
www.elsevier.com/locate/ejphar

European Journal of Pharmacology 489 (2004) 193–196
The selective Na+–Ca2+exchange inhibitor attenuates brain

edema after radiofrequency lesion in rats

Yutaka Koyamaa, Shigeo Matsuia, Soichi Itoha, Masakazu Osakadaa,
Akemichi Babab,c, Toshio Matsudaa,*

aLaboratory of Medicinal Pharmacology, Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamada-oka, Suita, Osaka 565-0871, Japan
bLaboratory of Molecular Neuropharmacology, Graduate School of Pharmaceutical Sciences, Osaka University,

1-6 Yamada-oka, Suita, Osaka 565-0871, Japan
cLaboratory of Molecular Pharmacology, Graduate School of Medicine, Osaka University, 2-2 Yamada-oka, Suita, Osaka 565-0871, Japan
Received 24 November 2003; received in revised form 12 February 2004; accepted 5 March 2004
Abstract

2-[4-[(2,5-Difluorophenyl)methoxy]phenoxy]-5-ethoxyaniline (SEA0400), a specific inhibitor of the Na+–Ca2 + exchanger, exerts

cytoprotective action and reduces brain infarct volume after cerebral ischemia. We examined the effect of SEA0400 on vasogenic brain

edema in rats. Histological observations showed that radiofrequency current caused brain infarct and extravasation of endogenous albumin in

the brain. SEA0400 (3 and 10 mg/kg, i.v.) significantly suppressed the increase in brain water content with attenuation of Evans blue dye and

sodium fluorescein extravasation after radiofrequency lesion. The findings suggest that the Na+–Ca2 + exchanger plays a role in vasogenic

edema formation after radiofrequency lesion.
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1. Introduction

Brain edema is a mortal pathological condition commonly

observed in brain injuries including brain ischemia, trauma,

tumor and infections. The pathogenesis of brain edema is

classified into cytotoxic edema and vasogenic edema (Chan

and Fishman, 1985). The former is characterized by cellular

swelling, and the latter is accompanied by an increase in brain

water content and extravasation of serum components

through blood–brain barrier disruption. A large part of the

blood–brain barrier is dependent on restricted intracellular

transport systems constructed between brain capillary endo-

thelial cells and astrocytes. Previous in vitro studies sug-

gested that disruption of Ca2 + homeostasis in endothelial

cells and astrocytes is responsible for dysfunction of blood–

brain barrier permeability (Nishino et al., 1997; Abbruscato

and Davis, 1999; Brown and Davis, 2002), although the exact

modulation of blood–brain barrier integrity is not known.

The Na+–Ca2 + exchanger is a transmembrane ion trans-

porter and plays an important role in regulation of intracel-
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lular Ca levels. We have developed 2-[4-[(2,5-difluoro-

phenyl)methoxy]phenoxy]-5-ethoxyaniline (SEA0400) as a

potent and selective inhibitor of the Na+–Ca2 + exchanger

and found that it protected astrocytes against Ca2 + reperfu-

sion injury and reduced brain infarct volume after cerebral

ischemia (Matsuda et al., 2001). In this study, we examined

the effects of SEA0400 on brain edema generated by radio-

frequency lesion to study the pathological role of the Na+–

Ca2 + exchanger in brain edema formation and blood–brain

barrier disruption in rats. Radiofrequency lesion is widely

used to cause denaturation of nerve tissue in targeted areas

(Liu et al., 1997; Warburton et al., 1998; Pouzet et al., 1999).
2. Materials and methods

2.1. Radiofrequency lesion of rat brain

All experimental protocols conformed to the Guiding

Principle for the Care and Use of Animals approved by the

Japanese Pharmacological Society. All efforts were made to

minimize the number of animals used. Male Wistar rats

(250–300 g) were anaesthetized with sodium pentobarbital
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(50 mg/kg) and placed in a stereotaxic frame. Radiofre-

quency lesion was induced by a lesion generator (RFG-4A,

Radionics, MA, USA) with a 0.7 mm diameter electrode.

After the skull was exposed, a burr hole was made 3.0 mm

posterior and 3.0 mm right lateral to the bregma, and the tip

of the electrode was positioned at 6.0 mm below bregma. A

reference electrode was fixed on the skull filled with saline.

A radiofrequency current was applied to heat the tip of

inserted electrode at 55 jC constantly for 3 min. For control

rats, an electrode was inserted into brain but no radio-

frequency current was applied. SEA0400 and vehicle (lipid

emulsion) were synthesized by Taisho Pharmaceutical (Sai-

tama, Japan). SEA0400 at 0.3, 1.0 and 10 mg/kg and its

vehicle (a lipid emulsion containing 20% soybean oil) were

administered at a volume of 0.7 ml/kg into the tail vein. In

some experiments, mannitol at 1.0 g/kg was administered

into the tail vein as a positive control of antiedema drug.

2.2. Histological observation

Each infarct area was visualized by 2,3,5-triphenyltetra-

zolium (TTC) staining. Rats were decapitated under pento-

barbital anesthesia 24 h after the lesion, and brains were

removed. Coronal brain sections (2 mm thick) were made

on a brain slicer (Aster Industries, PA, USA) with a razor

blade. Brain slices were incubated with 2% TTC in saline

for 30 min. Extravasation of endogenous albumin was

examined by an immunohistochemical method. Rat brains

were fixed by perfusion of 3% paraformaldehyde and

coronal sections (30 Am thick) were made as described

previously (Ishikawa et al., 1997). Brain sections were

labeled with antirat albumin rabbit antibody (Inter-Cell

Tech., NJ, USA), and visualized with an ABC–DAB stain-

ing kit (Nichirei, Tokyo, Japan). Labeling of activated glial

cells (anti-glial fibrillary acidic protein antibody for astro-

cytes and Griffonia simplicifolia BS-I isoletin-B4 for micro-

glia/macrophage) was performed as described previously

(Koyama et al., 2003).

2.3. Measurement of water content

Rat brains were mounted on the brain slicer and a coronal

section (4 mm thick, between 2 mm posterior and 2 mm

anterior to the electrode insert site) was cut out. The section

was divided into hemispheres. The wet weight of each

hemisphere was measured in a preweighted polypropylene

tube. The section was then dried at 75 jC for 48 h and dry

weight was measured. Water content of brain sections (%)

was expressed as 100� (wet weight� dry weight)/wet

weight.

2.4. Measurement of blood–brain barrier permeability

Blood–brain barrier permeability was evaluated by ex-

travasation of two exogenous tracers (Evans blue-albumin as

a high molecular weight marker, and sodium fluorescein as a
low molecular weight marker). A mixture of 4% Evans blue,

10% bovine serum albumin and 4% sodium fluorescein was

injected to each rat through the tail vein at 1.5ml/kg 1 h before

the experiment. A duration of 1 h was sufficient for the tracers

to accumulate in the brain tissue with a high reproducibility.

A small portion of blood was collected, and the tracers

remaining in brain vessels were removed by perfusion of

saline. The brain was removed and a coronal section (4 mm

thick) was cut out as described above. The tracers in the brain

section and the serumwere extracted by 100% trichloroacetic

acid. The content of Evans blue in the extract was determined

by an absorbance at 655 nm and that of sodium fluorescein

was by fluorescence intensity at 530 against 485 nm excita-

tion. Extravasation of Evans blue and sodium fluorescein was

expressed as a percentage of the tissue content (Ag tracer/g

tissue) to the serum content (Ag tracer/ml serum).

2.5. Statistical analysis

Statistical analysis of the experimental data was carried

out by Student’s t-test or one-way analysis of variance

(ANOVA) followed by Fisher’s PLSD test. Values of

P < 0.05 were considered to be significant.
3. Results

3.1. Characterization of radiofrequency lesion-induced

brain edema

Radiofrequency current caused a brain infarct in a large

area of the lesioned hemisphere, which was less stained with

TTC (Fig. 1A, upper left). Extravasation of endogenous

albumin, which plays a key role in induction of vasogenic

brain edema, was also observed in the lesioned hemisphere

(Fig. 1A, upper right). In the area where albumin was leaked,

many glial fibrillary acidic protein-positive cells and G.

simplicifolia BS-I isoletin-B4-stained cells were observed

(Fig. 1A, lower parts), indicating the presence of activated

astrocytes and microglia/macrophages around the lesioned

area. Water content in the lesioned hemisphere increased

significantly 1 h after the lesion and reached maximum at 24

h. In contrast, water content in the contralateral hemisphere

has not changed until 24 h, although it showed a transient

increase at 48 h (Fig. 1B). Evans blue and sodium fluorescein

extravasation were increased 1, 6 and 24 h after the lesion in

the lesioned hemisphere but it did not change until 6 h in the

contralateral hemisphere (Fig. 1C).

3.2. Effect of SEA0400 on brain edema formation

Fig. 2 shows the effect of SEA0400 on the increase in

brain water content and enhanced blood–brain barrier

permeability after radiofrequency lesion. SEA0400 at 3

and 10 mg/kg significantly suppressed the increase in brain

water content after the lesion (Fig. 2A). The effect of



Fig. 2. Effect of SEA0400 on vasogenic edema after radiofrequency lesion.

Water contents (A) in the lesioned hemisphere were measured 24 h after the

lesion. SEA0400 at the indicated doses was administered within 5 min after

the lesion. Mannitol was administered 4, 8, 12, 16 and 20 h after the lesion

and the sum of the five bolus doses was 1.0 g/kg. Results are

meansF S.E.M. of 9 to 11 experiments. Evans blue (B) and sodium

fluorescein (C) contents in the ipsilateral and contralateral hemispheres

were measured 3 h after the lesion. Evans blue and sodium fluorescein were

injected 1 h before the experiment. SEA0400 was administered within 5

min after the lesion. Results are meansF S.E.M. of 6 to 11 experiments.

*P < 0.001 vs. no lesion, by Student’s t-test. NS; not significant, +P < 0.05,

++P< 0.01, +++P< 0.001 vs. lesion and no SEA0400, by one-way

ANOVA followed by Fisher’s PLSD test. #P < 0.001 vs. lesion and no

SEA0400, by Student’s t-test.

Fig. 1. Characterization of radiofrequency lesion-induced brain edema. (A)

Histological observations. Brain sections were stained with TTC (upper left),

antirat albumin antibodies (upper right), anti-glial fibrillary acidic protein

antibody (GFAP, lower left) and G. simplicifolia BS-I isoletin-B4 (lower

right) 24 h after the lesion. An asterisk in the upper left indicates the position

where the tip of the electrode was located. Arrow heads in the lower parts

indicate activated astrocytes and microglia/macrophages. Bar = 50 Am. (B)

Brain water content. Water contents in the lesioned ipsilateral (.) and

contralateral (o) hemispheres were measured at the indicated times after the

lesion. The results shown are meansF S.E.M. of five to six experiments.

*P < 0.001 vs. 0 time (no lesion), by one-way ANOVA followed by Fisher’s

PLSD test. (C) Extravasation of Evans blue and sodium fluorescein. Evans

blue (left) and sodium fluorescein (right) contents in the ipsilateral and

contralateral hemispheres were measured 1, 6 and 24 h after the lesion. Evans

blue and sodium fluorescein were injected 1 h before the experiment. Results

are meansF S.E.M. of four to six experiments and expressed as the

percentage of those in serum. *P< 0.05, **P < 0.001 vs. 0 time, by one-way

ANOVA followed by Fisher’s PLSD test.
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SEA0400 at 10 mg/kg is comparable with that of a serial

administration of mannitol, an anti-brain edema drug. The

increase in brain water content at 3 h after the lesion was

also suppressed by SEA0400 at 10 mg/kg: the water
contents (%, meansF S.E.M., n = 5) of sham, lesion without

SEA0400 and lesion with SEA0400 were 79.06F 0.17,

81.21F 0.23, and 80.31F 0.06, respectively (P < 0.05, be-

tween lesion without SEA0400 and lesion with SEA0400,

Student’s t-test). SEA0400 at 1–10 mg/kg significantly

reduced Evans blue extravasation (Fig. 2B) and, at 3 and

10 mg/kg, significantly reduced sodium fluorescein extrav-

asation (Fig. 2C).
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4. Discussion

The radiofrequency method used here could easily

control the degree of damage: the brain edema was

generated with higher reproducibility in the present meth-

od. The radiofrequency caused common histological signs

of brain injury (brain infarct and glial activation) and

significant changes in vasogenic edema parameters such

as brain water content and extravasation of albumin,

Evans blue and sodium fluorescein (Fig. 1). We found

that SEA0400 significantly attenuated the increase in brain

water content (Fig. 2A) and disruption of blood–brain

barrier permeability (Fig. 2B and C) after radiofrequency

lesion. These results indicate that SEA0400 has an inhib-

itory effect on vasogenic edema formation. In view of the

evidence that SEA0400 is a specific inhibitor of the Na+–

Ca2 + exchanger (Matsuda et al., 2001), the present finding

suggests that the Na+–Ca2 + exchanger is involved in the

generation of vasogenic edema accompanied by disruption

of blood–brain barrier. To maintain the restricted intercel-

lular transport systems responsible for blood–brain barrier

permeability, brain capillary endothelial cells require the

support of astrocytes (Abbott, 2002). Guerin et al. (2001)

and Nishino et al. (1997) showed that selective destruction

of astrocytes resulted in an increase in blood–brain barrier

permeability. The Na+–Ca2 + exchanger is present in

astrocytes and regulates astrocytic intracellular Ca2 + levels

(Matsuda et al., 1996; Smith et al., 2003). We previously

showed that SEA0400 protected cultured astrocytes from

Ca2 +-dependent cell damage (Matsuda et al., 2001). Al-

though the present study does not clarify possible target

cells of SEA0400, the protective effect of SEA0400

against edema may be due to protection of astrocyte

injury.

In conclusion, the present findings show that SEA0400

attenuates brain edema formation by radiofrequency le-

sion and suggest that the Na+–Ca2 + exchanger is in-

volved in vasogenic edema formation and blood–brain

barrier disruption.
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