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Abstract. In neuroblastoma cells, the intracellular
thiamine triphosphate (TTP) concentration was
found to be about 0.5 M, which is several times
above the amount of cultured neurons or glial cells.
In inside-out patches, addition of TTP (1 or 10 um)
to the bath activated an anion channel of large unit
conductance (350-400 pS) in symmetrical 150 mm
NaCl solution. The activation occurred after a delay
of about 4 min and was not reversed when TTP
was washed out. A possible explanation is that the
channel has been irreversibly phosphorylated by
TTP. The channel open probability (P,) shows a
bell-shaped behavior as a function of pipette poten-
tial (V,). P, is maximal for —25 mV <V, < 10 mV
and steeply decreases outside this potential range.
From reversal potentials, permeability ratios of P¢/
Py, = 20 and P¢/Pyyconae = 3 Were estimated. ATP (5
mM) at the cytoplasmic side of the channel decreased
the mean single channel conductance by about 50%,
but thiamine derivatives did not affect unit con-
ductance;  4,4’-diisothiocyanostilbene-2,2’-disul-
fonic acid (0.1 mM) increased the flickering of the
channel between the open and closed state, finally
leading to its closure. Addition of oxythiamine (1
mM), a thiamine antimetabolite, to the pipette filling
solution potentiates the time-dependent inactivation
of the channel at V, = —20 mV but had the opposite
effect at +30 mV. This finding corresponds to a
shift of P, towards more negative resting membrane
potentials. These observations agree with our previ-
ous results showing a modulation of chloride perme-
ability by thiamine derivatives in membrane vesicles
from rat brain.
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Introduction

For more than two decades, thiamine triphosphate
(TTP) has been suspected to play a role in mem-
brane permeability (for review, see: Cooper &
Pincus, 1979; Haas, 1988), but its molecular target
was never identified. TTP exists at low concentra-
tions (<1 uM) in most cell types (Bettendorff et
al., 1991). The difficulty in studying the effects
of TTP on membrane permeability stems from it
probably acting only from the cytoplasmic side of
the membrane.

We have previously studied a membrane-asso-
ciated thiamine triphosphatase (TTPase) in the
electric organ of Electrophorus electricus (Betten-
dorff et al., 1987, 1989; Bettendorff, Wins & Schof-
feniels, 1988). This enzyme was activated by anions
with a sequence of efficiency similar to that pre-
dicted by the lyotropic series, except for sulfate,
which at millimolar concentrations, was strongly
inhibitory. These results have recently been con-
firmed by studies on skeletal muscle (Matsuda et
al., 1991). Furthermore, TTPase is irreversibly
inhibited by 4,4’-diisothiocyanostilbene-2,2’-disul-
fonic acid (DIDS), a chloride channel blocker,
and anions protect it against the effect of DIDS
(Bettendorff et al., 1988). These results at least
suggested the existence of an anion-binding regula-
tory site on the membrane-bound TTPase. Since
then, we found substantial evidence that thiamine
derivatives may play an important role in the
regulation of anion permeability (Bettendorff et
al., 1993q).
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An investigation of *Cl~ uptake in membrane
vesicles prepared from rat brain showed that extra-
cellular TTP (=1 mm) increased **C1~ uptake by less
than 10% (Bettendorff, Wins & Schoffeniels, 1990).
We then tried to introduce TTP into the vesicles
by preincubating them in the presence of the TTP
precursors thiamine and thiamine diphosphate
(TDP). Indeed, under these conditions, the TTP con-
tent and chloride uptake increased (Bettendorff et
al., 19935). On the other hand, oxythiamine, a thia-
mine antimetabolite, inhibits chloride uptake in
these membrane vesicles (Bettendorff et al., 19934).
We presented evidence that the oxythiamine-sensi-
tive *C1~ uptake was not carrier-mediated and was
increased by membrane depolarization, suggesting
that a voltage-sensitive channel was involved. DIDS
was also found to inhibit chloride uptake, and in the
presence of DIDS, oxythiamine had no effect. We
postulated that cytoplasmic TTP can activate chlo-
ride channels which can be suppressed by an action
of oxythiamine from the extracellular side of the
membrane.

In the present study, we measured the TTP
content of cultured neuroblastoma cells and applied
the patch-clamp technique to study the effects of
thiamine derivatives on membrane currents. The
experiments were focused on the question whether
TTP can activate Cl~ currents at the cytoplasmic
side, using the inside-out membrane configuration.
The proposed inhibitory effect of oxythiamine was
studied after its addition to the bath or to the
pipette filling solution, since our previous findings
suggested that, in contrast to TTP, oxythiamine
acts from the extracellular side of the membrane.
This electrophysiological approach provides a basis
for studying a modulatory role of TTP at the single
channel level of Cl~ currents.

Materials and Methods

CHEMICALS

TTP was from Wako Chemicals (Osaka, Japan). TDP, thiamine
monophosphate (TMP), oxythiamine, ATP, DIDS and thiamine
were from Sigma (St. Louis, MO).

CeLL CULTURE

The experiments were performed on the mouse neuroblastoma
clonal cell line Neuro-2a (a gift from Prof. G. Moonen, Labora-
tory of Human Physiology, University of Liége). The cells
were grown in 100 mm petri dishes (Nunc, Roskilde, Denmark)
with 10 ml Dulbecco’s modified Eagle’s medium (DMEM,
GIBCO, Ghent, Belgium) supplemented with 10% fetal calf
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serum (GIBCO) and enriched with glucose (6 mg/ml) at 37°C
in 5% CO,.

DETERMINATION OF THIAMINE DERIVATIVES
IN CULTURED CELLS

The procedure was essentially as described previously (Betten-
dorff et al., 1991). Briefly, the culture medium was carefully
removed from dishes with confluent cells and replaced with saline
(145 mM NaCl, 5 mMm KCI, 1 mM MgCl,, 1 mm CaCl,, 10 mm
glucose and 10 mmM HEPES-Tris, pH 7.4). This procedure was
repeated twice to remove thiamine in the supernatant. After the
last wash, the jet from the pipette was directed on the cells to
detach them from the dish. The cells were collected in 10 ml of
saline and centrifuged at 700 x g for 3 min; they were resuspended
in 350 ul of saline. The cells were disrupted by addition of 70 ul
trichloroacetic acid (60%) and incubated on ice for 15 min. Pro-
teins were sedimented by centrifugation (5,000 X g, 15 min) and
the supernatant extracted with 3 X 1.5 ml diethy! ether.

Thiamine derivatives were determined by HPLC (Betten-
dorff et al., 1991). Prior to injection on the column, they were
oxidized to fluorescent thiochromes by addition of 50 ul alkaline
ferricyanide solution (4.3 mM potassium ferricyanide solution in
15% NaOH) to 80 ul of sample.

The separation was achieved on a PRP-1 reversed-phase
analytical column (Hamilton, Reno, NV) and the mobile phase
was composed of sodium phosphate (50 mm), tetrabutylammon-
ium hydrogen sulfate (25 mMm) and 4% tetrahydrofuran adjusted
at pH 9.0 with NaOH. The sample loop was 20 ul and the flow
rate was 0.5 ml/min. The detector was a fluorescence spectrome-
ter (LS-4, Perkin Elmer) with the wavelengths set at 365 nm for
excitation and at 433 nm for emission.

Protein concentrations were determined by the method of
Peterson, 1977.

PATCH-CLAMP EXPERIMENTS

The cells were seeded on coverslips in petri dishes (30 mm, Nunc)
and incubated for 1-3 days as described above. On the day of
the experiment, the culture medium was replaced by a high-NaCl
solution consisting of (in mM): 142 NaCl, 4 KCl, 1 MgCl,, 1
CaCl,, 18 glucose and 20 HEPES at pH 7.4 (310 mOsm). The
cells were used thereafter within 2-3 hr. Patch-clamp experiments
were carried out as described (Hamill et al., 1981) with an EPC-
7 patch amplifier (List Electronic, Darmstadt, FRG). The seal
resistance was in the range of 10 to 80 G(). The pipette medium
contained high-NaCl solution. After formation of an inside-out
patch, the bath medium was replaced by high-KCl solution con-
sisting of (in mm): 20 NaCl, 135 KCl, 1 MgCl,, 1 CaCl,, 1| EGTA,
(free Ca’* about 1 uM), 10 glucose and 20 HEPES at pH 7.4 (310
mOsm). For determination of ion selectivity in the inside-out
configuration the high-KCi solution in the bath was replaced by
high-NaCl and NaCl was partially or entirely replaced by Na
gluconate as indicated.

Data were digitized (VR10, Instrutech, Elmont, NY), stored
on tape and analyzed using patch-clamp software of Instrutech
on a Mega Atari St4. The indicated potentials are the pipette
potentials (V,) referred to a bath potential of 0 mV. Positive
current deflections correspond to a cation flux from the pipette
to the cytoplasmic side and vice-versa. Experiments were per-
formed at 20-22°C. Data are given as mean * SD; n denotes the
number of independent experiments.
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Table 1. Thiamine derivatives in tumor-derived cell lines
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Experimental TTP TDP TMP Thiamine n

condition (pmol/mg)

Neuroblastoma 2.1 £0.2 220 = S0 9.7+ 14 66 + 10 4
0.7) (74) 3.2) 22)

PC-12 48 = 0.8 320 = 50 27 x£6 168 = 48 6
0.9) (61.4) 5.2) (32.4)

Glioma Cé 04 = 0.1 354 + 48 17 =8 24 +3 3
0.1 (90) (4.3) 6.1)

Thiamine derivatives were determined as described in Materials and Methods. The results are expressed
in mean + sp. The percentage of each thiamine derivative compared to total thiamine is indicated

in parentheses.

ABBREVIATIONS

DIDS, 4,4'-diisothiocyanostilbene-2,2’-disulfonic acid; TMP, thi-
amine monophosphate; TDP, thiamine diphosphate; TTP, thia-
mine triphosphate; TTPase, thiamine triphosphatase.

Results

The measured content of thiamine derivatives for
neuroblastoma, PC-12 and glioma cells is given in
Table 1. In neuroblastoma cells, TTP amounts to
about 2.1 pmol/mg or 0.7% of total thiamine. Using
an intracellular volume of 4.5 ul/mg of protein which
was determined from the difference between the
3H,0 and "“C-inulin spaces (L. Bettendorff, unpub-
lished results); the intracellular TTP concentration
was about 0.5 uM. This value is three times higher
than in cultured cerebellar neurons. Cell counting
revealed that the total number of TTP molecules per
cell is 0.4 x 10° = 0.2 x 10° (n = 4). Although the
total amount of thiamine derivatives is more or less
the same in neuroblastoma, PC-12 or glioma cells,
the latter contain much less TTP than neuronal cells.
This is in agreement with the results obtained from
primary cultures of nervous cells: astrocytes contain
six times less TTP than neurons, though the total
thiamine content is comparable (Bettendorff et al.,
1991).

Patch-clamp experiments were performed with
the neuroblastoma cell line. To assess the effect of
TTP on ion channels, the inside-out patch configu-
ration was used. After formation of an inside-out
patch, the high-NaCl solution of the bath was re-
placed by the high-KCl solution. As it is known that
different populations of Cl channels can be activated
in cell-free inside-out membranes by application of
potential gradients preferentially by depolarization
(Schwarze & Kolb, 1984; Li et al., 1989), a definite
protocol of voltage pulses was applied. V, was
changed continuously between —60 to 60 mV in

Table 2. Effect of thiamine derivatives on the appearance of an
anion channel of large unit conductance

Experimental % n ¢t (min * sSD)
condition

Control 7.4 27 63

TTP (10 um) 38 8 43

TTP (1 um) 41 17 4x2

TDP (10 um) 0 8

Inside-out patches were used and the perfusion medium was
replaced by high-KCl solution. A voltage protocol was applied
for 8 min (see text). If the patch remained blank, the perfusion
medium was either replaced by an identical solution (control) or
by a high KCl solution containing TTP or TDP at the concentra-
tions indicated. A test potential of 20 mV was applied for a further
8 min to identify channel activation. (Chi-square test: P = 0.012).

steps of 10 to 20 mV with a step length being 20 sec.
Under these conditions, an ion channel of large unit
conductance (see below) was observed in 25 (41%)
patches out of a total of 61. In those patches where
this channel type was not observed within the first
8 min, the perfusion medium was replaced by a high-
KCI solution containing either TTP (1 or 10 uM) or
no additional compound, and a constant potential
of +20 mV was applied. Table 2 shows that under
control conditions, the channel became activated in
2 patches out of 27. The addition of TTP activated
this channel type in about 40% of the experiments
after an average delay of 4 min (see also Fig. 1),
while it was not activated by addititon of TDP. It is
a characteristic fingerprint that in general the current
pattern of this channel type does not appear in an
all-or-none step (compare Nelson, Tang & Palmer,
1984; Kolb, Brown & Murer, 1985; Kolb & Ubl,
1987). As Fig. 1 shows, no channel activity is ob-
served prior to the addition of TTP (trace A). About
100 sec after addition, a transient and fluctuating
increase of the patch current is observed. About 10
to 20 sec after the first occurrence of increased cur-
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Fig. 1. Single channel current fluctuations in an inside-out patch
of a neuroblastoma cell at a pipette potential of +20 mV. The
pipette filling solution contained high-NaCl saline and the bath
solution high-KCl. (A) No channe! activity was observed several
(>8) min after excision. (B) 100 sec after addition of TTP (1 um)
a 50 pS channel appeared which (C) finally grew into a 400 pS
channel. (¢ current level of channel closed state).

rent fluctuations, the current starts to switch be-
tween well-defined current levels. The resulting reg-
ular current pattern can be observed thereafter and,
in addition, current transitions to conducting subs-
tates can be observed. The latter observation will
not be considered further.

Note that addition of TTP to an already active
patch did not significantly alter channel behavior,
though a definite statement is difficult to make as
TTP seems to act only with some delay.

The ion selectivity of the single channel was
analyzed by measuring single channel, current-volt-
age (I — V,) relationships in the inside-out configu-
ration for different ionic compositions of the bath.
Figure 2 shows that for high-NaCl as pipette filling
and high-KCl as bath, the current reverses at a po-
tential (V,.,) close to 0 mV and a single channel
conductance of about 370 pS can be estimated. Sub-
stitution of high-KCl by high-NaCl has no significant
effect on V,.,; yet, partial or complete replacement
of chloride by gluconate shifted V., to more positive
pipette potentials. The corresponding results are
summarized in Table 3. The observed shifts of V,
could be described by the Goldman-Hodgkin-Katz
(GHK) relationship for an anion-selective channel.
Adjusted parameters resulting from a GHK-fit are
Pey: Potuconate : Prna = 1:0.35:0.05.

Figure 3 shows the open probability (P,) after
a jump from 0 mV to the corresponding test potential
V,. P, was calculated from the time spent in the
highest conducting state during a recording time of
0.5—1.0 min. It shows a bell-shaped behavior and
decreases steeply outside the potential range of —25
to +10 mV.
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Fig. 2. Single channel currents as a function of pipette potential
(I ~ V, relationship) in inside-out patches. The pipette filling
solution was high-NaCl. The bath contained 142 mMm KCl (@),
142 mM NaCl (C), 79 mm NaCl + 71 mM Na gluconate (), 142
mM Na gluconate (4).

Table 3. Single channel conductance (y) and V., of TTP elicited
current fluctuations at different bath solutions in the inside-out
configuration

Bath y(pS) Viey n
High-KCl 368 + 61 -13x29 6
High-NaCl 382 £ 59 -17+25 3
Na (Cl + Gluconate) 306 + 67 7.1 20 3
Na Gluconate 185 + 24 269 = 3.5 5

The pipette medium contained high-NaCl saline (150 mm CI-).
The perfusion was composed of either high-KC! (150 mm C17),
high-NaCl (150 mm Cl17), isoNa (C1 + Gluconate) (79 mm Cl1-
and 71 mM gluconate) or isoNa Gluconate (8 mm Cl- and 142
mM gluconate).

Po

8A4ar

8.2

%8e 68 48 20 o 2 48 cb 88
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Fig.3. Voltage dependence of the single channel open probability
(P,) in inside-out patches. P, was calculated as the mean time
the channel spent in its fully open state over a total recording
time of 0.5-1 min after application of the test potential (V,). The
holding potential was set to 0 mV. Each point gives the mean +
sD for 3-8 patches. The pipette filling solution was high-NaCl
and the bath solution (cytoplasmic side) high-KCl.
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Fig. 4. (A) Effect of DIDS (0.1 mMm) on the single channel current
pattern in inside-out patches. The arrow indicates addition of
DIDS. (B) Single channel current before and after addition of 5

mM ATP to the bath solution. The pipette potential was —20
mV. Solutions were as in Fig. 3.
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Fig. 5. Effect of ATP on the single channel conductance of the
maxi chloride channel. Solutions are as in Fig. 3, except that
ATP (0, 2.5 or 5 mM) was present in the bath. Each point is
the mean of 2-3 patches. The inset represents the mean slope
conductance as a function of ATP concentration.

After addition of DIDS (0.1 mm), a known chlo-
ride channel inhibitor, to the perfusion medium, the
channel entered a state of rapid flickering reducing
the mean open time (Fig. 4, A). The single channel
conductance was not affected. The effect of DIDS
was irreversible in agreement with the observations
of Pahapill and Schlichter (1992).

For comparison with TTP, we tested the effect
of ATP, another triphosphate compound, on channel
activity. At a concentration of 10 uM at the cyto-
plasmic side, no effect of ATP was observed. At
higher concentrations (5 mm), it reduced the single
channel conductance by about 50% (Fig. 4, B); yet,
Soejima and Kokubun (1988) could not find any ef-
fect of ATP on maxi Cl channels in vascular smooth
muscle cells. Figure 5 shows the I — V, relationship
in the absence and presence of 2.5 and 5 mm ATP
in the bath solution.

We had previously shown that oxythiamine (1-5
mM), when applied on the external side of the
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Fig. 6. Voltage-dependent relaxation of the single channel cur-
rent as a function of time at two test potentials in the absence
(O) or the presence (@) of | mM oxythiamine in the pipette filling
solution. The pipette potential was stepped from 0 to either +30
or —20 mV as indicated. Each point represents the ensemble
average of voltage-jump current-relaxations of five different re-
cordings. High-NaCl was used for the bath and pipette filling.

vesicles, reduced **Cl- uptake (Bettendorff et al.,
1993a). In inside-out membrane experiments, the
presence of thiamine antimetabolites like oxythia-
mine, pyrithiamine (another thiamine antimetabo-
lite) or thiamine itself in the pipette solution and/or
in the bath had no significant influence on the single
channel conductance. But if oxythiamine (5 mm) was
present in the pipette medium before formation
of inside-out patches, the probability of this anion
channel appearing seemed to be reduced: no channel
activity was observed in seven patches. Addition of
a lower concentration of oxythiamine (1 mm) pro-
duced a shift in the voltage dependence of P, which
is indicated by the corresponding behavior of the
channel inactivation current in Fig. 6. After a voltage
jump from a holding potential of 0 mV to a test
potential of +30 mV, the presence of oxythiamine
slowed down the time-dependent inactivation, but
for a test potential of —20 mV inactivation was ac-
celerated. Thiamine at 1 mm did not affect the volt-
age gate (not shown).

Discussion
Most cell types contain significant amounts of TTP

in the cytoplasm (Bettendorff et al., 1991). In the
present paper, we found comparable concentrations
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of the thiamine derivatives in neuroblastoma, PC-
12 and glioma cells. Total thiamine content is about
300 pmol/mg of protein vs. 63 pmol/mg for neurons
in primary culture (Bettendorff et al., 1991). TTP
content is 2.1 pmol/mg of protein, which is three
times as much as in cultured neurons prepared from
rat cerebellum. Glioma cells contain much less TTP
than cells from neuronal origin. A similar observa-
tion has been made with primary cultures of
astrocytes compared to neurons (for comparison,
see Bettendorff et al., 1991). This would suggest a
particular role of TTP in neuronal function.

To study the proposed action of TTP on Cl™
permeability (Bettendorf et al., 1990, 1993q), the
patch-clamp experiments were focused on the action
of TTP in the inside-out membrane configuration.
As the dominant Cl-selective channel in the cell-
free configuration, we observed a well-known anion
channel of large unit conductance—a maxi Ci chan-
nel of 300 to 400 pS—which has been described in
various mammalian cell types: rat myotubes (Blatz
& Magleby, 1983; Schwarze & Kolb, 1984); macro-
phages (Schwarze & Kolb, 1984; Kolb & Ubl, 1987);
Schwann cells (Gray, Bevan & Ritchie, 1984); epi-
thelial cells (Nelson et al., 1984; Kolb et al., 1985;
Schneider et al., 1985; Krouse, Schneider & Gage,
1986); sarcoplasmic reticulum (Hals, Stein & Palade,
1989); smooth muscle cells (Sogjima & Kokubun,
1988) and human T lymphocytes (Schlichter et al.,
1990; Pahapill & Schlichter, 1992). In neuroblastoma
cells, this channel was first described by Bolotina
et al. (1987) in excised patches, and Falke and Misler
(1989) showed that a hypotonic shock activates a
large conductance anion channel in cell-attached
preparations of neuroblastoma cells. This channel
population can be identified by its remarkable single
channel properties which were confirmed in this
study. The channel stays in the closed configuration
at cell-attached membrane patches and can be acti-
vated by potential gradients in the inside-out con-
figuration. P, shows a bell-shaped behavior as a
function of voltage (Fig. 3; compare Blatz & Mag-
leby, 1983; Gray et al., 1984; Schwarze & Kolb,
1984; Hals et al., 1989; Schlichter et al., 1990). The
anion selectivity is low. Our single channel data are
in good agreement with those previously reported.
Schlichter et al. (1990) report a relative permeability
for C1~ to gluconate of 0.29 for gluconate and less
than 0.1 for Na* in human T lymphocytes. In
Schwann cells Py,/P¢, = 0.2 (Gray et al., 1984) and
0.25-0.17 in myotubes and macrophages (Schwarze
& Kolb, 1984). The observed irreversible effect of
DIDS, increased rate of transitions between the
fully open and closed state, agrees with the observa-
tions of Pahapill and Schlichter (1992). But until
now, the mechanisms, most probably biochemical
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pathways, which are involved in the primary activa-
tion of this channel type are unknown.

Our results show that addition of TTP to the
cytoplasmic side of the membrane of neuroblastoma
cells increased the probability of appearance of a
large anion channel. In 59% of all membrane
patches, no channel activity was observed within 8
min after excision. TTP at physiological concentra-
tions (1 wM) induced the activation of the channel
in about 40% of the patches after a mean delay of
4 min after addition. Removal of this compound did
not lead to channel closure, whereas TDP did not
induce channel activity and ATP at concentrations
>1 mM proved to be inhibitory. These observations
suggest that more than a simple binding of TTP to
the channel is involved in creating these phenomena,
and an appealing possibility would be a phosphoryla-
tion leading to the activation of this channel.

Indeed, it has been suggested previously that
the overall functional state of this channel might be
modulated by unknown factors like phosphorylation
(Blatz & Magleby, 1983; Schwarze & Kolb, 1984;
Pahapill & Schlichter, 1992). The role of TTP, thus,
could be to turn the channel on without interfering
with the voltage-dependent gating mechanism.
Those channels which we observed immediately
after excision of the patch could have been pre-
viously phosphorylated by endogenous TTP. At 5
mM oxythiamine in the pipette-filling solution, no
channel activity was observed. This could mean that
at these concentrations the channel is completely
inhibited or its open probability is shifted close to
zero for all voltages. Further experiments are neces-
sary to elucidate the reaction pathway which finally
leads to channel activation.

These results are in good agreement with the
effects of thiamine derivatives we observed on chlo-
ride uptake in rat brain vesicles (Bettendorft et al.,
1993a, b): (i) a positive correlation between TTP
content and chloride permeability; (ii) inhibition of
a diffusion-driven chloride uptake by oxythiamine
from the extravesicular side and increase of the inhi-
bition by depolarization; (iii) inhibition of chloride
uptake by DIDS; (iv) the channels implicated do not
saturate at concentrations of chloride <0.1 M, which
is indeed the case for the chloride channel of large
unit conductance (K,, = 77-120 mm; Hals et al.,
1989; Schlichter et al., 1990). The channel has no
specificity for a particular cell type just as TTP is
an ubiquitous compound, though it seems more
abundant in skeletal muscles (Egi et al., 1986), elec-
tric organ (Eder & Dunant, 1980; Bettendorff et al.,
1987) and neurons than in other tissues.

The maxi Cl channel has been shown to exist
in many cell types, though its relative abundance is
hard to determine in the absence of known high-
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affinity ligands. Several authors have estimated the
density of these channels from their abundance in
patches of known area. Thus, Hals et al. (1989) cal-
culated a channel density of 1 channel per 6.97 um?
in sarcoplasmic reticulum, Gray et al. (1984) 1 chan-
nel for 10-100 um? in Schwann cells and Woll et al.
(1987) calculated a density of about 10 channels/
wm? in amphibian skeletal muscle. If we take into
account the percentage of channels activated by
TTP, we observe the maxi channel in about 65% of
the patches. Considering further that in a few
patches two or three channels were simultaneously
active and that the mean patch area was 1-4 um?,
we can estimate a channel density of 0.25-1 channel/
wm?. This value is larger than estimated for Schwann
cells but smaller than in skeletal muscle cells. This
relation could fit with the corresponding TTP con-
tent which is lowest in glial cells and highest in skele-
tal muscle. The abundance of Na channels, for in-
stance, is reported to be about 25 channels/um? in
neuroblastoma cells (Catterall, 1977), one or two
orders of magnitude higher than for maxi Cl chan-
nels. The high single channel conductance would be
compensated by a low abundance. By activation of
this channel population, the total membrane conduc-
tance would not increase to a larger extent than by
activation of another channel population such as Na
channels, as outlined by other authors (Gray et al.,
1984; Pahapill & Schlichter, 1992). Activation of this
Cl channel population would result in a clamping of
the membrane potential at resting values, and in
nervous cells it could cause a facilitation of hyperpo-
larization after the action potential and control the
Cl gradient (Bureau et al., 1992). This view would
be compatible with the effects of thiamine antime-
tabolites on nerve conduction: depolarization of the
resting membrane and prolongation of the action
potential sometimes causing repetitive firing (Gold-
berg & Cooper, 1975). Some thiamine antimetabo-
lites could indeed be specific inhibitors of the maxi
Cl channels and constitute important tools for the
study of this channel.

For the first time we have shown an effect of
TTP on ion channels at physiological concentra-
tions. Fox and Duppel (1975) reported that TTP pre-
vents the exponential decline of ionic current at the
node of Ranvier, but high concentrations of 1 mm
were necessary, suggesting that this could be caused
due to a nonspecific effect by stabilization of surface
charges. TTP, for instance, could present a new
parameter involved in the regulation of ion channels
in parallel to GTP-binding proteins.

We would like to thank the National Funds for Scientific Research
(Belgium) for financially supporting the stay of L.B. in Konstanz.
We wish to thank A. Ngezahayo, F. Mendez and Dr. P. Wins

287

for helpful discussions. This work was in part supported by a
research grant from the ‘‘Fonds special pour la Recherche a
I"Université de Liége’ to L.B., the SFB 156 of the DFG and a
grant of the Hermann and Lilly Schilling Stiftung to H.-A.K.
Neuroblastoma, PC-12 and glioma cell lines were a gift from
Prof. G. Moonen (Department of Human Physiology, University
of Liége).

References

Bettendorff, L., Grandfils, C., Wins, P., Schoffeniels, E. 1989.
Thiamine triphosphatase in the membranes of the main elec-
tric organ of Electrophorus electricus: substrate-enzyme inter-
actions. J. Neurochem. 53:738-746

Bettendorff, L., Hennuy, B., Wins, P., Schoffeniels, E. 1993a.
Thiamine and derivatives as modulators of rat brain chloride
channels. Neuroscience 52:1009-1017

Bettendorff, L., Michel-Cahay, C., Grandfils, C., De Rycker, C.,
Schoffeniels E. 1987. Thiamine triphosphate and membrane-
associated thiamine phosphatases in the electric organ of Elec-
trophorus electricus. J. Neurochem. 49:495-502

Bettendorff, L., Peeters,, M., Jouan, C. Wins, P., Schoffeniels,
E. 1991. Determination of thiamine and its phosphate esters
in cultured neurons and astrocytes using an ion-pair reversed
phase high-performance liquid chromatographic method.
Anal. Biochem. 198:52-59

Bettendorff, L., Peeters, M., Wins, P., Schoffeniels, E. 19935.
Metabolism of thiamine triphosphate in rat brain: correlation
with chloride permeability. J. Neurochem. 60:423-434

Bettendorff, L., Wins, P., Schoffeniels, E. 1988. Thiamine tri-
phosphatase from Electrophorus electric organ is anion depen-
dent and irreversibly inhibited by 4,4'-diisothiocyanostilbene-
2,2'-disulfonic acid. Biochem. Biophys. Res. Commun. 154;
942-947

Bettendorff, L., Wins, P., Schoffeniels, E. 1990. Regulation of
ion uptake in membranes vesicles from rat brain by thiamine
compounds. Biochem. Biophys. Res. Commun. 171:
1137-1144

Blatz, A.L., Magleby, K.L. 1983. Single voltage-dependent chlo-
ride-sensitive channels of large conductance in cultured rat
muscle. Biophys. J. 43:237-241

Bolotina, V., Borecky, J., Vlachova, V., Baudysov, M.,
Vyskocil, F. 1987. Voltage-dependent chloride channels with
several substates in excised patches from mouse neuro-
blastoma cells. Neurosci. Lett. T7:298-302

Bureau, M.H., Khrestchatisky, M., Heeren, M.A., Zambrowicz,
E.B., Kim, H., Grisar, T.M., Colombini, M., Tobin, A.J.,
Olsen, R.W. 1992. Isolation and cloning of a voltage-depen-
dent anion channel-like Mr 36,000 polypeptide from mamma-
lian brain. J. Biol. Chem. 267:8679-8684

Catterall, W.A. 1977. Membrane potential-dependent binding of
scorpion toxin on the action potential Na* ionophore. Studies
with a toxin derivative prepared by lactoperoxidase-catalyzed
iodination. J. Biol. Chem. 252:8660—-8668

Cooper, J.R., Pincus, J.H. 1979. The role of thiamine in the
nervous tissue. Neurochem. Res. 4:223-239

Eder, L., Dunant, Y. 1980. Thiamine and cholinergic transmis-
sion in the electric organ of Torpedo 1. Cellular localization
and functional changes of thiamine and thiamine phosphate
esters. J. Neurochem. 35:1278—1286

Egi, Y., Koyama, S., Shikata, H., Yamada, K., Kawasaki, T.
1986. Content of thiamine phosphate esters in mammalian



288

tissues—an extremely high concentration of thiamine triphos-
phate in pig skeletal muscle. Biochem. Int. 12:385-390

Falke, L.C., Misler, S. 1989. Activity of ion channels during
volume regulation by clonal N1E115 neuroblastoma cells.
Proc. Natl. Acad. Sci. USA 86:3919-3923

Fox, J.M., Duppel, W. 1975. The action of thiamine and its di-
and triphosphates on the slow exponential decline of the ionic
currents in the node of Ranvier. Brain Res. 89:287-302

Goldberg, D.J., Cooper, J.R. 1975. Effects of thiamine antago-
nists on nerve conduction. 1. Actions of antimetabolites and
fern extract on propagated action potentials. J. Neurobiol.
6:435-452

Gray, P.T.A., Bevan, S., Ritchie, J.M. 1984. High conductance
anion-selective channels in rat cultured Schwann cells. Proc.
R. Soc. Lond. B 22:395-409

Haas, R.H. 1988. Thiamine and the brain. Annu. Rev. Nutr.
8:483-515

Hals, G.D., Stein, P.G., Palade, P.T. 1989. Single channel charac-
teristics of a high conductance anion channel in *‘sarcoballs’’.
J. Gen. Physiol. 93:385-410

Hamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth,
F.J. 1981. Improved patch-clamp technique for high-resolu-
tion current recording from cells and cell-free membrane
patches. Pfluegers Arch. 391:85-100

Kolb, H.A., Brown, C.D.A., Murer, H. 1985. Identification of
a voltage-dependent anion channel in the apical membrane of
a Cl -secretory epithelium (MDCK). Pfluegers Arch.
403:262-265

Kolb, H.A., Ubl, J. 1987. Activation of anion channels by zymo-
san particles in membranes of peritoneal macrophages. Bio-
chim. Biophys. Acta 899:239-246

Krouse, M.E., Schneider, G.T., Gage, P.W. 1986. A large anion-

L. Bettendorff et al.: Thiamine and Anion Channels

selective channel has seven conductance levels. Nature
319:58-60

Li, M., McCann, J.D., Anderson, M.P., Clancy, J.P., Liedtke,
C.M., Nairn, A.C., Greengard, P., Welsh, M.J. 1989. Regula-
tion of chloride channels by protein kinase C in normal and
cystic fibrosis airway epithelia. Science 244:1353-1356

Matsuda, T., Tonomura, H., Baba, A., Iwata, H. 1991. Mem-
brane-associated thiamine triphosphatase in rat skeletal mus-
cle. Int. J. Biochem. 23:1111-1114

Nelson, D.J., Tang, J.M., Palmer, L.G. 1984. Single-channel
recordings of apical membrane chloride conductance in A6
epithelial cells. J. Membrane Biol. 80:81-89

Pahapill, P.A., Schlichter, L.C. 1992. C1- channels in intact hu-
man T lymphocytes. J. Membrane Biol. 125:171-183

Peterson, G.L. 1977. A simplification of the protein assay method
of Lowry et al. which is more generally applicable. Anal.
Biochem. 83:346-356

Schlichter, L.C., Grygorczyk, R., Pahapill, P.A., Grygorczyk,
C. 1990. A large, multiple-conductance chloride channel in
normal human T lymphocytes. Pfluegers Arch. 416:413-421

Schneider, G.T., Cook, D.I., Gage, P.W., Young, J.A. 1985.
Voltage sensitive, high-conductance chloride channels in the
luminal membrane of cultured pulmonary alveolar (type II)
cells. Pfluegers Arch. 404:354-357

Schwarze, W., Kolb, H.-A. 1984. Voltage-dependent kinetics of
an anionic channel of large unit conductance in macrophages
and myotube membranes. Pfluegers Arch. 402:281-291

Soejima, M., Kokubun, S. 1988. Single anion-selective channel
and its ion selectivity in the vascular smooth muscle cell.
Pfluegers Arch. 411:304-311

Woll, K.H., Leibowitz, M.D., Neumcke, B., Hille, B. 1987. A
high-conductance anion-channel in adult amphibian skeletal
muscle. Pfluegers Arch. 410:632-640



