
In the mammalian brain, taurine (2-aminoethane-

sulphonic acid) is one of the most abundant free amino

acids and is critical for proper brain functioning (Huxtable,

1989, 1992). High levels of taurine, in particular high

intracellular levels (about 8 mM; Palkovits et al. 1986),

are essential for the functions of taurine. These include

osmoregulation (Nagelhus et al. 1993, 1994; Pasantes-

Morales et al. 2000) and neuroprotection against glutamate-

induced excitotoxicity (El Idrissi & Trenkner, 1999;

Saransaari & Oja, 2000a). Although taurine-like immuno-

reactivity is found in both neurons and astrocytes (Ottersen,

1988; Gragera et al. 1995; Magnusson, 1996), the key

enzyme of taurine biosynthesis, cysteinesulphinic acid

decarboxylase, is found primarily in glial cells (Almarghini

et al. 1991; Tappaz et al. 1994). The very high ratio of

intracellular to extracellular taurine concentrations (ratio

about 400:1; Jacobson et al. 1985; Lerma et al. 1986) is the

result of the functional equilibrium of Na+-dependent

taurine uptake, taurine release mechanisms, and a small

amount of biosynthesis from cysteine. One mechanism of

taurine release is via diffusion through swelling-activated

Cl_ channels, which is a mechanism by which cells and in

particular astrocytes regulate osmolarity (Pasantes-Morales

et al. 1990; Nagelhus et al. 1993; Sanchez-Olea et al. 1993;

Schousboe & Westergaard, 1995). Another important

mechanism of taurine release is via Na+-dependent transport

reversal that can occur upon activation of various receptors

for neurotransmitters such as glutamate and serotonin in

astrocytes (Levi & Gallo, 1995) and following ischaemia

and cell damaging conditions in slices (Albrecht et al. 1994;

Saransaari & Oja, 1998a, b, 1999). Na+-dependent taurine

uptake in astrocytes is important to replenish intracellular

taurine levels following taurine efflux, and is thus essential

for the maintenance of high intracellular levels of taurine.

Pursuant to this idea, taurine uptake has been examined in

pure astrocytic cultures (Larsson et al. 1986; Beetsch &

Olson, 1993; Petegnief et al. 1995; Tchoumkeu-Nzouessa

& Rebel, 1996; Chang et al. 2001). However, in brain slices

taurine uptake and release have only been studied in a

mixed population of cells (Huxtable, 1989). As a result the

properties of taurine transport have not been studied

selectively in astrocytes in brain slices. A specific, high-
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affinity Na+- and Cl_-coupled taurine transporter has been

cloned (Liu et al. 1992; Smith et al. 1992; Vinnakota et al.
1997), and the fact that this transporter is electrogenic

(Vinnakota et al. 1997) makes it possible to directly record

taurine transporter currents in astrocytes in brain slices.

In view of the importance of carrier-mediated taurine

transport in astrocytes and its lack of characterization in

brain slices thus far, we investigated the properties of in
situ taurine transport in Bergmann glia. These cells are the

cerebellar radial glia that surround Purkinje cells and share

properties with astrocytes such as the expression of glial

fibrillary acidic protein, as well as various receptors and

transporters for neurotransmitters (Bergles et al. 1997;

Clark & Barbour, 1997; Porter & McCarthy, 1997). High

levels of taurine and taurine transporters are found in the

cerebellum (Palkovits et al. 1986; Ottersen, 1988; Liu et al.
1992; Lake & Orlowski, 1996; Terauchi et al. 1998). In

addition, Bergmann glia synthesize taurine (Almarghini et
al. 1991) and have the ability to take up taurine released

from surrounding neurons (Nagelhus et al. 1993, 1994).

However, it remains unknown whether taurine influx in

Bergmann glia is mediated by Na+-dependent transporters,

and whether these transporters can mediate taurine efflux

as well. Thus we ask the following two questions: (1) do

Bergmann glia possess functional Na+/Cl_-dependent

taurine uptake systems that have the pharmacological

properties of the cloned taurine transporter? and (2) can

taurine transporters in Bergmann glia work in reverse?

Answering the first question will also determine whether

taurine activates GABAA receptors present in Bergmann

glia (Muller et al. 1994), as has been shown in other cell

types (Horikoshi et al. 1988; Kontro & Oja, 1990; Puopolo

et al. 1998).

METHODS 
Slice preparation
Cerebellar slices were prepared as previously described (Muller et
al. 1994; Bordey & Sontheimer, 2000). Briefly, 15- to 30-day-old
Sprague-Dawley rats were anaesthetized using pentobarbitone
(50 mg kg_1) and decapitated. These procedures were performed
in accordance with the Institutional Animal Care and Use
Committee, which is guided by USA government Principles for
the Utilization and Care of Vertebrate Animals used in Testing,
Research and Training. A rapid craniotomy that removed the
occipital bone and mastoid processes allowed the cerebellum to be
quickly detached, removed and chilled (0–4 °C) in 95 % O2 and
5 % CO2 saturated artificial cerebrospinal fluid (ACSF) containing
(mM): NaCl 125, KCl 2.5, CaCl2 2, MgCl2 2, NaHCO3 25 and
glucose 10. Next, the cerebellum was glued (cyanoacrylate glue) to
the stage of a vibratome and transversal slices (250 mm thick) were
cut in cold oxygenated ACSF. After a recovery period of at least an
hour in ACSF, slices were placed in a flow-through chamber, held
in position by a nylon mesh glued to a U-shaped platinum wire
and continuously superfused with oxygenated ACSF at room
temperature. The chamber was mounted on the stage of an upright
microscope (Olympus BX50) equipped with a w60 water immersion
objective and infrared optics.

Whole-cell recordings and drug application
Whole-cell patch-clamp recordings were obtained as previously
described (Bordey & Sontheimer, 2000). Patch pipettes were
pulled from thin-walled borosilicate glass (o.d. 1.55 mm; i.d.
1.2 mm; WPI, TW150F-40) on a PP-83 puller (Narishige, Japan).
Pipettes had resistances of 6–8 MV when filled with the following
solutions (mM): KCl 140 or CsCl 140 when noted, CaCl2 1.0,
MgCl2 2.0, ethylene glycol-bis (aminoethyl ether)-N,N,N ‚,N ‚-
tetraacetic acid (EGTA) 10 and Hepes 10; pH adjusted to 7.2 with
NaOH. The osmolarities of the intracellular and extracellular
solutions were 295–300 and 305–310 mosmol l_1, respectively.
The osmolarity of all solutions was measured with a vapour
pressure osmometer 5500 (Wescor) and was adjusted by addition
of water or D-mannitol. In some experiments extracellular Na+

was replaced by an equimolar amount of choline or Li+. For
experiments lowering extracellular Cl_ concentration, a high
molarity agar bridge made out of a bent glass pipette was used.
When voltage steps were applied to the recorded cell, 5 mM Cs+

and 40 mM TEA were added to the extracellular solution in
exchange for an equimolar amount of Na+ to suppress voltage-
activated and time-dependent outward K+ currents present in
Bergmann glia (Bordey & Sontheimer, 2000). To permit the
reversal of taurine transport, Hepes sodium salt was used instead
of Hepes in some glia and 10 mM taurine replaced an equal
amount of KCl. Solutions containing picrotoxin were prepared
daily. Usually 15 mg of picrotoxin were added to 50 ml of
extracellular solution and sonicated for approximately 20 min.
For morphological identification, 0.1 % Lucifer Yellow (LY,
dilithium salt) was added to the pipette solution. Whole-cell
recordings were performed using an Axopatch-200B amplifier
(Axon Instruments). Current signals were low-pass filtered at
2–5 kHz and digitized on-line at 5–20 kHz using a Digidata 1320
digitizing board (Axon Instruments) interfaced with an IBM-
compatible computer system. Data acquisition, storage and
analysis were performed using pCLAMP version 8.0.2 software
(Axon Instruments). Settings were determined by compensating
the transients of a small (5 mV) 10 ms hyperpolarizing voltage
step. The capacitance reading of the amplifier was used as the value
for the whole-cell capacitance. Capacitive and leak conductances
were not subtracted. Peak currents were determined using Clampfit
(Axon Instruments), and statistical values (means ± S.D., with n
being the number of cells tested) were evaluated with a statistical
graphing and curve-fitting program (Origin, MicroCal). Statistical
comparison of means was performed with Student’s t test. In the
graphs, values are represented as means ± S.E.M.

Both bath and pressure applications were used. Receptor and
transporter inhibitors were diluted in ACSF and applied by a rapid
bath application system. Receptor and transporter substrate
agonists were pressure applied by a computer-controlled pressure
ejection system. Inhibitors were diluted in ACSF in which Hepes
replaced NaHCO3 and the pH was adjusted to 7.4 by NaOH.
When NaCl was replaced by choline or another chemical, similar
changes were performed in the pressure pipette solution. The
pressure ejection pipettes were standard unpolished patch-
electrodes with resistances of 6–8 MV for local agonist application
and were positioned just above the slice. The applied pressure was
3–6 p.s.i. For the application of two drugs to the same cell, a theta
glass with one drug in each compartment was used.

Intracellular perfusion of taurine during the recording
Intracellular perfusion of a taurine transporter blocker was
performed as previously reported by others for single or multiple
drug applications (Tang et al. 1990). We used a straight pipette
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holder with a perfusion port (EH-U2, E. W. Wright, CT, USA).
Through the perfusion port, a polyethylene tube (i.d. 0.86 mm;
o.d. 1.27 mm) was introduced sufficiently far to reach well into
the patch pipette solution. A 1 ml syringe containing the LY-filled
intracellular solution to be perfused during the recording was
connected to the polyethylene tube via an elongated and thinned
plastic pipette tip. Before adding the patch pipette, positive
pressure was manually applied to fill the tube all the way to the
end, remove air bubbles, and visualize efflux of solution. Then,
after applying negative pressure to prevent any solution leakage
but without adding an air bubble to the end of the tube, the patch
pipette was inserted into the holder. To perfuse the LY-filled
solution containing taurine, positive pressure was manually applied
to add sufficient solution to double the volume in the patch
pipette (about 20 ml). The concentrations of taurine and Na+ were
doubled to obtain the intended final concentrations in the cell.

Chemicals were purchased from Sigma (St Louis, MO, USA),
unless otherwise stated.

RESULTS 
Whole-cell recordings were obtained from 98 visually

identified Bergmann glia in cerebellar slices from 15- to

30-day-old rats. Bergmann glia were identified by the

location of their cell body in the Purkinje cell layer and by

the small size of their somata (8–12 mm diameter) in

comparison to the large Purkinje cell bodies (≥ 30 mm in

diameter). Each recorded cell was filled with Lucifer

Yellow (LY) and identified as a Bergmann glial cell by its

typical morphology characterized by three or more long,

parallel processes extending through the molecular layer

toward the pial surface (de Blas, 1984; Reichenbach et al.
1995). Figure 1A shows a representative example of a LY-

filled Bergmann glial cell. In addition, cells recorded with a

KCl-based intracellular solution had a characteristically

low mean input resistance of 38.8 ± 10.5 MV (n = 87,

mean ± S.D.) and a mean hyperpolarized resting membrane

potential (VR) of _77.7 ± 5.8 mV (n = 87). These values

were determined in the first 3 min of whole-cell recording.

The remaining eleven cells were recorded in CsCl-based

intracellular medium. Cells exhibiting a cell capacitance

smaller than 30 pF were disregarded. Mean cell capacitance

(Cm) was 51.8 ± 12.9 pF (n = 98).

Bergmann glia possess functional Na+-dependent
taurine transport systems
For all of the following experiments, Bergmann glia

were recorded at a holding potential of _70 mV in the

presence of 1 mM TTX in the external solution to prevent

action potential-induced neurotransmitter release from

surrounding neurons.

Taurine activates both GABAA receptors and Na+-
dependent transporters. Pressure applications (puff) of

taurine (1 mM, 5 s) induced inward currents in all cells

tested (n = 73). Taurine-induced currents could be the result

of taurine activation of GABAA/B receptors, glycine (GLY)

receptors (Horikoshi et al. 1988; Kontro & Oja, 1990),

and/or Na+-dependent taurine transport systems (Liu et
al. 1992; Smith et al. 1992; Clark & Amara, 1994; Borden et
al. 1995b; Borden, 1996). In 8 of 19 (42 %) Bergmann

glia recorded under control conditions (in the absence

of receptor blockers), taurine-induced currents were

accompanied by an increase in noise. In these eight cells,

taurine-induced currents had a mean amplitude of

_208.5 ± 45.8 pA (Fig. 1B and C). Because an increase in

noise is characteristic of ionotropic receptor currents, and

GABAA receptors are known to be expressed in Bergmann

glia (Muller et al. 1994), we first tested the effects of GABA

receptor antagonists on taurine-induced currents in these

nineteen cells. Bath application of bicuculline (250 mM,

Fig. 1Bb) or picrotoxin (PTX, 500 mM, Fig. 1Cb), two

blockers of GABAA receptors, reversibly reduced taurine-

induced currents by 84 ± 4 % (n = 3/8) and 87 ± 4 %

(n = 5/11), respectively. No block of taurine-induced

currents by bicuculline or PTX could be observed in the

remaining 5/8 and 6/11 cells, respectively. Such concen-

trations of PTX and bicuculline have been used previously

to block GABAA receptors and isolate GABA transporter

currents (Cammack & Schwartz, 1993; Dong et al. 1994).

In the presence of bicuculline or PTX, residual currents

were small in amplitude and were not accompanied by an

increase in noise, as one would expect for metabotropic

receptor or transporter currents. These residual taurine-

induced currents were unaffected by both the GABAB

receptor antagonist phaclofen (100 mM) (_27.6 ± 2.3 pA

in control and _27.4 ± 1.8 pA in phaclofen, n = 7; Fig. 1Cc)

and by the glycine receptor antagonist strychnine (100 mM)

(_25.6 ± 5.6 pA in control and _25.2 ± 6 pA in strychnine,

n = 4; Fig. 1Cd). For the following experiments, phaclofen

and strychnine were routinely applied along with PTX

in the extracellular solution. PTX was used instead of

bicuculline because PTX blocks both GABAA receptors and

GABAC receptors (Feigenspan & Bormann, 1994; Bormann

& Feigenspan, 1995). Residual taurine-induced currents

were unaffected by an extracellular solution containing

glutamate receptor blockers, including D-AP5 (50 mM),

CNQX (20 mM) and MCPG (200 mM) to block AMPA/

kainate, NMDA and metabotropic glutamate receptors,

respectively (Fig. 1D). Taurine-induced currents were

_26.2 ± 6.0 pA in the control and _25.7 ± 7.6 pA in the

presence of glutamate receptor blockers (n = 4). This result

rules out the possibility that taurine-induced glutamate

release activates glutamate receptors in the recorded

Bergmann glia (Muller et al. 1996; Bergles et al. 1997) and

generates the recorded currents. Glutamate could be released

by reversed uptake driven by the Na+ accumulation that

taurine uptake produces. In addition, residual taurine-

induced currents were unaffected by an extracellular

solution containing 0 Ca2+/1 mM EGTA to prevent vesicular

release of glutamate following depolarization of presynaptic

terminals by taurine transporter activation (–28.0 ± 2.6 pA

in control and –27.6 ± 2.5 pA in 0 Ca2+/EGTA, n = 3,
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Figure 1. Taurine activates GABAA receptors and transporters in Bergmann glia in situ
A, photograph of a Lucifer Yellow-filled Bergmann glial cell in a 250 mm slice from a 16-day-old rat. B, a puff
of taurine (1 mM) induced an inward current (a) reduced by bath application of 250 mM bicuculline (b), a
blocker of GABAA receptors. C, taurine-induced currents were also reduced by picrotoxin (PTX, 500 mM, b),
a blocker of GABAA/C receptors. The PTX-insensitive current was not affected by 100 mM phaclofen, a blocker
of GABAB receptors (c). The residual current was not affected by 100 mM strychnine, a blocker of glycine
receptors (d). D and E, the PTX-, phaclofen- and strychnine-insensitive currents were not affected by bath
application of glutamate receptor blockers, including D-AP5 (50 mM), CNQX (20 mM) and (S)-a-methyl-4-
carboxyphenylglycine (MCPG, 200 mM) to block AMPA/kainate, NMDA and metabotropic glutamate
receptors, respectively (D) nor by a 0 Ca2+/EGTA extracellular solution (E). F, taurine and betaine (1 mM

each) were pressure applied onto the same cell using a theta glass pipette. All the recordings were performed
from a holding potential of _70 mV with a KCl-based internal solution.



Fig. 1E). When recorded with a KCl-based intracellular

solution (Fig. 1), the mean residual taurine current

amplitude averaged _27.8 ± 5.2 pA (n = 62). This mean

amplitude was similar to the mean current amplitude of

_28 ± 2.1 pA (n = 11) when cells were recorded with a

CsCl-based intracellular solution (data not shown). This

result was expected because K+ is not known to be required

for taurine transport or the transport of other inhibitory

amino acids via Na+/Cl_-dependent transporters such as

GABA transporters (Borden, 1996). The possibility that

the taurine-evoked current is generated by glutamate

transporters is ruled out by the fact that this current would

be reduced by about 40 % when intracellular K+ is replaced

by Cs+ (Barbour et al. 1991) and by the strong dependence

of the current on external Cl_ which is described

below. The mean amplitude of residual taurine currents

averaged _29.6 ± 5.3 pA (n = 11) in the presence of a

blocker of swelling-sensitive Cl_ channels, 5-nitro-2-(3-

phenyl-propylamino)-benzoate (NPPB, 100 mM) (Jackson

& Strange, 1993; Bres et al. 2000). The taurine current

amplitude in the presence of NPPB was not significantly

different from that in control conditions. Such a result rules

out the possibility that an influx of taurine (zwitterion at

physiological pH) and a concurrent efflux of Cl_ through

chloride channels (Sanchez-Olea et al. 1993) generate the

inward currents recorded at _70 mV. Finally, we pressure-

applied taurine and betaine (1 mM each) onto the same cell

using a theta glass pipette (n = 3) (Fig. 1F). Betaine is a

substrate for one of the GABA transporters, BGT-1

(Borden, 1996), and is not supposed to be taken up via

taurine transporters. Taurine induced an inward current

while betaine failed to induce a current, suggesting that
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Figure 2. Voltage dependence of taurine-induced responses
A, taurine-induced inward currents recorded at distinct holding potentials in normal recording conditions
(no GABA receptor blockers). The current reversed in polarity close to 0 mV. B, mean current–voltage curve
of taurine-induced inward currents (n = 3) recorded without GABA receptor blockers. C, taurine-induced
currents recorded at different holding potentials in the presence of GABAA/B/C and glycine receptor blockers
in the bath. These currents inwardly rectified and did not reverse for positive membrane potentials. D, mean
current–voltage curve of taurine-induced inward currents (n = 8) recorded with GABA and glycine receptor
blockers.



our method of application did not generate an artifactual

current. Taken together, these data suggest that taurine

activates GABAA receptors and that residual taurine currents

in the presence of GABA receptor and GLY receptor blockers

may be mediated by taurine transport into Bergmann glia.

We then determined whether the residual taurine-induced

currents were voltage dependent and compared their

voltage dependence to that of taurine-induced currents

recorded in the absence of GABA receptor blockers. When

the cell membrane was progressively depolarized from _70

to +50 mV, taurine-induced currents in the absence

of GABA receptor blockers decreased progressively in

amplitude with depolarization and reversed between 0 and

10 mV (2.9 ± 0.1 mV, n = 3), as is expected for GABAA

receptor currents in our recording conditions (Fig. 2A and

B). In the presence of GABA receptor and GLY receptor

blockers, taurine-induced currents displayed prominent

inward rectification and did not reverse in our recording

conditions (Fig. 2C and D, n = 8). Because Bergmann glia

are coupled by gap junctions (Muller et al. 1996), the

resulting voltage non-uniformity could contribute to the

presence of inward currents at positive potentials. However,

our data show that the reversal potential of GABAA

receptor-mediated currents (~3 mV) is similar to that

predicted by the equilibrium potential of Cl_ ions (~2 mV).

This result argues against the contribution of voltage non-

uniformity to the I–V curve of residual taurine-induced

currents. In addition, similar current–voltage (I–V)
relationships have been reported for other Na+/Cl_-

dependent transporters in similar recording conditions

(Cammack & Schwartz, 1993; Biedermann et al. 1994;

Dong et al. 1994; Takahashi et al. 1996). Because taurine

uptake is dependent on extracellular Na+ and Cl_ (Liu et al.
1992; Smith et al. 1992) we removed Na+ and reduced Cl_

in the extracellular solution (Borden et al. 1992, 1995a).

When choline (Fig. 3A) or Li+ (data not shown) was

substituted for external Na+ (n = 8), GABA receptor and

GLY receptor blocker-insensitive taurine currents were

reversibly and completely blocked, as is expected for

taurine-induced transport currents. Lowering extracellular

Cl_ from 136 to 11 mM (NaCl replaced with sodium

gluconate) reduced taurine-induced transporter currents

by 67.3 + 3.0 % (n = 4) (Fig. 3B).

Together, these data suggest that taurine-induced currents

in the presence of GABA receptor and GLY receptor

blockers are generated by taurine and Na+ being taken up

into Bergmann glia.

Pharmacological characterization of taurine transport
currents. All of the following experiments were performed

in the presence of GABAA/B/C receptor blockers (500 mM

PTX and 100 mM phaclofen) and a GLY receptor blocker

(100 mM strychnine), except for the experiments where the

effect of these blockers was tested on hypotaurine-induced

currents. We first tested the effects of guanidinoethyl

sulphonate (GES, 100 mM) on taurine transport currents,

because GES is a selective competitive antagonist of

taurine transporters at the concentration used (Liu et al.
1992; Smith et al. 1992; Borden, 1996). The IC50 of GES has

been reported to be 2500 mM to inhibit GABA uptake into

synaptosomes (Li & Lombardini, 1990), and 4840, 696,

915 and 4800 mM to inhibit the GABA transporter subtypes

GAT-1, GAT-2, GAT-3 and BGT-1 expressed in COS-7

cells (Borden, 1996). These values suggest that 100 mM

GES should not significantly affect the currents generated

by taurine uptake that can possibly occur via GABA

transporters (Borden et al. 1995b; Borden, 1996). GES

reversibly reduced taurine-induced transport currents by

72.3 ± 13.2 % (n = 14, Fig. 4A), suggesting that these

currents are taurine transporter currents. In 8 out of

19 cells, GES induced inward currents that averaged

_6.8 ± 1.8 pA (range 5_9 pA), suggesting that GES is

weakly transported by taurine transporters. The commonly

tested and most potent transportable inhibitors of taurine

uptake are hypotaurine and b-alanine (Liu et al. 1992;

Smith et al. 1992). Figure 4 shows that hypotaurine

completely and reversibly blocks taurine transport currents

(Fig. 4B, n = 4) and b-alanine blocks 84.5 ± 3.8 % (n = 4)

of taurine transport currents (Fig. 4C). Consistent with
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Figure 3. Ion dependence of taurine-induced currents in the presence of GABA and glycine
receptor blockers
A, taurine-induced current was reversibly abolished by replacing external Na+ by choline. B, taurine-induced
current was reversibly diminished by reduction of external Cl_ (11 mM instead of 136 mM).



the action of hypotaurine and b-alanine as competitive

transportable blockers, bath application of hypotaurine

and b-alanine (each at 100 mM) induced inward currents

that averaged _19 ± 2.6 pA (n = 4) and _21.2 ± 3.5 pA

(n = 4), respectively, as shown by the deviation of the

holding current in the presence of hypotaurine or b-alanine

from the control current (Fig. 4Bb and Cb, dotted line).

Because hypotaurine and b-alanine are also substrates for

two subtypes of GABA transporters (rat GAT-2 and GAT-3)

(Borden et al. 1992; Liu et al. 1993; Borden et al. 1995b;

Borden, 1996), these inward currents could result from

both taurine transporter as well as GABA transporter

activation. GABA was also tested on taurine transport

currents because it is a weak blocker of taurine transporters

cloned from rat brain (Smith et al. 1992). GABA (100 mM)

reduced taurine transport currents by 70.7 ± 2.1 % (n = 4)

(Fig. 4D). Like hypotaurine and b-alanine, GABA induced

a mean inward current of _22.7 ± 2.2 pA (n = 4) in the

presence of a non-transportable blocker of the GABA

transporter subtype GAT-1 (SKF89976-A, 100 mM, Fig. 4D).

A GAT-1 blocker was applied because Bergmann glia have

been shown to stain positive for GAT-1 (Swan et al. 1994;

Morara et al. 1996). In addition, GABA-induced currents

recorded in the presence of GABAA receptor blockers are

Na+ dependent (data not shown), which strongly suggests

that these currents are mediated by GABA uptake into

Bergmann glia. In the presence of a GAT-1 blocker,

GABA-induced currents are probably due to GABA

uptake via the two rat transporter subtypes, GAT-2 and/or

GAT-3, and less likely via taurine transporters (Borden et
al. 1992; Smith et al. 1992; Borden et al. 1995b; Borden,

1996). Although taurine is not transported by GAT-1

(Borden, 1996), we tested the effect of SKF89976-A on

taurine transport currents. The mean amplitude of taurine-

induced currents was not affected by bath application of

100 mM SKF89976-A (_28.0 ± 2.2 and _25.2 ± 0.9 pA,

before and after SKF89976-A, respectively, n = 4), which

confirms that taurine is not transported by GAT-1

transporters. To further characterize taurine transport

currents in Bergmann glia, we pressure-applied hypotaurine

and studied the GES sensitivity and Na+- and voltage-

dependence of the resulting currents. We chose to apply

hypotaurine because it is the most potent blocker of

taurine-induced transport currents and because it is an

endogenous substrate of taurine transport and a precursor

of taurine (Oja et al. 1981; Kontro et al. 1984; Huxtable,

Taurine transport in Bergmann glia in situJ. Physiol. 541.3 759

Figure 4. Pharmacological profile of taurine transport currents in Bergmann glia
Effect of distinct blockers of taurine transport, GES (A, 100 mM), hypotaurine (B, 100 mM), b-alanine (C,
100 mM), and GABA (D, 100 mM), on taurine-induced currents recorded in the presence of GABAA/B/C

receptor blockers (500 mM PTX and 100 mM phaclofen) and a GLY receptor blocker (100 mM strychnine). For
each treatment, data show the current induced by a 1 mM puff of taurine before (a), during (b), and after the
washout (c) of the drug.



1992). A puff of hypotaurine (1 mM) (Smith et al. 1992)

induced an inward current of _24.0 ± 4.1 pA (n = 8/8) in

the presence of GABA receptor and GLY receptor blockers

(Fig. 5). GES (100 mM) reversibly reduced hypotaurine-

induced currents by 68.2 ± 5.3 % (n = 5, Fig. 5Ab), which

suggests that most of the hypotaurine-induced current is

due to uptake into Bergmann glia via taurine transporters.

When Na+ was replaced by choline, hypotaurine-induced

currents were reversibly and completely blocked (n = 3,

Fig. 5Bb). However, hypotaurine-induced currents were

unaffected by the GABAA/B/C receptor antagonists PTX and

phaclofen (n = 3, Fig. 5Cb) or by the GLY receptor

antagonist strychnine (n = 3, Fig. 5Cc). In addition, the

voltage dependence of hypotaurine-induced currents was

strictly inwardly rectifying up to +50 mV as observed for

taurine-induced transport currents (n = 3, Fig. 5D and E,

and see Fig. 2C and D). Thus hypotaurine-induced currents

are generated by hypotaurine being taken up into

Bergmann glia.

These data suggest that taurine is taken up into Bergmann

glia mostly by classical GES-sensitive taurine transporters

that have a high affinity for b-alanine and hypotaurine

(Liu et al. 1992; Smith et al. 1992). Because taurine can also

be taken up weakly by GAT-2 and GAT-3, and because

hypotaurine and b-alanine are high-affinity substrates for

GAT-2/3 (Borden, 1996), it is possible that taurine-

induced currents in Bergmann glia are also due to uptake

via GAT-2 and/or GAT-3.
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Figure 5. Pharmacology, voltage- and ion-dependence of hypotaurine-induced currents
A, B and C, hypotaurine-induced currents (a) were reversibly reduced by 100 mM GES (Ab), were abolished
by replacing external Na+ with choline (Bb), but were not affected by bath application of 500 mM PTX with
100 mM phaclofen (Cb) or by 100 mM strychnine in the presence of PTX and phaclofen (Cc). D, records of
hypotaurine-induced currents obtained at different holding potentials from _70 to +50 mV. E, mean
current–voltage curve of hypotaurine-induced currents (n = 3). For all the recordings, hypotaurine was
pressure-applied at 1 mM to cells recorded at _70 mV. Experiments in A, B and D were performed in the
presence of GABAA/B/C receptor blockers (500 mM PTX and 100 mM phaclofen) and a GLY receptor blocker
(100 mM strychnine).



Carrier-mediated taurine efflux from Bergmann glia
For the following experiments, whole-cell recordings were

initially obtained in a normal external solution containing

GABAA/B/C receptor and GLY receptor blockers as

previously mentioned, and subsequently in an external

solution containing 0 Ca2+/1 mM EGTA and 1 mM TTX to

block Ca2+- and action potential-dependent taurine efflux,

respectively (Andjelkovic et al. 1999). TEA (40 mM) and

Cs+ (5 mM) were also included in the external solution to

block K+ currents. To study taurine transport reversal, we

perfused 20 mM taurine + 10 mM Na+ intracellularly

during the recording (10 mM Na+ being already included

in the patch pipette). Intracellular taurine and Na+

concentrations were thus about 10 mM each, assuming

that taurine and Na+ concentrations were diluted 2-fold

upon perfusion in the patch pipette (see Methods). In
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Figure 6. Intracellular taurine perfusion during the recording to study taurine transport
reversal
A and B, 20 mM taurine was intracellularly perfused during the recording as indicated by the arrow, and
1 mM taurine was pressure-applied before and after intracellular taurine perfusion. Intracellular taurine
perfusion induced an outward current in cells held at _50 mV (B) but not in those held at _70 mV (A).
However, in both conditions the inward currents induced by a puff of taurine were diminished by
intracellular taurine perfusion. C, a solution containing no taurine was intracellularly perfused during the
recording (arrow) at _50 mV. Taurine (1 mM) was pressure-applied before and after intracellular taurine
perfusion. D, plot of the mean current amplitude (± S.E.M.) as a function of the recording time for cells that
were recorded at _50 mV and intracellularly perfused with either a solution containing taurine (n = 4, •) or
a solution without taurine (n = 4, 0). The baseline currents were considered as a zero current. These
experiments were performed in the presence of GABAA/B/C receptor and GLY receptor blockers, as previously
mentioned.



addition, NPPB was included in the bath solution to

prevent a possible taurine and Cl_ efflux through swelling-

sensitive Cl_ channels (Sanchez-Olea et al. 1993) upon

intracellular taurine perfusion, which would result in an

inward current at _50 or _70 mV. In these recording

conditions, cells had a mean input resistance of 71.3 ±

13.2 MV (n = 15) and a mean resting membrane potential

(VR) of _54.6 ± 5.2 mV (n = 10). To first test for taurine

transport reversal, we intracellularly perfused taurine

between two successive pressure-applications of taurine.

When the cell was held at _70 mV, inward uptake currents

induced by pressure-applications of taurine were decreased

by 23.4 ± 4.1 % (n = 3, Fig. 6A) after intracellular taurine

perfusion. When the cell was held at _50 mV, the inward

uptake current was decreased by 57.1 ± 6.2 % (17.6 ± 2.0 pA

before and 7.6 ± 1.6 pA after intracellular taurine perfusion,

n = 4, Fig. 6B), which was a significantly greater reduction

than that obtained for the inward currents recorded at

_70 mV. This decrease in taurine uptake current was

probably due to an intracellular competitive block of
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Figure 7. Voltage dependence of taurine transport reversal
Voltage step records for taurine efflux.  A, B, C and D, current traces following 20 mV increment voltage steps
of 150 ms applied from _100 to +0 mV from a holding potential of _70 mV under control conditions (A)
and after intracellular perfusion of 20 mM taurine (B). Following intracellular taurine perfusion, the cells
were recorded in the presence of GES (C) and following washout of GES (D). E, traces in A were subtracted
from traces in B to reveal taurine efflux currents (top panel) and their respective I–V curve (lower panel).
F, traces in C were subtracted from traces in B to illustrate the effect of GES and its magnitude by showing the
respective I–V curve (lower panel). All these experiments were performed in the presence of GABAA/B/C

receptor and GLY receptor blockers.



taurine uptake by taurine. In addition, when the cell was

held at _50 mV, an outward current of 6.3 ± 1.05 pA

(n = 4/4) developed upon intracellular perfusion of taurine

(Fig. 6B), while no outward current was observed when the

cell was held at _70 mV. Such an outward current was

not observed at _50 mV when a similar solution without

internal taurine was intracellularly perfused (n = 4, Fig. 6C).

Similarly, an outward current was not observed when

taurine without Na+ was intracellularly perfused and the

cell was recorded with an intracellular solution containing

no Na+. The time dependence of the development of the

outward current is shown on a plot of the current

amplitude at _50 mV as a function of the recording time in

Fig. 6D. This outward current induced by intracellular

taurine probably represents an outward taurine efflux

current due to transport reversal. To further characterize

the voltage dependence of intracellular taurine-induced

outward currents, 20 mV increment voltage steps of

150 ms were applied from _100 to +60 mV from a holding

potential of _70 mV. In response to voltage steps, Bergmann

glia generated transient (capacitive) and steady-state

currents (Fig. 7A). Intracellular perfusion of 20 mM taurine

during the recording (Na+ being already included internally)

induced an increase in the steady-state currents without

affecting capacitive currents (Fig. 7B, cf. Fig. 7A). Point-

by-point subtraction of the currents in the presence and

absence of intracellular taurine isolated outward currents

that averaged 7.4 ± 0.9 pA at _50 mV (n = 4, Fig. 7E). This

mean amplitude is similar to the amplitude of the outward

currents obtained upon intracellular perfusion of taurine

in the cells held at _50 mV (Fig. 6A). The I_V curves of

these currents show that they are voltage dependent,

outwardly rectifying, and could be clearly detected at

_50 mV (Fig. 7E). Subsequent bath application of GES

(100 mM) reversibly affected the steady-state outward

currents (n = 4, Fig. 7C and D). Point-by-point subtraction

of the traces in the presence and absence of GES illustrates

the effect of GES (Fig. 1F). As a control for taurine

intracellular perfusion, LY was routinely added in the

intracellularly perfused solution but not in the recording

solution to confirm that the solution intracellularly

perfused during the recording was diffusing into the cell.

In all of these experiments, LY diffused into the cell (data

not shown).

DISCUSSION 
For the first time, the present study reports the presence and

properties of functional taurine transporters in Bergmann

glia recorded in brain slices. More specifically, our data

show that: (1) taurine activates taurine transporters in

addition to GABAA receptors in Bergmann glia, (2) taurine

transport currents display a pharmacological profile similar

to that of cloned rat taurine transporters, and (3) taurine

transporters can mediate electrogenic taurine efflux from

Bergmann glia.

Taurine activates taurine transporters in addition to
GABAA receptors in Bergmann glia
Isolation and identification of taurine transport currents.

Our data show that in a subset of Bergmann glia, a large

proportion of the amplitudes of taurine-induced currents

(about 86 %) are sensitive to PTX and bicuculline and are

thus likely to be mediated by GABAA receptor activation.

In addition, taurine-induced currents reverse around 3 mV,

as one would expect for GABAA/C receptor-mediated

currents in our recording conditions (the equilibrium

potential of Cl_ ions is ~2 mV). Activation of GABAA

receptors by taurine is in agreement with previous studies

showing the functional presence of GABAA receptors in

Bergmann glia (Muller et al. 1994) and the activation of

GABAA receptors by taurine in other cell types (Horikoshi

et al. 1988; Kontro & Oja, 1990). Taurine-induced GABAA

receptor responses, which were accompanied by an increase

in noise, were detected in 42 % of the recorded cells. This

result can be explained in two ways: (1) taurine has a very

low affinity for GABAA receptors (EC50 in the millimolar

range) (Bureau & Olsen, 1991; Dominguez-Perrot et al.
1996) and the presence of functional taurine uptake systems

in cerebellar slices would decrease the actual concentration

that reaches the cells recorded at ≤ 50 mm deep in the

tissue, and (2) GABAA receptor expression progressively

decreases during neonatal development in animals older

than postnatal day 10 (P10) (Muller et al. 1994). In the

presence of GABAA receptor blockers, taurine induced small

currents (mean amplitude of 28 pA) in every recorded cell.

These currents were not accompanied by an increase in

noise and were not affected by blockers of GLY receptors

and GABAB receptors, although taurine has been shown to

activate these receptors in other cell types (Horikoshi et al.
1988; Kontro & Oja, 1990). Residual taurine-induced

currents were voltage dependent and strictly inwardly

rectifying, which is a characteristic of transporter currents

in our recording conditions (no internal Na+ and taurine)

(Cammack & Schwartz, 1993; Mager et al. 1993; Dong et al.
1994; Takahashi et al. 1996). In addition, residual taurine-

induced currents were reduced by reduction of external Cl_

and were blocked by removal of external Na+. This result

identifies taurine-induced currents insensitive to GABA

receptor and GLY receptor blockers as transport currents

due to Na+/Cl_-dependent taurine uptake into Bergmann

glia (Liu et al. 1992; Smith et al. 1992; Borden, 1996).

Pharmacology of taurine transport currents. Taurine can

be taken up via high-affinity taurine transporters (Smith et
al. 1992) and to a very small extent via two subtypes of

GABA transporters (GAT-2 and GAT-3) (Borden et al.
1995b; Borden, 1996). A 70 % block of taurine transport

currents by GES, a selective inhibitor of taurine transporters

at the concentration used (100 mM) (Liu et al. 1992; Smith

et al. 1992; Borden, 1996), indicates that taurine is taken up

via taurine transporters. Although taurine transporters

share a high amino acid homology (61 %) with GAT-2 and
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GAT-3, high concentrations of taurine (1.3 and 2.9 mM)

are required to inhibit 50 % of GABA uptake via GAT-2 and

GAT-3, respectively (Borden, 1996). Because we pressure-

applied taurine at 1 mM, we cannot exclude the possibility

that a portion of taurine transport currents is due to

taurine uptake via GAT-2 and/or GAT-3. The effects of

different competitive antagonists that are also substrate

agonists for taurine transporters and GAT-2/3 were

tested on taurine transport currents. Taurine transport

was inhibited by taurine transport inhibitors with the

following order of potency: hypotaurine (complete

block) > b-alanine > GES > GABA. This order of potency

is similar to that reported for taurine transporters cloned

from rat brain (Smith et al. 1992). We then studied

GES sensitivity, and Na+- and voltage-dependence of

hypotaurine-induced currents, because hypotaurine is a

better substrate agonist for taurine transporters than for

GAT-2 and GAT-3, whereas b-alanine has a higher affinity

for GAT-2 and GAT-3 than for taurine transporters

(Borden et al. 1992; Liu et al. 1993; Borden et al. 1995b;

Borden, 1996). In addition, hypotaurine is an endogenous

substrate of taurine transport and a precursor of taurine

(Oja et al. 1981; Kontro et al. 1984; Huxtable, 1992).

Like taurine, hypotaurine induced small, Na+-dependent

currents. In addition, a 68 % block of hypotaurine-induced

currents by GES suggests that hypotaurine transport

currents are predominantly due to hypotaurine being taken

up by taurine transporters. (Borden et al. 1992, 1995a).

GABA is a transportable blocker of taurine transporters

cloned from rat brain (Smith et al. 1992), though it

displays only modest potency at this site (IC50 ~700 mM for

uptake of 50 nM taurine) (Borden, 1996). However, we

obtain a 70 % block of taurine transport by 100 mM GABA.

It is also likely that GABA would block part of the current

mediated by GAT-2 and/or GAT-3 activation. It is possible

that GABA induces taurine release from surrounding cells

presumably by activating Na+-dependent GABA trans-

porters and inducing taurine transport reversal. Indeed, it

has been previously reported that GABA can induce taurine

release (Saransaari & Oja, 2000b). An incomplete block of

taurine transport into Bergmann glia by 100 mM GABA (a

saturating concentration for GAT-2 and GAT-3) strengthens

the deduction that taurine is indeed transported by taurine

transporters. Together, these data indicate that taurine is

being transported into Bergmann glia via classical taurine

transporters and possibly via GAT-2 and/or GAT-3.

Taurine transporters can work in reverse
To study taurine transport reversal we recorded cells with a

pipette containing internal Na+ at 10 mM and intra-

cellularly perfused taurine (20 mM) + Na+ (10 mM) during

the recording to obtain intracellular concentrations of

taurine and Na+ of about 10 mM each. We first tested the

effects of intracellular perfusion of taurine on the inward

current amplitudes induced by pressure applications of

taurine and on the baseline current. At both _70 and

_50 mV, taurine-induced inward currents were reduced

in amplitude after intracellular taurine perfusion. These

data suggest that intracellular taurine influences the uptake

of extracellular taurine. Such an interaction between

intracellular and extracellular transporter substrate has been

observed for glutamate and glycine transporters (Takahashi

et al. 1996; Roux & Supplisson, 2000). This finding

substantiates the conclusion that the Na+-dependent

inward currents induced by a puff of taurine are due to the

uptake of Na+ and taurine into the cell. No change in the

baseline current upon taurine perfusion could be detected

at _70 mV. However, at _50 mV an outward current

progressively developed upon intracellular taurine perfusion

in every cell tested. Such a current was not observed upon

intracellular perfusion of a solution without taurine or a

solution with taurine but without Na+. These data suggest

that taurine transport systems can work in reverse, and

transport taurine out upon internal taurine perfusion and

glial cell depolarization. These data also suggest that the

taurine-induced outward current is not a non-specific

leakage current. To obtain the I_V curves of the outward

currents we studied the reversal of taurine transport systems

by applying voltage steps. The I_V curve of intracellular

taurine-induced outward currents showed that these

currents were voltage dependent, outwardly rectifying,

activated near _60 mV, and were clearly detectable at

_50 mV. Consistent with the effect of GES on taurine

uptake currents, GES affected intracellular taurine-induced

outward currents, which substantiates the presence of

taurine transporters. The observation of taurine transporter

reversal around _60 mV is in good agreement with previous

studies on Na+/Cl_-dependent transporters (Attwell et al.
1993), in particular GABA transporters (Schwartz, 1987).

Indeed, in a study on retinal neurons in vitro, Schwartz

could detect carrier-mediated GABA efflux currents at

_60 mV. It was also previously reported that taurine

release via Na+-dependent transporter reversal can occur

in brain slices (Saransaari & Oja, 1999, 2000a) and cells in
vitro (Levi & Gallo, 1995; Ohkuma et al. 1996). Because

astrocytes have been shown to have about 10_16 mM

intracellular Na+, a 10 mM concentration of intracellular

Na+ is physiological (Rose & Ransom, 1996). The

intracellular taurine concentration was chosen to be

10 mM because it was previously reported that brain cells

have high intracellular taurine levels (about 8 mM)

(Palkovits et al. 1986). In addition, Bergmann glia have the

ability to synthesize taurine (Almarghini et al. 1991).

Together, these data indicate that taurine transporters can

work in reverse and are likely to release taurine upon glial

cell depolarization.

Functional implications of functional taurine
transporters in Bergmann glia
Taurine uptake in Bergmann glia is essential for two main

reasons: (1) taurine uptake into Bergmann glia is necessary
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to maintain a very (Bardakdjian et al. 1979) high ratio of

intracellular to extracellular taurine concentrations (ratio

about 400 : 1; Jacobson et al. 1985; Lerma et al. 1986) that is

necessary for glia to respond to hyposmotic shock. For

example, volume regulation is impaired in taurine-deficient

cultured astrocytes (Moran et al. 1994). (2) Taurine

transport is probably involved in the neuronal-glial

exchanges of taurine in response to hypo-osmotic stress

(Nagelhus et al. 1994). This reversible cellular redistribution

of taurine from neurons to glia following an acute

hyposmotic stress can protect neurons from swelling-

induced damage. Regarding carrier-mediated taurine

release, it is unclear whether carrier reversal can occur

under physiological conditions. However, our data argue

that taurine transporter reversal can occur under

hypoxic/ischaemic conditions during which cells are

depolarized to more than _50 mV and intracellular Na+ is

estimated to rise to 39 mM (Attwell et al. 1993). In these

circumstances, taurine transport reversal will allow an

increase in extracellular levels of taurine, which is known

to have neuroprotective effects against excitotoxicity

(Trenkner et al. 1996; El Idrissi & Trenkner, 1999;

Saransaari & Oja, 2000a). Overall, our study characterizes

taurine transporters in Bergmann glia in situ and is an

important step in defining the role of taurine transporters

and taurine in a neuroglial network.
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