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Abstract
Bilobalide, a constituent of Ginkgo biloba, has neuroprotective properties. Its mechanism of action
is unknown but it was recently found to block GABAA receptors. The goal of this study was to test
the potential role of a GABAergic mechanism for the neuroprotective activity of bilobalide. In rat
hippocampal slices exposed to NMDA, release of choline indicates breakdown of membrane
phospholipids. NMDA-induced choline release was almost completely blocked in the presence of
bilobalide (10 μM) and under low-chloride conditions. Bicuculline (100 μM), a competitive
antagonist at GABAA receptors, reduced NMDA-induced choline release to a small extent (−23%).
GABA (100 μM) partially antagonized the inhibitory action of bilobalide. Exposure of hippocampal
slices to NMDA also caused edema formation as measured by increases of tissue water content.
NMDA-induced edema formation was suppressed by bilobalide and by low-chloride conditions.
Bicuculline exerted partial protection (by 30%) while GABA reduced bilobalide's effect by about
one third.

To investigate bilobalide's interaction with GABAA receptors directly, we measured binding of
[35S-TBPS] to rat cortical membranes. TBPS binding was competitively inhibited by bilobalide in
the low micromolar range (IC50=3.7 μM). As a functional test, we determined 36chloride flux in rat
corticohippocampal synaptoneurosomes. GABA (100μM) significantly increased 36chloride flux
(+65 %), and this increase was blocked by bilobalide, but with low potency (IC50: 39 μM). We
conclude that, while antagonism of GABAA receptors may contribute to bilobalide's neuroprotective
effects, additional mechanisms must be postulated to fully explain bilobalide's actions.
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1. Introduction
Ginkgo biloba extracts such as EGb 761 are widely used for the treatment of chronic
neurodegenerative disorders such as Alzheimer's disease (Oken et al., 1998; DeFeudis and
Drieu, 2000). Experimental work during the last ten years has shown that Ginkgo extracts and
their constituents, such as ginkgolides and bilobalide, also exert beneficial effects in animal
models of acute neurodegeneration, e.g. in cerebral hypoxia and ischemia (Krieglstein et al.,
1995; Chandrasekaran et al., 2001). In an experimental model of hypoxia-induced phospholipid
breakdown, we found that bilobalide, a sesquiterpene lactone which constitutes ca. 3 % of
EGb761, was the active constituent of the extract (Klein et al., 1997) acting in the
submicromolar range (IC50=0.38 μM). In further work, we described the antagonistic effect
of bilobalide on NMDA receptor-induced choline release in the low micromolar range
(IC50=2.3 μM) (Weichel et al., 1999). Other groups reported neuroprotection by bilobalide in
neuronal cell cultures where it counteracted apoptotic cell death induced by amyloid (Luo et
al., 2002) and serum deprivation (Ahlemeyer et al., 1999). The neuroprotective properties of
bilobalide have recently been reviewed (DeFeudis, 2002; Ahlemeyer and Krieglstein, 2003).

While evidence for neuroprotective properties of bilobalide is available from a variety of
models, its mechanism of action is elusive. Bilobalide has been found to interfere with
glutamatergic transmission, with mitochondrial function and apoptosis and it has genomic as
well as proteomic effects (DeFeudis, 2002; Ahlemeyer and Krieglstein, 2003). The best
available evidence, however, points to an interference with GABAergic neurotransmission.
Electrophysiological data in hippocampal slices (Sasaki et al., 1995) as well as antagonistic
effects of bilobalide on barbital-induced sleeping time (Brochet et al., 1999) gave the first
indirect evidence for an interference of bilobalide with GABAergic actions. Further data on
GABAergic actions of bilobalide were reported by us in neurochemical models (Klein et al.,
2003) and by others in electrophysiological studies (Chatterjee et al., 2003). Subsequently, it
was demonstrated in careful patch-clamp studies that bilobalide is a noncompetitive antagonist
(open channel blocker) at GABAA receptors in embryonic cortical slices (Ivic et al., 2003) and
at recombinant GABAA receptors and GABAC receptors (Huang et al., 2003, 2006). Moreover,
it was reported that bilobalide structurally resembles picrotoxin as a ligand of GABA and
glycine channels (Hawthorne and Lynch, 2005).

Several groups have reported that blockade of GABAA receptors can be neuroprotective in
certain situations (Erdö et al., 1991; Muir et al., 1996; Chen et al., 1999). It remains unclear,
however, if the recently described GABAergic antagonism contributes to the neuroprotective
properties of bilobalide. In the present communication, we tested the potential of GABAergic
antagonism in two models of excitotoxicity, and we determined if bilobalide's neuroprotective
effects may be due to interactions with the GABAA receptor.

2. Results
2.1 Choline release from hippocampal slices

The model of NMDA-induced choline release was established in our laboratory and can be
used to follow NMDA receptor-induced excitotoxicity and membrane brakdown (Weichel et
al., 1999; Klein, 2000). In the present study, basal efflux of choline from rat hippocampal slices
was 1.5±0.1 pmol/10μl (N=24); it increased slightly (by 15-20%) during the experimental
period (30 min; Fig. 1). Basal choline efflux was unchanged in the absence or presence of
magnesium (data not shown). Upon addition of NMDA (100 μM) in magnesium-free solution,
we observed an immediate, approximately two-fold increase of choline release that lasted
beyond the experimental period of observation (30 min; Figs. 1 and 2).
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In this model of NMDA receptor-mediated excitotoxicity, we tested three conditions: the effect
of low chloride conditions, of bicuculline, and of bilobalide. Replacement of sodium chloride
with sodium sulfate (Fig. 1A) resulted in a close to linear reduction of NMDA-induced choline
release indicating a strict requirement of the chloride ion for NMDA's actions. For the
quantification of effects, we calculated the “areas under the curve” (AUC) values as a measure
of the total amount of free choline that was released by NMDA receptor activation during 30
min of superfusion (Table 1). Accordingly, NMDA-induced choline release was 43 % of
NMDA in control buffer when half of the chloride was exchanged for sulfate; it was less than
20% with low (6.3 mM) or zero chloride solutions (Table 1).

Bicuculline is a competitive antagonist at the GABAA receptor. The presence of bicuculline
(100 μM) per se caused a small increase of basal choline release (Fig. 1B). When bicuculline
was given together with NMDA, it reduced NMDA-induced choline release by 23% based on
AUC values (p<0.05; Table 1). Bilobalide (10 μM), given alone, did not affect basal choline
release (data not shown), but it suppressed NMDA-induced choline release by more than 90%
(Fig. 2) (p<0.01; Table 1). GABA (100 μM) slightly increased choline release per se (p<0.05;
Table 1) but did not significantly affect NMDA-induced release of choline (Fig. 2; Table 1).
However, GABA partially counteracted bilobalide's effect (Fig. 2). Based on AUC values, the
NMDA effect in the presence of GABA was 1474 AU (1844 minus 370); in the presence of
GABA, bilobalide reduced the NMDA effect by 781 AU (1844 minus 1063) which is
equivalent to a 47% reduction of this response.

In two experiments, this GABA effect was apparently blocked in the presence of picrotoxin,
a well-characterized GABAA channel blocker (data not shown); however, picrotoxin interfered
with the choline oxidase-based detection of choline in this assay, and further experiments with
picrotoxin were not performed.

2.2 Brain edema induced by excitotoxicity
As a second model of tissue damage induced by excitotoxicity, we exposed rat hippocampal
slices to NMDA and measured slice water contents as an indicator of cytotoxic edema
formation. In our hands, water contents in untreated slices superfused for 30 minutes with low-
magnesium Tyrode solution were 77.8 ± 0.7 % (mean ± S.D., N=18). While basal values of
water contents varied somewhat (from 76-80 %), relative changes of water contents after
NMDA exposure were highly reproducible (Figs. 3 and 4). We here report that the excitotoxic
agent, NMDA, caused an increase of the slice water content by approximately 2 % (Figs. 3
and 4).

In this model, we tested the same conditions as with the choline release experiments. First, we
noted that superfusion with a low-chloride solution caused a slight reduction of water contents
under basal conditions (p>0.05; Fig. 3A). Importantly, the low-chloride condition completely
prevented NMDA-induced edema formation (Fig. 3A). Moreover, the increase of tissue water
induced by NMDA (+2.02 ±0.53 %, N=6, column 2 in Fig. 3A) was reversed to a decrease
when NMDA was applied under low-chloride conditions (−0.62 ± 0.86 %; N=6, calculated
from columns 1 and 3 in Fig. 3A). The latter condition actually produced lower than control
values (p<0.05) indicating a loss of water from the slices when the slices were exposed to
NMDA under low-chloride conditions.

Bicuculline (100 μM) caused a reduction of hippocampal water contents when infused alone
(p<0.05 vs. controls, Fig. 3B). More importantly, bicuculline also reduced NMDA-induced
edema (Fig. 3B). In the absence of bicuculline, tissue water in NMDA-exposed slices increased
by 2.04 ± 0.40 % (mean ± SEM, N=6); in the presence of bicuculline, this value changed to
1.43 ± 0.59 % (calculated from columns 1 and 3 in Fig. 3B). Thus, bicuculline reduced the
NMDA effect by 30% (p=0.06, t-test).
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The effects of bilobalide on excitotoxic in vitro brain edema formation are shown in Fig. 4.
Bilobalide reduced basal water contents to a similar degree as bicuculline and the low-chloride
condition (−0.75% vs. controls, p>0.05). It also largely prevented NMDA-induced edema
formation; in fact, the NMDA-induced increase of tissue water was not significant vs. controls
in the presence of bilobalide (Fig. 4A). The NMDA-induced increase of tissue water was 2.06
± 0.70 % in control slices (Fig. 4A, column 2, N=6) and 0.87 ± 1.03 % in the presence of
bilobalide (Fig. 4A, columns 1 and 3, N=6); this corresponds to a reduction of the NMDA
effect by 58% (p<0.01). In a second series of experiments, we compared the effect of bilobalide
in the absence and presence of GABA (100 μM). As shown in Fig. 4B, GABA partially
prevented the effect of bilobalide; it restored the effect of NMDA to about 1/3 of its effect in
the absence of bilobalide. In parallel experiments, GABA alone did not affect NMDA-induced
edema formation (data not shown).

2.3 TBPS binding assay
The following experiments directly addressed the interaction of bilobalide with GABAA
receptors. While previous work had described GABAA–antagonistic properties of bilobalide
(see Introduction), binding studies had not been performed. In the present study, specific
binding of the GABAA receptor ligand, [35S]-TBPS, to rat corticohippocampal membranes
was completely prevented by picrotoxin (10 μM) (data not shown). [35S]-TBPS was also
displaced in the presence of bilobalide which displayed a KD value of 3.7 μM (Fig. 5); the
confidence interval (95%) was 2.7-4.6 μM, the correlation coefficient R2 was 0.975.

2.4 36Chloride flux assay
To compare the binding data with a functional assay, we measured the GABA-induced influx
of chloride in corticohippocampal synaptoneurosomes. Control experiments verified that
GABA (100 μM) significantly increased 36Cl uptake in synaptoneurosomes (+ 65%; p<0.01,
N=12) (Fig. 6A). The GABA effect was completely inhibited in the presence of bicuculline
(100 μM), a competitive antagonist of GABA at GABAA receptors (Fig. 6A). It was also
inhibited by 81% in the presence of picrotoxin (100 μM). Bilobalide (1-1000 μM), in high
concentrations, completely blocked GABA-induced chloride uptake in synaptoneurosomes.
Its potency, however, was relatively low; the IC50 value was calculated as 39 μM (95%
confidence interval: 24-63 μM; R2=0.991) (Fig. 6B).

3. Discussion
The goal of the present project was to investigate the interaction of bilobalide with GABAA
receptors, and to test the contribution of GABAergic blockade by bilobalide to its
neuroprotective actions. The project was inspired by recent reports showing that bilobalide
blocks GABAergic responses in electrophysiological experiments (see Introduction). We here
applied two assays of cellular toxicity to screen conditions of low chloride availability,
GABAA receptor blockade, and GABA-bilobalide interactions.

3.1 Neuroprotective actions of bilobalide in assays of excitotoxicity
Choline release secondary to NMDA receptor activation was previously found to depend on
calcium influx and activation of phospholipase A2, leading to hydrolysis of
phosphatidylcholine and membrane breakdown, a typical consequence of excitotoxicity
(Weichel et al., 1999; Klein, 2000). Edema formation in hippocampal slices was previously
reported to occur upon exposure of slices to ischemia (oxygen-glucose deprivation), and the
model has been used to investigate the roles of various receptors and ion channels which are
linked to ischemia-induced edema formation (LoPachin et al., 2001; MacGregor et al., 2003).
We here report that this model is also useful to measure excitotoxicity induced by exposure to
NMDA (in low-magnesium buffer). In our hands, water contents of untreated slices varied
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between 76 and 80 %, but the NMDA-induced increases were highly reproducible (cf. Figs. 3
and 4).

We first used low-chloride conditions to test the idea that interference with chloride influx (e.g.
through GABAA receptors) would indeed modulate excitotoxicity. NMDA receptor activation
is known to cause influx of chloride ions in hippocampal slices (Inglefield and Schwartz-
Bloom, 1998), and NMDA receptor-mediated neuronal cell death is known to depend on
chloride influx (Rothman, 1985; Olney et al., 1986; Choi, 1987). The influx pathways of
chloride following NMDA receptor activation have not been conclusively investigated,
however, and the role of GABAA receptors and other chloride influx pathways are under
scrutiny (Takahashi et al., 1995; Hasbani et al., 1998; Sun and Murali, 1998; Schwartz-Bloom
and Sah, 2001). In the present study, NMDA-induced choline release was found to be strictly
dependent on extracellular chloride; partial or complete substitution of chloride with sulfate
(which does not pass chloride channels) was found to cause a corresponding decrease of choline
release (Fig. 1A). In agreement with the choline release experiments, absence of chloride in
the superfusion buffer also completely blocked NMDA-induced edema formation (Fig. 3A).
In fact, NMDA even caused a reduction of slice water contents during low-chloride conditions
(Fig. 3A), a finding that may be explained by reversal of the chloride gradient across the cell
membrane under lowchloride conditions (Schwartz-Bloom and Sah, 2001). While more work
is required to confirm this speculation, our data with low-chloride solutions confirm that
blockade of chloride influx is a potential mechanism of action for neuroprotective drugs in
assays of excitotoxicity.

Bicuculline, the competitive antagonists at GABAA receptors, was used to test the contribution
of endogenous GABA on NMDA-induced excitotoxicity. NMDA receptor activation is known
to induce GABA release from hippocampal neurons (Janaky et al., 1993; Fontana et al.,
1997). In the choline release assay, bicuculline caused a significant decrease of NMDA-
induced choline release by 23 % (p<0.05; Fig. 1B, Table 1). Bicuculline showed similar activity
in the edema assay where it reduced NMDA-induced edema formation by 30 % (Fig. 3B).
These data indicate that GABAA receptors likely contribute to NMDA-induced excitotoxicity
and chloride influx under our experimental conditions; however, other chloride influx
pathways that are not blocked by bicuculline must also be operative.

Bilobalide, the drug under study, completely blocked NMDA-induced choline release (Fig. 2),
a finding that is in agreement with previous reports from our group (Weichel et al., 1999;Klein
et al., 2003). We now report that bilobalide also reduces NMDA-induced edema formation. In
fact, bilobalide completely prevented NMDA-induced edema formation when compared to
control slices. When its effect on basal water content was taken into account (Fig. 2A), the
inhibition of NMDA-induced edema (in the absence vs. in the presence of NMDA) by
bilobalide was calculated as 58 % (p<0.01; see Results). Effects of bilobalide on basal water
contents may be explained by the fact that freshly prepared hippocampal slices are known to
undergo some swelling even under control conditions. This process is accompanied by uptake
of sodium, chloride, and water (Siklos et al., 1997), and it was attenuated by low-chloride
conditions, bicuculline, and bilobalide in the present study (cf. Figs. 3 and 4).

To test if bilobalide's effects were mediated by GABA receptor blockade, we carried out
another set of experiments in which bilobalide's actions were tested in the presence of GABA.
In these experiments, GABA was found to partially antagonize bilobalide's inhibitory actions.
In both assays – choline release and edema formation - the presence of GABA reduced
bilobalide's effect although bilobalide was still inhibitory even in the presence of a high
concentration (100 μM) of GABA. In the choline release assay, bilobalide was more effective
inhibiting the NMDA effect than either bicuculline or bilobalide plus GABA combined (Fig.
2 and Table 1). The same observation was made in the edema assay (Fig. 4B).
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3.2 GABAA receptor binding and blockade by bilobalide
As the excitotoxicity assays indicated a potential relevance for the interaction of bilobalide
with GABAA receptors, we decided to directly measure GABAergic activities of bilobalide by
two approaches, the TBPS binding assay and the 36chloride flux assay. TBPS (t-butylbicyclo-
phosphorothionate) is a synthetic substance that binds with high affinity (KD=25 nM) in the
GABAA-associated chloride channel (Squires et al., 1983). Competition with TBPS binding
is often used to characterize GABAA channel blockers (Holland et al., 1993; Vogel and Vogel,
2002). In this study, bilobalide was found to displace [35S]-TBPS in rat cortical membranes
with a IC50 value of 3.7 μM (Fig. 5). The ability of bilobalide to displace TBPS corresponds
to its structural similarity to picrotoxin, another compound binding the GABAA receptor
channel (Ivic et al., 2003; Hawthorne and Lynch, 2005). The IC50 value determined for
bilobalide in this assay (3.7 μM, Fig. 5) is reasonably close to the value reported for blockade
of recombinant GABAA receptors by bilobalide (4.6 μM; Huang et al., 2003) and to our earlier
data showing blockade of NMDA-induced choline release (2.3 μM; Weichel et al., 1999).

Blockers of the GABAA receptor, such as picrotoxin or bicuculline, are well-known
convulsants. In contrast, bilobalide, in spite of its apparent GABAergic antagonism, is totally
inactive as a convulsant even in high doses; it actually exhibits some anti-convulsant properties
(Sasaki et al., 1995; Weichel et al., 1999; DeFeudis, 2002). To elucidate this apparent
contradiction, we decided to carry out a functional assay of GABAA receptor activity, namely
the 36Cl flux assay in synaptoneurosomes (Harris and Allan, 1985; Bloomquist and Soderlund,
1985). In our hands, GABA induced a significant increase of 36Cl uptake into
corticohippocampal synaptoneurosomes which was blocked in the presence of bicuculline and
picrotoxin (Fig. 6A). Bilobalide was found to block GABA-induced 36Cl uptake (Fig. 6B);
however, the IC50 value was high at 39 μM. This value is at variance with the TBPS binding
assay but it resembles the concentration of bilobalide which was required to block GABAergic
currents in rat cortical neurons (46 μM; Ivic et al., 2003). We conclude that bilobalide binding
to the GABAA receptor is not sufficient to block chloride flux through the receptor pore.
Bilobalide is a naturally occurring γ-butyrolactone, and its behaviour at GABAA receptors
resembles findings with synthetic γ-butyrolactones in earlier studies that displaced TBPS
binding without blocking GABAergic function (Weissman et al., 1984; Holland et al., 1990).
Later work with synthetic γ-butyrolactones demonstrated that they bind at sites that are
allosterically coupled to the TBPS binding site (Holland et al., 1993). We speculate that
bilobalide may also bind to an allosteric site on the GABAA receptor thereby avoiding direct
interference with chloride flux.

Summarizing, our data indicate that bilobalide binds GABAA receptors with an affinity in the
low micromolar range but that blockade of GABAA receptor function, as reflected in chloride
flux, is only achieved at ten-fold higher concentrations. This type of behaviour explains the
lack of convulsive activity of the drug because concentrations above 10 μM likely will not be
reached in vivo. While there are no pharmacokinetic studies with pure bilobalide, rats dosed
orally with 30-100 mg/kg Ginkgo extract EGb761 (which contains 3 % bilobalide) had plasma
levels of bilobalide of 0.5-1.3 μM (Biber, 2003). Thus, activities of bilobalide observed in the
low micromolar range may be therapeutically relevant while much higer concentrations are
probably irrelevant for therapeutic use.

Our current findings indicate that GABAergic antagonism plays a minor role in the
neuroprotective properties of bilobalide. First, bilobalide has low potency at inhibiting chloride
fluxes through the GABAA receptor channel. Second, bilobalide was consistently more active
than bicuculline in the excitotoxicity assays. Moreover, the concentration of bilobalide used
in the excitotoxicity assays (10 μM) would not be expected to inhibit GABAergic chloride flux
by more than 20% whereas bilobalide's blocking actions on the NMDA effects were
consistently above 50%. Thus, while the well-known GABAA receptor antagonism may
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contribute to bilobalide's neuroprotective effects to a small extent, additional activities of
bilobalide must be postulated to explain the bulk of its neuroprotective effects. One possibility
would be blockade of other chloride channels because the low-chloride conditions were equally
effective as bilobalide in both assays of excitotoxicity. Alternative mechanisms of action of
bilobalide are currently being investigated in our laboratory.

4. Experimental procedures
4.1 Materials

Bilobalide was isolated in 99 % purity from Ginkgo biloba leaves as described (Weinges and
Bähr, 1969) and was made available by Dr. Michael Nöldner (Dr. Willmar Schwabe
Pharmaceuticals, Karlsruhe, Germany). [35S]-TBPS (NEG049; 2 mCi/ml) was from Perkin
Elmer (Boston, MA). 36Cl as sodium chloride (ARX-104; 0.6 Ci/mol) was from American
Radiolabeled Chemicals (St. Louis, MO). All other chemicals were from Sigma at the highest
purity available.

4.2 Animals
Male Sprague-Dawley rats (250-350g; Charles River) were kept under standardised light/dark
(12h), temperature (22°C) and humidity (70 %) conditions, with rat chow and water available
ad libitum. Animal procedures were in accordance with NIH regulations and were registered
with the Institutional Animal Care and Use Committee of TTUHSC (protocol #04003-02).

4.3 Choline release from rat hippocampal slices
Hippocampal slices (400 µm) were prepared from male rats as previously described (Klein et
al., 1997; Weichel et al., 1999) and superfused (0.7ml/min) at 35°C with Tyrode solution of
the following composition: 142 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2, 1.2 mM MgCl2, 11.9
mM NaHCO3, 5.6 mM glucose. All superfusion solutions were continuously gassed with
carbogen (95% O2, 5% CO2). The slices were first incubated with 0.1 mM di-isopropyl-
fluorophosphate (DFP) for 30 minutes in order to prevent choline release from acetylcholine
by the action of acetylcholinesterase. Subsequently, the slices were washed for 40 minutes with
magnesium-free Tyrode solution, and basal choline efflux was determined. Then, the
superfusion solutions were switched to those containing NMDA (100 μM) and/or bilobalide
(10 μM) or GABA (100 μM) in magnesium-free Tyrode solution. For low chloride conditions,
sodium chloride was partially or completely replaced by sodium sulfate (osmolarity was kept
constant). For zero chloride conditions, KCl and CaCl2 were additionally replaced by their
respective nitrate salts.

The superfusates were collected at 5 or 10 min intervals and analyzed for choline content.
Choline was determined by a chemoluminescence assay (Klein et al., 1997; Weichel et al.,
1999). Briefly, 10 μl aliquots of the superfusates were given to a reaction mixture consisting
of 20 mM Tris buffer pH 8.6, 1 μg luminol, 10 μg peroxidase, and 1.25 U choline oxidase, and
the chemiluminescence resulting from oxidation of choline to betaine was measured at 425 nm
in a LKB-Wallac luminometer. The assay was linear from 1-5 pmol choline. The data for
choline efflux (Fig. 2) are expressed in % of basal choline efflux which was 71.6 ± 5.4 pmol/
min/mg protein (n=24). Three values for choline efflux were taken at 30, 20 and 10 minutes
before addition of NMDA, and the average of these three values was set as 100% and used to
calculate the relative changes of choline efflux after addition of NMDA in Figs. 1 and 2. Areas
under the curve (AUC) values were calculated for each individual experiment; they represent
the amount of choline that was released by NMDA receptor activation during 30 min of
superfusion.
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4.4 Edema formation in hippocampal slices
Rat hippocampal slices were prepared and superfused with Tyrode solution as described above.
During the equilibration period, all superfusion solutions were continuously gassed with
carbogen (95% O2, 5% CO2). To induce cytotoxic edema formation, the slices were superfused
with NMDA (300 μM), and the concentration of magnesium chloride in the Tyrode solution
was lowered to 1/10 (0.12 mM). Bilobalide, when used, was pre-incubated for 5 min before
NMDA was added. Bicuculline and GABA were added together with NMDA. Stock solutions
of bicuculline and bilobalide were prepared in DMSO; during superfusion of slices with these
compounds, all solutions contained 0.1% DMSO. Four lanes of slices were superfused in
parallel for 30 minutes. At the end of the superfusion period, slices from each lane were
collected, superficially dried, transferred to aluminum foil, and weighed (“wet weight”). They
were then dried over night at 105°C in a desiccating oven and weighed again (“dry weight”).
Total tissue brain water was calculated according to [(wet weight – dry weight)/ wet weight]
× 100.

4.5 TBPS binding assay
Preparation of rat corticohippocampal membranes and measurement of [35S-]TBPS binding
were carried out as previously described (Squires et al., 1983; Vogel and Vogel, 2002). Briefly,
aliquots of membranes were incubated with [35S]-TBPS (2 nM) in the presence of bilobalide
(0.3-30 μM, dissolved in DMSO). Incubations with DMSO were used as negative controls,
those with non-labelled TBPS (10 μM) to determine specific binding; specific binding was
77-85% of total binding. After incubation at 25°C for 150 min, the assay was terminated by
rapid filtration over Whatman GF/B filters, followed by four washes (5 ml each) with
incubation buffer (5 mM Tris buffer, pH 7.4, with 0.1 M KCl). Radioactivity on filters was
counted in a Beckman Coulter LS 6000 scintillation counter. All experiments were done in
triplicate.

4.6 36Chloride flux assay in synaptoneurosomes
Synaptoneurosomes were prepared from rat corticohippocampal tissue essentially as described
(Hollingsworth et al., 1985; Bloomquist and Soderlund, 1985). For 36Cl uptake assays,
corticohippocampal vesicles were suspended in buffer A (20 mM HEPES buffer pH 7.4 with
54 mM glucose, 118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 2.5 mM CaCl2), and chemicals
(bilobalide; DMSO for negative control; picrotoxin and bicuculline for positive controls) were
added and preincubated for 10 min at room temperature. Vials were then transferred to a heating
block and incubated for 60 sec at 30°C in the presence of 100 μM DIDS and 10 μM furosemide
(Bloomquist and Soderlund, 1985). Aliquots of the incubations were then rapidly mixed with
buffer B (composition identical to buffer A, except that NaCl was 145 mM and glucose was
27 mM) containing 36chloride (1 μCi/ml). GABA (100 μM), when present, was added to buffer
B. After 5 sec of incubation, the assay tubes (0.4 ml) were mixed with a surplus (4 ml) of ice-
cold buffer B and rapidly filtered over GF/C Whatman filters in a vacuum filter unit. Filters
were washed twice, dried and counted for radioactivity in a Beckman Coulter LS 6000
scintillation counter.

4.7 Statistics
Statistical calculations were performed by GraphPad InStat 3.0 program package, using
analysis of variance (ANOVA) of paired or unpaired data as indicated in text and figure
legends. Curve fitting and calculation of inhibition constants (Figs 5 and 6) was done by
nonlinear regression using GraphPad Prism 3.0.
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Fig. 1.
Choline release from hippocampal slices induced by NMDA receptor activation: effects of low
chloride and bicuculline - Hippocampal slices were superfused with a magnesium-free
solution, and the superfusion fluid was switched to one containing N-methyl-D-aspartate
(NMDA, 100 μM) at time zero. Choline efflux was measured using a chemoluminescence
assay. (A) Effect of NMDA in solutions with varying concentrations of chloride. In these
experiments, NaCl (142 mM in controls, “NaCl”) was partially (“50% Cl”) or completely
(“Low Cl”) replaced by Na2SO4 in an isoosmotic manner. For the zero-chloride (“Zero Cl”)
condition, KCl and CaCl2 were additionally replaced by their nitrate salts. (B) Effect of
bicuculline (100 μM), a competitive antagonist at GABAA receptors. In these experiments,
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choline efflux was recorded under basal conditions (“Ctr”) or in the presence of bicuculline
(“Bicuculline”). When NMDA was present, it was added at time zero in the absence (“NMDA”)
or presence (“NMDA + Bicu”) of bicuculline. Data are given as relative changes of the basal
choline efflux (determined from three consecutive samples before addition of NMDA) and are
means ± S.E.M. of 4-6 experiments.
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Fig. 2.
Choline release from hippocampal slices induced by NMDA receptor activation: effects of
bilobalide and GABA - Hippocampal slices were superfused with a magnesium-free solution.
When N-methyl-D-aspartate (NMDA) was present, it was added at time zero. Choline efflux
was measured using a chemoluminescence assay. Data are as follows: “NMDA 100μM”
indicates the effect of NMDA alone. “NMDA + Bilo”, “NMDA + GABA” and “NMDA + Bilo
+ GABA” show the responses of NMDA in the presence of bilobalide (Bilo, 10 μM) or GABA
(100 μM), or both. Bilobalide and GABA, when present, were added together with NMDA.
“GABA 100 μM” illustrates the effect of GABA alone, in the absence of NMDA. Bilobalide,
when given alone, did not affect choline efflux (data not illustrated). Data are given as relative
changes of the basal choline efflux (determined from three consecutive samples before addition
of NMDA) and are means ± S.E.M. of 4-6 experiments.
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Fig. 3.
Edema formation in hippocampal slices: effects of low chloride and bicuculline. (A) Effect of
low chloride. Slices were superfused for 30 min with control (low-magnesium) buffer (data
not shown) or with low chloride buffer (“Low Cl”) in which NaCl was replaced by sodium
sulfate keeping isoosmolarity. As indicated, slices were exposed to NMDA (300 μM) in control
buffer (“NMDA”) or in low-chloride buffer (“NMDA Low Cl”). (B) Effect of bicuculline.
Slices were superfused with control buffer (not shown), control buffer containing 100 μM
bicuculline (“Bicu”), with NMDA (300 μM, “NMDA”) or with NMDA in the presence of
bicuculline (“NMDA + Bicu”). Superfusion buffers contained 0.1% DMSO in these
experiments. Water contents in the slices were determined at the end of the superfusion
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procedure by differential weighing before and after drying the slices. Results are expressed as
differences of water contents when compared to control incubations (low magnesium buffer,
no drugs). Statistical significance was evaluated by paired ANOVA. **, p<0.01 vs controls.
##, p<0.01 vs. NMDA (N=6 for each series of experiments).
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Fig. 4.
Edema formation in hippocampal slices: effects of bilobalide and GABA. (A) Effect of
bilobalide. Slices were superfused for 30 min with control (low-magnesium) buffer (data not
shown) or with 10 μM bilobalide (“Bilo”). As indicated, slices were exposed to NMDA (300
μM) in the absence (“NMDA”) or presence (“NMDA + Bilo”) of bilobalide. When present,
bilobalide was added five minutes before NMDA. (B) Effect of bilobalide plus GABA. Slices
were superfused for 30 min with control (low-magnesium) buffer (data not shown) or with
buffer containing NMDA (“NMDA”, 300 μM), NMDA plus 10 μM bilobalide (“NMDA +
Bilo”) or NMDA plus 10 μM bilobalide plus 100 μM GABA (“NMDA + Bilo + GABA). When
present, bilobalide was added five minutes before NMDA. All superfusion buffers in (A) and
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(B) contained 0.1% DMSO. Water contents in the slices were determined at the end of the
superfusion procedure by differential weighing before and after drying the slices. Results are
expressed as differences of water contents when compared to control incubations (low
magnesium buffer, no drugs). Statistical significance was evaluated by paired ANOVA. **,
p<0.01 vs controls. ##, p<0.01 vs. NMDA (N=6 for each series of experiments).
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Fig. 5.
Displacement of 35S-TBPS binding by bilobalide - The binding assay was carried out in rat
cortical membranes, as described in Methods. Data were from four different experiments, each
averaged from incubations run in triplicates. The KD value was calculated as 3.7 ± 0.4 μM
(R2=0.975).
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Fig. 6.
36Chloride flux in synaptoneurosomes - Incubations were performed in rat corticohippocampal
synaptoneurosomes as described in Methods. (A) 36Cl uptake under control conditions (“Ctr”),
in the presence of 100 μM GABA (“GABA”), and in the presence of GABA plus bicuculline
(“Bicu”, 100 μM), picrotoxin (“Picro”, 100 μM), or bilobalide (“Bilo”, 100 μM). Shown are
data ± SEM from N=6-12 separate experiments run in triplicate. **, p<0.01 vs control (Ctr).
##, p<0.01 vs. GABA. (B) Inhibition of 36Cl flux induced by GABA (100 μM) in the presence
of bilobalide. The IC50 for bilobalide was calculated from six individual experiments by non-
linear regression (sigmoidal dose-response function) as 39 μM (confidence interval: 24-63
μM; R2=0.99).
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Table 1
Area under the curve (AUC) values from choline efflux experiments.

Data Condition AUC value1 N

Figs. 1-2 NMDA 2000 ± 415 16
Fig. 1A NMDA/50% chloride 870 ± 282a 4

NMDA/Low chloride 323 ± 59a 4
NMDA/Zero chloride 363 ± 158a 4

Fig. 1B NMDA + Bicuculline 1532 ± 227b 6
Bicuculline alone 335 ± 166c 6
Controls 119 ± 90b 6

Fig. 2 NMDA + GABA 1844 ± 656 4
NMDA + Bilobalide 146 ± 149a 5
NMDA + Bilo + GABA 1063 ± 184a 4
GABA alone 370 ± 128c 4

1
AUC values were calculated from the data shown in Figs. 1 and 2, for 30 minutes of choline release. They are given as arbitrary units (AU, formally

representing [%] · min) normalized to 2000 AU for NMDA effects from different experiments (absolute values for NMDA-induced choline releases were
between 1200 and 2500 AU in individual experiments). Statistical evaluation (ANOVA with Dunnett post-test):

a
p<0.01 vs. NMDA.

b
p<0.05 vs. NMDA.

c
p<0.05 vs. controls.
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