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4209 State Road 44, Rootstown, OH 44272, USA

Abstract

Neuroprotective properties of bilobalide, a specific constituent of Ginkgo extracts, were tested in a
mouse model of stroke. After 24 hours of middle cerebral artery occlusion (MCAO), bilobalide
reduced infarct areas in the core region (striatum) by 40-50% when given at 10 mg/kg one hour
prior to MCAO. Neuroprotection was also observed at lower doses, or when the drug was given 1
h past stroke induction. Sensorimotor function in mice was improved by bilobalide as shown by
corner and chimney tests. When brain metabolism in situ was monitored by microdialysis, MCAO
caused a rapid disappearance of extracellular glucose in the striatum which returned to baseline
levels after reperfusion. Extracellular levels of glutamate were increased by more than ten-fold in
striatal tissue, and by four- to fivefold in hippocampal tissue (penumbra). Bilobalide did not affect
glucose levels but strongly attenuated glutamate release in both core and penumbra regions.
Bilobalide was equally active when given locally via the microdialysis probe and also reduced
ischemia-induced glutamate release in vitro in brain slices. We conclude that bilobalide is a strong
neuroprotectant in vivo at doses that can be used therapeutically in humans. The mechanism of
action evidently involves reduction of glutamate release, thereby reducing excitotoxicity.

Keywords
Ginkgo biloba; glucose; microdialysis; middle cerebral artery occulsion; stroke

1. Introduction

Neuroprotection, i.e. the prevention of nerve cell death, remains a prominent goal for the
prevention and therapy of stroke-related damage (Woodruff et al., 2011). To the frustration
of researchers and clinicians, however, many approaches that were effective in experimental
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stroke models failed to elicit beneficial effects in clinical studies (Ginsberg, 2008). While
poor drug properties, e.g. insufficient brain permeability, were responsible for some failures,
many neuroprotective compounds failed because of the time window of drug effects; as a
rule, most compounds only acted when given prior to stroke induction which rendered them
useless for clinical use. Preventive application of neuroprotective drugs would be preferable
but is often limited by intolerable side effects. Therefore, tolerability is of major importance
for current research into neuroprotective drugs (Danton and Dietrich, 2004).

Extracts of Ginkgo biloba are widely used for the treatment of chronic neurodegenerative
disorders such as Alzheimer's disease (Birks and Grimley, 2009) and are well tolerated. In
clinical trials, the well-known Ginkgo extract EGb761 has been almost devoid of side
effects although a potential to inhibit blood coagulation is still under discussion.
Importantly, more than 20 years of experimental work has amply demonstrated that Ginkgo
extracts exert beneficial effects in animal models of acute neurodegeneration, e.g. in cerebral
hypoxia and ischemia (Lee et al., 2002; reviewed by Ahlemeyer and Krieglstein, 2003).
However, high doses of extracts (50-200 mg/kg) were usually required for optimum
efficacy, and use of specific compounds at lower doses may be advantageous.

In earlier work, we had investigated specific constituents of Ginkgo extracts in an in vitro-
model of brain slices exposed to hypoxia and excitotoxicity, and we had reported that the
effectiveness of Ginkgo extract EGb761 in this model was exclusively due to the presence
of bilobalide, a sesquiterpene lactone that constitutes 2.9-3.2% of the extract (Klein et al.,
1997; Weichel et al., 1999). Bilobalide was also identified as active ingredient by other
groups (Chandradsekaran et al., 2001; reviewed by DeFeudis, 2002). In subsequent work,
we further characterized bilobalide's effects in hippocampal slices (Kiewert et al., 2008), and
in a preliminary study in vivo, we found that bilobalide strongly reduced brain edema in
mice subjected to middle cerebral artery occlusion (Mdzinarishvili et al., 2007). Here, we
report dose- and time-dependency of drug action and demonstrate functional improvements
of the treated animals. Most importantly, we analyzed bilobalide's site and mechanism of
action using microdialysis procedures.

2.1 Dose- and time-dependent effects of bilobalide

We used middle cerebral artery occlusion (MCAO) in mice to induce focal cerebral
ischemia in vivo. Figs. 1 and 2 (upper panels) show representative experiments in which
infarct areas were stained with TTC 24 hours after permanent occlusion. A total of nine
mice was used in each group, from which two mice were excluded from analysis because of
extensive bleeding after surgery or death within 24 hours. Among seven successful
experiments in each group, the areas of non-viable, infarcted tissue were much smaller when
animals were treated with bilobalide; this effect was particularly prominent in the striatal
area, the tissue at the core of the infarct. At 10 mg/kg, the drug reduced the infarct area in
striatal slices from 52.1 + 2.8% of total area (controls) to 13.1 + 8.5% (10 mg/kg),
respectively (exemplary data for slice #3, mean = SEM, N=7 each). Bilobalide was also
significantly active at 3 mg/kg (infarct area: 30.9 £ 8.5%; not illustrated) and moderately
active at 1 mg/kg although the effect did not reach statistical significance (Fig. 1). At 0.3
mg/Kkg, the drug was ineffective (data not shown). Fig. 2 demonstrates that bilobalide was
still strongly effective when the drug was administered one hour after MCAO; here, it
reduced stroke area (in slice #3) from 52.1 + 2.8% (controls) to 16.3 + 8.6% (10 mg/kg). At
3 hours past stroke, a limited protection was seen (31.1 £ 5.1%; p<0.05; N=7 each) (Fig. 2).

Brain Res. Author manuscript; available in PMC 2012 November 24.
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2.2 Sensorimotor function

As bilobalide was most effective when given at 10 mg/kg one hour before MCAO, we used
this dose and time point to test for functional recovery in transiently stroked mice. In the
corner test (Fig. 3A), mice did significantly better when bilobalide was given, indicating that
right leg function was better preserved after MCAOQ, concomitant with improved cell
viability in the striatum (Fig. 1). In the chimney test (Fig. 3B), stroked mice had difficulties
leaving the tube whereas all bilobalide-treated mice quickly climbed out of the tube, at a rate
(7-18 s) similar to sham-operated animals (8-15 s).

2.3 Extracellular levels of glucose and lactate

Brain neurochemistry in situ was monitored by microdialysis in mouse striatum, the core
area of the infarct (Fig. 4A and C), and in the hippocampus, an area belonging to the
penumbra, i.e. the area that is only partially damaged by ischemia and can be rescued by
neuroprotective drugs (Fig. 4B and D). The microdialysis probe has access to the
extracellular space, hence, measured values reflect extracellular concentrations. True
extracellular concentrations can be estimated by a comparison of dialyzed concentrations
with in vitro-recoveries which were 23.5% for glucose and 34.9% for glutamate.

Basal levels of striatal glucose before ischemia were 0.39 + 0.11 mM (N=52) and remained
largely unchanged during microdialysis in sham-operated mice (Fig. 4A and B). After
MCADO, striatal glucose levels immediately declined by more than 90% within 20-30
minutes (Fig. 4A). In hippocampus, glucose levels dropped by 75% upon MCAO but
recovered slowly to 50-60% of baseline values in spite of ongoing MCAO indicating
partially preserved blood flow in the penumbra (Fig. 4B). Importantly, pretreatment with
bilobalide had no effect on glucose levels in either striatum or hippocampus indicating that
neither blood supply nor consumption of glucose was affected by the drug (Fig. 4A and B).

It should be mentioned that we also measured extracellular concentrations of lactate which
were 0.34 £ 0.08 mM (N=52); however, lactate levels were strongly (several-fold) increased
at the onset of anesthesia with isoflurane and therefore, were of little significance to monitor
ischemia in our experiments. We have recently described this phenomenon for several
volatile anesthetic drugs (Horn and Klein, 2010) and do not further discuss lactate levels in
this manuscript.

2.4 Extracellular levels of glutamate

Extracellular glutamate levels are much lower than glucose levels; in our experiments, the
extracellular concentration of glutamate in the striatum was 3.59 + 1.62 uM (N=30).
Ischemia is known to lead to the release of large amounts of glutamate from brain cells, a
phenomenon that causes massive neurodegeneration by excitotoxicity (Lipton, 1999; Mehta
et al., 2007). Accordingly, while glutamate remained at low levels in sham-operated mice,
we observed an immediate, very prominent increase of striatal glutamate by (on average)
60-fold (Fig. 4C). Glutamate levels decreased slowly thereafter but remained strongly
elevated for at least two hours. In the hippocampus, levels of glutamate were also strongly
increased, reaching 1,200-1,500 % of baseline and returning to low levels within 120
minutes (Fig. 4D).

Most importantly, in mice pretreated with bilobalide, glutamate release was strongly
attenuated. In the striatum of treated mice, glutamate was released in a delayed fashion,
increased slowly and never reached values that exceeded 2,000% of controls (Fig. 4C). In
the hippocampus of treated mice, glutamate levels never exceeded 500 % of hippocampal
baseline levels and reached control levels after 60 minutes (Fig. 4D). Reduction of glutamate

Brain Res. Author manuscript; available in PMC 2012 November 24.
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release greatly diminishes excitotoxicity and can explain neuroprotective effects (Lipton,
1999; Mehta et al., 2007).

2.5 Local administration of bilobalide

To determine the site of action of bilobalide, MCAO was induced while bilobalide was
given locally. For this purpose, bilobalide (10 uM) was added to the perfusion fluid and
allowed to diffuse into the striatal tissue surrounding the probe (“retrodialysis™). Fig. 5
demonstrates that again, the presence of bilobalide did not affect glucose concentrations
(Fig. 5A) but strongly attenuated the local increase of glutamate in the striatum (Fig. 5B). In
fact, locally infused bilobalide acted qualitatively similar as systemically applied drug
because it both strongly delayed and decreased the ischemia-induced increase of glutamate
levels (Fig. 5B). This observation indicates that bilobalide is neuroprotective by local action
in the brain.

2.6 [3H]-glutamate release assay

This assay was established to investigate the effect of bilobalide on glutamate release under
in vitro-conditions, i.e. in the absence of blood circulation. We used oxygen-glucose
deprivation (OGD) in murine striatal slices as an in vitro-ischemia model and, after
preincubating the slices with [3H]-glutamate, observed an immediate increase of tritium
label when OGD conditions were applied (Fig. 6A). More than 85 % of this radioactivity
was [3H]-glutamate as confirmed by TLC (not illustrated). While bilobalide (10 uM) did not
affect basal release of [3H]-glutamate, it significantly reduced the ischemia-induced release
(Fig. 6A). As estimated from AUC calculations, bilobalide reduced ischemia-induced
glutamate release by 65% (p<0.05; Fig. 6B).

2.7 Enzymatic formation of glutamate

Using mouse brain homogenate, we have investigated two enzymatic activities that were
suggested to contribute to glutamate formation in vivo, namely glutaminase (which
hydrolyzes glutamine to glutamate) and NAALADase which cleaves glutamate from N-
acetylaspartate-glutamate (NAAG). As shown in Table 1, both enzymes were strongly
(>90%) inhibited by their well-known synthetic inhibitors, DON for glutaminase and PMPA
for NAALADase. Bilobalide, however, did not significantly affect enzymatic activities
suggesting that there must be other targets for this drug (Table 1).

3. Discussion

3.1 Bilobalide as a potential drug

Poor brain permeability and insufficient time windows of action are two major reasons why
promising neuroprotective drugs have failed under clinical conditions (Ginsberg, 2008).
Attention should be shifted, therefore, to drugs that either work several hours or days after
the stroke has occurred (e.g. protecting cell death by late-onset inflammatory mechanisms)
or to drugs that can be used in a prophylactic manner in stroke-prone patients, e.g. patients
with long-standing, therapy-resistant hypertension or patients previously suffering from
transient ischemic attacks. Ginkgo extracts and their constituents may be promising
candidates in this regard because they have been used by many patients over many years in
the absence of serious adverse effects (Birks and Grimley, 2009). While Ginkgo biloba
extracts lack efficacy when given in the post-stroke recovery period (Zeng et al., 2005), we
here report that bilobalide, a specific constituent representing approx. 3% of Ginkgo extract
EGb761, has acute neuroprotective properties in the mouse MCAO model when given
before or shortly after stroke. Bilobalide worked best when given at a dose of 10 mg/kg one
hour before stroke; this is in agreement with a previous study in which a plasma half-life of

Brain Res. Author manuscript; available in PMC 2012 November 24.
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approx. 90 minutes was measured in mice (Lang et al., 2010). However, smaller doses and
later time points, e.g. one hour after stroke, were also effective (Figs. 1 and 2). At optimum
dose, bilobalide reduced striatal stroke areas by more than 50% and clearly improved the
functional outcome as measured by tests of sensorimotor function (Fig. 3). Moreover, in
agreement with present results, we have recently reported that bilobalide is brain-permeable
and crosses the blood-brain barrier quickly; in fact, it remained in brain tissue in a prolonged
manner after ischemia had been induced (Lang et al., 2010). Pure bilobalide, or a Ginkgo
extract enriched in bilobalide, could therefore be used for neuroprotection in stroke-prone
patients, especially because it can be given in a preventive manner with little potential for
adverse side effects.

It should be noted that we measured stroke-induced damage only after 24 hours in this study
when neuroprotection was seen in the striatum, a core region of MCAO-induced stroke.
Further work is required to ascertain long-term improvement of sensorimotor function in
treated mice. However, even if bilobalide does not ultimately prevent neuronal death in core
areas of stroke damage, our results indicate that neuronal cell death may be strongly delayed
by up to 24 hours. This effect may be beneficial when neuroprotection is combined with
thrombolytic therapy because the time window for successful thrombolysis would be
extended considerably.

The neuroprotective properties of bilobalide have been described under a variety of
conditions (DeFeudis, 2002; Ahlemeyer and Krieglstein, 2003). In vitro, the drug is active in
neurons (Ahlemeyer et al., 1999) and in brain slices exposed to hypoxia (Klein et al., 1997;
Johns et al., 2002) or excitotoxicity (Weichel et al., 1999). The required concentrations for
bilobalide in vitro were in the range of 1-10 uM; the lowest value (ICgq of 0.38 uM) was
observed in our lab for a membrane-protective action in hippocampal slices (Klein et al.
1997) and is close to plasma levels measured in human volunteers ingesting Ginkgo extract
EGb761 (Biber, 2003). In mice, administration of the strongly neuroprotective dose of 10
mg/kg leads to bilobalide plasma levels of 5.9 uM and to brain levels of 0.92 uM (Lang et
al., 2010). These data show that a moderate enrichment of bilobalide in Ginkgo extracts
would be sufficient to obtain plasma levels in humans that are neuroprotective in the mouse.

3.2 Site and mechanism of action of bilobalide

The most striking finding of the present study is the specific inhibition of ischemia-induced
glutamate release by bilobalide (Figs. 4-6). Previous research has amply demonstrated that
the increase of glutamate is one of the major culprits for ischemia-induced
neurodegeneration because it causes “excitotoxicity”, i.e. massive neuronal depolarisation
and calcium overload (reviewed by Lipton, 1999; Szydlowska and Tymianski, 2010). Very
recently, we have reported huge increases of glutamate in mouse brain following MCAO
(Kiewert et al., 2010), In our present study, the reduction in glutamate levels in bilobalide-
treated mice corresponds to a reduction of infarcted area and to an improvement of
neurological outcome. We therefore believe that bilobalide's neuroprotective actions on a
cellular level are due to attenuation of ischemia-induced glutamate release. Interestingly,
reductions of glutamate release have previously been described for neuroprotective actions
of hypothermia (Berger et al., 2004). We speculate that drug treatment with bilobalide may
offer an alternative to the more risky procedure of hypothermia.

Our results have important implications for bilobalide's site of action. Bilobalide was fully
active when given locally (through the microdialysis probe) indicating an action in the brain.
In agreement with an earlier study in brain slices (Johns et al., 2002), bilobalide also
inhibited glutamate release, at least partially, from hippocampal slices exposed to OGD
conditions. Both findings indicate that bilobalide acts locally in brain tissue. But what is the
molecular target of bilobalide in ischemic brain ? Among the various sources of glutamate

Brain Res. Author manuscript; available in PMC 2012 November 24.
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(Featherstone, 2009), we investigated glutaminase and NAALADase as potential targets.
Both enzymes have been shown to release large amounts of glutamate under ischemic
conditions, and inhibitors of these enzymes were found to be neuroprotective in
experimental stroke models (Newcomb et al., 1997; Slusher et al., 1999). Bilobalide,
however, did not inhibit either of these enzymes excluding them as molecular targets of the
drug. In fact, recent work suggests that bilobalide somehow prevents cellular energy loss,
e.g. by interfering with cellular swelling, mitochondrial ATP production, and apoptosis
(Abdel-Kader et al., 2007; Shi et al., 2010), protection of mitochondria against oxidative
stress (Longpre et al., 2006; Rhein et al., 2010), or by activation of heme oxygenase-1, an
enzyme which is induced by hypoxic conditions (Saleem et al., 2008; Shah et al., 2011).
Elucidation of mitochondrial targets of bilobalide is the focus of current work in our
laboratory.

4. Experimental procedures

4.1 Experimental stroke model

Female CD-1 mice (28-32g; Charles River) were kept under standardized 12 h-light/dark,
temperature (22°C) and humidity (70 %) conditions, with food and water available ad
libitum. Mice were randomized as to treatments, and one vehicle- and one bilobalide-treated
mouse were used in parallel on each day of surgery to avoid systematic errors. All animal
procedures were in accordance with NIH regulations and were registered with the
Institutional Animal Care and Use Committee of TTUHSC and the Regierungsprasidium
Darmstadt. All efforts were made to reduce animal suffering.

In vivo-ischemia in the brain was induced as described in detail previously (Mdzinarishvili
et al., 2005). Briefly, for permanent occlusion, female CD-1 mice were anesthetized with 1.5
% isofluorane in 30% O,/70% N»O. Throughout surgery, body temperature was maintained
at 37°C by a thermostatic blanket coupled to a rectal thermometer (Harvard/Hugo Sachs,
March-Hugstetten, Germany), and cerebral blood flow was monitored by laser Doppler
flowmetry (Moor Instruments, Devon, UK). A midline incision was made in the neck to
access the left carotid bifurcation and the external (ECA) and internal (ICA) carotid artery.
After ligation of the vessels, a small incision was made in the ECA and a monofilament
(Doccol Corp., Redlands, CA; filament size 6-0) was inserted and gently advanced through
the ICA artery until its tip occluded the origin of the middle cerebral artery (MCA). Correct
placement of the suture was indicated by a sudden drop of the local cortical blood flow in
the left MCA territory to 15-20% of basal flow as monitored by laser-Doppler flowmetry.
After successful occlusion, the monofilament was secured in place with ligature, and the
skin incision was closed by surgical clips. Mice received an i.p. injection of Ringer-lactate
solution (1 mL) and were allowed to recover in their home cage.

For permanent occlusion, MCAO was sustained for a period of 24 h (Figs. 1, 2 and 4). For
transient occlusion (Figs. 3 and 5), surgery was performed as described above, but the thread
was left in place for only 75 minutes. Afterwards, the carotid artery was briefly clamped, the
thread was removed and the ECA was electrocoagulated. 24 hours after MCAO, mice were
deeply anesthetized with isoflurane and euthanised by decapitation. The brains were quickly
removed, sectioned coronally into 1 mm slices, and stained with 2,3,5-triphenyl-tetrazolium
chloride (TTC). Images were acquired by a DinoL.ite camera, and areas of both hemispheres
and the infarcted regions were quantified for each slice using Image J 1.30. Analyses were
done by the first author (D.L.) and were double-checked by a second member of the lab.

In selected mice (N=6), blood was withdrawn before MCAO and 1 h after MCAO and
physiological parameters were measured. Before MCAO, blood pH was 7.41 + 0.03 and
hematocrit was 51 + 3%. Plasma sodium was 144 + 3 mM, potassium 5.3 £ 0.4 mM and

Brain Res. Author manuscript; available in PMC 2012 November 24.
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chloride 108 = 4 mM. pO, was 126 + 12 mm Hg and pCO, was 38 + 5 mm Hg. All values
were within reference range except for the elevated oxygen partial pressure which was due
to the increased oxygen content in the gas mixture (30% vs. 21 % in air). One hour after
MCAO, none of these values was significantly changed (data not shown).

4.2 Microdialysis procedure

Probe implantation was done one day prior to MCAO. Mice were anesthetized with
isofluorane (induction dose 3%, maintenance dose 1.5% v/v) in a 30%/70% mixture of
oxygen and nitrous oxide and placed in a stereotaxic frame. Self-made, I-shaped, concentric
dialysis probes with an exchange length of 2-2.5 mm were implanted in the left striatum
using the following coordinates (from bregma): striatum, AP +0.5 mm; L +2.2 mm; DV -3.8
mm. Hippocampal coordinates (see Fig. 4) were AP —2.0 mm; L +2.0 mm; DV -2.3 mm
(Franklin and Paxinos, 1997). Mice were allowed to recover over night in their home cage.

Perfusion of the microdialysis probe was started one hour before MCAO, was sustained
while the MCAO surgery was performed, and was continued until 2 hours after MCAO. The
perfusion fluid was artificial cerebrospinal fluid (aCSF; 147 mM NaCl, 4 mM KCI, 1.2 mM
CaCl, and 1.2 mM MgCl5,). The perfusion rate was 2 ul/min, and efflux from the
microdialysis probe was collected in intervals of 10 minutes.

4.3 Drug administration

Bilobalide (or vehicle, 10% DMSO in saline) was injected intraperitoneally 60 min before
induction of ischemia, or 1 or 3 hours after ischemia, at doses of 0.3-10 mg/kg. In the
infusion study (Fig. 5), bilobalide was added to the perfusion fluid in a concentration of 10
uM. Controls received 0.1% DMSO in saline by infusion.

4.4 Chemical analysis of microdialysates

Metabolite concentrations in the microdialysis samples were determined by a CMA 600
microanalyzer (CMA, Stockholm, Sweden) using a kinetic photometric assay as described
by the manufacturer. The following metabolites were measured (lower limits of detection in
parentheses): glucose (0.02 mM), lactate (0.02 mM), and glutamate (1.0 uM). In vitro-
recoveries were determined by dialysis of analytes from unstirred vials containing a fixed
concentration (100-times the detection limit) of analytes.

4.5 Neurobehavioral testing

The behavioral tests were performed in the morning before surgery and 24 hours after
MCAO. Results in Fig. 3 were obtained after transient ischemia (75 min) because permanent
MCAO caused too strong damage to test the mice (data not shown). The “Corner test” was
used as described (Zhang et al., 2002). Each mouse was tested for one trial (max. time 120
sec) before and after surgery and the chosen sides were counted. The normalized laterality
index (nLI) was calculated as described (Bouet et al., 2007). The “Chimney test” (Heinecke,
1987) was performed for each mouse three times before and after surgery. A mouse was
placed head in front at the entry of a tube (200 mm long and 20 mm in diameter). When the
mouse reached the bottom of the tube, the tube was raised in a vertical position. All mice
react by walking backwards. The time needed to climb out of the tube was measured for a
maximum of 120 sec.

4.6 Enzymatic assays

Mouse forebrains, separated from the cerebellum, were homogenized in 1 mL ice-cold 20
mM Tris-HCI buffer (pH 7.4), and the homogenate was dialyzed in 100-fold volume of the
buffer for 24 hours at 4°C. Aliquots were stored at -80°C. Glutaminase activity was
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quantified by determination of the rate of glutamate release from glutamine as previously
described (Newcomb et al., 1997). Briefly, brain homogenates were incubated with or
without inhibitors (2mM 6-diazo-5-oxo-L-norleucine, DON, or 10 uM bilobalide) and with
2 mM glutamine at 37 °C. Glutamate levels were measured in aliquots taken from the
incubation mixture at the beginning of the incubation and after 60 min using the CMA-600
microanalyzer (see above). NAALADase (N-acetylated-a-linked acidic dipeptidase) activity
was quantified by determination of the extent of the hydrolysis of 3H-N-acetylaspartate-
glutamate (NAAG) as previously described (Tiffany et al., 2002). Briefly, brain
homogenates were incubated with cofactors and with or without inhibitors (100 uM 2-
phosphonomethyl-pentanedioic acid, PMPA, or 10 uM bilobalide) and 30nM 3H-NAAG for
15 min. The incubation was stopped by addition of ice-cold methanol and centrifugation.
Aliquots of supernatants were separated together with control samples (NAAG, NAA and
glutamate) by thin-layer chromatography (TLC). After detection by ninhydrin, spots
corresponding to NAAG and glutamate were scraped and radioactivity associated with the
spots was measured with a scintillation counter.

4.7 Measurement of 3H-glutamate release from striatal slices

These experiments were performed as previously described for 3H-glycine release (Kiewert
et al., 2008). Briefly, striatal slices (400 um) were prepared from female CD-1 mice and
superfused (0.7ml/min) at 35°C with Tyrode solution which was gassed with carbogen. All
slices were pre-incubated for 15 min with 3H-glutamate (5 uCi; 185 kBq); then, they were
randomly transferred to four lanes (A-D) of a superfusion chamber and were superfused for
40 min. At time zero (cf. Fig. 6), lanes A and C were switched to Tyrode solution containing
0.1% DMSO while lanes B and D were superfused with Tyrode solution containing 10 uM
bilobalide (in 0.1% DMSO), respectively. 5 min later, the slices in lanes C and D underwent
oxygen-glucose deprivation (OGD), i.e. they were superfused with Tyrode solution that
lacked glucose and was gassed with nitrogen instead of carbogen. The effluent from each
lane was collected in 5 min intervals, mixed with scintillation fluid and counted in a
Beckman Coulter LS 6000 scintillation counter. At the end of the incubation, the slices from
each lane were collected, homogenized, and aliquots were also counted for radioactivity.
Data were expressed as [%] of radioactivity that was released during a given time period,
relative to the total radioactivity present in the tissue at that time. Areas under the curve
(AUC) values were calculated for each individual experiment; they represent the amount of
radioactivity that was released during 30 min of superfusion (Fig. 6B).

The identity of tritium release as 3H-glutamate was confirmed by TLC as previously
described (Kiewert et al., 2008). 3H-glutamate accounted for >85% of total radioactivity in
effluents and homogenates (data not shown).

4.8 Statistical analysis

Data are given as mean + S.E.M. of N experiments. Data in Figs. 1-3 and 6 were compared
by one-way ANOVA. Time courses of microdialysis data (Figs. 4-5) were compared by
two-way ANOVA for repeated measurements (software: GraphPad Prism 5.0).
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Fig. 1.

Dose-dependent effect of bilobalide on striatal infarct areas induced by middle cerebral
artery occlusion (MCAO) in mice. - Upper panel: Mice were treated with vehicle (0.3 ml
saline i.p. containing 10% DMSO, “Control”), 1 mg/kg bilobalide (“Bilo 1””) or 10 mg/kg
bilobalide (“Bilo 10") one hour prior to MCAO. The animals were sacrificed 24 hours past
MCADO, six slices of 1 mm thickness were cut coronally and stained by tetrazolium chloride
(TTC). Areas with insufficient mitochondrial activity to reduce TTC are indicated by pale
white colour. Lower panel: Infarct areas were calculated as percentage of infarct area over
total brain area in each slice. The numbers refer to the slices starting at the caudal end of the
mouse brain; 2, 3 and 4 represent striatal slices. Nine mice were used in each treatment
group; due to mortality of two mice per group, data are expressed as mean = S.E.M. of N=7
experiments. **, p<0.01; *** p<0.001 vs. Control.
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Fig. 2.

Time-dependent effects of bilobalide on striatal infarct areas induced by middle cerebral
artery occlusion (MCAO) in mice. - Upper panel: Mice were treated with vehicle (0.3 ml
saline i.p. containing 10% DMSO, “Control”), or 10 mg/kg bilobalide 1 h after or 3h after
MCAQ. Brain slices were prepared and stained with TTC as described in Fig. 1. Lower
panel: Infarct areas were calculated as percentage of infarct area over total brain area in each
slice; data from bilobalide given prior to MCAO (“Bilo 107, cf. Fig. 1) were included for
comparison. Nine mice were used in each group; due to mortality of two mice per group,
data are expressed as mean + S.E.M. of N=7 experiments. *, p<0.05; **, p<0.01; ***,
p<0.001 vs. Control.
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Fig. 3.

Effects of bilobalide treatment in neurobehavioral tests. - (A) Corner test. Performances are
expressed by the normalized laterality index (“nLI”; with medians and their interquartile
ranges) for each group of mice, i.e. sham-operated mice (“Sham”), mice that sustained
MCAO and were treated with vehicle (“MCAQO”), and mice that sustained MCAO having
been treated with 10 mg/kg bilobalide 1 h before stroke (“Bilo 10”). Numbers in the
columns indicate mice per group. Statistical significances were calculated by one-way
ANOVA and Bonferroni's Multiple Comparison Test. *, p<0.05; ***p<0.001 vs. Sham; #,
p<0.05 vs. MCAO. (B) Chimney test. Performances are expressed as time () to get out of
the tube and were calculated as difference between time needed before and after surgery.
Results are mean = S.E.M of 10 experiments. Statistical significances were calculated by
one-way ANOVA and Bonferroni's Multiple Comparison Test for treatment vs sham; *p<
0.05 vs. Sham; ns, not significant vs. Sham.
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Fig. 4.

Effects of bilobalide on extracellular glucose and glutamate levels before and after MCAO. -
(A) Striatal glucose levels. (B) Hippocampal glucose levels. (C) Striatal glutamate levels.
(D) Hippocampal glutamate levels. The figures show concentrations measured from 60 min
before induction of stroke (MCAOQ, at time zero) to 130 min past stroke. Experiments were
done in three groups of mice: sham-operated mice (“Sham”), vehicle-treated mice with
MCAO (“Vehicle”) and bilobalide-treated mice with MCAO (“Bilobalide”) (N=6 each).
Bilobalide was dissolved in vehicle (10% DMSO in saline) and was given by i.p. injection
one hour before MCAO at a dose of 10 mg/kg. Data are percentages (means + S.E.M.) of
basal concentrations which were determined as averages from the measured samples prior to
MCAO (see Results for basal values). Statistical analysis (two-way ANOVA for repeated
measurements, GraphPad Prism®): (A) All curves: F, 15=116.9, p<0.01; glucose
(“Vehicle”) vs. glucose (“Bilobalide™), Fq 10=0.26, p=0.63. (B) All curves: F5 13=6.66,
p=0.01; glucose (“Vehicle”) vs. glucose (“Bilo”), F1 10=0.08, p=0.78. (C) All curves:

F2 15=16.36; p<0.01; glutamate (“Vehicle”) vs. glutamate (“Bilobalide”), F1 1o=11.06;
p<0.01. (D) All curves: F; 15=5.15; p=0.02; glutamate (“Vehicle”) vs. glutamate
(“Bilobalide”), Fq 10=4.48; p=0.06.
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Fig. 5.
Effects of locally applied bilobalide on (A) glucose and (B) glutamate levels after MCAO as
measured by microdialysis in mouse striatum. - The figure shows extracellular
concentrations measured from 50 min before induction of stroke (MCAO, at time zero) to
150 min past stroke (N=6). Bilobalide (10 pM) was continuously infused through the
microdialysis probe, and MCAO was induced from 0-75 min as indicated. Data are
percentages (means = S.E.M.) of basal release which was determined as average efflux from
the measured samples prior to treatment. Statistical analysis (two-way ANOVA for repeated
measurements, GraphPad Prism®): (A) Glucose (“Ctr”) vs. glucose (“Bilo”), F1 1p=0.03;
p=0.87. (B) Glutamate (“Ctr”) vs. glutamate (“Bilo”), F1 10=20.17; p<0.01.
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Fig. 6.

Effects of bilobalide on ischemia-induced glutamate release in vitro. - Mouse striatal slices
were preloaded with 3H-glutamate and then superfused in four lanes in the presence (“Bilo”)
or absence (“Ctr”) of bilobalide (10 uM). At time zero, two lanes were switched to a buffer
solution containing no glucose which was bubbled with nitrogen (oxygen-glucose
deprivation, “OGD”). (A) Efflux of 3H-glutamate was monitored by scintillation counting
and expressed as fractional release. (B) Areas under the curve for the release curves shown
in A. Statistical analysis (paired two-way ANOVA, GraphPad Prism®): **, p<0.01 vs. Ctr;
#, p<0.05 vs. OGD.
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Table 1
Effect of bilobalide on glutaminase and NAALADase activities

Assay/Inhibitor ~ Glutaminase activity [uM glutamate released] NAALADase activity [cpm 3H-glutamate released]

Control 44.97 + 24.09 1054 + 278
*kk
DON (2mM) 497 +201 ND
*kk
PMPA (100 uM) ND 56418
Bilobalide 49.51 +26.18 846 + 426
DMSO (0.1%) 37.25+16.36 1069 + 316

For glutaminase assay, brain homogenates were incubated with glutamine and (as indicated) with DON, bilobalide or DMSO (vehicle) (see
Methods). Glutaminase was expressed as [M] glutamate formed by 1 mg protein in 60 min. Data are mean + S.D., N=5. For NAALADase assay,

brain homogenates were incubated for 15 min with 3H-NAAG and (as indicated) with PMPA, bilobalide or DMSO (vehicle) (see Methods).

NAALADase activity was expressed as [cpm 3H-glutamate] formed by 1 mg protein in 90 min. Data are mean + S.D., N=6-7. Statistics for both
assays: one-way ANOVA with Dunnett's post-test.

Fok

3
p<0.001 vs Control.
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