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Introduction

Abstract

Aim: Heat shock proteins (HSPs) are important regulators of cellular survival
and exert neuroprotective effects against cerebral ischemia. Both prostaglandin
E1 (PGE1) and lithium have been reported to protect neurons against ischemic
injury. The present study was undertaken to examine if lithium could potentiate
the neuroprotection of PGE1 against cerebral ischemia, and if the synergetic
effects take place at the level of HSPs. Methods: Brain ischemia was induced
by a permanent middle cerebral artery occlusion (pMCAO) in rats. Rats were
pretreated with subcutaneous injection of lithium for 2 d and a single intravenous
administration of PGE1 immediately after ischemic insult. Cerebrocortical
blood flow of each group was closely monitored prior to onset of ischemia, 5
min, 15 min, 30 min and 60 min after surgical operation. Body temperature was
measured before, 5 min, 2 h and 24 h after the onset of pMCAO. The infarct
volume, brain edema and motor behavior deficits were analyzed 24 h after
ischemic insult. Cytoprotective HSP70 and heme oxygenase-1 (HO-1) in the
striatum of the ipsilateral hemisphere were detected by immunoblotting. Brain
sections from the striatum of the ipsilateral hemisphere were double-labeled with
the anti-HSP70 antibody and 4,6-diamidino-2-phenylindole (DAPI). Results:
Treatment with PGE1 (8 and 16 pg/kg, iv) or lithium (0.5 mEq/kg, sc) alone
reduced infarct volume, neurological deficits and brain edema induced by focal
cerebral ischemia in rats. Moreover, a greater neuroprotection was observed
when PGE1 and lithium were given together. Co-administration of PGE1 and
lithium significantly upregulated cytoprotective HSP70 and HO-1 protein levels.
Conclusion: Lithium and PGE1 may exert synergistic effects in treatment of
cerebral ischemia and thus may have potential clinical value for the treatment of
stroke.

therapeutic targets against ischemic neuronal injury” .

Prostaglandin E1 (PGE1) has several pharmacological

Development of neuroprotective agents against
ischemia-induced brain damage has been a therapeutic
strategy to reduce the mortality and morbidity associated
with stroke!". Heat shock proteins (HSPs) are molecular
chaperones that bind to unfolded or misfolded proteins
to ensure proper folding and prevent intracellular protein
aggregation”. It has been demonstrated that HSPs such
as HSP70 and heme oxygenase-1 (HO-1) are important
regulators of cellular survival and may be used as potential
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effects, including cytoprotection, vasodilation, inhibition
of platelet aggregation, membrane stabilization and anti-
inflammation, etc”. The clinical uses of PGEI are very
broad and include treatment of ischemic diseases such
as cerebral, myocardial and hepatic ischemia. In recent
studies, Matsuo reported that PGE1 induced HSP70,
glucose-regulated protein 78 (GRP 78) and HSP86
immediately after hepatic ischemia reperfusion. HSPs
might therefore, play an important role in mediating
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protective actions of PGEI against ischemia/reperfusion
injury of the liver'”. We speculate that PGE1 may also
induce HSPs and protect neurons against ischemic damage
in rodent models of cerebral ischemia.

Lithium has been extensively used in the treatment
of bipolar mood disorder™®. Growing evidence suggests
that lithium is a neuroprotective drug that is effective
against a variety of insults, such as glutamate-induced
excitotoxicity, ischemia-induced neuronal damage and
other neurodegenerative conditions”. Recently, Ren et
al™ reported that treatment of rats with lithium decreased
the infarct volume in a permanent focal cerebral ischemia
model and the neuroprotective effects of lithium were
associated with upregulation of cytoprotective HSP70 in
the ischemic brain hemispheres. Moreover, research from
our laboratory""'” also found that lithium could potentiate
the neuroprotective effects of PGA1 (another prostanoid
bioactive compound) through upregulation of HSPs.

As both PGE1 and lithium are clinical therapeutic
drugs, the present study was undertaken to explore whether
lithium could enhance the neuroprotection of PGEI in a rat
ischemic model with clinically achievable methods of drug
administration and whether the synergetic effects of lithium
and PGEI take place at the level of HSPs.

Materials and methods

Animal preparation and experimental protocol
Male Sprague—Dawley rats weighing 280-300g were
purchased from the Center for Experimental Animals,
Soochow University. The NIH guidelines for Care and
Use of Laboratory Animals were followed in all animal
procedures. In the drug treatment stud, three batches of
rats were used. The rats in each batch were randomly
divided into 7 groups: sham-operated group, perma-
nent middle cerebral artery occlusion (pMCAO) group,
lithium+pMCAO, PGE1 8 pug/kg+pMCAO, PGE1 16
png/kg+pMCAO, PGE1 8 pg/kg+lithium+pMCAO, and
PGEI 16 pg/kg+lithium+pMCAO groups. The first batch
of 70 rats was used for evaluation of infarct volume, brain
water content and neurological deficits. The second batch
of 70 rats was used for monitoring regional cerebrocorti-
cal blood flow (rCBF) and immunoblotting, and the last
batch of 70 rats was used for detecting body temperature
and immunohistochemistry. In addition, 50 rats were used
to study the time-course of HSPs protein expression, these
rats were killed 1, 3, 6, 12, and 24 h after pMCAO onset
and the HSPs protein expression in the ipsilateral striatum
was detected by immunoblotting.
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Rat pMCAO model and treatment with lithium and
PGE1 The rat pMCAO model was produced using the
intraluminal suture technique as described by Longa with
minor modifications''". Rats were anesthetized by 4%
chloral hydrate (350 mg/kg). A 30 mm length of mono-
filament nylon suture (©0.22-0.24 mm) with rounded tip
was inserted to the internal carotid artery through a small
incision in the right common carotid artery and then ad-
vanced to the Circle of Willis. The suture remained there
until the rats were killed. Body temperature was closely
monitored with a rectal probe and maintained in the range
of 37.0+0.5 °C with a heating pad during and after surgery
until recovery from anesthesia. Sham-operated rats under-
went the same procedures except for the pMCAO. About
20%-30% of rats died 24 h after ischemia onset and were
excluded from further analysis. Those rats showing tremor
and seizure were also excluded from further analysis, with
an incidence less than 5%. For all experiments, at indicat-
ed doses, lithium was given subcutaneously to rats twice (the
first dose was given 24 h before and the second dose was
given immediately before the onset of pMCAO, and PGE1
(dissolved in normal saline) was injected intravenously to
rats once immediately after the pMCAO. Sham-operated
animals received injections of normal saline. Body tem-
perature was measured 5 min, 2 h and 24 h after pMCAO
onset with a rectal probe.

Detection of regional cerebrocortical blood flow
Laser-Doppler flowmetry (LDF, ML191 Laser Doppler
Blood FlowMeter, Sydney, Australia) was used to monitor
rCBF. After the rats were placed in a stereotactic frame, a
hole of 1 mm diameter was drilled on the right side, 5 mm
lateral and 1.5 mm posterior to the Bregma, and the LDF
probe was placed into the burr hole (region of blood supply
by cerebral middle brain artery). The rCBF was detected
prior to onset of ischemia to acquire the pre-ischemia blood
flow level. Five minutes after the pMCAO operation, the
probe was inserted again to monitor rCBF, showing a sharp
drop of rCBF (approximately 5%—10% of the pre-ischemia
value). Then the rCBF was measured again 15, 30 and 60
min after surgical operation"”.

Evaluation of infarct volume, brain water content
and neurological deficit Twenty-four hours after isch-
emia, the neurological deficits in rats subjected to pMCAO
were evaluated using a protocol previously described in a
blinded manner'®. The total score of 10 was evaluated as
follows: (1) When rats were suspended by the tail, the left
forelimb was flexed, scored 1-4 according to the severity;
(2) When rats were placed on a smooth plane, the lateral
push resistance toward the left side decreased, scored 1-3.
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(3) The rats were pulled gently backward by the tail, the
left forelimb showed decreased strength, scored 1-3. Af-
ter being scored, rats were killed and the brains were dis-
sected and sliced in a plastic module (Harvard Apparatus,
MA, USA 3-mm thickness) and stained with 4% 2,3,5-
triphenyltetrazolium chloride (TTC) for 30 min and then
fixed with 4% paraformaldehyde. The total wet weight of
the TTC stained brains was quantified with an electronic
scale (Mettler-Toledo Group, OH, USA). The wet red and
white brain regions of the TTC-stained brains were col-
lected separately. Infarct volume was analyzed using 5
slices of 3-mm coronal sections from each brain and cal-
culated with the following formula: infarct volume=(total
wet weight-red weight)/ total wet weightx100%. After the
wet weight of the brains was quantified, the red and white
parts of these brains were desiccated at 105 °C for 48 h
until the weight was constant. The total weight of the dried
TTC-stained brains was obtained, and the water content of
each brain was measured as follows''”: water content=(wet
weight—dried weight)/wet weightx100%.

Immunoblotting Immunoblotting was carried out as
previously described". Brain tissues from the ischemic
striatum of the right middle cerebral artery territory and
the corresponding area of sham-operated rats were homog-
enized and proteins were extracted with a lysis buffer [10
mmol/L Tris-HCI, pH 7.4, 150 mmol/L NaCl, 1% Triton-
100, 0.1% SDS, 5 mmol/L ethylenediaminetetraacetic acid
(EDTA), 1 mmol/L phenylmethylsulfonyl fluoride (PMSF),
0.28 U/mL aprotinin, 50 pg/mL leupeptin, I mmol/L ben-
zamidine, 7 pg/mL pepstatin A]. Protein concentrations
were determined (SmartSpec3000 Spectrophotometer, Bio-
Rad, Hercules, CA, USA) using a BCA kit (Pierce, Rock-
ford, IL, USA). A 50 pg aliquot of protein from each sam-
ple was separated using 10% SDS-PAGE and subsequently
transferred to a nitrocellulose membrane. Afterwards, the
membranes were incubated with the specific antibodies
against HSP70 (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and HO-1 (Santa Cruz Biotechnology,
1:200) at 4 °C for 3 h, then incubated with a horseradish
peroxidase-conjugated secondary antibody (1:5000; Sigma,
St Louis, MO, USA) at room temperature for 1 h. Immu-
noreactivity was detected by an enhanced chemilumines-
cent autoradiography (ECL kit; Amersham, Piscataway,
NJ, USA) in accordance with the manufacturer’s instruc-
tions. The membranes were reprobed with -actin (1:5000;
Sigma) after striping with Tris-buffered saline containing
0.1% Tween-20 (TBST) and 2% B-mecaptoethanol, 65 °C,
1 h

Immunohistochemistry Immunohistochemistry was

carried out as previously described with minor modifica-
tions''"'. Coronal sections of 20 um thickness were cut
with a cryostat, fixed with absolute ethanol for 15 min, in-
cubated with phosphate-buffered saline (PBS, pH 7.4) con-
taining 0.1% Triton X-100 and 1% bovine serum albumin
(BSA) for 1 h, and then rinsed with PBS 3 times. Brain
sections were then incubated with a mouse monoclonal im-
munoglobulin G (IgG) against HSP70 (1:200; Santa Cruz
Biotechnology) in a humidified container at 4 °C overnight.
The sections were rinsed 3 times in PBS and sequen-
tially incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse IgG (1:400, Santa Cruz Biotechnol-
ogy) in a humidified container at 4 °C for 1 h. Sections
were then washed 3 times in PBS and incubated with 0.5
pg/mL 4,6-diamidino-2-phenylindole (DAPI) at 4 °C for
10 min. Sections were then washed in PBS and sealed with
a coverslip. The slides were analyzed with a laser confocal
microscope (Nikon D-Eclipse C1, Tokyo, Japan).

Statistics analysis Statistical analysis was carried out
by one-way ANOVA. The intergroup comparisons (post-
hoc analysis) among the data with equal variances were
carried out with the least significant difference (LSD)
method, while Tamhane’s T2 method was used for the
data with unequal variances. P<0.05 was considered to be
significant.

Results

Effects of PGE1 and lithium on rCBF Five minutes
after the pMCAO operation, in all of the rats subjected to
pMCAQO, the rCBF decreased to approximately 5%—10%
of the pre-ischemia values and remained low thereafter.
PGE]1, lithium and their combination had no statistically
significant improvement on reduction in rCBF 5 min,
15 min, 30 min and 60 min after the surgical operation
(Figure 1E).

Effects of PGE1 and lithium on body temperature
The body temperature of rats showed no significant differ-
ence 5 min and 2 h after the pMCAO operation, whereas
the body temperature increased significantly 24 h after pM-
CAO (P<0.01 vs pre-ischemia, Table 1). However, there
is no significance between the model group and drug treat-
ment groups at all of these time points after pMCAO.

PGE1 and lithium reduced pMCAO-induced brain
damage In rats subjected to pMCAO for 24 h, extensive
infarction was detected in the cerebral cortical and subcor-
tical areas over a series of brain sections. Treatment with
lithium (0.5 mEq/kg, sc) starting 2 days before the onset of
pMCAQO, or a single intravenous injection of PGE1 (8 and
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Figure 1. PGE! and lithium reduced pMCAO-induced cerebral ischemia. Rats were treated with a subcutaneous injection of lithium twice (the first
dose was given 24 h before and the second dose was given immediately after the onset of pMCAO), and a single intravenous injection of PGE1 (8 and 16
ng/kg) immediately after pMCAO, or a combination of PGE1 (8 and 16 pg/kg) and lithium (0.5 mEq/kg, once a day for 2 days). Rats were killed 24 h
after ischemia. (A) TTC staining of brain sections. Infarct brain regions are displayed as white after TTC staining. Results indicated that animals treated
with PGE]1, lithium alone or the combination had smaller infarct volume. (B) Quantitative analysis of brain infarct volume. (C) PGEI and lithium treat-
ments reduced pMCAO-induced neurological deficits. (D) PGE1 and lithium treatment reduced pMCAO-induced brain edema. (E) Effects of lithium
and PGEI1 on rCBF of the rats subjected to pMCAO. The rCBF was measured in the area of ipsilateral ischemic hemisphere with LDF before the onset
of ischemia, 5, 15, 30, and 60 min after ischemia. Postischemic rCBF values are expressed as a percentage of preischemic values. PGEI (S)=PGEI 8
pg/kg, PGEI (L)=PGEIl 16 pg/kg. n=6 rats. Bar represents meantSD. °P<0.01 compared with the sham-operated group; ‘P<0.05 compared with the
model group (subjected to pMCAO and treated with vehicles); "P<0.05 compared with the PGE1 (L) group; “*P<0.05 compared with the Li group.
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Table 1. Body temperature in rats subjected to pMCAO. The body tem-
perature was determined before, 5 min, 2 h and 24 h after the operation of
pMCAO with a rectal probe. n=6 rats. Data are expressed as mean+SD.
°P<0.01 compared with pre-ischemia.

Body Pre- 5 min 2h 24 h
temperature ischemia after after after

(°O) ischemia ischemia ischemia
Model 37.5+0.3 37.2+0.3 38.1+0.7 38.8+0.3°
PGEIL(S) 37.4+0.6 37.0+0.8 38.1+0.6 38.6+0.3°
PGE1(L) 37.5+0.4 37.1+0.5 38.2+0.6 38.44+0.4°
Lithium 37.5+0.3 37.1+0.6 38.0+0.5 38.7+0.4°
PGEI(S)+Li 37.5+0.3 37.2+0.3 38.3+0.5 38.8+0.4°
PGEI(L)+Li 37.5+£0.4 37.1+£0.6 38.2+0.7 38.7+0.4°

16 ng/kg) immediately after the onset of pMCAO resulted
in a significant reduction in infarct volume as detected by
TTC staining (P<0.05 vs model group). Furthermore, co-
administration of lithium (0.5 mEq/kg, sc) and PGE1 (16
ng/kg, iv) produced a greater reduction in infarct volume
(P<0.05 vs PGEL1 16 pg/kg) (Figure 1A and 1B). In addi-
tion, the water content in rat brains subjected to pMCAO
was significantly increased, and these rats showed robust
motor behavioral deficits. Although administration of
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lithium (0.5 mEq/kg) alone or PGEI (8 and 16 pg/kg) alone
had no significant effect on brain water content and behav-
ioral deficits, combination of PGE1 16 pg/kg and lithium 0.5
mEq/kg significantly decreased ischemia-induced increase
in brain water content and neurological deficits (P<0.05 vs
model group, P<0.05 vs PGEI1 16 pg/kg) (Figure 1C, 1D).
Enhanced induction of HSP70 by PGE1 and lithium
In immunoblotting, the expression of HSP70 was signifi-
cantly upregulated 24 h after the onset of ischemia in the
ischemic striatum (Figure 2A). PGEI (8, 16 pg/kg) or
lithium (0.5 mEq/kg) alone showed no significant effect on
HSP70 levels. However, a combination of PGE1 and lithi-
um significantly increased HSP70 protein levels compared
with both the model group and the PGE1 8 pg/kg group
(P<0.05, Figure 2B). There were few HSP70-positive cells
in the striatum of sham-operated rats as detected by immu-
nohistochemistry. Increased numbers of HSP70-positive
cells were observed 24 h after pMCAO. However, a com-
bination of PGE1 and lithium further increased the number
of HSP70-positive cells. Those cells with high levels of
HSP70 appeared to have relatively normal morphology.
Enhanced induction of HO-1 by PGE1 and lithium
The expression of HO-1 was significantly upregulated

Figure 2. PGEI and lithium enhanced pMCAO-induced HSP 70 protein levels. Rats were subjected to pMCAO and killed 1, 3, 12 and 24 h later. Some
animals were treated with a subcutaneous injection of lithium (0.5 mEq/kg, once a day) for 2 days before pMCAO, a single intravenous injection of
PGE1 (8 and 16 ng/kg) immediately after pMCAO or combination of PGEI (8 and 16 pg/kg) and lithium (0.5 mEq/kg, once a day for 2 days). Rats were
killed 24 h after ischemia. Protein levels of HSP 70 in extracts from the striatum of the ipsilateral hemisphere were detected with immunoblotting. Lev-
els of B-actin protein were used as the load control. (A) The time-course of pMCAO-induced enhancement of HSP70 expression. (B) Combination of
PGE]1 and lithium enhanced pMCAO-induced HSP 70 protein levels. PGE!1 (S)=PGE1 8 pg/kg, PGE1 (L)=PGE1 16 ng/kg. Bar represents mean+SD.
°P<0.05 compared with the sham-operated group; “P<0.05 compared with the model group; and "P<0.05 compared with the PGE1(S) group. (n=6 rats).
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Figure 3. PGEI and lithium enhanced pMCAO-
induced HSP70 expression. Rats were treated
with a subcutaneous injection of lithium (0.5
mEq/kg, once a day) for 2 days before pMCAO,
a single intravenous injection of PGE1 (8 and 16
png/kg) immediately after pMCAO or combina-
tion of PGEI (8 and 16 pg/kg) and lithium (0.5
mEq/kg, once a day for 2 days). Rats were killed
24 h after ischemia. Brain sections from the stri-
atum of the ipsilateral hemisphere were double-
labeled with the anti-HSP70 antibody (green) and
DAPI (blue). Brain sections were analyzed with
a laser confocal microscope. Results indicated
that HSP70-positive cells increased after isch-
emia. Treatment with PGEI1, lithium and their
combination enhanced expression of HSP70.
PGE1 (S)=PGE1 8 pg/kg, PGEl (L)=PGEI 16
png/kg. Scale bar=20 um. (n=3 rats).



Http://lwww.chinaphar.com

Han R et al

HO-1

2.5+

Optical density (HO-1/B-actin)

Sham 1h 3h 6h 12h

24h

HO-1

= endbil

P R ERGED e - - -

25+

b behk

Optical density (HO-1/B-actin)

Figure 4. PGE1 and lithium enhanced pMCAO-induced HO-1 protein levels. Rats were subjected to pMCAO and killed 1, 3, 12, and 24 h later. Some
animals were treated with a subcutaneous injection of lithium (0.5 mEq/kg, once a day) for 2 days before pMCAO, a single intravenous injection of PGE1 (8
and 16 pg/kg) immediately after pMCAO or combination of PGE1 (8 and 16 pg/kg) and lithium (0.5 mEq/kg, once a day for 2 days). Rats were killed 24
h after ischemia. Protein levels of HO-1 in extracts from the striatum of the ipsilateral hemisphere were detected by immunoblotting. Levels of B-actin
protein were used as the load control. (A) The time-course of pMCAO-induced enhancement of HO-1 expression. (B) PGE1 and lithium enhanced pM-
CAO-induced HO-1 protein levels. PGE1 (S)=PGE1 8 pg/kg, PGE1 (L)=PGE1 16 pg/kg. n=6 rats. Bar represents mean+SD. °P<0.05 compared with
the sham-operated group; *P<0.05 compared with the model group; "P<0.05 compared with the PGE1 (L) group; “P<0.05 compared with the Li group.

24 h after the onset of ischemia in the ischemic striatum
(Figure 4A). PGE1 (8, 16 pg/kg) or lithium (0.5 mEq/kg)
alone showed no significant effect on HO-1 protein levels.
However, a combination of lithium and PGE1 16 pg/kg
elicited a significant increase in HO-1 levels compared
with both the model group and the PGE1 16 pg/kg alone
group (P<0.05, Figure 4B).

Discussion

After pMCAO, the rats showed significant motor
behavioral deficits; extensive infarction was detected in
the cerebral cortical and subcortical regions and water
content in the brain was significantly increased. In the
groups treated with PGE1 or lithium alone, reduction in
infarct volume was observed. A greater reduction in infarct
volume was seen in rats given combined PGE1 and lithium.
Moreover, the benefits were extended to brain edema and
neurological deficits with the combination of lithium and
PGE1. These results suggest that lithium can enhance the
neuroprotective effects of PGEI.

Previous studies reported that lithium had no effect on

cerebrocortical blood flow in animal models of ischemia.

Although PGEI has vessel dilation effects''”, when we
monitored cerebrocortical blood flow after drug treatment,
neither PGE! alone nor combination of PGE1 with lithium
significantly influenced the cerebrocortical blood flow
of the pMCAO animals. This difference may be due, in
part, to lower PGE1 doses and different administration
routes in these experiments'*). Thus, neuroprotection
exerted by PGEI and lithium in the rat brain ischemia
model in this study could not be the result of increased
cerebrocortical blood flow. Temperature is another critical
variable in intraluminal filament occlusion models in which
hyperthermia is frequently observed due to hypothalamic
ischemia'"". Therefore, drug effects on temperature
regulation were observed 5 min, 2 h and 24 h after pMCAO
onset in the study. The results showed that the body
temperature showed no significant difference 5 min and 2 h
after the pMCAO operation, whereas the body temperature
increased significantly 24 h after pMCAO. However, there
is no significant difference between model group and drug
treatment groups at all of these time points after pMCAO.
These results suggest that PGE1 and lithium exert their
neuroprotection on cerebral ischemia independent of body
temperature.
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Heat shock proteins are molecular chaperones that
regulate folding of nascent and denatured proteins,
transport proteins through subcellular compartments and
modify the activity of proteins by altering conformational
state'”. A number of studies have documented that levels
of HSPs are increased in the ischemic penumbra of brain
in animal models of focal ischemia, where many injured
neurons survive™. HSPs may exert their neuroprotective
effects by antagonizing apoptosis-inducing factor®'.
Induction of HSPs also plays a role in preconditioning-
induced resistance of neurons to ischemic insults™”.

HSP70 and HO-1 are important members of the heat
shock protein family” . Tt is reported that gene transfer
induced HSP70 overexpression protects neurons from isch-
emic brain damage in experimental rat stroke models™.
Moreover, overexpression of HSP70 inhibits the activation
of NF-«xB, which is persistently activated during ischemia
and appears to promote apoptotic cell death™. On the con-
trary, the deletion of the HSP70 gene remarkably increases
cytochrome c release into the cytoplasm and subsequent
caspase-3 activation, thereby exacerbating apoptosis and in-
creasing infarction volume after focal cerebral ischemia™.
HO-1 is the enzyme that converts the heme molecule into
bilirubin, carbon monoxide, and iron. It serves as an adap-
tive mechanism to protect the brain from ischemic injury
as evidenced by studies conducted on transgenic mice that
overexpress HO-1 in neurons”. In our ischemic model,
HSP70 and HO-1 protein levels were maximally increased
at 24 h post-insult in the ischemic striatum. Although Ren
et al'” reported that neuroprotective effects of lithium (1
mEq/kg) were associated with upregulation of cytoprotec-
tive HSP70 in the ischemic brain hemispheres, and Matsuo
found that PGE1 (3 pg/kg) induced HSP70 and HSP86
after hepatic ischemia reperfusion in mice by both microar-
ray analysis and real time-PCR, we found no significant
increase in HSPs when treated with PGE1 8-16 pg/kg or
lithium 0.5 mEq/kg alone. This difference may be due, in
part, to lower dose of lithium, different analytical methods
and different rodent models used. However, co-administra-
tion with PGEI1 and lithium robustly enhanced the increase
in HSP70 and HO-1 protein levels in the ischemic stria-
tum. Therefore, induction of HSPs by lithium and PGE1
together may play an important role in protecting against
ischemia-induced neuronal injury.

It is possible that other molecular and cellular actions
may also participate in PGE1 and lithium-induced neuro-
protection in the pMCAO model. These include the effects
of PGE1 on cytoprotection, inhibiting platelet aggregation,

. . .. . 6,18
membrane stabilization and anti-inflammation, etc'®'");
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and lithium’s ability to inhibit N-methyl-D-aspartate
receptors””, upregulate cytoprotective Bel-2™, and induce
the expression of brain-derived neurotrophic factor in
discrete brain areas"”.

In previous work, research from our laboratory'
indicated that lithium could potentiate the neuroprotective
effects of PGA1 through upregulation of HSPs. However,
PGAL can only be given through intracerebral ventricle
administration, which is impossible for use in clinics.
Therefore, we studied PGEI1, a homolog of PGA1, which
can be given conveniently through intravenous injection.
The similar synergistic neuroprotection on cerebral
ischemia was also found by combination therapy with
PGE1 and lithium. As PGEIl and lithium are both used
with clinically achievable methods of drug administration
in this study, the combination therapy of PGE1 and lithium
has more practical application value than PGA1 and
lithium, which might support a potential clinical therapy
for ischemic cerebrovascular diseases.

In conclusion, the present study shows that although
some neuroprotective effects were obtained with adminis-
tration of PGEI or lithium alone, their combination ex-
hibited greater neuroprotection. Combined PGE1 and
lithium treatment significantly enhanced the expression
of HSP70 and HO-1 in the ischemic striatum. As PGEI1
and lithium are drugs used in clinics, these results strongly
support a potential use in clinical therapy for ischemic
cerebrovascular diseases.
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