Neuroprotective effects of gelsolin during murine stroke
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Increased Ca?* influx through activated N-methyl-D-aspartate (NMDA) receptors and voltage-dependent
Ca?* channels (VDCC) is a major determinant of cell injury following brain ischemia. The activity of these
channels is modulated by dynamic changes in the actin cytoskeleton, which may occur, in part, through
the actions of the actin filament-severing protein gelsolin. We show that gelsolin-null neurons have
enhanced cell death and rapid, sustained elevation of Ca?* levels following glucose/oxygen deprivation,
as well as augmented cytosolic Ca?* levels in nerve terminals following depolarization in vitro. Moreover,
major increases in infarct size are seen in gelsolin-null mice after reversible middle cerebral artery occlu-
sion, compared with controls. In addition, treatment with cytochalasin D, a fungal toxin that depoly-
merizes actin filaments, reduced the infarct size of both gelsolin-null and control mice to the same final

volume. Hence, enhancement or mimicry of gelsolin activity may be neuroprotective during stroke.

J. Clin. Invest. 103:347-354 (1999).

Introduction

Ca?*-ion homeostasis is a key determinant of neuronal
injury following both acute and chronic neurodegener-
ative disorders, including brain ischemia (1-3). Intracel-
lular Ca?* overload activates several enzymes, including
calpain, phospholipase, xanthine oxidase, and neuronal
nitric oxide synthase, which are capable of either direct
or indirect destruction of cellular structures (1, 2). Mas-
sive glutamate release is an early event following brain
ischemia, leading to activation of N-methyl-D-aspartate
(NMDA) receptors and voltage-dependent Ca?* channels
(VDCCQ), both of which mediate this excitotoxic Ca?*
influx (1, 2, 4). Activity of these channels can be modi-
fied by dynamic changes in the actin cytoskeleton, con-
sistent with a model in which actin filaments compart-
mentalize channel-regulatory proteins (5, 6). We
demonstrated previously that actin depolymerization by
the fungal toxin cytochalasin (cyto) D protects neurons
from excitotoxicity by stabilizing intracellular calcium
levels, [Ca?*]; (7). Therefore, depolymerization of the
actin microfilament network in vivo may be a promising
approach to prevent neuronal death from NMDA exci-
totoxicity during cerebral ischemia.)

Gelsolin (gsn) is an 80-kDa actin-binding protein
and is the first and most widely expressed member of
a family of actin-severing proteins, which includes
adseverin and villin (8). After activation by micromo-
lar Ca?", gelsolin severs actin filaments, reducing actin
cytoskeleton integrity, and remains bound to the

barbed ends, inhibiting actin filament extension (9).
Upon reduction in free Ca?* to less than micromolar
levels, and in the presence of polyphosphoinositides,
gelsolin is released from the barbed ends, providing
sites for rapid actin filament extension (9). Thus, gel-
solin appears to serve a critical role in actin filament
dynamics (10-13). Gelsolin is constitutively expressed
throughout the central nervous system and is particu-
larly concentrated in neuronal growth cones (14). We
demonstrated recently that gelsolin modulates VDCC
and NMDA receptor-coupled channel activity and
reduces vulnerability to excitotoxicity in cultured hip-
pocampal neurons after its activation by Ca?* (15). In
this report, we explored the possibility that gelsolin
could serve as a neuroprotective factor in cerebral
ischemia in response to [Ca?*]; by enhancing VDCC-
and NMDA-channel rundown.

Methods

Gelsolin knockout mice. Gross and microscopic anatomy of the
brain of gsn/~ mice revealed no overt abnormalities (13). Because
the gelsolin-null state is not viable in either pure C57/Bl/6 or
BALB/C backgrounds (Witke, W., and Kwiatkowski, D. J., unpub-
lished observations), we used gender-matched littermates from
gsn*/~ X gsn*/~ crosses in a mixed 129/SV x CS7BL/6 background
for all in vivo experiments. In vitro experiments used littermates
from gsn*/- X gsn*/~ crosses from both mixed 129/Sv x BALB/C
and 129/SV x C57BL/6 backgrounds (13, 15). For immunoblot
analyses of gelsolin cleavage, we used male wild-type 129/SVEv-
TacBR mice (Taconic Farms, Germantown, New York, USA).
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Table 1
Physiologic variables in gelsolin-null and wild-type littermate mice

Parameter gsn*/* gsn”/~
MABP (mmHg)
Baseline 88 87 +2
During 92 + 89 +1
After 8 91
pH
Baseline 7.39 £ 0.01 7.37 +£0.03
After 7.34+£0.02 7.34+0.01
PaO; (mmHg)
Baseline 172+9 162+ 16
After 130£13 129 £10
PaCO, (mmHg)
Baseline 40 £ 2 42
After 41 +£1 42 +1
rCBF (%)
Before 100+ 0 100 £ 0
During 13+£2 13+3
After 88+8 91+ 11
Weight (g) 253+1.0 24411
CT (°C)
During 36.8+0.1 36.9+0.1

Animals were subjected to 2 h of filamentous middle cerebral artery occlusion fol-
lowed by reperfusion (22, 24, 25). MABP and rCBF were measured at baseline, dur-
ing ischemia, and 30 min after reperfusion (22, 24, 25). Before ischemia and direct-
ly after reperfusion, 50 ml of blood was withdrawn for blood gas determination
(pH, PaO,, PaCOy;). Animals were weighed before the onset of the experiment (body
weight in grams). CT was controlled and recorded by means of a feedback temper-
ature control unit. There were no statistically significant differences between groups
in any of the parameters studied (n = 6 animals each group). ANOVA and Scheffe’s
test. CT, core temperature; gsn, gelsolin; MABP, mean arterial blood pressure; rCBF,
regional cerebral blood flow.
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Glucose/oxygen deprivation in hippocampal cell cultures. Hippocam-
pal cell cultures were established from 18-day-old embryos as
described previously (15, 16). Hippocampi from each embryo were
dissociated by trypsinization and trituration and plated into cul-
ture dishes; DNA from the body of each embryo was isolated and
used for PCR-based genotyping. Experiments were performed in
a blinded fashion. Cells were grown in polyethylenimine-coated
plastic or glass bottom 35-mm culture dishes containing Eagle’s
MEM supplemented with 10% (vol/vol) heat-inactivated FBS, 20
mM KCI, and ImM pyruvate. Atmosphere consisted of 6%
C0O2/94% room air and was maintained near saturation. Cells
were exposed to 30 min of glucose and oxygen (G/O) deprivation
as described previously (15). For controls, medium was changed
without G/O deprivation. Cultures were then incubated for an
additional 20 h in Locke’s solution, and neuronal survival was
quantified using a method that has been shown to correlate close-
ly with trypan-blue staining (7, 16, 17). Briefly, neuronal viability
was assessed by morphological criteria: cells with intact neurites
of uniform diameter and a soma with a smooth round appear-
ance were considered viable, whereas neurons with fragmented
neurites and a vacuolated or swollen soma were considered non-
viable. Analyses were made in a blinded fashion.

Calcium imaging methods. Intracellular free Ca?* levels were
quantified by ratiometric imaging of the fluorescent calcium
indicator dye fura-2 (Molecular Probes Inc., Eugene, Oregon,
USA) as described (18). Briefly, cells were loaded with the ace-
toxymethylester form of fura-2 (30-min incubation in the pres-
ence of 10 mM fura-2/AM), and imaging was performed using

a Zeiss AttoFluor system with a 40x oil objective. The average
[Ca?'];in individual neuronal cell bodies was determined from
the ratio of the fluorescence emissions obtained using two dif-
ferent excitation wavelengths (334 and 380 nm). The system
was calibrated with solutions containing either no Ca?" or a sat-
urating level of Ca?* (1 mM) using the formula [Ca?]; = K4 [(R—
Rinin)/Rimax— Ro(Fo/F,)] (19).

[Ca?* | measurement in synaptosomes. Synaptosomes (torn-off
and resealed nerve terminals) were prepared from gsn*/* or
gsn”/~ mice according to Gleitz et al. (20), with slight modifica-
tions. Briefly, cerebral cortices were homogenized with a Pot-
ter-Elvehjem glass homogenizer (900 rpm) in 40 vol (wt/vol)
of 0.32 M sucrose. The homogenate was centrifuged (10 min,
1,000 g at 4°C), and the supernatant was frozen and stored at
-80°C. After thawing at 37°C, the supernatant was cen-
trifuged (10 min, 12,000 g at 4°C), and the synaptosomal pel-
let was resuspended in a Ca?*-free buffer (pH 7.4) containing
133 mM NaCl, 4.8 mM KCl, 10 mM HEPES, 1.2 mM
Na,HPO,, 1.2 mM MgSO, and 10 mM glucose. [Ca?*]; was
measured by a fluorescence ratiometric method according to
Grynkiewicz et al. (19) and Meder et al. (21) using a Perkin-
Elmer LS 50B spectrofluorometer (Aex = 340/380 nm, Aep = 510
nm). The synaptosomal suspension was incubated with fura-
2/AM (5 UM) for 35 min at 37°C. Fura-2-loaded synapto-
somes were washed and kept on ice until they were used.
Aliquots (200 pl) of the washed synaptosomal suspension con-
taining 136 + 7 lg/ml of protein were diluted with 1.8 ml Ca?*-
free buffer (as above) plus 1.3 mM CaCl,. The diluted samples
were placed in a quartz cuvette at 37°C and preincubated for
6 min before K* (30 mM) was added for depolarization. The
system was calibrated with Triton X-100 for maximum Ca?
concentrations and with EGTA for minimum Ca?* concentra-
tions. [Ca?*]; was calculated as above (19).

Drug administration. Cyto D (Aldrich Chemical Co., Milwau-
kee, Wisconsin, USA) was dissolved in 1% DMSO in PBS. Then,
2 Ul of the solution or vehicle was administered intracere-
broventricularly (bregma -0.9 mm lateral, -0.1 mm posterior,
-3.1-mm deep) 10 min before ischemia using a Hamilton
syringe (Fisher Scientific Co., Pittsburgh, Pennsylvania, USA)
as described (22, 23).

Mouse model of focal cerebral ischemia. All animal experiments
were conducted in accordance with National Institutes of
Health and institutional guidelines. Mice (18-23 g) were anes-
thetized with 1.5% halothane (induction) and maintained on
1.0% halothane in 70% nitrous oxide and 30% oxygen by face
mask. Regional cerebral blood flow (rCBF) was measured by
Laser-Doppler monitoring using a flexible skull probe as
described (22, 24, 25). In randomly selected animals, the left
femoral artery was cannulated for arterial blood pressure and
blood gas determination as described (22, 24, 25). Arterial
blood samples (50 pl) were analyzed for pH, arterial oxygen
pressure (PaO,), and partial pressure of carbon dioxide (PaCO,)
using a Ciba-Corning 248 PH/blood gas analyzer (Ciba-Corn-
ing Diagnostics, Corp. Medfield, Massachusetts, USA). Focal
cerebral ischemia was induced by introducing a silicone-coat-
ed 8-0 monofilament into the internal carotid artery and
advancing it (22, 24, 25). By so doing, the middle cerebral artery
was occluded. Two hours later, the filament was completely
withdrawn to allow reperfusion. Rectal temperature was con-
trolled and maintained at [B7°C with a temperature feedback-
control unit (Frederick Haer and Co., Brunswick, Maine, USA)
and a heating lamp during the monitoring period until 1 h
after reperfusion. No differences in rectal temperatures were
observed between groups during the monitoring period and
after 24 h. Moreover, when we determined temporalis muscle
temperature for up to 2 h, and again after 24 h, we did not
observe any significant changes between groups (gsn-null mice
and cyto D-treated mice) at any time (<+ 0.3°C, P> 0.05).

The Journal of Clinical Investigation |

February 1999 |

Volume 103 | Number3



120
B Control

[] G/o Deprivation
100 -

80 -

60

40

Neuron survival (%)

20

gsn++ gsn+- gsn-

Figure 1

Neuronal vulnerability to combined glucose and oxygen deprivation is
increased in hippocampal neurons lacking gelsolin (gsn). Cultures from
gsn*/*, gsn*/~, and gsn”/~ mice were subjected to combined G/O depriva-
tion or medium change without G/O deprivation (control) for 30 min.
Cultures were then incubated for an additional 20 h in Locke’s solution
and neuronal survival was quantified. Values are the mean and SE of deter-
minations made in four separate cultures. *P < 0.05 compared with the
value in gsn*/* cultures exposed to G/O deprivation. **P < 0.01 compared
with value in gsn*/* cultures exposed to G/O deprivation, and P < 0.05
compared with the value in gsn*/~ cultures exposed to G/O deprivation.
ANOVA followed by Scheffe’s post hoc tests. G/O, glucose/oxygen.

Neurological deficits. Mice were tested for neurological deficits
30 min and 24 h after induction of ischemia and rated on a
scale from 0 (no observable deficit) to 3 (severe) (22, 24, 25).
Briefly, failure to extend the forepaw when suspended vertical-
ly is graded as mild injury [1], circling to the contralateral side
is graded as moderate [2], and loss of circling or righting reflex
is graded as severe [3]. Animals were graded by an observer
blinded to group identity.

Determination of infarct size. The animals were sacrificed 22 h or
70 h after reperfusion. The brains were snap-frozen in isopen-
tane for cryostat sectioning or directly divided into five coronal
2-mm sections using a brain matrix (RBM-2000C; Activational
Systems, Ann Arbor, Michigan, USA). Infarction areas were
quantitated with MCID M4 image analysis software (Imaging
Research Inc., St. Catharine’s, Ontario, Canada) on 2% 2,3,5
triphenyltetrazoliumchloride-stained 2-mm slices (cyto D
experiments with 22 h of reperfusion) or on 20-Um hema-
toxylin-and eosin-stained cryostat sections (all gsn experiments
and cyto D experiments with 70 h of reperfusion). Infarction
volume was calculated by summing the volumes of each section
directly (25) or indirectly using the following formula: con-
tralateral hemisphere (mm?3) - undamaged ipsilateral hemi-
sphere (mm?) (26). The difference between direct and indirect
infarct volumes is likely to be accounted for by brain swelling.

Gelsolin Western blotting. After 2 h of middle cerebral artery
(MCA) occlusion and varying times of reperfusion, animals were
injected with 200 mg/kg pentobarbital intraperitoneally and
transcardially perfused with ice-cold PBS (pH 7.4). Subsequent-
ly, brains were cut into 2-mm slices with a brain matrix and
placed on a chilled glass plate. Using a dissecting microscope, tis-
sue from the ischemic MCA territory was isolated and snap-
frozen in liquid nitrogen along with tissue from corresponding
brain regions in the contralateral hemisphere. Samples were
stored at -80°C until used. Tissue was homogenized in 10 mM
HEPES buffer (pH 7.6) containing 5 mM MgCl,, 1 mM PMSF,
1.5 UM pepstatin, 2 UM leupeptin, 0.7 UM aprotinin, 10 UM N-
benzyloxycarbonyl-Asp-Glu-Val-Asp-CHO (DEVD-CHO; En-

zyme System Products, Dublin, California, USA), centrifuged at
50,000 g for 30 min, and the supernatant was kept at -80°C until
used. Then, 10 pg total protein per sample was subjected to SDS-
PAGE and transferred to a polyvinylidene fluoride (PVDF) mem-
brane (Millipore Corp., Bedford, Massachusetts, USA). Blots were
blocked with 5% nonfat milk in TBST (50 mM Tris, [pH 7.5], 150
mM NacCl, 0.05% Tween-20) overnight at 4°C and probed with
polyclonal gelsolin antiserum at a dilution of 1:10,000 in 5% non-
fat milk/TBST as described (27). Immunoblots were then
processed with horseradish peroxidase-conjugated anti-rabbit
IgG and detected using the enhanced chemiluminescence (ECL)
Western blotting detection system kit (Amersham Life Sciences
Inc., Arlington Heights, Illinois, USA).

Immunobistochemical staining for calpain-cleaved spectrin, micro-
tubule-associated protein-2, and IgG. Calpain is activated by intracel-
lular Ca?" and, in turn, cleaves the cytoskeletal protein spectrin.
Ca?" also causes microtubule-associated protein (MAP)-2 prote-
olysis. Analyses of spectrin-breakdown products and loss of MAP-
2 immunoreactivity therefore can be used as in vivo measures of
Ca?*-mediated cell damage. To do so, we performed immunohis-
tochemistry to stain calpain-cleaved spectrin and MAP-2. To eval-
uate for disruption of the blood-brain barrier, immunohisto-
chemical staining for IgG was performed. Gsn/-and gsn*/* mice
underwent occlusion of the middle cerebral artery for 2 h as
described (four to five animals per group per time period). The
rCBF was monitored in all animals. After 1 h or 4 h of reperfusion,
animals were sacrificed and immediately perfused transcardially
with 4% paraformaldehyde. After removal, brains were immersed
in 4% paraformaldehyde. Immunohistochemistry was performed
in free-floating sections using methods described previously (28).
Sections were incubated for 2 h at room temperature in a solution
containing Triton X-100 and 0.015% blocking serum (normal
goat serum) in PBS. Primary antibody was then added to a final
dilution of either 1:10,000 for the spectrin antibody or 1:5,000 for
the MAP-2 antibody, and sections were then incubated overnight
at 4°C. Sections were incubated in the presence of horse
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Figure 2

Elevation of intracellular Ca?* levels following combined glucose and oxy-
gen deprivation is enhanced in hippocampal neurons lacking gelsolin
(gsn). Cells from gsn*/*, gsn*/~, and gsn”/~ mice were loaded with fura-2
and then subjected to combined G/O deprivation or medium change
without G/O deprivation (control) for 30 min. The [Ca?"]; in individual
neuronal cell bodies was then quantified at the indicated time points by
fluorescence ratio imaging. Values are the mean and SE of determinations
made in three separate cultures (15-25 neurons analyzed per culture).
[Ca?*]i values for gsn”/~ neurons were significantly greater than values for
gsn*/*and gsn*/~ neurons at 30 min (P < 0.05) and 120, 240, and 480
min (P < 0.01 in each case). ANOVA followed by Scheffe’s post hoc tests.
[Ca?*];, intracellular calcium.
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Figure 3

Infarct size in gsn*/* and gsn”~ mice after MCA occlusion/reperfusion.
Infarct size was 45% larger in gsn”/~ mice compared with wild-type gsn*/*
littermate mice 22 h after 2 h of filamentous MCA occlusion. (a) Brain
infarct volume and (b) brain infarct area (2-mm coronal sections) were
determined as described previously (22, 24, 25) and were increased in
gsn”/~ mice (open triangles) compared with gsn*/* mice (filled squares).
Infarcts were also larger after correcting for brain swelling by an indirect
method to measure infarct size (26). Data are presented as mean and
SE. n =10 animals per group. *P < 0.05 and **P < 0.01 compared with
wild-type. Student’s t test. MCA, middle cerebral artery.

anti-mouse IgG to detect the presence of endogenous
immunoglobulin in brain parenchyma. Sections were then incu-
bated for 1 h in ABC reagent (Vector Laboratories, Burlingame,
California, USA), washed in PBS, and incubated for 5 min in
diaminobenzidine solution (Vector Laboratories). The primary
antibodies were rabbit polyclonal antibodies specific for a calpain-
cleavage product of spectrin (a generous gift from R. Siman,
Cephalon Inc. West Chester, Pennsylvania, USA) and against
MAP-2 (a generous gift from S. Halpain, The Scripps Research
Institute, La Jolla, California, USA). Brain sections were pho-
tographed under bright-field optics using a 1x objective.

Data analysis. Values are presented as mean + SE. Statistical
comparisons were performed by unpaired Student’s ¢ test or
ANOVA followed by Student’s ¢ test, Schefte’s test, or Tukey’s test
as indicated. For comparisons of neurological deficits, a non-
parametric test (Mann-Whitney rank sum test) was used. P < 0.05
was considered significant.

Results

Neuronal survival is reduced and intracellular Ca?* levels elevated
after glucose and oxygen deprivation in hippocampal neurons lack-
ing gelsolin. Primary cultures of hippocampal neurons were
established from E18 gelsolin-null embryos. When these
cells were exposed to combined glucose and oxygen (G/O)
deprivation, we found that gsn/ cells were significantly
more vulnerable than gsn'/* cells (Fig. 1). Gsn*/~ neurons
exhibited a level of intermediate vulnerability (Fig. 1).

To test whether enhanced susceptibility to glucose and
oxygen deprivation is correlated with increased intracel-
lular Ca?* levels ([Ca?'];) in gsn”/- cells, [Ca?']; was
assessed using the indicator dye fura-2. Basal [Ca?']; was
essentially identical in neurons of all three genotypes
(0120 nM) (15). When cells were subjected to combined
G/O deprivation, gsn™/~ cells, and in an intermediate
fashion gsn*/- cells, showed a more rapid and sustained
[Ca?"]; increase compared with gsn*/* cells (Fig. 2). Hence,
the greater susceptibility to G/O deprivation in gsn~/
cells may be mediated, at least in part, by [Ca?*];.

Tissue injury following brain ischemia is increased in gsn~/~
mice. G/O deprivation and glutamate neurotoxicity are
common models for studying mechanisms of vascular
stroke injury in vitro. Because neurons from gsn~/- mice
exhibited higher susceptibility to these insults, we test-
ed the effects of gelsolin gene deletion in a model of
reversible focal brain ischemia in vivo. Animals were
subjected to two hours of MCA occlusion using a sili-
cone-coated 8-0 monofilament, followed by 22 hours
of reperfusion. Infarcts were 45% bigger in gsn”/- mice,
compared with controls (Fig. 3). Brain swelling con-
tributed partly to the larger infarcts in gsn~/- mice (40.6
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+7.7mm?’vs. 25.0 + 6.1 mm?3in gsn”/" vs. gsn*/*, respec-
tively). When infarction volume was corrected for brain
swelling (calculated with the indirect method), infarcts
in gsn”/- mice were still enlarged by 36% (82.9 + 6.5 mm?
vs. 60.4 £ 4.9 mm? in gsn”/- vs. gsn*/*, respectively; P <
0.05). Significantly larger lesions were evident in four
of the five standardized coronal brain sections (Fig. 3).

Because there is a secreted form of gelsolin (10), we
looked for changes in cerebral blood flow during
ischemia and after reperfusion that might modify infarct
volume. To evaluate if differences in brain perfusion con-
tributed to the higher susceptibility to injury in gsn~/
mice, rCBF was determined using Laser-Doppler moni-
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Figure 4

Effect of ischemia on K* (30 mM)-induced increase in [Ca?*]i in synaptosomes
prepared from mice deficient for gelsolin (gsn~~) compared with wild-type
(gsn™/*). Synaptosomes were prepared from contralateral cortex (open bars)
and ischemic cortex (filled bars) after 2 h ischemia and 1 h of reperfusion.
Cytosolic Ca?* concentrations were determined ratiometrically using the flu-
orescent calcium indicator dye fura-2/AM. Increase in [Ca?*]; is presented as
percent of basal [Ca?*]. Data are the mean + SE of three to four experiments

+/+ [+

in duplicate. *P < 0.05 vs. gsn*/* contralateral, #P < 0.05 vs. gsn*/* contralat-
eral, **P < 0.05 vs. gsn*/* ischemic. ANOVA followed by Student’s t test .
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Figure 5

Evidence for increased Ca?*-mediated proteolysis following MCA occlu-
sion/reperfusion in gsn”~ mice. Gsn*/* and gsn”/~ mice were subjected to 2
h MCA occlusion and were sacrificed 1 h after reperfusion. Coronal brain
sections were immunostained with antibodies against calpain-cleaved spec-
trin and MAP-2; additional sections were reacted with biotinylated horse
anti-mouse 1gG (upper panels). Note increased IgG immunoreactivity,
increased spectrin immunoreactivity, and decreased MAP-2 immunoreac-
tivity in the gsn”- mice. These micrographs are representative of five gsn”/~
and four gsn*/* mice examined. MAP-2, mitogen-activated protein-2.

toring. We found that rCBF fell to less than 20% of base-
line during ischemia and returned to (0% within five
minutes after reperfusion without differences between
groups (Table 1). Arterial blood pressure, blood gases
(pH, PaO,, and PaCO,), and core temperature during
ischemia and reperfusion also were not different
between groups (Table 1). Taken together, it seems
unlikely that variations in brain perfusion or systemic
physiologic parameters contributed to the susceptibili-
ty to injury in gsn”/~ mice.

Increased cytosolic Ca** concentrations in cortical nerve ter-
minals from gsn~/~ mice after depolarization and after ischemia.
Because glutamate released via exocytosis from presy-
naptic terminals during ischemia is dependent on Ca?*
influx, we studied cytosolic Ca?* concentration in synap-
tosomes isolated from ischemic and normal contralater-
al cortex. Basal Ca?*-concentrations in nerve terminals
did not differ between gsn*/* and gsn”- (290 + 60 and 299
+ 33 nM, respectively). However, depolarization (30 mM
K*)-induced VDCC-mediated increases in [Ca?']; were
higher in gsn”/- compared with gsn*/* synaptosomes (Fig.
4). After two hours ischemia followed by one hour of
reperfusion, depolarization by 30 mM K* also produced
a substantially higher [Ca?']; increase in gsn/- compared
with gsn*/* synaptosomes (Fig. 4). Basal [Ca?']; was
reduced following ischemia in gsn*/* and gsn”/~ synapto-
somes (220 £ 9 and 212 + 18 nM, respectively), probably
due to a reduced number of func-
tionally intact terminals. Higher

= IgG

gsn'” . : = .Spectrin

following MCA occlusion in gsn*/* and gsn”/- mice. Com-
pared with gsn*/* mice, the extent of calpain-mediated
spectrin proteolysis, as assessed with an antibody against
calpain-cleaved spectrin (Ab37) (29), was greater in stria-
tum and cortex of gsn”/~ mice (Fig. 5). Increased spectrin
proteolysis in gsn”/- was accompanied by decreased MAP-
2 immunoreactivity, consistent with Ca?*-mediated pro-
teolysis of this protein, as well (Fig. 5). Previous studies
have shown a strong correlation between infarct volume
and disruption of the blood-brain barrier following MCA
occlusion/reperfusion. Moreover, NMDA receptor antag-
onists reduce the extent of blood-brain barrier disruption,

gsn'ﬂr'l' gsn—f—

ischemia-induced [Ca?']; suggest
that functional alterations in VDCC
may contribute to the greater sus-
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ischemia.
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p

associated with calcium influx are exacer-
bated in mice lacking gelsolin. Previous
studies have shown that Ca?*-mediat-

ed proteolysis of cytoskeletal proteins

such as spectrin and MAP-2 occurs  Reperfusion (h) sham 1 3 [ 12 18 24 18

during the first few hours after
ischemia/reperfusion and correlates ~ Figure 6
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dosely with Subsequent neuronal Time-dependent changes in gelsolin protein and cleavage product expression during reperfu-
degeneration and death (29, 30, 31). sion following 2 h MCA occlusion in brain lysates from normal (gsn”/*) or gelsolin knockout

Because our data indicated that Ca?*
influx through N-methyl-D-aspartate
NMDA receptors and VDCC is
enhanced in neurons lacking gel-
solin, we performed immunohisto-

(gsn~~) mice. Brain lysates (10 lg/lane) were subjected to SDS-PAGE and immunoblot analy-
sis using a polyclonal gelsolin antibody (ref. 27). Uncleaved gelsolin (80 kDa) was present in
normal brain (sham) and did not change over time when measured in five different experiments.
Cleavage product (p48) was increased 1-18 h after reperfusion in the left (L, ischemic) com-
pared with the right (R, contralateral) hemisphere. A 52-kDa cleavage product was present in
all samples including sham but was increased in ischemic hemispheres. Gsn™/~ mice lack gelsolin

chemical analyses to assess the devel-  in hemispheres (L and R) and cerebellum (C). a-tubulin was used as an internal control. The
opment of Ca?*-mediated proteolysis  experiment was repeated five times; a representative experiment is shown.
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Figure 7

Infarct size and neurological deficits after cytochalasin D (¢yto D) treatment
following MCA occlusion/reperfusion. (a) Treatment with the actin-depoly-
merizing compound cyto D (0.1 and 1.0 pg intracerebroventricularly 10
min before ischemia) reduced infarct size after 2 h of filamentous MCA
occlusion and 22 h of reperfusion compared with vehicle in 129/SV mice.
Cerebral infarction volume was determined quantitatively as described; sig-
nificant differences were also obtained when infarct sizes were corrected
for brain swelling. Data are presented as mean and SE (n = 8-12 animals
per group). *P < 0.05 vs. vehicle. Student’s t test. (b) Neurological senso-
ry-motor deficits were significantly reduced in cyto D-treated 129/SV mice
compared with controls. Deficits were evaluated blindly using an estab-
lished rating system from 0 (no deficit) to 3 (severe). Data are presented
as mean and SE (n = 8-12 animals per group). *P < 0.05 vs. vehicle. Mann-
Whitney rank sum test.

suggesting a role for NMDA receptors in this process
(32-34). Consistent with the latter findings, the extent of
IgG accumulation in brain parenchyma was strikingly
greater in gsn”/~ mice compared with gsn”/* mice (Fig. 5).
Collectively, these data are consistent with enhanced Ca?'-
influx through NMDA receptors and VDCC in cortical
and striatal neurons following MCA occlusion/reperfu-
sion in mice lacking gelsolin.

Gelsolin undergoes cleavage after cerebral ische-mia/reperfu-
sion. Because we have recently demonstrated that gelsolin
is cleaved by caspase-3 during apoptosis (27) and that
caspase-3 is activated following cerebral ischemia (35),
we characterized the fate of gelsolin after ischemia/reper-
fusion in wild-type mice. Immunoblot analysis of brain
lysates from 129/SV mice after two hours of ischemia
and reperfusion (0-24 hours) demonstrated gelsolin
fragmentsat1,3,6,9, 12, and 18 hours after reperfusion
(Fig. 6). The gelsolin fragments measured 48 kDa and 52
kDa, respectively, as we have seen previously (35). Hence,
gelsolin is cleaved, presumably by caspase-3; however,
this event seems unlikely to account for the larger infarct
size in the gelsolin-null mice.

Actin depolymerization by cyto D protects wild-type mice from
vascular injury. To test the theory that dynamic changes in
the actin cytoskeleton are responsible for differences in
ischemic outcome between gsn”/- and gsn*/* mice, we
treated wild-type 129/SV mice with the actin-depolymer-
izing fungal toxin cyto D. Mice were injected intracere-
broventricularly with cyto D 10 minutes before two hours
of MCA occlusion, followed by 22 hours of reperfusion.
Intracerebroventricular injections with cyto D had no
obvious effects on rectal or temporalis muscle tempera-
tures (see Methods). Mice treated with 0.1 or 1.0 g cyto
D intracerebroventricularly exhibited significantly small-
er cerebral infarcts compared with vehicle-injected con-
trols (Fig. 7a). This effect was also significant when meas-
ured with an indirect method to obviate the impact of
brain edema on outcome (77.2 + 8.0 mm?®vs. 47.7 + 9.1
mm? for vehicle vs. 1.0 fg, and 79.7 + 6.8 mm?3 vs. 54.1 +
7.5 mm? for vehicle vs. 0.1 mg; P < 0.05 vs. vehicle for
either treatment). Moreover, functional neurological
deficits were significantly improved after 1.0 pg cyto D
and showed a trend toward lower scores with the 0.1-mg
dose, indicating that infarct sparing may be accompanied
by functional improvements (Fig. 7b). The protective
effect after a single dose of cyto D (1.0 g given 10 min-
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utes before two hours of MCA occlusion) was sustained
for at least three days (135 + 11 mm?3 vs. 98 + 9 mm? in
vehicle vs. treatment group, respectively; P < 0.05,n =35
per group), which demonstrates that infarct development
was not merely delayed by the treatment.

Cyto D treatment confers greater protection in gelsolin-null mice.
To evaluate the combined effects of cyto D administration
and gelsolin gene deletion, we treated gsn”/- and gsn*/*
mice with cyto D (1.0 Pg intracerebroventricularly 10 min-
utes before ischemia) or vehicle, respectively, and deter-
mined stroke outcome after two hours of MCA occlusion
and 22 hours of reperfusion (Fig. 8). Compared with non-
injected gsn/- and gsn*/* mice (Fig. 3), vehicle-injected ani-
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Figure 8

Combined effects of cyto D treatment and gelsolin gene deletion on
infarct size after MCA occlusion. Gsn*/* and gsn”/~ mice were treated with
cyto D (1 pg intracerebroventricularly 10 min before ischemia) or vehicle
(V), respectively, and then subjected to 2 h of left filamentous MCA
occlusion and 22 h of reperfusion. Cerebral infarct volume was deter-
mined quantitatively as described (22, 24). Results were confirmed with
the indirect method to determine infarct size as follows: 72.1 £ 4.9 mm?
(V/gsn/*) vs. 44.7 + 8.2 mm3 (¢yto D/gsn*/*) vs. 100.4 + 13.1 mm3
(V/gsn~/~) vs. 45.4 £ 11 mm?3 (¢yto D/gsn™/~). Data are given as mean and
SE (n = 4-7 animals per group). *P < 0.01 vs. vehicle-treated gsn*/*, *P <
0.05 vs. vehicle-treated gsn”/-. ANOVA followed by Tukey’s test.
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mals exhibited [10%-15% bigger direct infarcts, probably
due to the intracerebroventricular injection. Remarkably,
cyto D treatment led to a greater decrease in infarct size in
the gsn”~ mice compared with vehicle, such that infarcts in
treated gsn”- mice did not differ significantly from treat-
ed gsn*/* mice. Hence, the cytoskeletal actions of gelsolin
are likely to account for the differences seen in infarct size
between gsn/- and gsn*/* mice.

Discussion

Glutamate excitotoxicity and intracellular Ca?* overload
are thought to play a crucial role in neuronal death fol-
lowing cerebral ischemia (1-4). Here we demonstrated that
gsn”/~ mice are more susceptible to brain injury after
ischemia/reperfusion than control mice, with significant
differences in both infarction volume and brain swelling.
This enhanced ischemic injury in the gsn~/- mice appeared
to be mediated by increased neuronal [Ca?*};, as shown by
studies on cultured hippocampal gsn”/- neurons. These
cells exhibited increased cell death after glucose and oxy-
gen deprivation, as well as a more rapid and sustained
increase of [Ca?*]; in comparison to wild-type neurons. In
addition, depolarization-induced (and therefore VDCC-
mediated) increases in cytosolic Ca?* levels in isolated cor-
tical nerve terminals were also higher in the gsn”/- mice,
and this difference was even more pronounced after
ischemia/reperfusion. The observations extend our previ-
ous studies demonstrating higher NMDA- and VDCC-
mediated Ca2* currents, as well as a lack of actin filament
depolymerization in gsn~/- compared with wild-type neu-
rons (15). Ischemia-induced cytoskeletal alterations known
to be associated with increased Ca?" influx, spectrin cleav-
age, and loss of MAP-2 were exacerbated in the gsn”- mice.
Together, these data suggest that differences in ischemic
susceptibility in the gsn~/- mice probably relate to increased
[Ca?'];and Ca?"-mediated cellular damage, due to alack of
gelsolin-mediated actin filament depolymerization.

A second major finding was that the actin-depolymeriz-
ing compound cyto D protected 129/SV wild-type mice
from brain ischemia and reduced infarct volume by 25% to
35%. Moreover, when gsn- mice were treated with cyto D,
infarct volume was reduced by nearly 50% and did not dif-
fer significantly from cyto D-treated gsn”/* mice. This
observation confirms that it is the actin-depolymerizing
activity of gelsolin that is critical in this process, account-
ing for the increased infarct volumes in gsn”~ mice. In addi-
tion, we have also observed that gsn”- mice exhibit bigger
lesions following striatal NMDA injections and that cyto
D protects wild-type mice in this injury model (36)
(Stagliano, N.E. et al., unpublished observations).

In view of these findings, we propose the following
model (Fig. 9). Brain ischemia leads to brain hypoxia, aci-
dosis, and glucose depletion, which promote neuronal
depolarization, which, in turn, activates somadendritic as
well as presynaptic voltage-dependent Ca?* channels
(VDCC) directly and NMDA receptors indirectly by glu-
tamate release (1-4). This excitotoxic event leads to intra-
cellular Ca?* overload, a key trigger of cell injury and
death (1-4). Gelsolin is activated by Ca?* and acidosis (pH
< 6.5) (37) to sever the neuronal actin filament network,
leading to marked changes in the neuronal actin
cytoskeleton and net actin depolymerization. These

Llschemia-induced activation of VDCC and NMDA-R

/N

‘ Intracellular Ca** increase | | Actin remodeling

booN S/
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l

Cell dysfunction
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Figure 9

A model showing how gelsolin activation leading to dynamic changes in
the actin cytoskeleton may modify tissue injury in cerebral ischemia. Brain
ischemia promotes neuronal depolarization, which activates VDCC direct-
ly and NMDA channels by the release of glutamate. Activation of both
channels mediates intracellular Ca2* influx, which activates various cell
death-promoting intracellular enzymes. Ca?* also activates the actin-sev-
ering protein gelsolin, which in turn mediates dynamic changes (net
depolymerization) in the actin filament network. This actin remodeling
event leads to channel rundown, inactivation, and stabilization of [Ca?*].
Thus, gelsolin acts as an intracellular Ca?* sensor, negatively regulating
Ca?* influx and thereby protecting against neuronal dysfunction and
death. Cyto D, through similar effects on the actin cytoskeleton, also
exhibits neuroprotective effects VDCC, voltage-dependent Ca?* channels;
NMDA, N-methyl-p-aspartate.

changes promote channel rundown by altering internal
regulatory domains of VDCC and NMDA channels (5, 6),
limiting further Ca?*-influx and stabilizing [Ca?']; (7, 15).
Thus, gelsolin activation and subsequent actin depoly-
merization are a response mechanism to brain ischemia
that interrupts a progressive cycle of Ca?*-mediated cyto-
toxicity to protect against cell injury and death. The syn-
ergistic effects of acidosis and increased [Ca2*]; are par-
ticularly likely to activate gelsolin under these
circumstances (37). This compensatory mechanism leads
to both reduction in infarct volume and in surrounding
edema, both of which are beneficial effects in stroke.

We recently demonstrated that gelsolin is a prominent
substrate of activated caspase-3 (27), an apoptotic pro-
tease with a critical function in apoptosis in multiple cell
types (38). Caspase-3 cleavage of gelsolin results in the
generation of a constitutively active NH,-terminal frag-
ment that severs actin filaments without Ca?* regulation.
Apoptosis develops during cerebral ischemia based on
morphological, biochemical, pharmacological, and
molecular criteria (22, 23, 39, 40), but its extent is high-
ly dependent on the duration of the ischemic insult.
Activation and cleavage of caspase-3 was previously
demonstrated in the mouse ischemia model used here
(35). We demonstrated that gelsolin is cleaved during
ischemia, and the appearance of gelsolin cleavage prod-
ucts followed a time course similar to that of caspase-3
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activation (35), providing the first evidence that gelsolin
is cleaved by capsase-3 in vivo. However, the amount of
cleavage was minimal in these whole brain extracts, con-
sistent with limited apoptotic induction. Moreover, in
contrast to our earlier study in which gelsolin cleavage
accelerated apoptotic death in gsn*/*, compared with
gsn/~, neutrophils (27), here we observed that gsn/- mice
exhibited enlarged infarcts. It is possible that during
brain ischemia/reperfusion, gelsolin activation by cas-
pase-3 cleavage, as well as increased [Ca?*]; and acidosis,
facilitates a beneficial response to overactivation of
NMDA and VDCC channels, explaining this organ/cell
difference. Alternatively, we suspect that the gelsolin
cleavage fragment had no significant effects in these cells
under these conditions, given the limited extent of cleav-
age observed. Gelsolin is also reported to inhibit apop-
tosis when overexpressed in Jurkat cells, a human T-cell
line (41), and it is possible that its neuronal expression
also inhibits apoptosis. Analysis of the role of gelsolin in
a recently developed model of mild ischemia, where
apoptotic cell death is more pronounced than excito-
toxic cell death (23), may provide further insight.

In conclusion, gelsolin expression at normal levels in
the murine brain serves as protection from ischemic
injury through its ability to drive dynamic changes in the
neuronal actin cytoskeleton, to stabilize [Ca?'];, and to
attenuate Ca?*-induced cytotoxicity. The observation that
the partial gelsolin analogue, cytochalasin D, reduced
infarct volume by 25% in gsn*/* mice and by almost 50%
in gsn”/- mice, suggests that measures that increase or
mimic gelsolin expression or activity in the brain may be
beneficial during human brain ischemia.
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