pellet and supernatant fractions. There was a significant translocation
of CaMKII from the pellet to the supernatant fraction at 0.5, 1 and 2h after PTZ-induced convuisiod«5).
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Fig. 2. Effect of an acute convulsive dose of PTZ (45mg/kg) on CaMKIl phosphorylation and translocation in hippocampus. Rats were
given PTZ and tissues prepared agFig. 1 (A) CaMKII phosphorylation on THE® (pCaMKIl) was significantly decreased in homogenate

of hippocampus at 0.5, 1, 2 and 4 h after PTZ-induced convulsion, while total CaMKII in homogenate was not changed. (B) PTZ convulsion
caused CaMKIl translocation from 14,080¢ pellet to supernatant, with significant changes in pellet at 0.5 and 1 h. Changes in CaMKII
phosphorylation and translocation had both recovered by 12 h and thereafte45).
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Fig. 3. CaMKII translocation and reduced phosphorylation in sub-
cellular fractions of cerebral cortex 1h after an acute convulsive
dose of PTZ (45mg/kg). In contrast to the experiments shown in
other figures, cerebral cortices were isolated and subcellular frac-
tions were obtained by a series of centrifugation steps using an
isotonic sucrose buffer (seBection 3. Homogenate was sepa-
rated into S1 and P1 (1000g), S1 was separated into S2 and P2
(14,000x% g), and S2 was separated into S3 and P3 (100;090
Results are shown as percent of the mean values for the corre-
sponding saline treated controls, with actual data values from each
group @ = 4) compared to the corresponding controls thiest.

Top panel: Following an acute PTZ seizure, ¥ipCaMKIl was
significantly decreased in total homogenate, which was due to the
concurrent TH®6-pCaMKII reduction in both 100Q ¢ supernatant
and pellet (S1 and P1). CaMKIl phosphorylation was also signif-
icantly reduced in the pellet fractions following the higher speed
centrifugations (P2 and P3). Bottom panel: An hour after the PTZ
seizure, there was a significant amount of CaMKII translocated
from pellet to supernatant fraction which could be observed from
both P2 to S2 (14,008 g) and P3 to S3 (100,000 g). (Homog.,

total homogenate; S, supernatant; P, pellet).

in both S1 and P1 fractions contributed substantially
to the large decrease of CaMKIl T3 phosphory-
lation in total homogenateF{g. 3). However, after
14,000x g or 100,000x g centrifugation, significant
loss of CaMKIl Thr88 phosphorylation was only
seen in pellet fractions (P2 and Fdg. 3). This was
partially due to CaMKII translocation away from pel-
lets, resulting in more CaMKII protein present in the
supernatant in the tissue from PTZ treated rats.

Research 58 (2004) 107-117

Administering a benzodiazepine, flurazepam
(20 mg/kg, i.p.), caused just threshold motor effects
with reduced skeletal muscle tone and barely de-
tectable ataxia. When given 20 min prior to 45 mg/kg
PTZ, this pre-treatment not only prevented PTZ-
induced convulsive activity, but also prevented
CaMKII translocation and the loss of phosphorylation
(data not shown), which suggested that the changes
in CaMKII resulted from the occurrence of seizures.

3.2. Effect of an acute, subconvulsive PTZ dose on
CaMKII Thr286 phosphorylation and subcellular
distribution

Since a subconvulsive 30 mg/kg dose of PTZ was
to be used for the PTZ kindling procedure, the effect
of this dose on CaMKII was compared to that of the
convulsive dose (45 mg/kg). Rats were studied 1 h af-
ter receiving 30 or 45 mg/kg PTZ, or saline, the time
for peak changes noted above. In cerebral cortical ho-
mogenate, 30 mg/kg PTZ caused quite a large decrease
(50%) in CaMKIl Th©86 phosphorylation Kig. 4A),
though not as large as after 45 mg/kg PTZ (80%). To-
tal CaMKIIl in homogenate was unchanged. In con-
trast to the translocation seen 1 h after the convulsion
produced by 45 mg/kg PTZ, there was no significant
translocation produced by the 30 mg/kg ddsig (4B).

It seemed that CaMKII translocation required a larger
stimulation, i.e. more severe seizure activity. These re-
sults suggested that the loss of CaMKII ##frphos-
phorylation and translocation need not occur together,
and so could have different bases.

3.3. CaMKII Thr288 phosphorylation and subcellular
distribution in PTZ kindled brain

Since a single PTZ-induced convulsion, lasting only
about 1min, caused changes in CaMKIl for hours
(Figs. 1 and 2, it was thought possible that CaMKII
might play a role in PTZ kindling. Rats were kin-
dled with 30 mg/kg PTZ every 48 h until at least three
consecutive stage four or five seizures were induced
(Fig. 5A). In the first 2 weeks, stage 1 to 2 convul-
sions were frequently seen, which were comparable to
those sometimes produced by an acute subconvulsive
30 mg/kg dose of PTZ. During weeks 3—4, stage 3 con-
vulsions emerged, which mostly resembled the clonic
convulsive effect of 45 mg/kg PTZ. After week 4, stage
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Fig. 4. Dose-related effects of PTZ on CaMKII phosphorylation and translocation. Rats given either 30 or 45mg/kg PTZ or saline were
used 1h later. Cerebral cortices were isolated and homogenized, and homogenate, as well ag §40p8rnatant and pellet were
subjected to SDS—-PAGE. (A) The top panel shows examples of autoradiographs from Western blots using total homogenate. The lower part
of the figure shows that 30 mg/kg PTZ caused a significant decrease in CaMKII phosphorylation, which was not as large as that following
45mg/kg PTZ, while neither dose affected total CaMKII in homogenate. (B) The top panel shows sample results of total CaMKIl in
supernatant (S) and pellet (P) fractions. The lower portion shows that 30 mg/kg PTZ did not cause any significant CaMKII translocation
from pellet to supernatant, in contrast to the effect of the 45 mg/kg dose5-6).

4 to 5 kindled convulsions became prominent. The 48h after the convulsion, which completely bridged
seizures in kindling rats differed somewhat from those the 48h interval used for kindling injections. No
produced in néve rats. These convulsions generally change in total CaMKIl was detected. The translo-
began later (typically 3-5min after PTZ, but some- cation of CaMKIl was also altered in PTZ kindled
times up to 30 min later), and often were marked by rat cerebral cortex. In contrast to the findings after an
repeated episodes during the next 10—-30 min. Rearing,acute PTZ convulsionHig. 1), there was no apparent
usually with brief front limb clonus, was common dur- change in CaMKII subcellular distribution 1 h after the
ing the kindling seizures, but almost never seen in the kindled seizure. However, there was a late-appearing
acute convulsions, and was typically repeated. When CaMKII translocation noted at 24 h, when there was
a tonic-clonic seizure occurred, it was briefer, and fol- a significant increase in the supernatdfig( 5B).
lowed by more rapid recovery than those infrequently ~ The prolonged reduction (up to 48h) in CaMKII
observed in nize rats after the acute, higher dose. ~ Thr?8® phosphorylation after the final PTZ kindled
CaMKII Thr286 phosphorylation and translocation seizure was exactly reproduced in hippocampal ho-
were evaluated in cerebral cortex of PTZ kindled rats mogenate. However, in hippocampus, there was no
1, 24 and 48 h after the last PTZ injectiorid. 5B). significant CaMKII translocation, but only a trend
Reduced CaMKIl TH® phosphorylation was not  (data not shown). A similar difference between cortex
only observed at 1 and 24 h, but was still present at and hippocampus was also noted after acute PTZ,
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Fig. 5. CaMKII phosphorylation and translocation in cerebral cor-
tex of PTZ kindled rats. Rats were kindled with 30 mg/kg PTZ
every 48 h until reaching three consecutive stage 4 or 5 seizures.
These fully kindled rats were randomly assigned to be decapi-
tated at 1h (K 1hp = 4), 24h (K 24h,n = 4), or 48h (K 48h,

n = 6) after the last PTZ injection. Cerebral cortices were isolated

and homogenized, and then separated into supernatant and pellet

by 14,000x g centrifugation. Total CaMKIl and TRF6-pCaMKII
were detected and measured by Western blot. (A) All the rats re-
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3.4. CaMKII Thr286 phosphorylation and subcellular
distribution after partial PTZ kindling

Since kindling is a dynamic process, the prolonged
changes in CaMKIl seen in fully kindled brain might
be the final result of a gradual change building during
repeated PTZ stimulation. If so, changes in CaMKI|
Thr?86 phosphorylation and translocation might be
intermediate in the middle of the kindling process,
and this was tested in partially kindled rats. Rats
were given 30mg/kg PTZ every 48 h for only 14 in-
jections, resulting in average convulsions of stage 3
(Fig. 6A), before being decapitated at 1 and 24 h after
the last PTZ injection. In cerebral cortex, CaMKII
Thr?8 phosphorylation was significantly decreased
to about 70% of control level 24h after 14 PTZ
treatments, while there was no significant decrease at
1h (Fig. 6B). Total CaMKIl was not affected. Sig-
nificant CaMKIl translocation was also seen in the
supernatant fraction, but only at 24h. Changes in
hippocampus were similar to those in cerebral cortex
(data not shown).

Since changes in CaMKIl were present 24 h after
the last PTZ dose in partially kindled rats, a group of
saline treated rats was given 30 mg/kg PTZ as the last
dose to rule out the possibility of an unexpected effect
of the last PTZ dose or of handling. After having re-
ceived 13 saline injections, the 30 mg/kg dose of PTZ
caused convulsive activity (ranked as stage 3) in only
one of four rats, quite similar to the average effect of
the initial dose of PTZ used for kindling-{gs. 5A

ported here reached three consecutive stage 4 or 5 convulsionsand 6A). As shown inFig. 6B (clear columns), this

within 20 doses of PTZ. (B) CaMKIl phosphorylation was de-

one dose of PTZ did not cause any change in either

creased _to about 60% of control after reaching the fully kindled CaMKII Thr286 phosphorylation or translocation 24 h
state. This decrease was found at 1, 24 and 48 h after the last PTZI t indicati that ith ted handli d
stimulation. Total CaMKII was not affected. Significant CaMKI| a e_r' '!" _'Ca_mg al neiner repeale T°m ing an

translocation was not seen until 24 h after the final PTZ injection Saline injection, nor the last dose of PTZ itself, could

(significant change in supernatant). account for the prolonged changes in CaMKII.

when CaMKIl Thr88 phosphorylation in hippocam- 4. Discussion
pus was decreased to a similar degree as in cerebral

cortex, but CaMKII translocation was lesBigs. 1
and 2. This was also true in partially kindled hip-
pocampus, described in the following section. It is not
yet known if this is related to a difference in CaMKII
expression, localization or function in hippocampus
and cerebral cortex, or to differing involvement of
these brain areas in the seizure discharge.

There have been a number of studies on CaMKII
modulation by various types of experimental seizures,
such as experimental status epilepticus or kindled
seizures. Most have reported down-regulation of
CaMKIl enzymatic activity and expression follow-
ing prolonged or recurrent seizureBrénstein et al.,
1988, 1990, 1992; Goldenring et al., 1986; Wu et al.,
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51 1990; Churn et al., 2000a; Kochan et al., 2D08ow-
4 ever, very little is known about the effect of brief,
self-limited seizure activity on CaMKII.

The present experiments, using a brief convulsive
27 seizure induced by PTZ, found slowly appearing, but
14 long-lasting changes in CaMKII autophosphorylation
et and subcellular distribution. As shown kigs. 1 and
1 2 3 4 5 6 7 8 9 10111213 14 15 2, a brief PTZ seizure caused a decrease in CaMKII
(A) Injection Thr?86 phosphorylation for at least 4h, as well as a

similar temporal profile of CaMKII translocation from
Supernatant pellet to supernatant in both hippocampus and cerebral
* cortex. It is worth noting that the PTZ clonic convul-
1007 == . 200 - sions typically lasted a minute or less, yet produced
100 changes in CaMKII for several hours. Though electro-
graphic seizure activity may have lasted a little longer
than the behavioral convulsions, the results showed
,.CaMKll , Pellet that the slowly developing change in CaMKIl was sus-
tained far beyond the initial brief seizure event. This
1004 & suggested that CaMKIl could be involved in carry-
50 ing forward the signal resulting from a single seizure
episode, at least for a few hours, as would be required
SRS for kindling to occur.
Before CaMKIl was fully characterized, septal
Fig. 6. CaMKII phosphorylation and translocation in cerebral cor- kindling had been Shown_to produce a decrease in
tex of partially kindled rats. Rats were given 30 mg/kg PTZ every €Nndogenous Cd/calmodulin-dependent phosphory-
48 for a total of 14 injections. These partially kindled rats were lation of synaptic plasma membrane proteins mea-
randomly assigned to be used at 1h (K kh= 5) or 24h (K sured 2 weeks after kindling. The major two proteins,
24 h,n = 5) after the last PTZ injection. Control rats were given approximately 50,000 and 60,000 Da, turned out to

13 doses of saline and randomly assigned to two groups. One be Cé*/calmodulin-dependent protein kinase 1l sub-
group (control) received saline as dose 14 before being used 1h

later. The other saline controls (C-P 24 h) received 30 mg/kg PTZ units Wasterlain and Farber, 1984; GOMeU””Q etal,
as the final injection, after which they were observed for convul-  1986. Further study showed decreased in vitro au-

sive behaviors, and then decapitated 24 h later (C-P 24 h). Cerebral tophosphorylation of CaMKIl in PSDs isolated from
cortices were isolated and homogenized, and then separated intocarepral cortex of septal kindled raw/ et al., 199).

supernatant and pellet by 14,00@ centrifugation. Total CaMKI| I .
and Th#8-pCaMKIl were detected and measured by Western blot. There was also a significant decrease in CaMKIl

(A) The partially kindled rats reached an average seizure stage of subunit Immunoreactivity in hlppocampus 2 weeks
3.00+ 0.149 (meart: S.E.M., n = 10) after 14 PTZ treatments. ~ after septal kindling, and a significant decrease in
(B) Open columns represent meanS.E.M. of saline controls. CaMKIl B subunit mMRNA in both hippocampus and
Groups dgsignated as above. The _single PTZ injection in‘saline cerebral cortex&ronstein et al., 1990, 19$2A|| of
contr_ols'dld not cause any change in CaMKIl phosphorylation or the above studies, from the same group of investi-
localization 24 h later. Hatched columns represent me&E.M. g
of partially kindled rats, designated as above. CaMKIl phospho- gators, demonstrated that septal klndllng prOduced
rylation was significantly decreased to about 70% of control 24h & down-regulation of CaMKII autophosphorylation,
after 14 PTZ treatments, but there was no significant decrease at activity as well as total protein. The fact that such
(1: hi\/ITKOItIatI Ca'l\"K”t_WaS not aflfeCted by any "eatmetm- tsfignitf_icamf changes in CaMKIl were still present 8 weeks af-
al ranslocation was only seen in the supernatant fraction o . P .
cortex 24 h after the final PTZ injection in these partially kindled ter the completlon of septal klndllngV\(asterIalq
rats. and Farber, 1984suggested a permanence required
if CaMKIl is involved in the kindled state. On the
other hand, it was not known if CaMKIl was down-
regulated during the kindling process, which would

Stage

pCaMKiIl

150 300

50

% Control

0

% Control
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be important for formulating hypotheses concerning
causality. To provide some information on this issue,

Y. Dong, H.C. Rosenberg/ Epilepsy Research 58 (2004) 107-117

mice, which exhibited profound excitabilityB(itler
et al., 199%. On the other hand, these-CaMKiII

the present study investigated the dynamic change of (—/—) mutant mice could not be kindle@qtler et al.,

CaMKIl during PTZ kindling (partial kindling) and
right after establishing the PTZ kindled state (1 h to 2
days after kindling).

Once the rats were fully kindled, CaMKIl THi®
phosphorylation was significantly reduced in both

1993, providing additional support for a relationship
between CaMKII regulation and kindling. In addition,
experiments in which CaMKIl was reduced by the use
of an antisense oligodeoxynucleotid€hurn et al.,
2000h also found that reduced CaMKII expression

hippocampus and cerebral cortex, and reached an ap-could lead to hyperexcitability. In the case of septal
parent steady state, in which there was no difference kindling, CaMKIl in vitro autophosphorylation was

in the reduction of CaMKII TH® phosphorylation at
1, 24 and 48 h after the final kindled seizuFéq 5).
The reduction in CaMKIl autophosphorylation ob-

decreased up to 8 weeks after completion of septal
kindling (Wasterlain and Farber, 1984suggesting
that reduced CaMKII phosphorylation and expression

served for 2—-4h after a single seizure, appeared to might participate in maintaining the kindled state.

have been prolonged during the kindling process. It
was especially important to note the result at 48h,
which is the interval between PTZ injections during

kindling. Since this change in CaMKIl was main-

tained for the entire 48h interval, it was possible
for a seizure to reinforce the effects of the previ-
ous one, providing a continuous signal between PTZ
doses. This could allow CaMKII to participate in the

signaling mechanisms involved in kindling.

To investigate the dynamic change in CaMKII dur-
ing PTZ kindling, rats were partially kindledrig. 6).
After partial kindling, changes in CaMKII phosphory-
lation and translocation were sustained until 24 h after
the last PTZ stimulation, which was much more pro-
longed than after a single PTZ treatment. However,
in the partially kindled state, changes in CaMKIlI did

These reports provide evidence that down-regulation
of CaMKIl activity and/or expression may play a
role in increased neural activity, or increased seizure
susceptibility. The present study further suggests that
CaMKIl subcellular re-distribution may also be in-
volved in kindling. Thus, understanding the interaction
between CaMKIl translocation and phosphorylation
may provide insight into mechanisms for prolonged
CaMKII regulation following seizure activity.

An intrinsic property of CaMKII is maintenance of
the autophosphorylated, autonomous active state for a
period of minutes after an initial activatiomd(pont
and Goldbeter, 1998However, it is not obvious what
mechanism might maintain the long-lasting, dephos-
phorylated state of CaMKII for hours or days after
seizure activity. One possibility could be through in-

not reach the time-independent, steady state as in fully creased activity of one or more of the phosphatases
kindled rats; i.e. significant changes were seen at 24 hfor which CaMKIl is a substrate. For example, in

but not at 1 h after the final PTZ dose. The results from
partially kindled rats further supported the idea that
CaMKIl is regulated as a function of kindling, and
could be involved in the step-by-step establishment of
PTZ kindling.

one study, CaMKIl enzymatic activity was found to
be increased 2 weeks after completion of septal kin-
dling (Yamagata and Obata, 1996n contrast to the
decrease reported in other studies of septal kindling
(Goldenring et al., 1986; Wu et al., 199@®ne dif-

Though the results of the present study suggest ference noted in these studies was that phosphatase

a role for CaMKIl in PTZ kindling, they may also

inhibitors were included during tissue preparation in

indicate an adaptive response to the repeated intense¢he more recent report that found increased CaMKI|

neural activity, which might tend to limit neural ex-
citation upon subsequent stimulation. This could be
involved in post-ictal depression or amnesia following

activity (Yamagata and Obata, 1996uggesting that
phosphatases might be involved in regulating CaMKII
during kindling. In fact, in concurrent work on effects

a seizure. Such an interpretation would not preclude a of an acute PTZ seizur®png and Rosenberg, 2004

signaling role for CaMKII in kindling. Other data also

we have noted that the reduced CaMKIl $#frphos-

suggest an active role for CaMKIl in kindling. One phorylation (but not the translocation) was apparently
piece of evidence is that CaMKIl appears to be a causal associated with enhanced phosphatase activity an hour
factor for seizure genesis iCaMKIl (—/—) mutant after a brief PTZ seizure. Further studies will be re-



Y. Dong, H.C. Rosenberg/ Epilepsy Research 58 (2004) 107-117 117

quired to determine the relationships among CaMKIl Dong, Y., Rosenberg, H.C., 2004. Brief seizure activity alters'Ca
activity, phosphatase activity, and cellular compart- calmodulin-dependent protein kinase Il dephosphorylation and

mentalization of these enzymes during kindling. i:ltotcesllslj;arg(;istgr;bution in rat brain for several hours. Neurosci.

Dupont, G., Goldbeter, A., 1998. CaM kinase Il as frequency
decoder of C&" oscillations. Bioessays 20, 607-610.
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