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Abstract: Objective: Bumetanide has been reported to attenuate ischemia-evoked cerebral edema. However, wheth-
er bumetanide can protect cerebral ischemia-reperfusion injury (IRI) in vivo is unclear. In the present study, we aim
to determine whether intravenously injection bumetanide can attenuate cerebral IRl and if its protection effect might
be related to the modification of cerebral NKCC1 and KCC2 protein expression. Methods: Focal cerebral ischemia
was induced by occluding the right middle cerebral artery (MCAOQ) for 2-h, followed by 3-h, 24-h or 48-h of reperfu-
sion respectively. Brain edema, neurological deficits, and infarction volume were determined by (wet weights - dry
weights)/dry weights x100, 5-point neurological function score evaluation system, and TTC staining, respectively.
The expression levels of NKCC1 and KCC2 were determined by immunohistochemical staining. Results: Reperfusion
increased brain edema, neurological deficits, and infarction volume. Bumetanide decreased brain edema, attenu-
ated the neurological defects and reduced post-ischemic cerebral infarction. Cerebral ischemia-reperfusion injury
increased NKCC1 expression level and decreased KCC2 expression level. Interestingly, bumetanide down-regu-
lated the NKCC1 protein expression level without changing the KCC2 protein expression level in rat brain cortex.
Conclusion: These results suggest that bumetanide protects focal cerebral ischemia-reperfusion injury in rat, which
might through the inhibition of NKCC1.
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while KCC2 is the main chloride extruder in the
adult nervous system [8].

Introduction

Imbalance of ion homeostasis is a crucial
mechanism leading to ischemia-induced cell
damage [1]. Cation chloride co-transporters
play an essential role in the regulation of neuro-
nal chloride homeostasis [1-3]. The Na*-K*-ClI-
co-transporter 1 (NKCC1) and Na*-K*-co-trans-
porter 2 (KCC2) belong to the cation-Cl- co-
transporter family, which mediates the coupled
movement of Na* and/or K* with CI- across the
plasma membrane of cells under physiologic
conditions [1-3]. NKCC1 has a broad tissue dis-
tribution, whereas KCC2 is found mainly in the

In ischemic conditions, particularly after oxygen
glucose deprivation in hippocampal slices [9]
and in in vivo models of global ischemia [10],
KCC2 is generally down-regulated while NKCC1
is up-regulated. In vitro studies have shown that
bumetanide, a member of sulfamoyl benzoic
acid loop diuretic family which exerts its diuretic
action by blockade of the Na*-K*-2Cl cotrans-
porter, significantly reduces the oxygen-glu-
cose-deprivation and glutamate-mediated neu-
ronal excitotoxicity and apoptosis by inhibiting

nervous system [1-3]. In detail, KCC2 is pre-
dominately expressed in mature neurons in the
cortex, cerebellum, and the dorsal horn of the
spinal cord, while NKCC1 is expressed at a high
level in immature neurons [4, 5]. NKCC1 is
important for the maintenance of intracellular
ClI" in neurons and contributes to GABA-medi-
ated depolarization in immature neurons [6, 7]

NKCC1. Moreover, bumetanide has also been
reported to attenuate ischemia-evoked cere-
bral edema [11]. However, whether bumetanide
can protect cerebral ischemia-reperfusion inju-
ry (IRI) in vivo is still unclear.

In the present study, we aim to determine
whether intravenously injection bumetanide
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through tail vein 10 min
before cerebral ischemia
inducing. All rats except
those in the sham group
underwent 2-h right middle
cerebral artery occlusion
(MCAO) as previously report-
ed [13] followed by 3-h, 24-h
or 48-h reperfusion respec-
tively.
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Figure 1. Bumetanide reduces brain edema after focal cerebral ischemia.
Edema in bumetanide group (B+I/R) and saline group (N+I/R) was significant-
ly higher than that in the sham group. Bumetanide significantly reduces brain
edema after focal cerebral ischemia. Data are expressed as means#s.d. Bu-
metanide group and saline group rats, n=6; sham group rats, n=3; *p<0.05
bumetanide and saline versus sham group. #p<0.05 versus bumetanide or

saline group.

can attenuate cerebral IRl and if its protection
effect might be related to the modification of
cerebral NKCC1 and KCC2 protein expression.

Materials and methods

This study was conducted in accordance to the
guidelines for the care and use of animals in
research, and under the protocols approved by
the Guangzhou University of Connecticut
Animal Care and Use Committee.

Animal

Adult male rats, weighing 250~320 g (8~10
weeks), were purchased from Guangdong
Province Animals Center (Guangzhou, China).
Rats were anesthetized with intraperitoneal
injection of 10% chloral hydrate (3.5 ml/kg
body weight). Rectal temperatures were moni-
tored and maintained at 37°C+0.5°C with a
heating blanket and a heating lamp. Rats were
randomly divided into 3 groups (n=45 per
group) including sham operation group (S),
saline plus ischemia reperfusion group (N+I/R
group), and bumetanide plus ischemia reperfu-
sion group (B+I/R group).

Rats in the B+I/R group and N+I/R group were
respectively received injection of bumetanide
(30 mg/kg) [12] or the same volume of saline
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. ' 10% chloral hydrate at 3-h,
24-h and 48-h of reperfu-
sion. The ipsilateral and con-
tralateral hemispheres were
dissected and the wet weight
of the tissue was deter-
mined. The tissues were
dried at 120°C for 24 hours.
The percent cerebral water
was determined as (wet weights - dry weights)/
dry weights x100.

Neurological evaluation

Rats were examined for neurological deficits
3-h, 24-h or 48-h after MCAO by two investiga-
tors who were blinded to this study using a
5-point neurological function score [13]: O, no
deficit; 1, failure to extend right forepaw fully; 2,
circling to the right; 3, failing to the right; 4, no
spontaneous walking with a depressed level of
consciousness. Only those rats showed no or
incomplete forelimb placing with rotational
asymmetry at 3-h, 24-h or 48-h after MCAO
were included in the subsequent analysis [14].

TTC staining

After 3-h, 24-h or 48-h of reperfusion, rat brains
were removed and frozen at -80°C for 5 min.
Two millimeter coronal slices were made with a
rodent brain matrix. The sections were stained
for 20 min at 37°C with 2% 2,3,5-triphenyltet-
razolium chloride monohydrate (TTC, Sigma,
USA) and then were fixed with 4% formalin.
Infarction volume was calculated as previous
reported [15]. Briefly, the sections were
scanned, and the infarction area in each sec-
tion was calculated by subtracting the nonin-
farct area of the ipsilateral side from the area of
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Figure 2. Bumetanide decreases the volume of cerebral infarction 3-h post-reperfusion. A. Representative results
of TTC staining. B. Bumetanide decreases the volume of cerebral infarction 3-h post-reperfusion but not 24-h, and
48-h post-reperfusion. Data are expressed as means+s.d. n=6. *p<0.05 saline versus bumtanide group rats.

the contralateral side with Image-J analysis
software. Infarction areas on each section were
summed and multiplied by section thickness to
give the total infarction volume.

Immunohistochemical staining

Rat brains were removed, and postfixed in 4%
paraformaldehyde overnight at 4°C, and cryo-
protected with 30% sucrose in PBS. Brains
were cut into coronal sections (30 um) on a
freezing microtome (Leica SM 2000 R; Leica,
Nussloch, Germany). Coronal sections (0.2 mm
anterior to bregma) were selected and pro-
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cessed for immuno-histochemistry. The sec-
tions from each rat were used and the free-
floating method was used for avidin-biotin-per-
oxidase labeling. Coronal sections were rinsed
with PBS and treated with 0.3% H,0O, (v/v) in
PBS for 10 min at room temperature to quench
endogenous peroxidase. After washing with
PBS, sections were incubated with a blocking
solution (10% normal goat serum, 0.3% Triton
X-100 in PBS) for 30 min at 37°C. The slices
were probed respectively with primary anti-
NKCC1 polyclonal antibody (1:200; Santa Cruz,
U.S.A.) and anti-KCC2 polyclonal antibody

Int J Clin Exp Pathol 2014;7(4):1487-1494
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increase of water content in
ischemic brains by 33.3%,
49.7% and 45.8% respec-
tively at 3-h, 24-h, and 48-h
post-reperfusion  (P<0.05)
(Figure 1).
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Figure 3. Bumetanide reduces neurological deficit scores 24-h and 48-h post-
reperfusion. Data are expressed as means+s.d. n=6. *p<0.01 versus sham
group rats; *p<0.05 bumetanide versus saline group rats, 4p<0.05 3-h ver-
sus 24-h and 48-h reperfusion in bumetanide group rats.

(1:200; Santa Cruz, U.S.A.) for 1 hour at 37°C,
followed by overnight incubation at 4°C. After
rinsing, sections were incubated with goat anti-
rabbit IgG (1:200; Sigma, U.S.A.) for 1 hour at
37°C. Color reaction was developed with 0.05%
diaminobenzidime tetrachloride and 0.03%
H,0, in PBS (pH 7.4). Slides were visualized
using a Leica SP5 confocal microscope at 40x
magnification using standard procedure. All
imaging was performed with group identity
blinded where at least 10 random images were
obtained from each slide or group.

Statistical analysis

All values are presented as means+SD. Data
shown were analyzed for significance using
analysis of either the nonparametric Mann-
Whitney test or ANOVA by SPSS13.0 software.
If a significant difference was observed, Bon-
ferroni’s post-hoc test was conducted to identi-
fy groups with significant differences. P-values
that were less than 0.05 were considered to be
statistically significant.

Results

Bumetanide reduces brain edema after focal
cerebral ischemia

To determine whether bumetanide reduces
edema formation resulting from MCAO,
bumetanide or vehicle was administered intra-
venously 10 minutes before initiation of MCAO
(or sham MCAO). Bumetanide reduced the
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pRn g staining in rats subjected to
N+I/R compared with rats
subjected to B+I/R. The
average total infarction vol-
ume in saline group was
231.5+40.6 mm?3 while the
average total infarction vol-
ume was reduced to 193.6+30.7 mm? after 3-h
reperfusion in the bumetanide group (p<0.05).
However, the average total infarction volume
was not significantly changed in the bumetanide
group at 24-h, and 48-h post-reperfusion
(p>0.05).

Bumetanide reduces neurological deficit
scores 24-h and 48-h post-reperfusion

In the sham group, no rats have symptoms of
neurological deficits while the neurological defi-
cits were obvious in the saline and bumetanide
group. Moreover, the neurological deficits was
significantly reduced in the bumetanide group
rats 24-h and 48-h post-reperfusion compared
to that in the saline group (P<0.05) (Figure 3).

Bumetanide down-regulates the NKCC1 pro-
tein expression level in rat brain cortex

It has been reported that the expression level
of NKCC1 was increased in cortex after 24-h
reperfusion following 2-h ischemia [16]. As
shown in Figure 4, an enhanced immunostain-
ing of the NKCC1 in neurons scattered through-
out ischemic cortex 3-h, 24-h, 48-h post-reper-
fusion. Compared with saline groups, pretreat-
ment with bumeitanide significantly reduced
the protein expression level of NKCC1.

Bumetanide does not change the KCC2 pro-
tein expression level in rat brain cortex

As shown in Figure 5, KCC2 protein was
expressed in the plasma membrane and den-
drites of neurons. The expression level of KCC2

Int J Clin Exp Pathol 2014;7(4):1487-1494
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Figure 4. Bumetanide down-regulates the NKCC1 protein expression level in rat brain cortex. A-C. Respectively were
sham group rats at 3h, 24h, 48h. D-F were saline group, G-I were bumetanide groups. J. Bumetanide down-regulates
the NKCC1 protein expression level in rat brain cortex. Data are expressed as means+s.d. n=6. *p<0.05 versus
sham group rats; 4p<0.05 bumetanide versus saline group rats.

is significantly down-regulated in the ischemic
hemisphere 3-h, 24-h, and 48-h post-reperfu-
sion. However, bumetanide does not change
the KCC2 protein expression level in rat brain
cortex (Figure 5).

1491

Discussion

The major findings of the present study are as
follows. Firstly, bumetanide reduces brain
edema after focal cerebral ischemia. Secondly,

Int J Clin Exp Pathol 2014;7(4):1487-1494
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Figure 5. Bumetanide does not change the KCC2 protein expression level in rat brain cortex. A-C were the S group
3h, 24h, 48h post-reperfusion. D-F were N+I/R group 3h, 24h, 48h post-reperfusion and G-l were B+I/R group 3h,
24h, 48h post-reperfusion. J. Bumetanide does not change the KCC2 protein expression level in rat brain cortex.
Data are expressed as means+s.d. n=6. *p<0.05 versus sham group rats.

bumetanide decreases the volume of cerebral level without changing the KCC2 protein expres-
infarction 3-h post-reperfusion. Thirdly, bumet- sion level in rat brain cortex.

anide reduces neurological deficit scores 24-h

and 48-h post-reperfusion. Finally, bumetanide NKCC1 transports Na*, K", and CI" into cells
down-regulates the NKCC1 protein expression under both physiological and pathophysiologi-
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cal conditions with a stoichiometry of 1Na*:
1K*:2ClI" and it can be inhibited by either
bumetanide or furosemide. Bumetanide can
compete with Cl for the second CI" binding site
and thus inhibits NKCC1 function [17-19]. After
focal ischemia, extracellular K* increases, glu-
tamate is released, intracellular Ca?* increases,
excessive Na* and Cl accumulates, resulting in
the enhancement of NKCC1 activity [20].
Pathologic activation of NKCC1 seems to be an
important mechanism of cerebral edema fol-
lowing ischemia. However, in certain pathologi-
cal conditions, such as ischemia, hypoxia and
trauma, NKCC1 expression was increased
which led to cell swelling. NKCC1 has been sug-
gested to play a role in K* uptake and swelling
in astrocytes [21]. In this study, we found that
bumetanide reduced brain edema, decreases
the volume of cerebral infarction, and reduces
neurological deficit scores after focal cerebral
ischemia that might be related to its inhibition
effects in NKCC1.

KCC2 abundantly expresses in the adult mam-
malian nervous system, and it plays an impor-
tant role in maintaining the low Cl environment
of mature neurons. In addition, KCC2 partici-
pates in the regulation of ion balance, nerve
growth and maturation, synaptic development
and neuronal plasticity [22]. A decrease of
KCC2 expression was previously described
under ischemic conditions [9]. In the present
study, we also demonstrated that KCC2 expres-
sion level was down-regulated after ischemia-
reperfusion in rat cerebral cortex, which is con-
sistent with the previous report [23]. However,
we did not observe significant changes in KCC2
expression following a single intravenous
bumetanide (30 mg/kg) injection, which might
be due to the fact that low concentrations of
bumetanide (2~10 uM) specifically inhibits
NKCC1 but does not affect KCC2 [24, 25].
Taken together, the present study suggests
that bumetanide might confer its neuroprotec-
tion effect mainly by inhibiting NKCC1.

In summary, cerebral ischemia-reperfusion
injury increases NKCC1 expression level and
decreases KCC2 expression level. Bumetanide
attenuates the neurological defects and reduc-
es post-ischemic cerebral infarction, which
might through the inhibition of NKCC1.
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