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Bicuculline Methiodide (BMI) Induces Membrane Depolarization of The 
Trigeminal Subnucleus Caudalis Substantia Gelatinosa Neuron in Mice 
Via Non-GABAA Receptor-Mediated Action
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Bicuculline is one of the most commonly used GABAA

receptor antagonists in electrophysiological research.

Because of its poor water solubility, bicuculline quaternary

ammonium salts such as bicuculline methiodide (BMI) and

bicuculline methbromide are preferred. However, a number

of studies have shown that BMI has non-GABAA receptor-

mediated effects. The substantia gelatinosa (SG) of the

trigeminal subnucleus caudalis (Vc) is implicated in the

processing of nociceptive signaling. In this study, we

investigated whether BMI has non-GABA receptor-

mediated activity in Vc SG neurons using a whole cell patch

clamp technique. SG neurons were depolarized by

application of BMI (20 µM) using a high Cl
-
 pipette solution.

GABA (30-100 µM) also induced membrane depolarization

of SG neuron. Although BMI is known to be a GABAA

receptor antagonist, GABA-induced membrane depolari-

zation was enhanced by co-application with BMI. However,

free base bicuculline (fBIC) and picrotoxin (PTX), a GABAA

and GABAC receptor antagonist, blocked the GABA-

induced response. Furthermore, BMI-induced membrane

depolarization persisted in the presence of PTX or an

antagonist cocktail consisting of tetrodotoxin (Na
+
 channel

blocker), AP-5 (NMDA receptor antagonist), CNQX (non-

NMDA receptor antagonist), and strychnine (glycine

receptor antagonist). Thus BMI induces membrane

depolarization by directly acting on postsynaptic Vc SG

neurons in a manner which is independent of GABAA

receptors. These results suggest that other unknown

mechanisms may be involved in BMI-induced membrane

depolarization.
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Introduction

The plant alkaloid bicuculline was first shown in 1970

(Curtis et al., 1970) and is supplied as either the free base

bicuculline (fBIC) or methyl derivatives. Because of the

difficulty to use fBIC itself, quaternary ammonium salts

such as bicuculline methiodide (BMI), methochloride and

methobromide are preferred (Seutin et al., 1999).

Bicuculline is the most commonly used GABAA receptor

antagonist in electrophysiological field (Bracci et al., 1996;

Cazalets et al., 1994; Cowley et al., 1995; Jovanovic et al.,

1999). However, a number of studies have shown that these

derivatives have non-GABAA receptor-mediated effects.

For example, BMI blocks a apamin-sensitive Ca
2+

-activated

potassium (SK) current underlying the afterhyperpolari-

zation on dopaminergic neurons (Johnson and Seutin, 1997;

Seutin et al., 1997), nucleus accumbens neurons (Shi and

Rayport, 1994) and in various brain regions (Debarbieux et

al., 1998). In addition, bicuculline can induce membrane

depolarization, prolong Ca
2+

-dependent action potentials,

block nicotinic responses and acetylcholinesterase activity,

and albeit at higher concentrations than those needed to

block GABAA receptors (Olsen et al., 1976; Heyer et al.,
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1981; Zhang and Feltz, 1991). 

The substantia gelatinosa (SG) of trigeminal brainstem

subnucleus caudalis receives many thin-myelinated Aδ-

fiber and unmyelinated C primary afferent fiber inputs and

is implicated in the processing of nociceptive information

(Sessle, 1996). Park et al. (1999) reported the bicuculline-

resistant and Cl
-
-dependent GABA responses in the rat

spinal dorsal horn. However, little is known about non-

GABAergic action of BMI on the SG neurons of Vc in mice.

In this study, we investigated the effects of BMI on the SG

neurons of Vc by whole cell patch clamp technique.

Materials and Methods

All experiments were approved by the Experimental

Animal Care and Ethics Committee of Chonbuk National

University. Mice (Damul Science, Suwon, Korea) were

housed under 12:12 light:dark cycles with free access to

food and water. Immature (8-17 days) ICR mice were

decapitated and the brains were rapidly removed and placed

in the ice-cold bicarbonate-buffered artificial cerebrospinal

fluid (ACSF) of the following composition (in mM): 126

NaCl, 2.5 KCl, 2.4 CaCl2, 1.2 MgCl2, 11 D-glucose, 1.4

NaH2PO4 and 25 NaHCO3 (pH 7.4, bubbled with 95 % O2

and 5 % CO2). Coronal slices (150 to 200 µm thickness)

were then cut in ice-cold ACSF using a vibratome (Microm,

Germany). Usually brain slices obtained near obex (1-2

mm), the most rostral part of Vc, were used. The slices were

allowed to recover in oxygenated ACSF for at least 1 hour at

room temperature.

The brain slices were transferred to the recording

chamber, held submerged, and continuously perfused with

ACSF at a rate of 4-5 ml/min. The slices were viewed with

an upright microscope (BX51WI, Olympus, Tokyo, Japan)

and Nomarski differential interference contrast optics. Patch

pipettes were pulled from thin-wall borosilicate glass-

capillary tubing (PG52151-4, WPI, Sarasota, USA) on a

Flaming Brown puller (P-97; Sutter Instruments Co.,

Novato, CA). The pipette solution was passed through a

disposable 0.22 µm filter and contained (in mM): 130 KCl,

5 NaCl, 0.4 CaCl2, 1 MgCl2, 10 HEPES, 1.1 EGTA (pH 7.3

with KOH). The whole cell recordings were performed

using an Axoclamp 2B amplifier (Axon Instruments, Foster

City, CA). The tip resistance of the electrode was 4-6 MΩ .

The junction potential between the patch pipette and bath

solution was nulled before giga-seal formation. Membrane

potential changes were sampled online using a Digidata

1322A interface (Axon Instruments, USA) connected to an

IBM PC. Acquisition and subsequent analysis of the

acquired data were performed using the Clampex9 software

(Axon Instruments, USA). All experiments were carried out

at room temperature. 

Tetrodotoxin (TTX, 0.5 µM), 6-cyano-7-nitroquinoxaline-

2,3-dione (CNQX, 20 µM), d,l-2-amino-5-phosphonopen-

tanoic acid (AP-5, 50 µM), picrotoxin (PTX, 50 µM) and

strychnine (20 µM) were applied to demonstrate direct

effects of BMI on recorded neurons (Han et al., 2007, 2008).

All values were expressed as mean ± S.E.M. Student’s

paired t-test was used to assess the membrane potential

changes induced by GABA alone, BMI alone, GABA with

BMI and fBIC. The level of significancy was set at p<0.05. 

Results

The SG (lamina II) of the Vc was clearly visible as a

translucent band, just medial to the spinal trigeminal tract

and travels along the lateral edge of the slice. Most of

neurons tested were responded to the bath application of

BMI (20 µM) with membrane depolarization (14.8 ± 1.54

mV, n=13, Fig. 1A). The mean resting membrane potential

of neurons depolarized by BMI was -63.2 ± 2.24 mV

(n=13). To examine whether BMI blocks GABA-mediated

response on the SG neurons, we applied GABA with or

without BMI. Not only GABA (30 µM) alone but also BMI

Fig. 1. BMI-induced membrane depolarization is not mediated by
GABA

A
 receptors. A, A representative trace showing membrane

depolarization by bath application of 20 µM BMI. B, Representa-
tive traces by application of 30 µM GABA, 20 µM BMI, and
GABA with BMI in the same neuron, respectively. C, Comparison
of mean membrane potentials induced by GABA alone, BMI alone
and GABA with BMI. Asterisks represent significant difference
(p<0.05, paired t-test).
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(20 µM) alone induced a membrane depolarization.

Interestingly, when 30 µM GABA was applied in the

presence of 20 µM BMI, GABA-induced membrane

depolarization was still observed (Fig. 1B). The membrane

potential changes by GABA with BMI were substantially

larger than those of BMI alone or GABA alone (paired t-

test, P<0.05). Fig. 1C shows the mean membrane potential

changes by GABA alone (8.32 ± 0.93 mV), BMI alone

(9.40 ± 1.22 mV) and GABA with BMI (12.6 ± 1.27 mV).

To confirm whether GABA-induced membrane depolari-

zation is mediated by the activation of GABAA receptor, we

applied picrotoxin (PTX), another GABAA as well as

GABAC receptor antagonist. PTX completely blocked the

GABA-induced membrane depolarization. However, PTX

alone had no effect on the membrane potential at the

employed dose (Fig. 2A). Moreover, BMI-induced mem-

brane depolarizations were persisted in the presence of PTX

(Fig. 2B, n=4). To examine whether quaternary ammonium

salt could be involved in the BMI-induced membrane

depolarization, we tested free base bicuculline (fBIC). Fig.

3A shows a representative trace showing depolarization by

GABA (100 µM). When fBIC was applied on the same

neuron used in Fig. 3A, fBIC completely blocked GABA-

induced membrane depolarization in 4 of 5 neurons tested

(Fig. 3B) and partially blocked in 1 of 5 tested. Fig. 3C

shows the mean membrane potential change by GABA

alone and GABA in the presence of fBIC (n=5).

To check whether BMI acts on the SG neurons directly, we

applied BMI in the presence of antagonist mixture (AM)

Fig. 2. A. A representative trace showing a complete blocking of
GABA (100 µM)-induced membrane depolarization by PTX (50
µM). B, A voltage trace showing BMI (20 µM)-induced mem-
brane depolarization in the presence of PTX (50 µM). Note that
PTX failed to induce membrane depolarization. 

Fig. 3. A, A representative trace showing depolarization by GABA
(100 µM) at -52.2 mV. B, A trace showing GABA effect in the
presence of 20 µM free base bicuculline (fBIC, GABAA receptor
antagonist, 20 µM). Note that GABA-induced membrane depolar-
ization shown in Fig 3A was completely blocked by bicuculline. C,
Bar graph showing mean membrane potential changes by GABA
alone and GABA in the presence of free base bicuculline. * repre-
sents p<0.05 by paired t-test). 

Fig. 4. A sample trace showing BMI-induced membrane depolar-
ization in the presence of antagonist mixture (AM) including tetro-
dotoxin (TTX, a Na

+
 channel blocker, 0.5 µM), AP-5 (NMDA

receptor antagonist, 50 µM), CNQX (non-NMDA receptor antago-
nist, 20 µM) and strychnine (glycine receptor antagonist, 20 µM).
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including tetrodotoxin (TTX, a Na
+
 channel blocker), AP-5

(NMDA receptor antagonist), CNQX (non-NMDA receptor

antagonist) and strychnine (glycine receptor antagonist).

BMI-induced membrane depolarization was still observed

in the presence of AM in 7 neurons tested (Fig. 4).

Discussion

Here, we report that 1) BMI itself induced membrane

depolarization and failed to block GABA-induced res-

ponse; 2) GABA-induced membrane depolarization was

completely blocked by PTX, an antagonist for both GABAA

and GABAC receptor; 3) free base bicuculline (fBIC) failed

to induce membrane depolarization and GABA-induced

membrane depolarization was blocked by fBIC; 4) BMI-

induced membrane depolarizations were persisted in the

presence of PTX and antagonist mixture (AM) including

CNQX, AP-5, strychnine and TTX.

GABA can act on ionotropic GABAA and GABAC

receptors, and metabotropic GABAB receptor (reviewed by

Bormann, 2000). Ionotropic GABAA and GABAC receptors

are both directly coupled with chloride channels. However,

they are pharmacologically and physiologically different.

For instance, GABAA receptors are blocked by both

bicuculline and PTX (Johnston, 1996), but GABAC

receptors are bicuculline resistant chloride channel and

partially PTX-sensitive (Feigenspan et al., 1993; Qian and

Dowling, 1993). 

In this study, both GABA and BMI induced membrane

depolarization, and when GABA in the presence of BMI

was applied, membrane depolarization was not suppressed

but enhanced (Fig. 1). Since BMI is a well-known GABAA

receptor antagonist, similar pattern of response by GABA

and BMI may sound strange. In addition, the membrane

potential change by co-application of GABA and BMI was

bigger than that of BMI alone or GABA alone (Fig. 1C).

Whereas, GABA-induced membrane depolarization was

completely blocked by PTX (Fig. 2). These results suggest

that there may be a BMI-resistant and PTX-sensitive GABA

response, which is similar with previous result in the rat

spinal dorsal horn by Park et al. (1999). However, BMI

itself induced membrane depolarization, it was difficult to

apply GABA in the presence of BMI. Therefore, it was

hardly concluded that GABA-induced membrane

depolarization was blocked by BMI or not.

Here, BMI, but not fBIC, induced membrane depolar-

zation in the majority of the neurons tested. These results

indicate that action mechanism of BMI could be different

from that of fBIC. A number of studies have suggested the

non-GABAergic action of BMI on dopaminergic neuron in

various area such as ventral tegmental area and the

substantia nigra pars compacta by blocking apamin-

sensitive SK current (Seutin et al., 1997), by enhancing the

NMDA dependent burst firing (Johnson and Seutin, 1997),

and by blocking nicotinic responses in pituitary cells (Zhang

and Feltz, 1991). We also demonstrate here that BMI-

induced depolarizing effects were maintained in the

presence of excitatory and inhibitory amino acid

neurotransmitter receptor antagonist mixture (AM)

combined with TTX (Fig. 4). These results imply that BMI

can directly act on the postsynaptic SG neuronal dendrite or

soma. 

Taken together, these results demonstrate that BMI-

induced membrane depolarizations which act on the

postsynaptic SG neuron directly are not mediated by

GABAA receptor. These data suggest that the action of BMI

is different from that of free base bicuculline and other

unknown mechanisms could be involved in the BMI-

induced depolarization. Further studies are needed for

precise mechanism underlying the BMI-induced membrane

depolarization on the SG neurons of Vc.
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