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Kainate Seizures Cause Acute Dendritic Injury and Actin
Depolymerization In Vivo
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Seizures may cause brain injury via a variety of mechanisms, potentially contributing to cognitive deficits in epilepsy patients. Although
seizures induce neuronal death in some situations, they may also have “nonlethal” pathophysiological effects on neuronal structure and
function, such as modifying dendritic morphology. Previous studies involving conventional fixed tissue analysis have demonstrated a
chronic loss of dendritic spines after seizures in animal models and human tissue. More recently, in vivo time-lapse imaging methods
have been used to monitor acute changes in spines directly during seizures, but documented spine loss only under severe conditions.
Here, we examined effects of secondary generalized seizures induced by kainate, on dendritic structure of neocortical neurons using
multiphoton imaging in live mice in vivo and investigated molecular mechanisms mediating these structural changes. Higher-stage
kainate-induced seizures caused dramatic dendritic beading and loss of spines within minutes, in the absence of neuronal death or
changes in systemic oxygenation. Although the dendritic beading improved rapidly after the seizures, the spine loss recovered only
partially over a 24 h period. Kainate seizures also resulted in activation of the actin-depolymerizing factor, cofilin, and a corresponding
decrease in filamentous actin, indicating that depolymerization of actin may mediate the morphological dendritic changes. Finally, an
inhibitor of the calcium-dependent phosphatase, calcineurin, antagonized the effects of seizures on cofilin activation and spine morphol-
ogy. These dramatic in vivo findings demonstrate that seizures produce acute dendritic injury in neocortical neurons via calcineurin-
dependent regulation of the actin cytoskeleton, suggesting novel therapeutic targets for preventing seizure-induced brain injury.
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Introduction
Seizures may cause brain injury via a number of mechanisms,
potentially contributing to neurological and cognitive deficits in
epilepsy patients. Although seizures can induce neuronal death in
some situations, they may also have “nonlethal” pathophysiolog-
ical effects on neuronal structure and function. Dendritic spines
represent the structural sites of contact for the majority of exci-
tatory, glutamatergic synaptic inputs onto cortical neurons and
are strongly implicated in mechanisms of synaptic plasticity and
learning. A variety of studies demonstrate a loss of dendritic
spines in pathological specimens from animal seizure models
(Olney et al., 1983; Muller et al., 1993; Drakew et al., 1996;
Isokawa, 1998; Jiang et al., 1998) or human epilepsy patients
(Scheibel et al., 1974; Isokawa and Levesque, 1991; Multani et al.,
1994), suggesting that seizures can cause dendritic injury. How-
ever, these previous studies using conventional histological anal-
ysis of fixed tissue are somewhat limited by the difficulty in dis-
tinguishing direct effects of seizures from potential confounding

or coincidental factors and by the relatively slow time course of
analysis, typically spanning hours to days.

Compared with conventional fixed tissue studies, advances in
cellular imaging techniques now allow repetitive, time-lapse im-
aging of dendritic spines within the living brain in vivo (Lendvai
et al., 2000; Grutzendler et al., 2002; Trachtenberg et al., 2002;
Holtmaat et al., 2005), so that the same dendrites can be followed
before and after seizures to more directly assess the effects of
seizures (Mizrahi et al., 2004; Rensing et al., 2005). Furthermore,
because dendritic spines have been found by these newer meth-
ods to have a previously unanticipated degree of motility with a
time course of seconds to minutes, in vivo time-lapse imaging can
also study acute immediate effects of seizures on a much faster
time scale. Two recent studies have used these methods in se-
lected animal seizure models and found some evidence of den-
dritic injury, but the effects were relatively mild or seen only
under extreme conditions (Mizrahi et al., 2004; Rensing et al.,
2005). In the present in vivo imaging study, we demonstrate a
more robust, acute dendritic effect of seizures induced by a dif-
ferent model, systemic administration of kainate. Furthermore,
because physiological activity has been shown to affect dendritic
function and structure by modulating actin networks (Kim and
Lisman, 1999; Krucker et al., 2000; Fukazawa et al., 2003; Oka-
moto et al., 2004; Lin et al., 2005; Ouyang et al., 2005; Kramar et
al., 2006), we also show that these acute morphological effects of
seizures on dendrites are directly related to changes in the poly-
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merization state of actin mediated by the calcium-dependent
phosphatase, calcineurin.

Materials and Methods
Animals and reagents. Two- to three-month-old transgenic mice with a
C57BL/6 background expressing enhanced green fluorescent protein
(GFP) under a thy1 promoter (line GFP-M) (Feng et al., 2000) were used
for all in vivo imaging experiments. In neocortex, the GFP-M mice ex-
hibit expression of GFP in a subpopulation of pyramidal neurons, pri-
marily in cortical layer 5 and, to a lesser extent, layer 2/3. Two- to three-
month-old C57BL/6 wild-type mice were used for separate experiments
for rhodamine-phalloidin and Fluoro-Jade B labeling and Western blot
analysis for actin and cofilin. Care and use of animals conformed to a
protocol approved by the Washington University School of Medicine
Animal Studies Committee.

Rhodamine-phalloidin was obtained from Molecular Probes (Eugene,
OR). Anti-cofilin antibody and anti-phospho-cofilin (Ser3) antibody
were obtained from Cytoskeleton (Denver, CO) and Cell Signaling (Bev-
erly, MA), respectively. Fluoro-Jade B was obtained from Chemicon (Te-
mecula, CA). Kainate, anti-MAP2, and anti-PSD95 antibodies were pur-
chased from Sigma (St. Louis, MO). FK506 was purchased from LC
Laboratories (Woburn, MA). FK506 was initially dissolved in 100% eth-
anol at 10 mg/ml, stored at �20°C, and diluted with a solution of 5%
Tween 80 and 5% PEG 400 immediately before injection.

In vivo imaging. Animal surgery, image acquisition, and image analysis
were performed by similar methods as previously reported (Rensing et
al., 2005). Briefly, GFP-M mice were anesthetized with isoflurane anes-
thesia and held in a custom-made stereotaxic device, which could be
mounted to the microscope stage. A heating pad and lamp were used to
maintain body temperature while under anesthesia. A rectangular cranial
window (�2.5 � 2 mm) was first drilled in the skull with the center of the
window �3 mm posterior to bregma and 2 mm lateral to midline. A glass
coverslip (#1.5, 8 mm) was centered over the cranial window and at-
tached to the skull with dental acrylic.

Images of dendrites and dendritic spines of neocortical neurons ex-
pressing GFP were obtained through the cranial window with a mul-
tiphoton microscope (LSM 510; Zeiss, Thornwood, NY) and a water-
immersion objective [Zeiss, 40�, 0.8 numerical aperture (NA), infrared-
adjusted]. A titanium-sapphire pulsed infrared laser (Coherent, Santa
Clara, CA) was used to stimulate GFP at 900 nm. Low power images
�50 –100 �m below the neocortical surface were first obtained to iden-
tify regions with GFP-expressing dendrites. At higher magnification (5�
digital zoom), Z-stacks of 6 –10 images separated by 1 �m steps were
taken of dendrites and accompanying spines. Individual images were
acquired at 12 bits with frame averaging (2– 4 times).

After obtaining control images under anesthesia, mice were injected
with kainate (30 mg/kg, i.p.) or saline and allowed to recover from anes-
thesia. In kainate-injected mice, typical progression through different
stages of clinical seizure activity occurred and were graded according to a
modified Racine scale (Racine, 1972): stage 1, behavioral arrest with
mouth/facial movements; stage 2, head nodding; stage 3, forelimb clo-
nus; stage 4, rearing; stage 5, rearing and falling; stage 6, loss of posture
and generalized convulsive activity. With the dose of kainate used (30
mg/kg), we found that some mice progress to stage 4 but do not progress
further, whereas most mice transition to stage 5 within �20 –30 min.
Before terminating the seizures and reanesthetizing the mice for reimag-
ing, mice that progressed from stage 4 to stage 5 were allowed to remain
in stage 5 for 30 min, whereas mice that did not progress further than
stage 4 within 30 min were allowed to stay in stage 4 for an additional 30
min (�60 min of total seizures in both cases). Using blood vessel land-
marks as references, the same dendrites from the control period were
reimaged at intervals of 0, 1, 2, and, in some cases, 4 and 24 h after
termination of the seizures. To test for the effects of calcineurin inhibi-
tion on seizure-induced dendritic changes, additional groups of mice
were injected with FK-506 (2.5 mg/kg, i.p.) either 2 h before kainate (30
mg/kg, i.p.) or immediately after termination of the kainate-induced
seizures. To control for the potential direct toxic effects of kainate on
dendrites, other mice were injected with pentobarbital (30 mg/kg, i.p.) 30
min before kainate (30 mg/kg, i.p.) to suppress seizure activity.

Post hoc image analysis was performed using MetaMorph software
(Molecular Devices, Downingtown, PA) to evaluate changes in the num-
ber of dendritic spines over time, as described previously (Rensing et al.,
2005). Individual images in Z-stacks were first projected on to a single
plane to facilitate spine counting in the x–y plane. Spines were operation-
ally defined as perpendicular projections out of the main axis of the
dendrite that were narrower than the dendrite from which they arose and
could progressively taper, maintain their width, or form “caps.” All
readily resolvable spines in the initial image of a sequence were tagged
and then all tags were transferred to each subsequent image in the time
series for comparison. In addition to spine counting, a qualitative scoring
system was also used to grade the degree of beading that frequently oc-
curred after seizures: no beading; mild beading (visible beads with diam-
eter of beads �3� the diameter of the original dendrite with normal
intervening segments of dendrite); severe beading (visible beading with
diameter of beads �3� the diameter of the original dendrite without
normal intervening segments of dendrite. Two different people analyzed
the imaging data independently to confirm interobserver reliability of the
analysis method.

Video-EEG recording. In separate experiments, video-EEG recordings
were performed to characterize the behavioral-electrographic correlate
of kainate-induced seizures in more detail. Under isoflurane anesthesia,
mice had surgical implantation of right and left frontal epidural screw
electrodes (�1 mm posterior to bregma and 1 mm lateral to midline), a
midline occipital reference screw electrode (�1 mm posterior to
lambda), and an insulated silver wire electrode inserted stereotaxically
into the right hippocampus (2 mm posterior to bregma, 1.5 mm lateral to
midline, 1 mm deep). After at least 24 h after recovery from surgery, mice
were injected with 30 mg/kg kainate intraperitoneally and then moni-
tored by video-EEG. EEG signals were amplified and filtered (1–100 Hz)
using standard AC amplifiers (Grass P-511; Astro-Med, West Warwick,
RI) and digitized with commercial hardware and software (Axon Digi-
data 1322 and Axoscope; Molecular Devices) on a personal computer.
Time-locked video data were recorded using a Sanyo Day-Night camera
and a Darim MG-100 MPEG video capture card (Darim Vision, Pleas-
anton, CA).

F-actin and Fluoro-Jade B labeling. The rhodamine-phalloidin labeling
method was used, as described previously (Ouyang et al., 2005, 2007), to
measure F-actin levels in wild-type C57BL/6 mice after saline or kainate
(30 mg/kg, i.p.) injection. Phalloidin has a high affinity for F-actin and is
selectively concentrated in dendritic spines of neurons (Capani et al.,
2001). After at least 30 min of stage 5 seizure activity, mice were perfusion
fixed with 4% paraformaldehyde. Coronal brain sections (50 �m) were
subsequently cut with a vibratome. Sections were treated with 0.7% Tri-
ton X-100 in 10 mM PBS, pH 7.2, for 1 h, blocked with 5% serum for 1 h,
and then incubated with rhodamine-phalloidin (1:200) overnight at 4°C.
Sections were washed three times and mounted with anti-fade medium
for confocal imaging. Images of the stratum radiatum of CA1 regions of
hippocampus and layer 1–3 of neocortex were acquired with a Zeiss LSM
PASCAL confocal microscope. A high-power objective (63�, 1.2 NA)
was used to confirm the punctate labeling typical of spines (Ouyang et al.,
2005, 2007), and a low-power objective (25�, 0.8 NA) was used to obtain
images for regional F-actin intensity measurements. Regions of interest
from images were selected within the striatum radiatum of CA1 and layer
1/2 of neocortex to measure the average brightness of F-actin labeling
using MetaMorph analysis software. Double-labeling experiments in-
volving immunolabeling of MAP2 and PSD95 with F-actin staining were
performed to confirm the primary dendritic localization of F-actin in
these studies. On separate sections, labeling for Fluoro-Jade B or terminal
deoxynucleotidyl transferase-mediated biotinylated UTP nick end label-
ing (TUNEL) (Chemicon) was performed using kit instructions and pre-
viously published methods (Schmued and Hopkins, 2000; Wong et al.,
2003).

Western blotting. For Western blot analysis of cofilin and actin, the
brains were removed from C57BL/6 wild-type mice at various times after
saline or kainate (30 mg/kg, i.p.) injection. In some experiments testing
the effects of a calcineurin inhibitor, FK506 (2.5 mg/kg, i.p.) was injected
2 h before kainate. The neocortex and hippocampi were dissected out
and sonicated individually in SDS-PAGE sample buffer containing 3%
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SDS, 2% �-mercaptoethanol, and 5% glycerol
in 60 mM Tris buffer, pH 6.7, as described pre-
viously (Ouyang et al., 2005, 2007). Samples
were boiled for 5 min and stored at �20°C.
Protein concentration was determined with the
Lowry method. Thirty micrograms of protein
were separated by 15% SDS-PAGE and trans-
ferred to polyvinylidene difluoride mem-
branes. After incubation with a primary anti-
body (1:1000; Cell Signaling) that recognized
phosphorylated cofilin (p-cofilin) at Ser3, the
membranes were labeled with peroxidase-
conjugated secondary antibody and visualized
by ECL detection kit (Pierce, Rockford, IL).
The blots were reprobed for total cofilin
(1:1000) and �-actin (1:4000). The signals were
scanned for quantitative analysis with ImageJ.

Measurements of the F-actin to G-actin ratio
were also made by Western blotting, similar to
previously published methods (Gu et al., 2006).
Cortex was isolated and homogenized in cold
lysis buffer (10 mM K2HPO4, 100 mM NaF, 50
mM KCl, 2 mM MgCl2, 1 mM EGTA, 0.2 mM

dithiothreitol, 0.5% Triton X-100, 1 M sucrose,
pH 7.0) and then centrifuged at 15,000 � g for
30 min. The supernatant was used for measure-
ment of soluble actin (G-actin). To measure
F-actin, the pellets were resuspended in lysis
buffer plus an equal volume of 1.5 M guanidine
hydrochloride, 1 M sodium acetate, 1 mM

CaCl2, 1 mM ATP, and 20 mM Tris-HCl, pH 7.5,
and incubated on ice for 1 h to depolymerize
F-actin, with gentle mixing every 15 min. The
samples were centrifuged at 15,000 � g for 30
min, and this supernatant was also used to mea-
sure actin (as a reflection of insoluble F-actin).
Samples from the supernatant (G-actin) and
pellet (F-actin) fractions were proportionally
loaded and analyzed by Western blotting.

Arterial blood gas analysis. To assess the po-
tential effects of kainate seizures on systemic
variables, arterial blood gases were monitored
immediately after 30 min of stage 5 kainate seizure activity. In separate
mice from the imaging studies, blood samples from femoral artery cath-
eterization were obtained under anesthesia, and pH and pO2 were mea-
sured using a CIBA-Corning 238 pH/Blood Gas Analyzer.

Statistics. One-way ANOVA with Tukey-Kramer posttests for multiple
comparisons was used to compare changes in dendritic spine number,
F-actin intensity, and quantified protein expression between different
treatment groups. Chi-square test of independence was used to compare
the distribution of dendritic beading severity as a function of seizure
stage. All data are expressed as mean � SEM. Statistical significance was
defined as p � 0.05.

Results
Kainate seizures activate neocortical neurons in a seizure-
stage dependent manner but do not cause neuronal death or
systemic perturbations in C57BL/6 mice
We chose to study the acute effects of kainate-induced seizures
on dendritic spines, because previous in vivo imaging studies
found only modest effects of other seizure models on den-
drites (Mizrahi et al., 2004; Rensing et al., 2005), whereas acute
kainate-induced seizures directly activate glutamate recep-
tors, which may be more relevant to the phenomenon under
study (Ben-Ari and Cossart, 2000). In addition, we imaged
neurons specifically in neocortex to assess the effect of (sec-
ondary) generalized seizure activity, which may have more

widespread, robust effects than the previously examined focal
seizures (Mizrahi et al., 2004; Rensing et al., 2005).

Although the behavioral, electrophysiological, and histologi-
cal correlates of the kainate seizure model have been described
extensively (Ben-Ari and Cossart, 2000; Leite et al., 2002), we
performed video-EEG recordings to confirm the behavioral-
electrographic features of kainate seizures and allow direct corre-
lation with structural changes observed in the imaging studies.
After intraperitoneal injection of 30 mg/kg kainate, mice (n � 8)
displayed a stereotypical progression of clinical seizure behavior
that evolved through different stages over 30 – 60 min. In stage 1
and 2, mice predominantly exhibit behavioral arrest/freezing
with subtle facial automatisms and head nodding, which corre-
lated with focal ictal electrographic discharges in hippocampus
on EEG with minimal spread to neocortical electrodes (Fig. 1A,
top). With higher-stage seizures, mice displayed progressively
more severe bilateral motor manifestations, including bilateral
forelimb clonus (stage 3), rearing (stage 4), and rearing and fall-
ing (stage 5), which were correlated with bilateral ictal electro-
graphic discharges in neocortex, reflecting secondary generaliza-
tion of the initial seizures from the hippocampus (Fig. 1A, middle
and bottom). As seizures progressed from stage 4 to stage 5, the
EEG pattern gradually transitioned from intermittent electro-
graphic seizures to almost continuous bilateral discharges (ictal

Figure 1. Staged electrographic seizures and limited neuronal death in the kainate model. A, Bilateral cortical and hippocam-
pal EEG recordings demonstrate the evolution of electrographic ictal discharges correlating with different clinical stages of seizures
induced by 30 mg/kg kainate intraperitoneally. During stage 1 seizures, mice displayed behavioral arrest with facial automatisms
and brief focal electrographic seizures in hippocampus only (top). During stage 4 seizures, mice displayed intermittent episodes of
rearing and forelimb clonus associated with discrete generalized cortical electrographic seizures (middle). During stage 5 seizures,
mice primarily displayed frequent or continuous rearing and falling behavior with almost continuous generalized ictal electro-
graphic discharges (bottom). LF, Left frontal, RF, right frontal, RH, right hippocampus. B, Kainate seizures caused by 30 mg/kg
resulted in no detectable cell death in C57BL/6 mice, as assayed by Fluoro-Jade B staining 3 d after kainate-induced seizures (top).
In two of four mice, kainate seizures at 45 mg/kg induced very limited cell death in the CA3 region of hippocampus only (marked
by arrow) but not in CA1, dentate gyrus, or neocortex of C57BL/6 mice (middle). By comparison, kainate seizures caused by 15
mg/kg produced widespread Fluoro-Jade B staining in both neocortex and hippocampus of Sprague Dawley (SD) rats (bottom).
Scale bars, 200 �m.
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discharges occupying 46 � 11% of the EEG during stage 4 and
92 � 6% during stage 5; n � 5 mice). These findings indicate that
higher-stage kainate seizures extensively activate neocortical
neurons in a dose (i.e., seizure stage)-dependent manner, which
is directly relevant to the accompanying imaging studies in
neocortex.

Of specific relevance to the imaging studies, despite using the
same concentration of kainate (30 mg/kg i.p.), some mice never
progressed from stage 4 to stage 5 within the temporal constraints
used for the imaging studies, whereas others progressed into stage
5. Of the mice that progressed to stage 5, frequent rearing and
falling was the predominant clinical feature, with only a couple
mice also displaying rare, brief episodes of loss of posture and
severe convulsive motor activity (stage 6) during the 30 min
period.

Because kainate seizures may trigger neuronal death and we
are primarily interested in studying “nonlethal” mechanisms of
seizure-induced dendritic injury, we purposely took advantage of
the fact that mice with a C57BL/6 background have been reported
to be relatively resistant to kainate excitotoxic neuronal death
(Schauwecker and Steward, 1997). We confirmed the previous
studies that kainate at a dose of 30 mg/kg activated no cell death
after 4, 24, and 72 h in the hippocampus and neocortex of
C57BL/6 mice (n � 5), as assayed by Fluoro-Jade B staining (Fig.
1B, top). As a positive control, at higher kainate doses of 45
mg/kg, limited cell death was occasionally seen in the CA3 region
of hippocampus only (2 of 4 mice), but not in CA1, dentate gyrus,
or neocortex (Fig. 1B, middle). As a stronger positive control for
the method, kainate (15 mg/kg) induced extensive cell death as-
sayed by Fluoro-Jade B staining in hippocampus and neocortex
in Sprague Dawley rats (Fig. 1B, bottom). Similarly, TUNEL
staining revealed no evidence of neuronal death at 4, 24, and 72 h
after kainate seizures in C57BL/6 mice, but extensive death in
Sprague Dawley rats at 72 h (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). These findings
demonstrate that doses of kainate (30 mg/kg) used in the accom-
panying imaging studies do not cause neuronal death in C57BL/6
mice, and thus observed effects of kainate seizures on dendritic
structure involve “nonlethal” mechanisms.

Given that systemic factors during seizures, such as hypox-
emia or acidosis, could potentially cause dendritic changes inde-
pendent of the electrical seizure activity, we also performed arte-
rial blood gas analysis during kainate seizures. After 30 min of
stage 5 seizure activity, there was no evidence of systemic hypox-
emia or acidosis (pO2 � 110.0 � 2.4 mmHg, pH � 7.41 � 0.02;
n � 8 mice). These findings indicate that observed effects of
kainate seizures on dendritic structure in the imaging studies are
likely not secondary to perturbation of systemic factors.

High-stage kainate seizures cause acute dendritic injury
The effects of stage 4 and 5 kainate seizures on dendritic spines of
neocortical neurons were assessed on GFP-M mice in vivo. Con-
sistent with previous reports (Rensing et al., 2005), control mice
injected with saline show minimal changes in dendritic spine
number, with a �5% change in spine number over a �4 h period
(Figs. 2, 3) (n � 400 total spines from 33 dendrites from 5 mice),
and no signs of dendritic beading (Fig. 3). Stage 4 seizure activity
usually also had minimal effects on dendritic spines, although
overall there was a small but significant loss of spines, which was
observed immediately after termination of the seizures and re-
mained stable for the following 4 h (Fig. 2) (n � 596 total spines
from 47 dendrites from 7 mice). In most cases, stage 4 seizures

were not associated with any other gross morphological changes
in dendrites, although in some cases (�15%), there was mild
beading of the dendrites (Table 1). In contrast, stage 5 kainate
seizures for 30 min typically caused very obvious morphological
changes in dendrites and spines. Most dendrites (�80%) exhib-
ited either mild or severe beading immediately after termination
of the seizures, which almost totally resolved by 2– 4 h (Fig. 3,
Table 1). Along with the dendritic beading, Stage 5 seizures also
resulted in an immediate loss of �60% of dendritic spines (Figs.
2, 3) (n � 531 total spines from 49 dendrites from 9 mice; p �
0.001 by ANOVA compared with control and stage 4). Although
there was some recovery of spines over the next 2 h that paralleled
the resolution of the dendritic beading, a plateau in this recovery
occurred between 2 and 4 h after the seizures, indicating a more
persistent, longer-term loss of a subset (�40%) of spines (Fig. 2).
In contrast to our previous studies with the focal 4-AP seizure
model, in which a possible synergistic interaction of phototoxic-
ity from the imaging method with the seizures was detected
(Rensing et al., 2005), dendritic beading after kainate seizures was
also seen in regions of neocortex outside of the original imaging
fields (data not shown), indicating that the dendritic injury was a
primary result of the kainate seizures independent of any contin-
gent technical factors. In addition, as a control for possible direct
toxic effects of kainate, mice injected with pentobarbital before
kainate to suppress seizure activity had no signs of dendritic
beading or loss of spines (Fig. 2) (n � 198 total spines from 17
dendrites from 2 mice).

Although previous fixed-tissue studies have documented
chronic spine loss after seizures and the primary purpose of the
present study was to document acute seizure-induced spine
changes with in vivo imaging, we performed a separate set of
experiments to determine whether the acute spine loss observed
within several hours after seizures persisted or recovered over a
24 h time period. In mice that were imaged sequentially for 24 h

Figure 2. Kainate seizures cause an acute stage-dependent loss of dendritic spines, which is
only partially reversible. Saline-injected mice demonstrated less than a 5% change in dendritic
spines over a 4 h period (n � 400 total spines from 33 dendrites from 5 mice). Similarly, mice
that were injected with kainate but had seizures suppressed by pentobarbital had no significant
change in spines (Pb�KA; n � 198 total spines from 17 dendrites from 2 mice). Stage 4
seizures induced a small but significant loss of spines, which was observed immediately after
termination of the seizures and remained stable for the following 4 h (n � 596 total spines from
47 dendrites from 7 mice). In contrast, stage 5 seizures for 30 min resulted in a larger loss of
dendritic spines, which only partially recovered over the 4 h period (n � 531 total spines from
49 dendrites from 9 mice). *p � 0.001, 0.01, and 0.05 at 0, 1, and 2 h, respectively, by one-way
ANOVA.
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after stage 5 kainate seizures, the residual

spine loss that was observed several hours
after the seizures on the first day showed
no sign of recovery on the following day
(Fig. 4). There was an �30% spine loss at
both 4 and 24 h after seizure termination
compared with the preseizure baseline
(n � 300 total spines from 26 dendrites
from 4 mice). In contrast, control mice
without seizures again show minimal
changes in spine number (�5%) over
24 h.

Kainate seizures cause acute activation
of cofilin and depolymerization
of F-actin
We next investigated potential molecular
mechanisms mediating the effects of kai-
nate seizures on dendritic morphology.
Actin is a major structural protein that can
exist in a monomer form (G-actin) or a
polymerized filamentous form (F-actin)
and is highly concentrated in dendritic
spines, forming complex filamentous net-
works that provide structural support for
dendrites and dendritic spines (Matus et
al., 1982; Capani et al., 2001). Because
physiological activity may modulate actin
networks to cause changes in dendritic
structure and function (Kim and Lisman,
1999; Krucker et al., 2000; Fukazawa et al.,
2003; Okamoto et al., 2004; Lin et al.,
2005; Ouyang et al., 2005; Kramar et al.,
2006), we examined the acute effects of
kainate seizures on filamentous actin (F-
actin). Stage 5 kainate seizures for 30 min
led to a significant decrease in F-actin in
both the hippocampus and neocortex, as
assayed by the rhodamine-phalloidin
method (Fig. 5A,B). Compared with
saline-injected controls, the decrease in
F-actin labeling was seen immediately af-
ter termination of the seizures for at least
2 h. Similar to results reported previously
(Ouyang et al., 2005, 2007), double-
labeling experiments with MAP2 and
PSD95 confirmed the localization of
F-actin in dendrites and dendritic spines
(data not shown). In a second assay of ac-
tin polymerization, insoluble (F-actin)
and soluble (G-actin) fractions of actin
were measured by Western blotting. Simi-
lar to the rhodamine-phalloidin results,
stage 5 kainate seizures caused a significant decrease in the ratio
of F-actin to G-actin (Fig. 5C).

F-actin can be depolymerized by the regulatory actin-
binding protein, cofilin. As cofilin is inactivated by phosphor-
ylation, dephosphorylation of cofilin at the Ser3 residue leads
to cofilin activation, which can trigger depolymerization of
F-actin and may serve as a more sensitive marker of F-actin
depolymerization. Thus, we tested whether kainate seizure-
induced depolymerization of F-actin is related to a decrease in

the phosphorylated form of cofilin (p-cofilin). By Western
blot analysis, kainate seizures for 30 min had no effect on total
actin or cofilin levels, but caused a dramatic, significant de-
crease in p-cofilin in both hippocampus and neocortex for
several hours (Fig. 6). Overall, these results indicate that kai-
nate seizures induce a rapid activation of cofilin and corre-
sponding depolymerization of actin filaments in dendrites,
which may, at least in part, account for the acute structural
effects of seizures on dendrites.

Figure 3. Representative images of dendritic changes in control conditions and after kainate seizures. After saline injection,
mice always showed minimal changes in spines and no evidence of dendritic beading. In most cases, stage 4 kainate seizures also
had minimal effects on dendritic spines or beading, although occasionally a mild beading with modest loss of spines was observed
(not shown). By comparison, the majority of mice with stage 5 kainate seizures for 30 min exhibited immediate mild (middle
sequence) or severe (bottom sequence) dendritic beading associated with a loss of spines (shown at higher power in excerpts). The
dendritic beading usually recovered almost completely within 1–2 h, but the recovery of spines was usually incomplete. Scale bar,
10 �m.

Table 1. Kainate seizures cause a reversible dendritic beading in a stage-dependent manner

Seizure stage Total dendrites No beading Mild beading Severe beading

Stage 4 seizure
Preseizure 47 47 (100%) 0 (0%) 0 (0%)
0 h 47 40 (85%) 7 (15%) 0 (0%)
1 h 46 39 (85%) 7 (15%) 0 (0%)
2 h 45 38 (84%) 7 (16%) 0 (0%)
4 h 14 12 (86%) 2 (14%) 0 (0%)

Stage 5 seizure
Preseizure 49 49 (100%) 0 (0%) 0 (0%)
0 h 49 10 (20%) 17 (35%) 22 (45%)
1 h 45 24 (53%) 15 (33%) 6 (13%)
2 h 45 29 (64%) 11 (24%) 5 (11%)
4 h 22 17 (77%) 3 (14%) 2 (9%)

Mild beading, Visible beads with diameter of beads �3� the diameter of the original dendrite with normal intervening segments of dendrite; severe
beading, visible beading with diameter of beads �3� the diameter of the original dendrite without normal intervening segments of dendrite. Note that
some mice were not imaged at 4 h. By comparison, no beading was seen at all time points in all saline-injected control mice and mice treated with
pentobarbital and kainate (no seizures). p � 0.001 by �2 test of independence for distribution of beading categories between no seizure, stage 4, and stage
5 seizure groups at all time points, except 4 h.
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A calcineurin inhibitor antagonizes the effects of kainate
seizures on cofilin activation and dendritic morphology
Cofilin and actin dynamics can be regulated by a number of
upstream cellular signaling pathways, including a variety of phos-
phatases and kinases. In particular, the calcium-dependent phos-
phatase, calcineurin, is activated by seizures (Kurz et al., 2001,
2003) and may mediate regulation of cofilin activity by calcium
(Wang et al., 2005). Thus, we used a calcineurin inhibitor to test
whether calcineurin may be involved in the effects of kainate
seizures on cofilin activation and dendritic morphology. First, we
assessed whether calcineurin inhibitors may have direct effects on
seizure properties or dendritic structure, which could confound
interpretation of an observed, antagonist effect of these drugs on
kainate seizure-induced dendritic injury. Consistent with previ-
ous studies (Moriwaki et al., 1998; Santos and Schwauwecker,
2003), pretreatment with the calcineurin inhibitor, FK506, 2 h
before kainate injection had no effect on seizure severity/stage

(71% vs 74% of mice achieved stage 5 seizures with FK506 vs
saline pretreatment) or seizure latency (19.9 � 2.6 min vs 20.4 �
2.5 min latency to stage 5 seizures for FK506 versus saline pre-
treatment, p � 0.5 by t test, n � 7 mice per group). Furthermore,
FK506 alone had no effect on dendritic structure, with no den-
dritic beading and �5% spine turnover over 4 h (Fig. 7B) (n �
167 total spines from 14 dendrites from 2 mice). However, FK506
administered 2 h before kainate significantly blocked the previ-
ously observed seizure-induced decrease in p-cofilin in both hip-
pocampus and neocortex (Fig. 7A). In addition, FK506 pretreat-
ment partially antagonized the effects of kainate seizures on
dendritic beading and spine loss. After 30 min of stage 5 kainate
seizure activity, mice pretreated with FK506 exhibited mild (7%)
or severe (4%) beading in only 11% of cases, compared with 80%
in untreated mice (Fig. 7B). Furthermore, FK506-treated mice
only showed an �20% loss of overall spines immediately after the
seizures (n � 321 total spines from 28 dendrites from 5 mice),
compared with �60% spine loss in untreated mice (Fig. 7B). In
contrast, FK506 administered immediately after 30 min of stage 5
kainate seizure activity had no significant protective effect against
kainate seizure-induced dendritic beading and spine loss (Fig.
7B) (n � 311 total spines from 29 dendrites from 3 mice), indi-
cating that there may be a critical window during which FK506
must be present at the time of the seizure to have optimal effect.
Overall, these results suggest that calcineurin may play a role in
mediating the effects of kainate seizures on actin dynamics and
spine morphology and demonstrate that calcineurin inhibitors
may have therapeutic potential in limiting seizure-induced den-
dritic injury.

Discussion
Physiological and pathological activity-dependent modulation of
dendritic structure and function is a subject of great scientific and
clinical importance. A variety of studies have suggested that
pathophysiological neuronal activity, such as seizures, can cause
dendritic injury. However, much of this evidence has been de-
rived from histopathological studies of fixed tissue from epilepsy
patients or animal models [for review, see Swann et al. (2000) and
Wong (2005)], which often have limitations related to potential
confounding factors and inability to assay rapid dynamic
changes. Newer imaging methods using time-lapse imaging of
dendritic spines in vivo permit direct assessment of spine changes
in individual neurons as a result of seizures. In this study, we
demonstrate that kainate seizures can cause immediate dramatic
changes in dendritic structure on the time scale of minutes. The
live time-lapse imaging also directly revealed a rapid, dynamic
evolution of dendritic abnormalities, not apparent in previous
fixed tissue studies. In addition, we implicate actin depolymer-
ization and calcineurin signaling as probable mechanisms for
mediating these seizure-induced structural changes.

High-stage kainate seizures caused an immediate beading of
dendrites and loss of spines, which displayed rapidly dynamic
changes over a short time course. Although the dendritic beading,
and to some extent, the loss of spines was reversible over a several-
hour period, a plateau in the recovery of spines was observed
starting �2 h after the seizures and persisting for at least 24 h,
suggesting that a residual, more permanent spine loss occurs.
Although the purpose of the present study was to observe acute
dynamic changes in spines immediately after seizures, future
chronic in vivo imaging studies over days to weeks should be able
to determine the longer-term time course of this spine loss. It is
very likely that the spine loss seen in the present study is the initial
phase of more chronic spine loss reported in other studies using

Figure 4. Dendritic spine loss persists for at least 24 h after kainate seizures. In separate
experiments, a group of mice, which were monitored for acute changes in dendrites over several
hours as in the previous experiments (Fig. 2), were reimaged 24 h after stage 5 kainate seizures.
A, B, As described previously, dendritic beading developed and resolved within a couple hours.
A partial recovery of spine loss also occurred with the resolution of dendritic beading, but a
residual spine loss seen at 4 h after seizure persisted at 24 h (n � 300 total spines from 26
dendrites from 4 mice).
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conventional fixed tissue analysis (Scheibel
et al., 1974; Isokawa and Levesque, 1991;
Muller et al., 1993; Multani et al., 1994;
Drakew et al., 1996; Isokawa, 1998; Jiang et
al., 1998).

Although a variety of fixed tissue studies
have found evidence of dendritic injury over
a longer time scale, two recent acute in vivo
imaging studies have found only modest ef-
fects of seizures on dendrites (Mizrahi et al.,
2004; Rensing et al., 2005). Compared with
these previous in vivo studies, which focused
on more focal seizure activity in hippocam-
pus or neocortex, the more robust effects of
secondary generalized kainate seizures on
dendrites in the present study likely reflect
differences in seizure model, use of anesthe-
sia, and the extent/severity of the seizures. In
particular, kainate seizures likely activate
more widespread cortical neuronal net-
works than the locally induced focal seizures
in the previous studies. In the present study,
there was a correlation between the “den-
sity” of electrographic seizure activity and
the severity of dendritic injury comparing
stage 4 and stage 5 seizures. Thus, it is likely
that continuous status epilepticus may be
necessary for the more overt structural
changes. Although it is possible that sys-
temic perturbations from seizures, rather
than the electrical seizure activity itself,
could also contribute to dendritic injury,
mice did not display significant generalized
convulsive activity (“stage 6”) that is most
often associated with systemic derange-
ments, and blood gas analysis during the sei-
zures was unremarkable, making this possi-
bility unlikely. Finally, it is also possible that
kainate could have a direct, toxic pharmaco-
logical effect causing dendritic injury, in-
cluding activation of cell death mechanisms
(Olney et al., 1979), but the use of C57BL/6
background mice minimizes this risk of kai-
nate excitotoxicity, as reported by others
(Schauwecker and Steward, 1997) and con-
firmed in the present study. Furthermore,
the control group that was exposed to kai-
nate but had seizures suppressed by pento-
barbital showed no dendritic changes, indi-
cating that seizure activity itself was
responsible for the effects of kainate seizures
on dendrites. Thus, our findings indicate
that secondary generalized seizures can di-
rectly cause acute dendritic injury, indepen-
dent of systemic factors or cell death.

The molecular mechanisms causing
“nonlethal” seizure-induced dendritic in-
jury are largely unexplored. In contrast,
there is an expanding literature demonstrat-
ing that more physiological forms of activity, such as tetanic stim-
ulation to induce long-term potentiation (LTP), may cause struc-
tural and functional changes in dendrites as a result of regulation
of the actin cytoskeleton. As physiological activation of neurons

may lead to either increases (Fukazawa et al., 2003; Okamoto et
al., 2004; Lin et al., 2005; Ouyang et al., 2005; Kramar et al., 2006)
or decreases (Kim and Lisman, 1999; Shen and Meyer, 1999;
Ouyang et al., 2005) in actin polymerization, we have recently

Figure 5. Kainate seizures cause acute depolymerization of F-actin. A, Representative images of F-actin labeling, assayed by
the rhodamine-phalloidin method, are shown in the neocortex (left) and stratum radiatum of CA1 region (middle) of a control
(saline-injected) mouse and a mouse after 30 min of stage 5 kainate seizure activity. Scale bar, 40 �m. On higher magnification
(right), punctate labeling is observed, typical of dendritic spine localization of F-actin. Scale bar, 5 �m. B, Summarized data for
all experiments show a decrease in F-actin rhodamine-phalloidin labeling in neocortex and hippocampus for 0 –2 h after
kainate seizures. *p � 0.01 by one-way ANOVA (n � 6 – 8 sections/mouse, n � 5 mice per saline groups, n � 8 mice per
kainate groups). C, In a second assay of actin polymerization, Western blotting for actin was performed on fractions of soluble
actin (G-actin) in supernatant (S) and insoluble actin (F-actin) in the pellet (P) separated by centrifugation from homogenized
cortex. A representative Western blot from one experiment is shown. Supernatant and pellet fractions from each sample were
proportionally loaded for all conditions/experiments, and the ratio of F-actin to G-actin was calculated. Summarized data for all
experiments show that stage 5 kainate seizures for 30 min caused an immediate decrease in the ratio of F-actin to G-actin,
confirming that kainate seizures cause depolymerization of F-actin. *p � 0.05 by t test (n � 4 mice per group).
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reported that conditions favoring LTP induction may cause a
biphasic response, involving an initial transient decrease in
F-actin in dendritic spines followed by a longer-term increase in
actin polymerization (Ouyang et al., 2005). In LTP, we hypothe-
size that the initial phase of actin depolymerization may allow for
plasticity and motility of dendritic structure or function, whereas
subsequent polymerization of F-actin could lead to long-term
stabilization or consolidation of dendritic changes. By compari-
son, pathological neuronal activation, such as with seizures,
might disrupt this finely regulated, dynamic system of dendritic
actin networks. In support of this idea, we have recently shown
that hippocampal seizures induced by 4-AP lead to moderate
activation of cofilin, a major actin-depolymerizing factor, and
associated depolymerization of F-actin, although these changes
were not necessarily associated with any overt structural changes
in dendrites, perhaps because of the relatively mild nature of the
seizures (Ouyang et al., 2007). In the present study, we demon-
strate that kainate seizures cause a stronger activation of cofilin
and depolymerization of F-actin, which is associated with dra-
matic structural changes in dendrites and is, at least in part, me-
diated by the calcium-activated phosphatase, calcineurin. Thus,
there likely exists a spectrum of physiological and pathological
activity that can regulate similar actin-based mechanisms to
cause both normal synaptic plasticity under physiological situa-
tions and abnormal dendritic injury during extreme conditions.
Because calcineurin can also regulate a number of other cellular
pathways, future studies are required to determine all the specific
intracellular signaling and mechanistic elements involved in me-
diating the effects of seizures on dendritic structure. The role of
other critical triggering or modulatory factors associated with

seizures, such as elevated extracellular potassium, glutamate re-
lease, and local hypoxia, also needs to be explored.

In addition to the importance of understanding activity-
dependent regulation of actin dynamics and dendritic structure
on a mechanistic level, the findings from this study may have
important clinical and therapeutic implications. Seizure-induced
brain injury may contribute to a number of behavioral, cognitive,
and neuropsychiatric deficits commonly seen in epilepsy patients
(Dodrill, 2002; Elger et al., 2004). Although seizure-induced neu-
ronal death has been widely documented and studied, especially
in animal models, many epilepsy patients have no overt evidence
of neuronal death, at least on structural brain imaging, despite
suffering from these neurological comorbidities. Thus, under-
standing “nonlethal” mechanisms of seizure-induced brain in-
jury, such as changes in dendritic structure and function, may
have more widely applicable clinical relevance and may ulti-
mately lead to novel therapeutic strategies either for treating sei-
zures or preventing neurocognitive deficits in epilepsy. Whereas
most drugs for epilepsy have targeted neurotransmitter receptors
and ion channels, an innovative therapeutic approach would be
to modulate actin-based spine motility in an activity-dependent
manner. In the present study, we demonstrate the potential ther-
apeutic benefit of calcineurin inhibitors, such as FK506, in limit-
ing seizure-induced dendritic injury. It is possible that the pro-
tective effect of FK506 could actually be caused by a nonspecific
action of FK506 in reducing neuronal excitability or seizures, not
by a specific effect on mechanisms of seizure-induced dendritic
injury. However, consistent with previous studies (Moriwaki et
al., 1998; Santos and Schwauwecker, 2003), FK506 did not alter
kainate seizure latency or severity, indicating that FK506 did not
directly alter seizures per se. Furthermore, FK506 alone had no
obvious effect on dendritic morphology. Thus, FK506 most likely
has specific protective effects against mechanisms of seizure-
induced dendritic injury via direct calcineurin-mediated modu-
lation of actin. One limitation of the potential therapeutic appli-
cations of this finding is that our data suggest that the drug needs
to be administered prophylactically before the onset of a seizure
to be most effective. Future research might find that selective
stabilization of the dendritic actin cytoskeleton during or possi-
bly after seizures by other drugs that directly regulate actin poly-
merization (Ackermann and Matus, 2003) could be even more
effective in preventing seizure-induced spine changes and poten-
tially reducing resultant neurocognitive deficits. Thus, better in-
sights into the mechanisms of modulation of actin-based spine
dynamics by seizures could have significant impact in reducing
the long-term negative consequences of epilepsy.
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