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Lithium has long been a primary drug used to treat bipolar mood
disorder, even though the drug’s therapeutic mechanisms remain
obscure. Recent studies demonstrate that lithium has neuropro-
tective effects against glutamate-induced excitotoxicity in cultured
neurons and in vivo. The present study was undertaken to examine
whether postinsult treatment with lithium reduces brain damage
induced by cerebral ischemia. We found that s.c. injection of
lithium dose dependently (0.5–3 mEqykg) reduced infarct volume
in the rat model of middle cerebral artery occlusionyreperfusion.
Infarct volume was reduced at a therapeutic dose of 1 mEqykg even
when administered up to 3 h after the onset of ischemia. Neuro-
logical deficits induced by ischemia were also reduced by daily
administration of lithium over 1 week. Moreover, lithium treat-
ment decreased the number of neurons showing DNA damage in
the ischemic brain. These neuroprotective effects were associated
with an up-regulation of cytoprotective heat shock protein 70
(HSP70) in the ischemic brain hemisphere as determined by immu-
nohistochemistry and Western blotting analysis. Lithium-induced
HSP70 up-regulation in the ischemic hemisphere was preceded by
an increase in the DNA binding activity of heat shock factor 1,
which regulates the transcription of HSP70. Physical variables and
cerebral blood flow were unchanged by lithium treatment. Our
results suggest that postinsult lithium treatment reduces both
ischemia-induced brain damage and associated neurological defi-
cits. Moreover, the heat shock response is likely to be involved in
lithium’s neuroprotective actions. Additionally, our studies indi-
cate that lithium may have clinical utility for the treatment of
patients with acute stroke.
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L ithium has been extensively used in the treatment of bipolar
mood disorder, although the mechanisms underlying the

drug’s therapeutic action remain unclear. There is growing
evidence that lithium is neuroprotective against a variety of
insults, such as glutamate-induced excitotoxicity, in cultured
cells and animal models of diseases (1–3). The mechanisms
underlying lithium-induced neuroprotection are complex and
may include inactivation of N-methyl-D-aspartate receptors (4),
activation of the phosphatidylinositol 3-kinaseyAkt cell survival
pathway (5), enhanced expression of cytoprotective Bcl-2 (6, 7),
and inhibition of glycogen synthase kinase-3b (8).

The brain is extremely sensitive to ischemic insult, and the
resulting brain damage is related to excitotoxicity. Development
of neuroprotective agents against ischemia-induced brain dam-
age has been a therapeutic strategy to reduce the mortality and
morbidity associated with stroke. Animal models of brain focal
ischemia primarily involve middle cerebral artery occlusion
(MCAO). We previously found that lithium pretreatment de-
creased the infarct volume and neurological deficits in a per-
manent MCAO model of rats (9). The present study was
undertaken to explore the possibility that lithium might have
clinical efficacy for the treatment of acute ischemic stroke. Using
a rat temporary focal ischemia model, we established the dose

and time requirements for postinsult lithium treatment to elicit
its neuroprotective effects against ischemia-induced cerebral
infarction. Because glycogen synthase kinase-3b can be inhibited
directly by lithium (10), and negatively regulates the activity of
heat shock factor 1 (HSF1) (11), a transcription factor of heat
shock protein 70 (HSP70), we also studied heat shock response
in an attempt to elucidate possible mechanisms underlying
lithium protection against ischemia-induced brain damage.

Materials and Methods
Rat MCAOyReperfusion Model and Lithium Treatment. Male
Sprague–Dawley rats weighing 250–300 g were anesthetized with
halothane (3% in a mixture of 70% N2O and 30% O2). A 4-0
nylon suture with silicon-coated tip was inserted from the left
external carotid artery into the left internal carotid artery and
then to the Circle of Willis to occlude the origin of the left middle
cerebral artery. One hour after MCAO, the nylon suture was
withdrawn and the ischemic brain tissue received blood reper-
fusion for various times before death. Blood gas and blood
pressure were maintained within their normal ranges during
surgery. Body temperature was also monitored during surgery
with a rectal probe and maintained in the range of 36.5–37.5°C
with a heating pad. Laser–Doppler flowmetry was used to
evaluate the efficacy of MCAO and reperfusion. Sham-operated
rats underwent the same procedures except for the MCAO. All
animals were handled according to the guidelines of the National
Institute of Mental Health Animal Care and Use Committee.
For all experiments, LiCl at indicated times and doses was
s.c.-administered to rats, with normal saline as the vehicle
control.

Infarct Volume and Neurological Deficit Evaluation. Rats were killed
by CO2 inhalation, and the brains were removed and stained with
2% 2,3,5-triphenyltetrazolium chloride and then fixed with 10%
formalin for evaluation of infarct volume. Infarct volume of six
slices of 2-mm coronal sections of each brain was calculated in
a blinded manner by capturing the images with a digital camera
and then performing computerized analysis using National
Institutes of Health IMAGE 1.61 software. Infarct volume deter-
mination was corrected for edema by subtracting the volume of
normal tissue in the ischemic hemisphere from the volume of the
contralateral hemisphere, essentially as described (12). Rats
showing tremor and seizure were excluded from studies of brain
infarction and neurological deficits.

The neurological deficits in rats subjected to MCAOy
reperfusion were evaluated, essentially as described (13) with
some modification. Ten different tests for motor, sensation, and
reflex abnormalities were performed by a blinded investigator.
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Six tests of motor performance (flexion of forelimb, flexion of
hind limb, head movement .10° to the vertical axis within 30 s,
inability to walk straight, circling toward the paralytic side, and
falling down to the paralytic side) were included to evaluate
hemiplegia in the extremities and trunk. In sensation tests, visual
and tactile placement and a proprioceptive test were adapted to
evaluate the sensory abnormalities of the body. In reflex tests,
pinna and startle reflex were studied to evaluate the loss of
responses in these animals. A score of 0 (normal) or 1 (unable
to perform, abnormal in task performance, or deficit in reflex)
was given to each test. Sham-operated rats did not show visible
neurological deficits.

Terminal Deoxynucleotidyltransferase-Mediated dUTP-Digoxigenin
Nick End Labeling (TUNEL) Staining. The brains were removed and
immersed in dry ice precooled isopentane. Coronal sections of
10-mm thickness were cut with a cryostat and mounted on slides.
Cryosections were fixed in 1% paraformaldehyde in PBS and
postfixed in a mixture of ethanol and acetic acid (2:1) at 220°C.
TUNEL assay was performed with a fluorescein ApopTag kit
(Intergen, Purchase, NY) according to the manufacturer’s in-
structions by using affinity-purified fluorescein-conjugated an-
tidigoxegenin sheep polyclonal antibody with the Fc portion
removed. As a negative control, sections of ischemic brain were
used after the standard procedures, but labeled dUTP was
omitted. To counterstain with propidium iodide for detecting the
total number of cells, the sections were mounted in Vectashield
medium containing 1.5 mgyml propidium iodide. For double
immunofluorescence staining, TUNEL sections were washed in
PBS and incubated overnight at 4°C with a monoclonal mouse
antibody against neuronal marker protein NeuN (1:1,000,
Chemicon) and this was followed by a 2-h incubation at room
temperature with F(ab9) fragment of affinity-purified goat anti-
mouse antibody conjugated to Alexa Fluor 546 (1:200; Molec-
ular Probes). All sections were examined by light microscopy in
three random middle cerebral artery areas in the inner border of
the infarct in the ischemic fronto-parietal cortex of each rat, as
described (14). After capturing images with a digital camera,
quantification was performed by a blinded observer (see below).

Immunohistochemistry. Coronal sections of 10-mm thickness were
cut with a cryostat, fixed with 4% paraformaldehyde for 30 min,
and rinsed with 1% Triton X-100 for 30 min. Endogenous
peroxidase and peroxidase-like activity were blocked by incu-
bating the sections in 1% H2O2 for 30 min. For immunostains,
brain sections were incubated at 4°C overnight with a goat
polyclonal IgG against HSP70 (1:50; Santa Cruz Biotechnology)
and sequentially treated again at 4°C overnight with biotin-
conjugated anti-goat IgG (1:400; Santa Cruz Biotechnology) and
horseradish peroxidase-conjugated streptavidin (1:500; Upstate
Biotechnology, Lake Placid, NY). Between each procedure, the
brain sections were rinsed three times in PBS for 10 min and then
incubated with 0.05% 3,39-diaminobenzidine and 2.5% nickel
ammonium sulfate. The omission of the first antibody was used
as the negative control. Three random areas in the inner border
of the infarct in the ischemic fronto-parietal cortex were exam-
ined under a microscope and counted for the number of
HSP-positive cells and intensity of HSP labels (see below).

Western Blotting. Brain tissues from ischemic cortex of left middle
cerebral artery territory and the corresponding area of sham-
operated rats and in the contralateral side of saline or lithium-
treated rats were rigorously homogenized and sonicated for 30 s
in a lysis buffer as described (7). Protein concentrations were
determined and aliquots of 10 mg of the total proteins were
separated by electrophoresis on SDS-polyacrylamide gels (10%).
Proteins were subsequently transferred to a poly(vinylidene
difluoride) membrane, which was then incubated with the mAb

to HSP70 (1:1,000; Calbiochem) or b-actin (1:5,000; Sigma) at
4°C overnight. Membranes were washed three times with PBS
and then incubated overnight at 4°C with a horseradish perox-
idase-conjugated secondary antibody. Immunoreactivity was
detected by enhanced chemiluminescent autoradiography.

Electrophoretic Mobility-Shift Assay (EMSA) and Supershift Assay.
Nuclear proteins from ischemic cortex in middle cerebral artery
territory and the corresponding brain area of sham-operated rats
and in the contralateral side of saline or lithium-treated rats were
prepared as described (15). Briefly, brain tissues were gently
homogenized and nuclear proteins were obtained with high salt
extraction. Self-complementary consensus heat shock element
(HSE) oligonucleotides (59-CTA-GAA-GCT-TCT-AGA-AGC-
TTC-TAG-39), containing four perfect inverted 59-NGAAN-39
repeats after annealing (Integrated DNA Technologies, Coral-
ville, IA) (16), were labeled with [g-32P]ATP by a T4 polynu-
cleotide kinase (Promega). Nuclear proteins (20 mg) were incu-
bated with radiolabeled DNA probes ('40,000 cpm) in the
binding buffer (Promega) for 20 min at room temperature.
Nonspecific binding was assessed by adding 60-fold unlabeled
HSF1 probes to the reaction mixture. The sample was then
electrophoresed on a 4.5% nondenaturing polyacrylamide gel in
0.53 Tris borate-EDTA buffer. Supershift assay was accom-
plished to identify the specificity of HSF1. EMSA was performed
as described above except with the addition of 4 ml of rabbit
anti-HSF1 antibody (200 mgy0.1 ml, Stressgen Biotechnologies,
Victoria, Canada) to the EMSA mixtures during the binding
reaction period. The autoradiogram was developed by exposing
the vacuum-dried gel to x-ray film at 280°C for 24 h.

Image and Data Analysis. After capturing images with a digital
camera, quantification of the results from histochemistry, West-
ern blotting, and EMSA were performed with National Institutes
of Health IMAGE 1.61 software. The total number of TUNEL-
positive cells per image (area of 1.05 mm2 with resolution of
1,600 3 1,200 pix, objective 310) was calculated. The mean pixel
intensity values, within neuronal soma profiles traced under
bright-field optics, were collected from 30 HSP70-positive neu-
rons in each section (n 5 3). In each section, three cortical areas
outside labeled neurons were chosen randomly to obtain an
average value for the subtraction of background. Specific binding
of HSF1 was obtained by subtracting nonspecific binding from
total binding. All results were expressed as mean 6 SEM.
Statistical analysis was performed by ANOVA and Fisher’s
protected least significant difference. A P value of # 0.05 was
considered to be statistically significant.

Results
Physiological Variables and Cerebral Blood Flow. Lithium and saline-
treated rats showed similar values in body temperature, mean
arterial blood pressure, and blood gases (Table 1). Immediately
after MCAO, the cerebral blood flow in the ischemic area
dropped to '20% of the preischemia basal value in both lithium-
and saline-treated rats (Table 1). After 20 min of reperfusion,
cerebral blood flow was restored to '90% of the preischemia
basal value in both groups.

Lithium Reduces Infarct Volume. In rats subjected to MCAO for 1 h
followed by reperfusion for 23 h, extensive infarction was
detected in the cerebral cortical and subcortical areas over a
series of brain sections, and a single s.c. injection with LiCl (3
mEqykg) immediately after the onset of MCAO resulted in a
reduction of infarct volume detected by 2,3,5-triphenyltetrazo-
lium chloride staining (Fig. 1A). Lithium markedly reduced
infarct volume in the dosage range of 0.5 to 3.0 mEqykg (Fig.
1B). When LiCl (1 mEqykg) was injected 3 h after the onset of
MCAO and the rats were killed 24 h after the ischemic insult, the
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infarct volume was still significantly reduced (Fig. 1C). Plasma
lithium levels of rats injected with 1, 2, or 3 mEqykg LiCl were
in the therapeutic range of 0.5–1.0 mmolyliter at 12 h and 0.2–0.8
mmolyliter at 24 h after injection.

Lithium Facilitates Functional Recovery. Postinsult lithium admin-
istration reduced neurological deficits in the dosage range of 0.5
to 3.0 mEqykg (Fig. 2A). Rats injected with lithium at 3 h after
the onset of MCAO also showed a significant decrease in
neurological deficits when examined at 24 h (Fig. 2B). Lithium
administered immediately after the onset of ischemia and once
each day thereafter markedly reduced the neurological deficit
scores compared with controls during days 1–7 (Fig. 2C). The
lithium-induced reduction of neurological deficits persisted up to
14 days after ischemia (data not shown).

Lithium Protects Against Ischemia-Induced Cell Death. Ischemia-
induced brain damage and the neuroprotective effects of lithium
treatment were also assessed by TUNEL assay. Three hours after
the onset of MCAO, TUNEL staining was found in the nuclei of
cells within the ischemic cortical area (Fig. 3A, green). The
number of TUNEL-positive cells time-dependently increased
after the ischemia (from 6 h to 7 days) and this increase was
suppressed by lithium treatment in the corresponding areas
within the cortical penumbra (Fig. 3 A and B). The peak response
of TUNEL staining occurred around 24 h after MCAO, which
was followed by a gradual decline at 3 days and 7 days, an
observation similar to that made previously (17). The gradual
decline of TUNEL could reflect, at least in part, continuous
apoptotic cell death, as 3 days after MCAO the number of
activated caspase 3-positive cells was still markedly elevated and
this was also suppressed by lithium treatment (Fig. 6, which is
published as supporting information on the PNAS web site,
www.pnas.org). The total number of cells (intact plus damaged

Table 1. Physiological parameters in rats subjected to MCAO

Parameter Preischemia Ischemia Reperfusion

Body temperature, °C
Control 37.0 6 0.14 36.0 6 0.25 36.8 6 0.41
Lithium 37.0 6 0.25 36.8 6 0.27 37.0 6 0.34

Mean arterial blood
pressure, mmHg

Control 100 6 11 96 6 5 101 6 6
Lithium 98 6 12 94 6 7 97 6 4

PH
Control 7.43 6 0.04 7.43 6 0.04 7.43 6 0.02
Lithium 7.44 6 0.03 7.39 6 0.03 7.38 6 0.02

PCO2, mmHg
Control 39.6 6 2.6 40.8 6 2.5 41.3 6 1.3
Lithium 39.8 6 2.6 39.7 6 1.5 39.5 6 0.9

PO2, mmHg
Control 143 6 1.9 142 6 1.5 137 6 3
Lithium 138 6 4.6 143 6 2.4 140 6 2.8

Relative cerebral blood flow
Control 100% 22.3% 6 2.6* 89.5% 6 4.3
Lithium 100% 21.6% 6 3.4* 91.7% 6 3.8

The preischemia, ischemia, and reperfusion values were determined 20 min
before the onset of MCAO, 20 min after the onset of MCAO, and 20 min after
the onset of reperfusion, respectively. Rats were s.c. injected with saline or LiCl
(1 mEq/kg) immediately after the onset of MCAO. Data are mean 6 SEM from
five rats in both saline control and lithium-treated groups. *, P , 0.01,
compared with preischemia values.

Fig. 1. Postinsult lithium treatment reduces MCAOyreperfusion-induced
brain infarction. Rats were s.c.-injected with normal saline or LiCl after MCAO
and killed at different time points, and the brains were stained with 2,3,5-
triphenyltetrazolium chloride. (A) The animals were subjected to ischemia for
1 h followed by reperfusion for 23 h and then killed for the determination of
infarct volume. LiCl (3 mEqykg) was injected immediately after cerebral
ischemia induction. (B) A single injection of the indicated dose of LiCl was
performed in rats immediately after the onset of MCAO and the animals were
killed 24 h later. (C) LiCl (1 mEqykg) was injected at 3 h after the onset of
MCAO, and the animals were killed at 24 h after the onset of MCAO. Data are
means 6 SEM from eight rats in each group. **, P , 0.01; ***, P , 0.001
compared with the control (saline-injected group). †, P , 0.05, between the
groups of 0.5 mEqykg and 3.0 mEqykg shown in B.

Fig. 2. Lithium treatment reduces MCAOyreperfusion-induced neurological
deficits. (A) Rats were subjected to MCAO for 1 h followed by reperfusion for
23 h before determination of neurological deficits. When used, indicated
doses of LiCl were injected immediately after MCAO. (B) Rats were injected
with LiCl (1 mEqykg) 3 h after the onset of MCAO and evaluated for neuro-
logical deficits 24 h postinsult. (C) The animals were injected with LiCl (1
mEqykg) or normal saline immediately after MCAO and followed by daily
injections for up to 6 days. Neurological deficits were evaluated once a day
throughout a 7-day postischemic period. Data are means 6 SEM from eight
rats in each group. *, P , 0.05; **, P , 0.01; ***, P , 0.001 compared with the
corresponding saline-control group; †, P , 0.05 between the groups of 0.5
mEqykg and 3.0 mEqykg shown in A.
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cells) was determined by propidium iodide staining and not
found to be significantly different after lithium treatment (data
not shown). A large majority of these TUNEL-positive cells were
colabeled with NeuN (Fig. 3C, red), yielding yellow labels,
and indicating that neurons were affected.

Up-Regulation of HSP70 and HSF1 Binding Activity by Ischemia and
Lithium. HSP70 is up-regulated shortly after ischemia and persists
in the ischemic penumbra where recovery of neurons is most
pronounced (for review, see ref. 18). To evaluate the role of
HSP70 in mediating the neuroprotective effects of lithium, we
found that at 24 h after MCAO HSP70-positive cells were
detected within the ischemic penumbra of the cortical area in
saline- and lithium-treated rats (Fig. 4 B and C). In contrast,
there was no detectable HSP70 immunostaining in the corre-
sponding brain sections of sham-operated rats (Fig. 4A). Mor-
phological inspection and double-labeling with anti-NeuN anti-
body (data not shown) indicated that these HSP70-positive cells
were mainly neuronal. Quantification revealed that the number
of HSP70-positive cells was '2-fold greater in lithium-treated
than saline-treated rats (Fig. 4D), and the intensity of HSP70-
positive staining was also significantly higher in lithium-treated
than saline-treated rats (Fig. 4E). Western blotting analysis
revealed that HSP70 in the ischemic cortex was detectable 6 h
after ischemic insult, reached a maximum at 24 h, and declined
at 72 h and 7 days (Fig. 4 F and G). Lithium elicited an increase
of the levels of HSP70 at every time point. In contrast, lithium
affected neither the b-actin protein levels in the ipsilateral
ischemic hemisphere (Fig. 4F) nor the HSP70 protein levels in
the contralateral intact side (Fig. 4H).

Because HSF1 is a transcription factor for HSP70 (for review,
see ref. 19), we measured HSF1 DNA binding activity in extracts
derived from the ischemic cortex. Three hours after the onset of
MCAO, two bands of HSF1 binding activity were detected with
EMSA, both of which were increased '2-fold by lithium treat-
ment (Fig. 5 A and B). The specificity of HSF1 binding measured
by EMSA was confirmed by the observations that both HSF1
binding bands were suppressed by the presence of excess unla-

Fig. 3. Lithium suppresses MCAOyreperfusion-induced DNA damage in rat
brain. Rats were subjected to MCAO for 1 h followed by reperfusion for the
indicated times. LiCl (1 mEqykg) or normal saline was injected immediately
after MCAO and daily thereafter as indicated. Brains were sliced with a
cryostat into sections of 10-mm thickness and evaluated by TUNEL assay. The
sections were also double-stained with NeuN. (A) Representative time-
dependent changes in TUNEL staining in a defined locus within the cortical
ischemic penumbra area of saline- and lithium-treated rats. (B) Quantification
of the density of TUNEL-positive cells shown in A. (C) At 72 h after the ischemic
insult, a great majority of TUNEL-positive cells (green) were colabeled with
NeuN (red) in the ischemic penumbra area. Bar graphs shown are means 6
SEM of TUNEL-positive cells from four rats in each group. *, P , 0.05; **, P ,
0.01, compared with the corresponding saline-control group. (Bar: 100 mm.)

Fig. 4. Lithium enhances MCAOyreperfusion-induced HSP70 levels. Rats
were subjected to MCAO for 1 h followed by reperfusion until death at the
indicated times. LiCl (1 mEqykg) or saline was injected immediately after the
onset of MCAO followed by daily injections. Representative immunohisto-
chemistry for HSP70-positive cells within the penumbra of ischemic cerebral
cortex or in the corresponding area of cortex was examined in sham-operated
rats (A), saline-control rats (1 h of MCAO followed by 23 h of reperfusion) (B),
and lithium-treated rats (1 h of MCAO followed by 23 h of reperfusion) (C). (D)
The number of HSP70-positive cells from B and C were quantified in corre-
sponding 1.05-mm2 areas. (E) The intensity of HSP70-positive cells from B and
C were quantified by using National Institutes of Health IMAGE 1.61 software and
the data are expressed as percentage of saline control. (F) Western blotting
analysis of HSP70 protein levels in extracts from the entire ischemic cortex of
the ipsilateral hemisphere of saline-treated control (Co) and lithium-treated
(Li) rats and the corresponding area from sham-operated (Sh) rats. Levels of
b-actin protein were used as the control. (G) Quantified results of Western
blotting were expressed as means 6 SEM of percentage of 6 h control from
four rats in each group. ***, P , 0.001 compared with corresponding saline
controls. (Bar: 200 mm.) (H) Western blotting analysis of HSP70 protein levels
in extracts from the corresponding area in the cortex of the contralateral
hemisphere of saline-treated control (Co) and lithium-treated (Li) rats.

Ren et al. PNAS u May 13, 2003 u vol. 100 u no. 10 u 6213

N
EU

RO
SC

IE
N

CE



beled oligonucleotides and supershifted by HSF1-specific anti-
body (Fig. 5C). Moreover, mutated HSE oligonucleotides nei-
ther showed binding activity detected by EMSA nor competed
with HSF1 binding to WT HSE oligonucleotides (Fig. 5C). At 3 h
after the onset of ischemia HSF1 DNA binding activities were
similarly elevated in extracts derived from sham-operated rats

and MCAOysaline control rats (Fig. 5 A and B), compared with
the activity in the normal brain. Time-course experiments
showed that HSF1 DNA binding activity in the ipsilateral
ischemic brain decreased from 3 h to 7 days after the ischemic
insult (Fig. 5 D and E). At all time points, the HSF1 DNA binding
activity was at least 2-fold greater in lithium-treated than
saline-treated MCAOyreperfusion rats. Interestingly, HSF1
DNA binding activities in the contralateral side were also time-
dependently increased by lithium after ischemia (Fig. 5F).

Discussion
The present study showed that lithium administered after the
onset of ischemia was capable of reducing brain infarct volume
in an MCAOyreperfusion model of rats. This neuroprotective
effect occurred at therapeutic concentrations of this drug and
the treatment time window was at least 3 h after the initiation of
the insult. Lithium-induced neuroprotection was further dem-
onstrated by a reduction in the number of neurons showing DNA
damage. In the MCAOyreperfusion paradigm, neurological
deficits declined progressively during the time period of 1 h to
7 days after ischemia. This spontaneous neurological recovery is
likely caused by blood reperfusion after transient MCAO and is
similar to the observations made in a clinical study (20). It should
be noted that lithium treatment beginning immediately post-
insult facilitated this neurological deficit recovery for at least 1
week after the insult. Such facilitation of functional recovery was
also evident when the drug was administered 3 h after the onset
of ischemia. These long-term benefits suggest that lithium might
be useful as a therapeutic agent for acute stroke patients.

Lithium neuroprotection in the rat brain ischemia model
might not be the result of increased cerebral blood flow, as the
blood flow parameters determined by Laser–Doppler flowmetry
shortly (20 min) after MCAO or reperfusion were similar in
saline- and lithium-treated groups (Table 1). Body temperature
was also not significantly affected by lithium (1 mEqykg) deter-
mined either shortly after MCAOyreperfusion (Table 1) or
throughout the 24-h survival period after the ischemic insult
(data not shown). These results differed from those reported by
Yoshida et al. (21) in which the body temperature was signifi-
cantly decreased by i.p. injections of a relatively high dose (5
mEqykg) of lithium. This discrepancy could arise from differ-
ences in the lithium dose, route, and duration of administration
as well as animal species used in the studies.

Several studies have reported that levels of HSPs are increased
in the ischemic penumbra of brain in animal models of focal
ischemia, where many injured neurons recover (for reviews, see
refs. 18 and 19). In our ischemia model, HSP70 levels were
maximally increased at 24 h postinsult, and the increase persisted
for at least 7 days in the ischemic cerebral cortex. HSP70
up-regulation was preceded by an increase in HSF1 DNA
binding activity, suggesting the involvement of transcriptional
regulation. More importantly, postischemic lithium treatment
markedly enhanced the increase in HSP70 levels and HSF1
binding activity. Lithium-induced enhancements of heat shock
responses could be the result of increased cell survival in the
ischemic brain. However, the early detection of these lithium-
induced increases in heat shock responses (Fig. 5), the lack of
effects on b-actin protein levels (Fig. 4F), and the increase in not
only the number of HSP-positive neurons but the intensity of the
HSP immunostaining (Fig. 4 D and E) seem to speak against this
possibility. The mechanism(s) underlying lithium-induced HSF1
activation here is most possibly through inhibition of glycogen
synthase kinase-3b, which has been shown to negatively regulate
both DNA binding activity of HSF1 and its subsequent tran-
scriptional activation of HSP70 (8, 11). Thus, glycogen synthase
kinase-3b inhibition by lithium, either by a direct action (10) or
through activation of the phosphatidylinositol 3-kinaseyAkt
signaling pathway (5), may result in disinhibition of HSF1,

Fig. 5. Lithium increases HSF1 DNA binding activity in ischemic brain. (A) Rats
were subjected to MCAO for 1 h followed by 2 h of reperfusion. LiCl (1 mEqykg)
or normal saline was injected immediately after MCAO. HSF1 DNA binding
activities were determined by EMSA from extracts of the entire ischemic cortex
of rats. The HSF–HSE complex migrated as a doublet in normal (No), sham-
operated (Sh), saline control (Co), and lithium-treated (Li) groups as indicated
by arrows. (B) Quantified EMSA results shown in A. (C) The specificity of HSF1
binding to HSE was assessed by the presence of 60-fold excess of unlabeled
HSE, addition of 4 ml of rabbit anti-HSF1 antibody (200 mgy0.1 ml, Stressgen
Bioreagents) to the EMSA mixture, the binding activity of 32P-labeled, mu-
tated HSE (59-CTA-TAA-TCT-TGT-ATA-AGT-TTG-TAG-39), and WT HSE binding
in the presence of 60-fold excess of unlabeled, mutated HSE. (D) Rats were
subjected to MCAO for 1 h followed by reperfusion for the indicated times.
LiCl (1 mEqykg) or normal saline was injected immediately after MCAO
followed by daily injections. The time course of lithium-induced enhancement
of HSF1 DNA binding activity was determined by EMSA from extracts of entire
ischemic cortex of saline-treated control and lithium-treated rats. (E) Quan-
tified results of EMSA results shown in D. Data are means 6 SEM of percentage
of 3 h control from four rats in each group. ***, P , 0.001 compared with
respective saline controls. (F) Time course of HSF1 DNA binding activity de-
termined by EMSA in extracts of the corresponding areas in the contralateral
hemisphere of saline-treated control and lithium-treated rats.
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leading to transcription and expression of HSP70. The observa-
tions that HSF1 binding activities are similar at 3 h in both
sham-operated and MCAOyreperfusion rats (Fig. 5 A and B)
and that lithium significantly increases levels of HSF1 binding,
but not HSP70 protein, in the contralateral side (Figs. 4H and
5F) suggest that enhanced HSF1 DNA binding activity can be
uncoupled from its transcriptional activation. The observations
that HSF1 DNA binding and transactivating capabilities can be
uncoupled are not unprecedented. This finding is exemplified in
several studies using yeast where HSF binds DNA constitutively,
but fails to activate transcription in the absence of further
stimulus (for review, ref. 19). Moreover, in mammalian cells
nonsteroidal antiinflammatory drugs such as salicylate and
indomethalcin enhance HSF1 DNA binding, but not HSP70
transcriptional activation without heat shock stress (22, 23).
Their results and ours suggest that drug-induced transcription
and translation of HSP are multistep processes, highly regulated,
and can be insult dependent.

HSPs such as HSP70 are molecular chaperones that bind to
unfolded or malfolded protein to ensure proper folding and
prevent intracellular protein aggregation (24). HSPs also exert
their neuroprotective effects by antagonizing apoptosis-inducing
factor (25). Recently, it was reported that gene transfer-induced
HSP70 overexpression protects neurons from ischemic brain
damage in an experimental rat model (26). Moreover, overex-
pression of HSP70 inhibits the activation of NF-kB (27), which
is activated during ischemia and appears to promote apoptotic
cell death (28). Lithium-induced activation of HSF1 and up-

regulation of HSP70 have a relatively rapid time course and are
temporally associated with the acute neuroprotective effects of
lithium against MCAOyreperfusion-induced brain injury.

It is possible that other molecular and cellular actions of
lithium also participate in lithium-induced neuroprotection in
the transient focal ischemia model. These include lithium’s
ability to inhibit N-methyl-D-aspartate receptors (4, 29), up-
regulate cytoprotective Bcl-2 (6, 7, 30), down-regulate proapo-
ptotic p53 and Bax (7), inhibit glutamate-induced mitogen-
activated protein kinase activation (31), facilitate glutamate
uptake into presynaptic nerve endings (32), induce the expres-
sion of brain-derived neurotrophic factor in discrete brain areas
(33, 34), and enhance neurogenesis in the hippocampus (35).
These actions require long-term treatment and could be more
likely involved in the ‘‘delayed’’ phase of the neuroprotective
effects of this drug.

Agents potentially useful as new treatments for brain ischemia
include glutamate antagonists, antiapoptotic agents, growth
factors, activators of endogenous defensive responses, inhibitors
of mitogen-activated protein kinases, and stimulators of neuro-
genesis (for review, ref. 36). Given that lithium has most, if not
all, of their effects, clinical studies using lithium, alone or in
conjunction with other therapy such as recombinant tissue-type
plasminogen activator (37), to treat patients with acute stroke
seem to be warranted.
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