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Abstract Bilobalide, a unique constituent of Ginkgo

biloba, has been reported to potentiate population spikes in

hippocampal CA1 pyramidal cells and to protect the brain

against cell death. In this study, the effects of bilobalide on

synaptic transmission and its plasticity in rat hippocampal

subfields were electrophysiologically investigated. Bilobalide

(50 lM) significantly potentiated the input–output rela-

tionship at Schaffer collateral (SC)-CA1 synapses but not

at medial perforant path (MPP)-dentate gyrus (DG), lateral

perforant path (LPP)-DG, or mossy fiber (MF)-CA3 syn-

apses. Facilitative effects of bilobalide on synaptic plas-

ticity were only observed at MPP-DG synapses, in which

the induction of long-term depression was blocked in the

presence of bilobalide. However, no effect on synaptic

plasticity was observed at SC-CA1 synapses. These results

suggest that bilobalide has differential effects on synaptic

efficacy in each hippocampal subfield.
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Abbreviations

ACSF Artificial cerebrospinal fluid

BB Bilobalide

DG Dentate gyrus

DMSO Dimethyl sulfoxide

ESI-MS Electrospray ionization-mass spectrometry

EtOAc Ethyl acetate

fEPSP Field excitatory postsynaptic potentials

LPP Lateral perforant path

LTD Long-term depression

LTP Long-term potentiation

MeOH Methyl alcohol

MPP Medial perforant path

NMR Nuclear magnetic resonance

PPD Paired-pulse depression

PPF Paired-pulse facilitation

PTX Picrotoxin

STR Strychnine

TLC Thin-layer chromatography

Introduction

Pharmacological therapies for memory improvement are

urgently needed to remedy memory disorders. Among the

brain regions related to memory function, the hippocampus

has been intensively studied as a brain region that plays a

crucial role in memory [1, 2], and hippocampal synaptic

plasticity such as that related to long-term potentiation

(LTP) is widely regarded as a candidate for the biological

basis of memory [3]. Since animal studies have shown that

the enhancement of LTP was associated with improved

learning performance [4, 5] and that the experience of

learning itself evokes hippocampal LTP [6], identifying

chemicals that facilitate hippocampal synaptic responses

and plasticity seems a useful strategy for developing

effective anti-dementia drugs.

E. Suzuki � T. Okada (&)

Department of Psychology, Faculty of Human Sciences,

Sophia University, 7-1 Kioi-cho, Chiyoda-ku,

Tokyo 102-8554, Japan

e-mail: okadat@sophia.ac.jp

M. Sato � R. Takezawa � T. Usuki

Department of Materials and Life Sciences, Faculty of Science

and Technology, Sophia University, 7-1 Kioi-cho, Chiyoda-ku,

Tokyo 102-8554, Japan

123

J Physiol Sci (2011) 61:421–427

DOI 10.1007/s12576-011-0159-6



Ginkgo biloba extract has traditionally been used as a

Chinese herbal medicine. EGb761�, an extract of Gingko

biloba, has been reported to improve cognitive function in

Alzheimer’s disease [7], decrease the number of errors in

the radial maze [8], increase latency in the passive avoid-

ance task in aged mice [9], reduce the threshold of popu-

lation spikes, and potentiate the magnitude of LTP [10].

Moreover, the administration of EGb761� protects the

brain against ischemia-induced cell death [11]. Although

these results suggest the possibility of using Ginkgo biloba

extract as an anti-dementia drug, the property of each

constituent of the extract should be analyzed in order to

develop an optimally effective anti-dementia drug.

Ginkgolides A, B, C, J, and bilobalide (GA, GB, GC,

GJ, and BB), which are also known as terpene trilactones

(TTL), are unique components of Ginkgo biloba. TTL are

believed to play important roles in the biologically active

properties of the extract [12]. In this study, we focused on

bilobalide, which can be isolated from Ginkgo biloba

leaves. Bilobalide reportedly increases the magnitude of

population spikes and the amplitude of secondary popula-

tion spikes by paired-pulse stimulation at hippocampal

CA1 synapses [13] in addition to protecting the brain

against cell death [11]; however, the effects of bilobalide

on synaptic transmission and plasticity at hippocampal

synapses are still unclear. In the present study, we isolated

and purified bilobalide from Gingko biloba leaves and

compared the effects of bilobalide on synaptic transmission

and plasticity among rat hippocampal subfields.

Materials and methods

Isolation of bilobalide

Isolation of 9-tert-butyl-8,9-dihydroxy-dihydro-furo[2,3-b]

furo[30,20:2,3]cyclopenta[1,2-c]furan-2,4,7-trione, bilobalide

(BB), is as follows. The green leaves of female Ginkgo biloba

(250 g) were frozen in liquid N2 and crushed with a mortar.

The crushed leaves and EtoAc (800 mL) were added to a 2-L

flask and kept in a water bath with a reflux condenser at 80�C

for 1 h. After being cooled to room temperature, the solution

was filtered using a glass filter covered with Celite 545. The

filtrate was washed with H2O, then with saturated aqueous

Na2SO3. After removing the solvent using a rotary evaporator,

the organic layer was stirred with activated charcoal (25 g,

decolorizing; Sigma Aldrich) in EtOAc for 1 h at room tem-

perature. After filtration and evaporation, the organic layer

was stirred with activated charcoal (15 g) in MeOH for 1 h at

room temperature. After filtration and evaporation, a rough

extract (803 mg) was obtained. The rough extract in a mini-

mum amount of EtOAc was loaded onto a silica gel (60

spherical, acidic) for column chromatography (Kanto

Chemicals). The column was then eluted with hexane/EtOAc

solvent mixtures. The fraction collected at hexane/

EtOAc = 5/1 ? 3/1 contained ginkgolic acids. The fraction

collected at hexane/EtOAc = 1/1 contained pure bilobalide

(126 mg) and then a ginkgolide mixture (74 mg). Bilobalide

was identified with TLC (silica gel 60 F254 plates produced by

Merck), 1H NMR (recorded on a JEOL Lambda 300 spec-

trometer in deuterium solvents using MeOH as the internal

standard), and ESI-MS (recorded on a JEOL JMS-T100LC

instrument): colorless crystal; Rf = 0.67 (silica gel, hexane/

EtOAc = 1/2); 1H NMR (300 MHz, MeOH-d4) d 6.30 (1H, s,

H12), 5.17 (1H, s, H10), 5.04 (1H, t, J = 7.0 Hz, H6), 3.03

(1H, d, J = 18.0 Hz, H1a), 2.80 (1H, d, J = 18.0 Hz, H1b),

2.62 (1H, dd, J = 7.0, 6.6 Hz, H7a), 2.29 (1H, dd, J = 6.7,

6.6 Hz, H7b), 1.13 (9H, s, t-Bu); ESI-MS (m/z) calcd for

C15H18O8Na [M?Na]? 349.09, found 349.11.

In order to efficiently remove impurities such as

ginkgolic acids, we optimized the purification procedure by

using activated charcoal for the extraction step, as descri-

bed above. Filtration and/or shaking of the extract with

charcoal are normally carried out to remove impurities

[14]. We have improved this procedure by stirring the

obtained rough Ginkgo extract with activated charcoal and

found that washing the extract twice with charcoal gave

more efficient results. In this way, ca. 100–150 mg of

bilobalide were isolated from 250 g of wet leaves in 1 day.

Preparations

Hippocampal slices (400 lm thick) were obtained from

3-week-old male Wistar rats. The details of the procedures

have been described elsewhere [15]. In short, the rats were

deeply anesthetized using pentobarbital sodium, and their

brains were removed quickly. Each hippocampus was

chilled with ice-cold artificial cerebrospinal fluid (ACSF)

and cut using a microslicer (DTK-1000; Dosaka, Kyoto,

Japan). The slices were incubated for more than 1 h in

ACSF at 32�C. The ASCF contained (in mM) 125 NaCl,

2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4,

and 10 D-glucose, saturated with 95% O2 and 5% CO2 (pH

adjusted to 7.4). All procedures were performed in accor-

dance with the Japanese Physiological Society’s Guiding

Principles for the Care and Use of Animals in the Field of

Physiological Sciences.

Electrophysiological recordings

Each slice was then transferred to a recording chamber on the

stage of a BX51WI upright microscope (Olympus, Tokyo,

Japan) and held down with a U-shaped platinum wire and

several nylon threads. The slices were continuously perfused

with control ACSF at a rate of 1.5–2.0 mL/min, and the

ACSF temperature was maintained at 32 ± 1�C during
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each experimental session using a TC-324B inline heater

(Warner Instrument, Hamden, CT, USA). A tungsten con-

centric bipolar electrode (Unique Medical, Tokyo, Japan)

was placed onto presynaptic fibers (medial perforant path,

MPP; lateral perforant path, LPP; mossy fibers, MF; or

Schaffer collaterals, SC). A glass microelectrode filled with

control medium was placed onto the middle molecular layer

(for MPP-DG recording), outer molecular layer (for LPP-

DG recording), stratum lucidum (for MF-CA3 recording),

or the stratum radiatum (for SC-CA1 recording) to record

extracellular field excitatory postsynaptic potentials (fE-

PEP). Selective stimulation of MF was examined by

applying the group II metabotropic glutamate receptor

(mGluR) agonist DCG-IV (1 lM) for 10 min after the

recordings [16, 17], and the data for fEPSP that decreased by

[70% after DCG-IV application were used for analysis.

Electrical stimulation was controlled using an electronic

stimulator and isolator (Master-8 and ISO-Flex; AMP

Instruments, Jerusalem, Israel). The frequency of test pulse

application was 0.1 Hz (duration 100 ls), and the intensity

was set to evoke fEPSP with an initial gradient of about

50% of the maximal value. Stable fEPSP were recorded for

at least 10 min with the test pulses under the normal ACSF

conditions. Then, input–output relationships were recorded

[18, 19] by changing the intensity of the test pulse from

minimal to maximal intensity to evoke fEPSP. After that,

bilobalide (50 lM) was applied, and the stable fEPSP were

recorded for at least 10 min. Then, the input–output rela-

tionships were recorded again. To induce synaptic plastic-

ity, high frequency stimulation (HFS, 100 Hz, 1 s) was

applied after stable fEPSP had been recorded for 10 min in

the presence or absence of bilobalide. The magnitudes of

the fEPSP were evaluated by comparing the responses

observed 50–60 min after HFS with those seen at the

baseline. Bilobalide was perfused for at least 10 min before

and 10 min after HFS. In the case of MPP-DG synapses, the

concentration of CaCl2 was increased from 2 to 2.5 mM and

that of MgCl2 was decreased from 1 to 0.5 mM. To separate

the MPP-DG and LPP-DG synaptic responses, paired-pulse

stimuli (50 ms interstimulus interval) were applied before

the baseline recordings because it was reported that MPP-

DG synapses show paired-pulse depression (PPD) and LPP-

DG synapses show paired-pulse facilitation (PPF) [20]. The

fEPSP were amplified through a CEZ-2300 patch-clamp

amplifier (current-clamp mode) (Nihon-Kohden, Tokyo,

Japan) and filtered at 1 Hz (low cut) and 1 kHz (high cut).

The pCLAMP system (version 8; Axon Instruments, Foster

City, CA, USA) was used for data acquisition and analysis.

Bilobalide dissolved in dimethyl sulfoxide (DMSO)

(200 mM stock solution) was added to the perfused ACSF

at a final concentration of 50 lM (0.025% DMSO), and

strychnine (STR) dissolved in DMSO (10 mM stock solu-

tion) was added to the perfused ACSF at a final

concentration of 2 lM (0.02% DMSO). Medium containing

bilobalide or strychnine was made daily.

Materials

Picrotoxin (PTX), strychnine, and DMSO were obtained

from Sigma (St. Louis, MO, USA), (2S,20R,30R)-2-(20,30-
dicarboxycyclopropyl)glycine (DCG-IV) was purchased

from Tocris (Ellisville, MO, USA), and all other chemicals

were obtained from Wako Chemicals (Tokyo, Japan).

Statistics

The relative amplitude of fEPSP is shown in the text and

figures as the mean ± SE. Statistical analyses were per-

formed with two-tailed t tests for paired data or non-paired

data, using SAS (version 9; SAS Institute, Cary, NC, USA).

Significance was established at p \ 0.05, except for when

Levene’s test of the equality of variances was used

(p \ 0.2). When variances were found to be unequal, t tests

were performed using the Satterthwaite correction.

Results

First, to examine whether bilobalide affected synaptic

transmission at SC-CA1 synapses, we compared the input–

output relationships between experiments conducted in the

absence and presence of bilobalide by recording the mag-

nitudes of presynaptic fiber volleys and fEPSP (Fig. 1a). As a

result, we found that the slopes of each linear regression were

significantly different between the two conditions [F (2,

33) = 5.64, p \ 0.05]. Additionally, the averaged minimal

magnitude of the presynaptic fiber volley evoking the max-

imal fEPSP in the presence of bilobalide was also signifi-

cantly smaller than that seen in the absence of bilobalide

[CTL 0.96 ± 0.04, BB 0.73 ± 0.09; t (4) = 3.03, p \ 0.05;

n = 5]. The finding that activation by a smaller presynaptic

fiber volley caused a larger fEPSP in the presence of

bilobalide demonstrates the facilitative effect of bilobalide

on synaptic transmission at SC-CA1 synapses.

On the other hand, the MPP-DG synapses showed no

difference in their input–output relationships between the

absence and presence of bilobalide [F (2, 38) = 0.39, n.s.;

Fig. 1b], and the minimal presynaptic fiber volley value

required to evoke fEPSP in the presence of bilobalide did

not significantly differ from that seen under the control

conditions [CTL 0.92 ± 0.06, BB 0.79 ± 0.07; t (6) =

1.68, n.s.; n = 7]. Likewise, at LPP-DG synapses, there

were no significant differences in the linear regression

slopes [F (2, 40) = 0.03, n.s.; Fig. 1c] or the minimal

presynaptic fiber volley values required to evoke the

maximal fEPSP [CTL 0.93 ± 0.04, BB 0.85 ± 0.06;
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t (4) = 1.06, n.s.; n = 7] regardless of the presence or

absence of bilobalide. Also, at MF-CA3 synapses, the

linear regression slopes in the absence and presence of

bilobalide [F (2, 68) = 0.19, n.s.; Fig. 1d] and the minimal

of presynaptic fiber volley value required to evoke for

maximal fEPSP were not significantly different [CTL

0.99 ± 0.01, BB 0.96 ± 0.01; t (5) = 0.91, n.s.; n = 6].

Taken together, a facilitative effect of bilobalide on syn-

aptic transmission was only detected at SC-CA1 synapses

among the hippocampal subfields.

Next, we investigated the effects of bilobalide on plas-

ticity at hippocampal synapses. At SC-CA1 synapses, the

relative fEPSP slope at 50–60 min after HFS was signifi-

cantly potentiated in both the absence of bilobalide

[1.43 ± 0.15; t (7) = 3.11, p \ 0.05, n = 8; Fig. 2a] and

the presence of bilobalide [1.34 ± 0.10; t (6) = 3.39,

p \ 0.05; n = 7]. However, the magnitude of LTP in the

presence of bilobalide did not differ from that seen under

the control conditions [t (13) = 0.47, n.s.]. Thus, no effect

of bilobalide on synaptic plasticity at SC-CA1 synapses

was detected.

At MPP-DG synapses, which have almost identical LTP

induction properties to SC-CA1 synapses [20, 21], HFS

induced long-term depression (LTD) under our control

conditions [0.88 ± 0.04; t (9) = 3.01, p \ 0.05, n = 10;

Fig. 2b]. On the other hand, HFS induced neither LTD nor

LTP in the presence of bilobalide [1.05 ± 0.06;

t (7) = 0.80, n.s., n = 8], and the relative fEPSP slope at

50–60 min after HFS in the presence of bilobalide was

significantly larger than that seen in the absence of bi-

lobalide [t (16) = 2.46, p \ 0.05]. These results show that

bilobalide has a facilitative effect on synaptic plasticity at

Fig. 1 The effects of bilobalide on hippocampal synaptic transmis-

sion. Left Relative fEPSP slopes were plotted against the relative

presynaptic volley slopes at SC-CA1 (a), MPP-DG (b), LPP-DG (c),

and MF-CA3 (d) synapses. Linear regressions were calculated under

each condition (solid line control conditions, dotted line bilobalide

conditions). Inset The typical waveforms in the absence (left) and

presence (right) of bilobalide. Scales 0.5 mV, 5 ms. Right Averaged

minimal magnitude of the presynaptic fiber volley required to evoke

the maximal fEPSP. *p \ 0.05
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MPP-DG synapses; i.e., that the synaptic responses were

rescued from LTD.

Since bilobalide antagonizes GABAA receptors and

glycine receptors [22], we examined the possibility that the

blockade of these systems is involved in the facilitative

effects of bilobalide on the plasticity of MPP-DG synapses.

When the GABAA receptor antagonist PTX (50 lM) was

applied, HFS did not induce either LTD or LTP

[1.10 ± 0.07; t (9) = 1.21, n.s.; n = 10] (Fig. 3), which

was similar to the facilitative effects of bilobalide (Fig. 2).

Note that the co-application of PTX and bilobalide resulted

in further potentiation of synaptic responses; i.e., LTP was

induced by HFS in the presence of both PTX and bilobalide

[1.35 ± 0.08; t (8) = 4.01, p \ 0.01; n = 9], and the

synaptic responses measured at 50–60 min after the

application of HFS were significantly larger than those

seen in the control [t (11.7) = 5.52, p \ 0.01], bilobalide

[t (15) = 3.07, p \ 0.01], and PTX [t (17) = 2.53,

p \ 0.05] conditions, demonstrating that neither PTX nor

bilobalide completely inhibited each other’s facilitative

effects. On the other hand, HFS did induce LTD in the

presence of the glycine receptor antagonist strychnine

(2 lM) [0.84 ± 0.06; t (4) = 2.81, p \ 0.05, n = 5]

(Fig. 3), suggesting that blockade of glycinergic system is

not involved in the facilitative effects of bilobalide on

HFS-induced MPP-DG synaptic plasticity.

Discussion

In the present study, we compared the effects of bilobalide

on synaptic transmission and plasticity among rat hippo-

campal subfields for the first time, and bilobalide was

demonstrated to have facilitative effects on synaptic

transmission and plasticity in hippocampal CA1 and MPP-

DG synapses, respectively.

By recording input–output relationships, we found that

bilobalide had facilitative effects on SC-CA1 synaptic

Fig. 2 The effects of bilobalide on hippocampal synaptic plasticity.

a HFS (arrow 100 Hz, 1 s) induced LTP at SC-CA1 synapses. The

black bar shows the timing of the application of bilobalide. The

magnitudes of potentiation under the bilobalide conditions did not

differ from those seen under the control conditions. Insets Typical

waveforms of synaptic responses before (1) and 60 min after (2) the

HFS. Scales 0.5 mV, 5 ms. *p \ 0.05. b HFS induced LTD under the

control conditions at MPP-DG synapses, and bilobalide blocked the

induction of LTD. Insets Typical waveforms of synaptic responses

before (1) and 60 min after (2) the HFS. Scales 0.5 mV, 5 ms.

*p \ 0.05

Fig. 3 The effects of GABAA receptors and glycine receptors on

MPP-DG synaptic plasticity. Picrotoxin (PTX) blocked the induction

of the LTD observed under the control conditions (CTL). The

potentiation magnitude observed under the picrotoxin conditions did

not differ from that seen under the bilobalide (BB) conditions. HFS

induced LTP under the picrotoxin with bilobalide (PTX ? BB)

conditions. HFS also induced LTD under the strychnine (STR)

conditions. The black bar shows the timing of the application of

picrotoxin, picrotoxin with bilobalide, or strychnine. The findings

obtained under the control (CTL) conditions (open circles) and the

bilobalide (BB) conditions (filled circles) were the same as those

shown in Fig. 2b. Insets Typical waveforms of the synaptic responses

observed before (1) and 60 min after (2) the HFS. Scales 0.5 mV,

5 ms. *p \ 0.05, **p \ 0.01
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transmission; i.e., that lower presynaptic activation caused

larger post-synaptic activation in the presence of bilobalide

than that seen under the control conditions, and this facil-

itative effect was only seen in CA1 synapses (Fig. 1a).

Since bilobalide has been reported to increase neuronal

activity by antagonizing GABAA receptors [13], its facili-

tative effect might be caused by the bilobalide-induced

inhibition of GABAergic modulation. However, we cannot

rule out the possibility that bilobalide has targets other than

the GABAergic system because no facilitative effect on

baseline responses was observed at other hippocampal

subfields (Fig. 1b–d) despite the activation of GABA and

glutamic acid decarboxylase (GAD) in all subfields [23].

The elucidation of the targets of bilobalide (it probably

shows specificity for SC-CA1 synapses) is necessary to

clarify the cellular mechanisms of its facilitative effects on

baseline synaptic responses.

The chronic administration of EGb761� reportedly

protects the brain against ischemia-induced cell death [11].

Since the synaptic responses of SC-CA1 synapses

remained stable for more than 1 h under our experimental

conditions, it is not plausible to suggest that the facilitative

effects of bilobalide on SC-CA1 synaptic responses

observed in this study (Fig. 1a) were due to the prevention

of CA1 neuron death. However, for the purpose of memory

improvement over a longer time scale, the in vivo appli-

cation of bilobalide might be a useful anti-dementia treat-

ment due to its ability to prevent the death of hippocampal

CA1 neurons (i.e., to prevent cell death in one of the most

vulnerable areas of the brain).

As for its effects on synaptic plasticity, it had no sig-

nificant effect on synaptic plasticity at CA1 synapses

(Fig. 2a) but did facilitate synaptic plasticity at MPP-DG

synapses; i.e., the synaptic responses were rescued from

LTD (Fig. 2b). The finding that bilobalide had inhibitory

effects on the GABAergic system was expected because it

was reported that GABAergic modulation of tetra-

ethylammonium-induced synaptic plasticity was increased

in DG compared with that observed in CA1 synapses [15].

The similarity between the effects of PTX and bilobalide

on MPP-DG synaptic plasticity (Fig. 3) in our experi-

mental conditions are consistent with the idea that

bilobalide has inhibitory effects on the GABAergic system

at MPP-DG synapses, although we cannot rule out the

possibility that bilobalide also affects other target(s)

because of the larger facilitative effects observed under the

PTX plus bilobalide conditions than under the PTX or

bilobalide alone conditions (Fig. 3). Bilobalide also blocks

glycine receptors [22], but bilobalide-induced modulation

of the glycinergic system does not seem to be involved in

the facilitative effects of bilobalide because HFS-induced

LTD at MPP-DG synapses was not rescued by the pres-

ence of strychnine (Fig. 3). Further studies are needed to

identify all targets of bilobalide, which will hopefully lead

to the elucidation of the mechanisms responsible for not

only its facilitative effects on synaptic plasticity but also its

population spike amplifying [13] and neuroprotective

effects [24].

In the presence of GABAA receptor blockers (picrotoxin

and bicuculline), LTP was reportedly induced at DG syn-

apses [20, 25–28], and LTP was induced, even in the

absence of picrotoxin [25], by HFS involving strong

stimulation (10 impulses at 100 Hz, twice the test intensity)

and a much higher extracellular Ca2? concentration (4 mM

CaCl2). In the present study, HFS (1 train of 100 Hz for

1 s) induced LTD in the absence of bilobalide at MPP-DG

synapses, perhaps due to the intermediate amount of Ca2?

influx that occurred under our experimental conditions.

Generally, the effects of Gingko biloba on cognitive

function have been investigated using a mixture of extracts

including flavonoids and terpene trilactones (ginkgolide A,

B, C, J, M, and bilobalide), and little information is avail-

able about the individual effects of each component. As for

its effectiveness on inhibitory systems, bilobalide inhibits

GABAA receptors more potently than ginkgolide B [22],

and ginkgolide B, C, and M are significantly more potent

than ginkgolide A and J for blocking glycine receptors [22].

Since it was recently reported that bilobalide was detected

in the brain after the intravenous administration of biloba-

lide [29] and that the concentration of bilobalide was much

higher than those of ginkgolides A and B after the oral

administration of EGb761� [30], the facilitative effects of

bilobalide on synaptic transmission and synaptic plasticity

suggest that it is a candidate molecule that could be used to

improve cognitive function in clinical situations.
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