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ILOBALIDE PREVENTS ISCHEMIA-INDUCED EDEMA FORMATION

N VITRO AND IN VIVO
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bstract—EGb761, a standardized extract of Ginkgo biloba,
as neuroprotective properties in animal models of ischemia,
n activity that is partially attributed to its constituent, bilob-
lide. EGb761 has also been reported to inhibit edema for-
ation induced by toxins such as triethyltin. The goal of this

tudy was to test the activity of pure bilobalide to prevent
dema formation in models of ischemia. Oxygen-glucose de-
rivation (OGD) in rat hippocampal slices served as a model
f in vitro-ischemia. OGD caused cellular edema formation as

ndicated by an increase of slice water contents in 30 min.
ilobalide (1–10 �M) reduced slice water contents in isch-
mic slices in a concentration-dependent manner. As a
odel of in vivo-ischemia, we performed middle cerebral

rtery occlusion (MCAO) in mice. Permanent MCAO caused
ell death and swelling of the ischemic hemisphere within
4 h. Pretreatment of the mice with bilobalide (10 mg/kg i.p.)
educed infarct area by 43% (as judged by 2,3,5-triphenyl-
etrazolium chloride (TTC) staining) and edema formation by
0% (as judged by hemispheric enlargement). In parallel ex-
eriments, pretreatment with bilobalide also reduced fore-
rain water contents in the ischemic hemisphere by 57%. As
n alternative model of brain edema formation, we used water
ntoxication to increase brain water content; bilobalide, was,
owever, inactive in this model. We conclude that bilobalide
trongly and specifically attenuates edema formation in mod-
ls of brain ischemia in vitro and in vivo. Bilobalide may be
herapeutically effective in brain edema which occurs sec-
ndarily to large hemispheric stroke and traumatic brain in-

ury in humans. © 2006 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: brain water content, Ginkgo biloba, hippocampal
lices, middle cerebral artery occlusion, oxygen-glucose de-
rivation, water intoxication.

rain edema formation, as observed after large hemi-
pheric stroke, is one of the most dangerous conse-
uences of ischemic brain injury and a major determinant
f survival after traumatic brain injury (Steiner et al., 2001;
nterberg et al., 2004). While water contents in healthy
rains are homeostatically regulated by a variety of mech-
nisms (Kimelberg, 2004), breakdown of these mecha-

Corresponding author. Tel: �1-806-356-4015x252; fax: �1-806-
56-4034.
-mail address: jochen.klein@ttuhsc.edu (J. Klein).
bbreviations: ANOVA, analysis of variance; ECA, external carotid
rtery; MCA, middle cerebral artery; MCAO, middle cerebral artery
p
cclusion; OGD, oxygen-glucose deprivation; TET, triethyltin; TTC,
,3,5-triphenyl-tetrazolium chloride.

306-4522/07$30.00�0.00 © 2006 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2006.08.037
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isms in ischemia, including severe dysregulations of ionic
istributions, causes swelling of the brain and increased

ntracranial pressure (Steiner et al., 2001; Unterberg et al.,
004). Early brain swelling is known to be due to cytotoxic
dema while vasogenic edema develops in a more de-

ayed fashion (over hours). Among the brain regions, the
ippocampus has been found to be highly susceptible to

schemia; pyramidal cells of the CA1 region are most sen-
itive (Schmidt-Kastner and Freund, 1991). In addition,
strocytes are well known to undergo swelling when exci-
otoxic concentrations of glutamate are present (Kimel-
erg, 2005; Seifert et al., 2006), and they may contribute
trongly to ensuing changes of intracranial pressure.

Extracts of Ginkgo biloba such as EGb 761 are widely
sed for the treatment of progressive neurodegenerative
isorders such as Alzheimer’s disease (Oken et al., 1998;
eFeudis and Drieu, 2000). Experimental work during the

ast 20 years has also shown that ginkgo extracts and their
onstituents, such as ginkgolides and bilobalide, exert
eneficial effects in animal models of acute neurodegen-
ration, e.g. in cerebral hypoxia and ischemia (Krieglstein
t al., 1995; Pierre et al., 1999; Chandrasekaran et al.,
001). In an experimental model of hypoxia-induced phos-
holipid breakdown, we found that bilobalide, a sesquiter-
ene lactone which constitutes ca. 3% of EGb761, was the
ctive constituent of the extract (Klein et al., 1997) acting in

he submicromolar range (IC50�0.38 �M). In further work,
e described antagonistic effects of bilobalide on NMDA

eceptor-induced choline release from hippocampal slices
IC50�2.3 �M) (Weichel et al., 1999). The neuroprotective
roperties of bilobalide have recently been reviewed (De-
eudis, 2002; Ahlemeyer and Krieglstein, 2003).

One aspect of ginkgo’s potential therapeutic effects
hat has not been widely investigated is the anti-edema
ffect of the extracts. As early as 1986, ginkgo extract
Gb761 was reported to inhibit toxic edema formation in
hite matter induced by triethyltin (TET). EGb761 both
revented TET-induced edema as well as accelerated re-
overy from prior exposure (Otani et al., 1986; Sancesario
nd Kreutzberg, 1986). Bilobalide was tentatively identified
s the active constituent of the extract (Chatterjee et al.,
986; Sancesario and Kreutzberg, 1986). Later work dem-
nstrated beneficial effects of EGb761 on cerebral edema
ormation induced by bromethalin, a toxin (Dorman et al.,
992), and by hyperthermia (Westman et al., 2000).
inkgolide B was implicated in one study (Westman et al.,
000), but other active ingredients were not identified in
hese studies. As these previous studies suggested a po-
ential anti-edema effect of bilobalide that may be thera-

eutically useful, we decided to probe its effects on the

ved.
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linically important edema formation that is induced by
schemia. Our results establish bilobalide as a potential
nti-edema drug and as a lead structure for further drug
evelopment.

EXPERIMENTAL PROCEDURES

nimals

ale Sprague-Dawley rats (250–350 g; Charles River, Wilming-
on, MA, USA) were kept under standardized 12-h light/dark,
emperature (22 °C) and humidity (70%) conditions, with rat chow
nd water available ad libitum. All animal procedures were in
ccordance with NIH regulations and were registered with the
nstitutional Animal Care and Use Committee of TTUHSC. All
fforts were made to minimize animal numbers and animal suf-
ering.

dema formation in hippocampal slices

ats were briefly anesthetized in an isoflurane induction chamber
nd decapitated. Hippocampal slices (400 �m) were prepared as
reviously described (Weichel et al., 1999; Klein et al., 2003) and
uperfused (0.7 ml/min) at 35 °C with Tyrode solution of the
ollowing composition: NaCl, 137 mM; KCl, 2.7 mM; CaCl2,
.8 mM; MgCl2, 1.2 mM; NaH2PO4, 0.2 mM; NaHCO3, 11.9 mM;
lucose, 5.6 mM. During the equilibration period, all superfusion
olutions were continuously gassed with carbogen (95% O2, 5%
O2). For in vitro-ischemia (OGD, oxygen-glucose deprivation),

he slices were superfused with solutions which did not contain
lucose and which had been gassed with nitrogen instead of
xygen (95% N2, 5% CO2). Bilobalide was added in DMSO;
ontrol solutions contained the same amount of DMSO (0.1%) as
ilobalide-containing solutions. Four lanes of slices were super-
used in parallel for 30 min. At the end of the superfusion period,
lices from each lane were collected, superficially dried, trans-
erred to aluminum foil, and weighed (“wet weight”). They were
hen dried overnight at 105 °C in a desiccating oven and weighed
gain (“dry weight”). Slice water content was calculated according
o [(wet weight�dry weight)/wet weight]�100.

schemic stroke by middle cerebral artery
cclusion (MCAO)

n vivo-ischemia in the brain was induced as described in detail
reviously (Mdzinarishvili et al., 2005). Briefly, female CD-1 mice
26–32 g; Charles River) were anesthetized with 1.5% isoflurane
n 30% O2/70% N2O. The skin was incised, and the left occipital
nd superior thyroid artery, branches of the external carotid artery
ECA), as well as the pterygopalatine artery were exposed, elec-
rocoagulated, and cut. After occlusion of the common carotid
rtery by microclip, the left ECA was ligated, coagulated and cut
istally to the cranial thyroid artery. A 21 mm monofilament nylon
uture (5–0, Harvard Apparatus, Holliston, MA, USA; diameter of
he heat-rounded tip: 0.2–0.3 mm) was inserted into the ECA and
ently advanced through the internal carotid artery until its tip
ccluded the origin of the middle cerebral artery (MCA). Correct
lacement of the suture was monitored by a sudden drop of the

ocal cortical blood flow in the left MCA territory to 10–15% of
asal flow as monitored by laser-Doppler flowmetry. After suc-
essful occlusion, the monofilament was secured in place with
igature, and the skin incision was closed by surgical clips.
hroughout surgery, temperature was maintained at 37 °C by a

hermostatic blanket (rectal thermometer). Bilobalide (or vehicle,
0% DMSO in saline) was injected intraperitoneally 60 min before

nduction of ischemia at a dose of 10 mg/kg. MCAO was sustained
or a period of 24 h, after which the animals were deeply anes-

hetized with isoflurane and killed by decapitation. The brains were d
uickly removed, sectioned coronally into 1 mm slices, and
tained with 2,3,5-triphenyl-tetrazolium chloride (TTC). Images
ere acquired by digital camera, and areas of both hemispheres
nd the infarcted regions were quantified for each slice using
mage J 1.30. Brain edema (brain swelling) were quantified by
omparing the area of the ipsilateral (ischemic) hemisphere to the
ontralateral (non-ischemic) hemisphere (“hemispheric ratio”), as
escribed previously (Kinouchi et al., 1991; Sydserff et al., 1996).

Brain water contents were determined 24 h after MCAO by
ifferential weighing. For this purpose, brain hemispheres were
uperficially dried, transferred to aluminum foil, weighed (“wet
eight”) and dried overnight at 105 °C in a desiccating oven. The
ried slices were weighed again (“dry weight”), and total brain
ater was calculated according to [(wet weight�dry weight)/wet
eight]�100.

ater intoxication

s an alternative in vivo-model of brain edema formation, we used
ater intoxication in mice (Manley et al., 2000; Amiry-Moghaddam
t al., 2004). Briefly, male CD-1 mice (N�34) were given distilled
ater (20% of body weight) by rapid i.p. infusion. Desmopressin

DDVP) was added in a dose of 3 �g/kg to prevent renal elimina-
ion of excess fluid. Following water intoxication, the mice showed

decrease of spontaneous motility after 15 min which was ac-
ompanied by uncoordinated movements. After 30 min, the mice
ere rapidly anesthetized with isoflurane (4%) in an induction
hamber, and decapitated. Brain water contents were determined
y the differential weighing procedure described above. Mice
eceived either bilobalide (10 mg/kg i.p.) or vehicle (saline con-
aining 10% DMSO) 30 min before water infusion. Controls did not
eceive water but were killed 1 h after injection with saline (0.1 ml,
ith 10% DMSO) or bilobalide (10 mg/kg, i.p.).

tatistics

ata are shown as means�S.D. of N experiments. Statistical
alculations were performed by GraphPad InStat 3.0 or by Prism
.0, using analysis of variance (ANOVA) of paired or unpaired
ata as indicated in text and figure legends.

RESULTS

n vitro model of brain edema formation

nti-edema effects of bilobalide were first tested in an
n vitro-paradigm using rat hippocampal slices; edema for-

ation in slices was quantified by measuring slice water
ontents using a differential weighing method as previ-
usly described (MacGregor et al., 2003). After 30 min of
uperfusion with control buffer (Tyrode solution), the water
ontent of the slices was 80.7�1.0% (Fig. 1A). To mimic
schemic conditions, the slices were exposed to OGD, i.e.
lucose was omitted from the superfusion buffer which
as also gassed with nitrogen (MacGregor et al., 2003).
xposure of the slices to OGD increased water content by
.05�0.43% (P�0.01). Bilobalide slightly reduced slice
ater content under control conditions and, importantly,
lmost completely prevented edema formation induced by
GD; in the presence of 10 �M bilobalide, the OGD-

nduced increase of water content was 0.55�0.22% when
ompared with incubations with bilobalide alone (Fig. 1A).
his corresponds to an inhibition of edema formation of
2%. The effect of bilobalide was concentration-depen-

ent; as shown in Fig. 1B, bilobalide also induced smaller
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ut significant decreases of edema formation at concen-
rations of 1 and 3 �M.

rain edema formation induced by ischemic
troke in vivo

europrotective and anti-edema effects of bilobalide were
ested in vivo using MCAO in mice to induce focal cerebral
schemia. Fig. 2 shows a representative experiment in
hich infarct areas were stained 24 h after permanent
cclusion with TTC (see Experimental Procedures). The
reas of non-viable tissue, as indicated by pale color, were
uch smaller in the infarcted hemisphere when animals
ere pretreated with bilobalide (10 mg/kg i.p.) 1 h before
CAO (Fig. 2, right panel), compared with controls which
ere treated with vehicle (Fig. 2, left panel). Fig. 3A shows

he averaged infarct areas as found in consecutive coronal
lices. When infarct areas were calculated by averaging
ndividual slices, the infarct area after stroke in control mice
as 32.9�4.5% of the total brain area. Pretreatment with
ilobalide was found to decrease infarct area to 17.0�
.8% which corresponds to a reduction of infarct volume by

ig. 1. Tissue water content in hippocampal slices. (A) Effects of
ilobalide (“Bilo,” 10 �M) on tissue edema induced by OGD. (B)
oncentration–response relationship of bilobalide. Slices were ex-
osed to OGD for 30 min. When bilobalide (1–10 �M) was present, it
as added 5 min before OGD. Water contents were determined at the
nd of the superfusion procedure by differential weighing before and
fter drying the slices. Data in (A) are absolute values, data in (B) were
xpressed as differences from control incubations. Statistical signifi-
ance was evaluated by paired ANOVA. ** P�0.01 vs. controls (Ctr)
N�6 for each series of experiments).
3�9% (P�0.01) (all data mean�S.D., N�6).
c
a

In addition to infarct area, we also calculated the for-
ation of edema in vivo by comparing the size of infarcted
nd contralateral hemisphere as described before (“hemi-
pheric enlargement”; Elliott and Jaspar, 1949; Kinouchi et
l., 1991; Sydserff et al., 1996). Twenty-four hours after
CAO, the ischemic side of the brain showed significant

welling compared with the control side (Fig. 3B; see also
ig. 2). The average increase of the ipsilateral (stroked)
emispheric area over the contralateral area was
9.9�6.5% (Fig. 3B). Slices from mice pretreated with
ilobalide (10 mg/kg i.p.) had a much reduced swelling of
rain tissue; the measured value (�6.0�2.2%) corre-
ponds to a reduction of brain edema by 70�5% (P�0.01)
hen compared with untreated mice.

rain water contents after stroke

s an alternative procedure to measure brain edema for-
ation, we quantified brain water contents in vivo using a
ifferential weighing procedure (Kinouchi et al., 1991; Gue-
iau and Oberlander, 1997). Water contents in the fore-
rain were compared in the stroked and non-stroked hemi-
pheres of the same animals thereby increasing the sta-
istical power of the method. As shown in Fig. 4, brain
ater contents in non-stroked hemispheres were
8.0�0.4% (N�6). MCAO induced an increase of water
ontent to 81.5�0.8% in the ipsilateral hemisphere
P�0.01, ANOVA) indicating significant edema formation
oststroke. Pretreatment with bilobalide (10 mg/kg i.p.)
educed edema formation in the stroked hemisphere but

ig. 2. Effects of bilobalide on cell death induced by MCAO in the
ouse. Left panel: Mouse treated with vehicle (0.3 ml saline i.p.

ontaining 10% DMSO) 1 h prior to MCAO. Right panel: Mouse treated
ith bilobalide (10 mg/kg i.p.) 1 h prior to MCAO. The animals were
illed 24 h past stroke induction, five slices of 1 mm thickness were cut

oronally and stained by TTC. Areas with insufficient mitochondrial
ctivity to reduce TTC are indicated by pale white color.
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id not affect water contents in the contralateral hemi-
phere (Fig. 4). The increase of water content after ische-
ia was reduced from 3.54�0.32% (control) to 1.53�0.60%
y pretreatment with bilobalide which corresponds to an
verage decrease of 57% (P�0.01, t-test).

rain edema induced by water intoxication

o test the specificity of bilobalide’s anti-edema effects, we
sed water intoxication as an alternative in vivo-model of
rain edema formation (Manley et al., 2000; Amiry-
oghaddam et al., 2004). In this series of experiments,

ontrol mice had brain water contents of 77.7�0.5%
N�10) (Fig. 5). Water infusion caused signs of toxicity
hunched posture, reduced spontaneous motility) after
bout 15 min and, after 30 min, an increase of brain water
ontents to 79.2�0.5% (P�0.01, ANOVA). Pretreatment
f the mice with bilobalide (10 mg/kg i.p.) 30 min before
ater injection slightly reduced water contents in both
ontrol and water-intoxicated mice (Fig. 5). The increase of

ig. 3. Effects of bilobalide on (A) infarct area and (B) edema forma-
ion induced by MCAO in the mouse. Infarct areas and edema ratios
ere measured 24 h after MCAO in consecutive brain slices taken (cf.
ig. 2) from mice pretreated with vehicle (controls) or bilobalide
10 mg/kg i.p.). Infarct areas in (A) were calculated as percentage of
nfarct areas over total brain area in each slice and averaged over six
nimals. Edema formation was calculated as hemispheric enlarge-
ent and is given as percentages (relative increase of the brain area
n the infarcted hemisphere vs. the contralateral hemisphere). Results
re mean�S.E.M., N�6.

S
f

ater content following infusion of distilled water, was,
owever, not significantly affected by pretreatment with
ilobalide. The average increase of brain water in water-

ntoxicated control mice was 1.46�0.48%; in bilobalide-
reated mice, this value was slightly reduced 1.30�0.27%
P�0.3, t-test).

DISCUSSION

he goal of the present project was the characterization of
ilobalide as a potential agent to inhibit the formation of
rain edema. We first used an in vitro-model of edema
ormation, i.e. exposure of hippocampal slices to OGD
hich leads to uptake of water as an indicator of cellular

ig. 4. Effects of bilobalide on brain water contents. Brain edema
ormation was induced by MCAO in the mouse. Twenty-four hours
fter MCAO, hemispheric brain water contents were measured in the

orebrains of mice pretreated with vehicle (“Ctr”) or bilobalide (“Bilo”;
0 mg/kg i.p.), by the differential weighing procedure. MCAO was

nduced in the left hemispheres; the right hemispheres represent
ealthy tissue. Results are mean�S.E.M., N�6.

ig. 5. Water intoxication in mice: effect of bilobalide. Water intoxica-
ion was induced by rapid i.p. infusion of distilled water (20% of body
eight) plus desmopressin (3 �g/kg). Mice were killed after 30 min,
nd brain water was determined by differential weighing of total fore-
rain tissue before and after drying of the brains. Bilobalide (10 mg/kg

.p.) or vehicle (Ctr) was administered 30 min before water intoxication.

tatistical significance was evaluated by ANOVA for independent data

rom N�34 experiments (F3,33�29.6; P�0.01). ** P�0.01 vs. Ctr.
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dema formation. According to previous studies, prepara-
ion and superfusion of hippocampal slices per se already
ause a swelling of slices over 30–60 min which is accom-
anied by sodium and calcium uptake (Siklos et al., 1997).
ilobalide slightly reduced water contents under basal con-
itions (Fig. 1A), probably by interfering with ionic move-
ents, although its mechanism of action is unknown (see
elow). During ischemia (OGD), an increase of sodium
nd calcium uptake was observed in earlier studies to
hich voltage-operated cation channels as well as gluta-
ate receptors of the AMPA and NMDA subtypes contrib-
ted (LoPachin et al., 2001; MacGregor et al., 2003). In our
ands, bilobalide (1–10 �M), a constituent of Ginkgo
iloba, was very effective in preventing OGD-induced
dema formation by more than 80%; thus, its efficacy was
imilar to antioxidants, sodium channel blockers and glu-
amate receptor antagonists tested in previous studies
LoPachin et al., 2001; MacGregor et al., 2003). Bilobalide
cted in the low micromolar range, with a half-maximum

nhibition of edema formation occurring at approximately
�M (Fig. 1B).

To test in vivo-activity of bilobalide, we employed
CAO as an experimental model to induce focal brain

schemia. When used in the mouse, MCAO causes the
ormation of a large infarct area in cortex and striatum, with
ome damage also observed in the hippocampus (Mdzi-
arishvili et al., 2005). A variety of pharmacological agents

s known to suppress neuronal cell death after experimen-
al ischemia and/or traumatic brain injury (Lees, 2000;
oyo et al., 2003) but anti-edema effects of compounds
ave been less frequently reported. In the present exper-

ments, we confirm an earlier report (Krieglstein et al.,
995) that bilobalide, at a dose of 10 mg/kg, reduces the

nfarct area after MCAO as judged by TTC staining of
iable cells (Fig. 2). More importantly, we report that
dema formation in the brain is strongly inhibited by the
ompound. When judged from measurements of hemi-
pheric enlargement, brain edema was inhibited by 70%
Fig. 3B). When brain water content was used as param-
ter of edema formation, pretreatment of bilobalide de-
reased edema formation by 57% (Fig. 4). The similarity of
hese results attests to the validity of the two methods to
easure edema formation.

Water intoxication causes hyponatremia and hypos-
olarity in plasma and is followed by the development of
rain edema (Olson et al., 1990; Gullans and Verbalis,
993). Brain water uptake following water intoxication has
ecently been shown to depend on aquaporin-4, and swell-
ng of astrocytic endfeet is the most likely cellular conse-
uence of water intoxication (Manley et al., 2000). In the
resent study, we used water intoxication to test the se-

ectivity of bilobalide’s anti-edema action. Bilobalide, while
lightly reducing brain water contents in both control and
ater-treated mice, was not significantly active in this
odel. Thus, bilobalide does not seem to block water

ransport under hyposmolar conditions, and its effects
ere selective for edema formation induced by ischemia.

An important question that was not addressed in the

resent study is the molecular mechanism of bilobalide’s
nti-edema action. Previous work has shown that inhib-
tors of sodium and calcium influx, as well as antioxi-
ants, protect against edema formation, at least in

n vitro-models (LoPachin et al., 2001; MacGregor et al.,
003). Bilobalide can protect mitochondrial energetics and
a,K-ATPase activity under conditions of ischemia (Pierre
t al., 1999; Chandrasekaran et al., 2001), and we and
thers have provided evidence that bilobalide interferes
ith chloride fluxes through ligand-operated receptor
hannels (Chatterjee et al., 2003; Klein et al., 2003). These
ffects may contribute to an improved maintenance of ionic
alances in ischemic areas. As water enters the cells
ogether with ions, improved maintenance of ionic gradi-
nts of sodium and chloride would explain bilobalide’s
eneficial effects. Astrocytes may be potential targets of
ilobalide because they contribute strongly to brain swell-

ng (see introduction), and bilobalide was recently shown
o increase the expression of glial growth factors in astro-
lial cultures (Zheng et al., 2000). However, more work is
eeded to identify the molecular target(s) of this important
atural compound.

Summarizing, the present results identify bilobalide as
rather potent neuroprotective agent which reduces brain

dema formation under ischemic conditions by more than
0%. This effect is of sufficient magnitude to be of thera-
eutic relevance. Bilobalide’s potency in the low micromo-

ar range would make the compound a potential drug in its
wn right, or it may serve as a lead compound for the
evelopment of more potent derivatives. Bilobalide proba-
ly reaches therapeutic levels in the brain, as shown in this
nd previous studies, but as yet, there are no pharmaco-
inetic studies with pure bilobalide that would allow the
efinition of an active brain level of the drug. Rats dosed
rally with 30–100 mg/kg ginkgo extract EGb761 (which
ontains 3% bilobalide) had plasma levels of bilobalide of
.5–1.3 �M (Biber, 2003). With linear pharmacokinetics,
0 mg/kg of bilobalide (as used in the present study) would
herefore be expected to produce plasma levels of ca.

�M, a concentration that was active in the in vitro-
xperiments (Fig. 1). It remains an open question whether
inkgo extracts would yield anti-edema effects in humans,
ut the current study would seem to encourage investiga-
ions into this important issue of human health.
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hatterjee and M. Nöldner, Schwabe Co., Karlsruhe, Germany,

or helpful discussions and for supplying pure bilobalide, and to
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