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Summary. The fluorescent anionic dye, bisoxonol, and flow cy-
tometry have been used to monitor changes in the membrane
potential of rat thymocytes exposed to the B subunit of cholera
toxin. The B subunit induced a rapid hyperpolarization, which
was due to activation of a Ca’*-sensitive K* channel. Reduc-
tion of extracellular Ca’* to <1 um by the addition of [ethylene-
bis(oxyethylenenitrilo)]tetraacetic acid immediately abolished
the hyperpolarization caused by the B subunit. Cells treated with
quinine and tetraecthylammonium lost their ability to respond to
the B subunit, whereas 4-aminopyridine did not have any effect.
Thus, calcium-sensitive and not voltage-gated K* channels ap-
peared to be responsible for the hyperpolarization. The results of
ion substitution experiments indicated that extracellular Na*
was not essential for changes in membrane potential. Further
studies with ouabain, amiloride and furosemide demonstrated
that electrogenic Na*/K+* ATPase, Na*/H* antiporter and Na*/
K*/Cl- cotransporter, respectively, were not involved in the hy-
perpolarization process induced by the B subunit. Thus,
crosslinking of several molecules of ganglioside GM1 on the cell
surface of rat thymocytes by the pentavalent B subunit of chol-
era toxin modulated plasma membrane permeability to K+ by
triggering the opening of Ca’*-sensitive K* channels. A role for
gangliosides in regulating ion permeability would have important
implications for the function of gangliosides in various cellular
phenomena.
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Introduction

Gangliosides were first found in nervous tissue,
where they are highly abundant, but are now known
to be ubiquitous components of the plasma mem-
brane of all vertebrate cells (Hakomori, 1981;
Wiegandt, 1982; Svennerholm, 1984). Gangliosides
have been implicated in a variety of important bio-
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logical processes including the control of cell
growth and differentiation (Fishman & Brady, 1976;
Hakomori, 1985). Exogenously added gangliosides,
in particular GM1, have neuritogenic and neurono-
trophic effects both in vivo and in vitro (Ledeen,
1984). Recently, the B subunit of cholera toxin has
been used as a ganglioside-specific probe to investi-
gate the role of plasma membrane ganglioside GM1
in the regulation of cell growth. The B subunit was
found to be mitogenic for rat thymocytes (Spiegel,
1984; Spiegel, Fishman & Weber, 1985) and also to
stimulate DNA synthesis and cell division in quies-
cent nontransformed mouse fibroblasts (Spiegel &
Fishman, 1987). Although the underlying basis for
this effect is not yet known, it involves the ability of
the B subunit, which is pentavalent, to bind specifi-
cally to several GM1 molecules on the cell surface
and thus to perturb the plasma membrane.

The present study focuses on the possibility that
crosslinking of endogenous GM1 molecules by the
multivalent B subunit of cholera toxin can induce
changes in the permeability of the plasma mem-
brane to small ions. Recently, Wilson and Chused
(1985) demonstrated that flow cytometric recording
of oxonol dye fluorescence permits quantitative de-
terminations of lymphocyte membrane potential.
This method provides a description of ion perme-
ability and pharmacological characteristics of vari-
ous ion channels. Using this technique, we found
that binding of the B subunit of cholera toxin to
endogenous gangliosides induced a rapid hyperpo-
larization of the membrane. This response was due
to alterations in K* fluxes. A potential role for en-
dogenous gangliosides in regulating membrane per-
meability has important implications, not only for
the function of gangliosides in various phenomena
of cell growth and differentiation, but also for their
possible role in electrical excitability of neurons.
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Materials and Methods

MATERIALS

Myo-[{2-*H]inositol (15 Ci/mmol) was purchased from American
Radiolabeled Chemicals (St. Louis, MO). Quin2-acetoxymethyl
ester was from Lancaster Synthesis (Morecambe, U.K.). lono-
mycin and A23187 were from Calbiochem-Behring (Bedford,
MA). Bisoxonol (bis(1,3-dibutylbarbituric acid) trimethine ox-
onol) was obtained from Molecular Probes (Eugene, OR). The B
subunit of cholera toxin was from List Chemical (Campbell,
CA). All other reagents were from Sigma Chemical (St. Louis,
MO). Medium 199 and RPMI 1640 were from Gibco Laboratories
(Grand Island, NY). When alterations in inorganic salts were
needed, the appropriate salts (dissolved in sterile deionized wa-
ter} were added to medium 199 concentrate (Gibco), which
lacked inorganic ions, to produce media of the desired composi-
tion.

CELL PREPARATION

Thymocytes were prepared from Sprague-Dawley rats (Food
and Drug Administration colony) as described previously
(Spiegel et al., 1985). The cells were maintained in RPMI 1640 or
medium 199 (1-2 X 10%mi) supplemented with 25 mm HEPES at
37°C in 5% C0,/95% air in a fully humidified atmosphere. The
199 medium contained the following inorganic salts (in mm): 1.8
CaCl,, 5.4 KCI, 0.8 MgSO,, 116 NaCl, 26 NaHCO;, I NaH,PO,.
The RPMI 1640 medium contained the following salts (in mm):
0.6 Ca(NOy),, 5.4 KCl, 0.4 MgSO,, 103 NaCl, 24 NaHCO,, 10.7
Na,HPO,. When a low extracellular Ca?>* was required, CaCl,
was omitted from medium 199 and 2 mM [ethylenebis(oxyethyl-
enenitrilo)] tetraacetic acid (EGTA) was added. Sodium-free (1
mM Na*) medium was prepared by substituting choline chloride
and choline bicarbonate for the corresponding sodium salts and
replacing sodium N-(2-hydroxyethyl) piperazine-N'-2-ethane-
sulfonic acid with 10 mm tris(hydroxymethyl)amino aminoethane
hydrochloride (Tris-HCl). KCl and KHCO, were substituted for
the corresponding sodium salts in calibration experiments
(Wilson & Chused, 1985). The cells were assayed within 2 hr of
removal from the thymus because the cells slowly depolarized
spontaneously.

FLow CYTOMETRY

Cytofluorometric determination of the relative membrane poten-
tial of individual thymocytes was performed using the procedure
of Wilson and Chused (1985), with some modifications. Studies
were performed using an EPICS V flow cytometer (Hialeah, FL)
equipped with an argon laser emitting 250 mW at 488 nm. Histo-
grams were collected on linear mode and fluorescence intensity
represents 0-255 channels. Thymocytes were gated on low angle
forward light scatter to exclude debris and dead cells, and the
fluorescence emission intensity was used to measure the plasma
membrane potential with bisoxonol. Excitation and emission
wavelengths were 488 and 510-540 nm, respectively. The bisox-
onol, which was dissolved in dimethyl sulfoxide, was added di-
rectly to the thymocyte suspension in medium 199 (or RPMI
1640) to a final dye concentration of 250 nM. The final dimethyl
sulfoxide concentration was <<0.25% (vol/vol), and the resulting
volume changes were <1%. All samples were run at 37°C. Re-
producible bisoxonol fluorescence measurements require pre-
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equilibration of the cytometer fluid tubing with the bisoxonol in
medium 199 (or RPMI 1640) for 15 min before the assay. This
permits stable fluorescence measurements for 10 min. After the
pre-equilibration of the cytometer fluid tubing, a baseline was
obtained with the cell suspension alone. Test reagents were
added to the cell suspension and another histogram was re-
corded. Fluorescence values were then compared to baseline
measurements.

MEASUREMENT OF CyTOPLASMIC FREE Ca’*
CONCENTRATION

Changes in cytoplasmic free Ca’* following application of mito-
genic concentration of the B subunit were determined by the
fluorescent calcium-sensitive dye quin2-tetra(acetoxymethyljes-
ter, quin2/AM (Rink et al., 1983). Levels and variations of cyto-
plasmic free Ca’* concentration [Ca’*]; were measured essen-
tially as described (Dixon et al., 1987) except that thymocytes
from Sprague-Dawley rats were suspended in HEPES-buffered
RPMI 1640 (107 cells/ml) and were loaded at 37°C for 30 min with
5 uM quin2/AM. The cells were washed and resuspended in
HEPES-buffered saline (10 mm HEPES at pH 7.4, 145 mm NaCl,
5 mMm KCI, I mMm MgSO,, 0.5 mm Na,HPO,, | mm CaCl,, 5 mm
glucose). Where indicated, CaCl, was omitted and 1.8 mm EGTA
was added. Fluorescence of quin2 was monitored spectrofiuoro-
metrically with excitation at 339 nm and emission at 495 nm.
Calibration of fluorescence was carried out using ionomycin and
Mn?* (Rink et al., 1983).

MEASUREMENT OF INOSITOL PHOSPHATES LEVELS

Thymocytes (10% cells/ml) were labeled with myo-[2-*H]inositol
(10 uCi/ml) by incubation at 37°C for 24 hr in inositol-free
HEPES-buffered RPMI 1640. Cells were sedimented and resus-
pended for 15 min in fresh medium that contained 10 mm LiCl, an
inhibitor of inositol phosphate phosphatase (Berridge, 1984), and
the various mitogens. At the end of the stimulation period, the
cells were sedimented, extracted with methanol/chloroform and
the inositol phosphates were separated on Dowex AG 1X8 ion-
exchange resin exactly as described previously (Spiegel & Pana-
giotopoulos, 1988).

Results

EFFECT OF B SUBUNIT AND CONCANAVALIN A
(CoN A) oON MEMBRANE POTENTIAL

When bisoxonol was added to a suspension of rat
thymocytes, there was an immediate increase in
510-540 nm fluorescence, which reached a constant
level within 10 min. When mitogenic concentrations
of either the B subunit or Con A were added to the
cell suspension, the fluorescence intensity rapidly
decreased (Fig. 1), indicating that the cells were
hyperpolarized and that the negatively charged bi-
soxonol was expelled from the cell. The hyperpolar-
ization was observed within 1-2 min (limit of mea-
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Fig. 1. Effect of Con A and the B subunit of cholera toxin on
bisoxonol fluorescence of rat thymocytes. Thymocytes were
equilibrated with 250 nm bisoxonol and fluorescence profiles
were recorded by flow cytometry as described in Materials and
Methods. Mitogenic concentrations of either Con A (2 pg/mi) or
B (1 pg/mi) or B equilibrated with free GM1 were added to the
sample and 1 min later a second fluorescent profile (¢) was re-
corded. In each case, from 10,000 to 25,000 cells were analyzed.
Histograms with and without mitogen are overlaid. Histograms
are representative of 10 and 23 separate determinations

surement of the cell sorter) after addition of either
mitogen. A similar effect was noted over the con-
centration range of 1-20 wg/ml of B (data not
shown). The hyperpolarization in response to the B
subunit was due to the binding of the B subunit to
the thymocytes, as preincubation of the B subunit
with ganglioside GM1 blocked the effect (Fig. 1).
Addition of the buffer in which the B subunit was
reconstituted or of bovine serum albumin did not
cause any change in the membrane potential. Fur-
thermore, it had been shown previously that the B
subunit does not elevate adenylate cyclase in rat
thymocytes (Spiegel et al., 1985). Thus, the effect
cannot be due to any contaminating A subunit.
Although it has been well-documented that
changes in oxonol fluorescence in cell suspension
reflect changes in cell membrane potential (Rink et
al., 1980; Tsien, Pozzan and Rink, 1982), calibrating
the dye response is difficult. Conventional methods
for calibrating membrane potential and dye fluores-
cence intensity rely on the use of ionophores such
as valinomycin. However, because bisoxonol inter-
acts with valinomycin, we were unable to use this
method and instead used a new calibration proce-
dure developed by Wilson and Chused (1985). This
method utilizes the observation that the mean ox-
onol fluorescence value for unmanipulated cells in-
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creases linearly with the log of [K*], when 10 =
[(K*], = 120 mM, as would be expected from a K*-
dominated dlffusmn potential. Although the fluores-
cence is unchanged between 2 and 10 mM [K*],,, the
linear correlation can be extended downward to this
range by the addition of 50 nM of the ionophore
A23187. The A23187 activates Ca?*-sensitive K*
channels so that the standard curve can be extended
below 10 mMm K, (Fig. 2). Using this correlation pro-
cedure and assigning an intracellular K* concentra-
tion of 130 mMm (Wilson & Chused, 1985; Rink et al.,
1980; Damjanovich et al., 1987), the electrical po-
tential difference across the plasma membrane for
resting thymocytes is —70 mV. Con A and the B
subunit induced hyperpolarization of 9.1 £ 4.3 (n =
10) and 3.8 = 2.1 (n = 23), respectively.! Tsien et al.
(1982) observed a 20-mV hyperpolarization of
mouse thymocytes within a few minutes after treat-
ment with Con A. We have confirmed this effect,
although our observations suggest a smaller hyper-
polarization of 9.1 mV, which is consistent with the
effect observed by Felber and Brand (1983) in
mouse thymocytes (10 mV), and Tatham, O’Flynn
and Linch (1986) in human T-lymphocytes (4.5
mV).

INHIBITION OF B SUBUNIT-INDUCED
ALTERATIONS IN MEMBRANE POTENTIAL
sY EGTA

Several lines of evidence suggest that Con A in-
duced hyperpolarization by causing a rise in cyto-
plasmic free Ca?*, which in turn activates a plasma
membrane K* conductance of the sort described in
red cells (Lew & Ferreira, 1978; Tsien et al., 1982;
Tatham et al., 1986). To determine if such channels
are involved in the hyperpolarization induced by
the B subunit, the thymocytes were exposed to the
B subunit immediately after being transferred into a
calcium-free buffer containing 2 mM EGTA. The
hyperpolarization was significantly reduced or abol-
ished completely. In some cases, depolarization oc-
curred (Fig. 3). In agreement with previous reports
(Tatham & Delves, 1984; Tatham et al., 1986), Con
A induced a depolarization in the absence of Ca’*
(Fig. 3).

EFFECT OF THE B SUBUNIT OF CHOLERA TOXIN
oN CyTtorLASMIC Freg Ca?t

The B subunit induced a rapid and profound in-
crease in intracellular free Ca?* as measured with

"It is unlikely that these small changes in the membrane
potential play a significant role in the initiation of the prolifera-
tive response.
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B,—Ca?* Table 1. Effect of B subunit of cholera toxin on intracellular free
Ca’* and the level of inositol phosphates

2 Addition®  [Ca?*]; Level of [*Hlinositol phosphates
E ~~a (nM)
G 1P, 1P, 1P,
3 (cpm per well)
[/}
E Con A Ca2' None 75+ 5 1836 + 178 303 = 85 258 + 27
- T ConA 190 = 25 3766 = 166 740 = 43 378 = 11
v B 155 £ 22 1733 £ 231 360 = 26 250 = 25
2 EGTA+B 72+ 6 NDP ND ND
£ a
Z + The concentrations of the indicated agents were as follows: B,
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Fig. 3. Effect of Ca?* depletion on hyperpolarization induced by
the B subunit and Con A. Cells suspended in Ca?*-free medium
supplemented with 2 mM EGTA were equilibrated with bisox-
onol and a baseline histogram was collected. One min after the
addition of the B subunit or Con A, another histogram (a) was
collected. In each case, the fluorescence profiles from 10,000 to
25,000 cells were recorded. Histograms with and without mito-
gen are overlaid. Histograms are representative of at least eight
separate determinations

the fluorescent Ca?"-sensitive dye quin2/AM. Intra-
cellular free Ca?" increased from a basal level of 75
+5mM(n = 5)to 155 = 22 mmM (n = 5) (Table 1). As
has been shown previously for Wistar rat thymo-
cytes (Dixon et al., 1987), the increase in [Ca®*];
induced by a maximally mitogenic concentration of
the B subunit of cholera toxin was virtually immedi-
ate. Removal of external Ca’?" completely inhibited
the B-induced Ca?* signal, while re-addition of Ca?*
rapidly restored the response. This inhibitory effect
is not due to a lack of binding of the B subunit to the
cells since the binding of the B subunit to GM1 is a
Ca’*-independent process (Spiegel et al., 1985).
These findings indicate that the increase in [Ca’*];

1 pg/mt; ConA, 2 pg/ml; EGTA, 2 mMm.
" ND, not determined.

induced by the B subunit arises from a net influx of
Ca?* from extracellular sources and not from a re-
lease of Ca?* from intracellular stores and are con-
sistent with the observation that inositol trisphos-
phate, the second messenger that mediates release
of Ca?* from intracellular stores (Berridge & Irvin,
1984), was not elevated in response to the B subunit
(Table 1). In contrast, Con A induced a significant
increase in the level of inositol phosphates (IPy, 1P,
IP;) and also induced a larger [Ca”*); rise than the B
subunit.

IoNic BASIS FOR INDUCED ALTERATION IN
MEMBRANE POTENTIAL

To further characterize the ion channels involved in
this hyperpolarization response to the B subunit,
we used a pharmacological approach. Experiments
were carried out in the presence of a series of chan-
nel blockers. The blockers used and the channels
they block are given in Table 1. K* channels of T-
lymphocytes are blocked reversibly in a dose-de-
pendent manner by tetraethylammonium (TEA),
quinine and 4-aminopyridine (4-AP) (De Coursey et



S.A. Mulhern et al.: Thymocyte Polarization Mediated by GM

4—AP
quinine

©

c

c

2 b,c

5 22 ; )

5 LA ‘hl*-a,__,l,,-,,‘,.,‘k}__.‘_,‘_\_x_vﬁ

o - ———

£

3

- TMA

°

N

]

o

£

3

4

TEA

Fluorescence Intensity

Fig. 4. Effects of 4-AP, quinine, TEA and TMA on resting po-
tential and B subunit-induced hyperpolarization of rat thymo-
cytes. Cells are equilibrated with bisoxonol in the absence («) or
presence (b) of 10 mm 4-AP, 100 um guinine, 40 mM TMA or 40
mM TEA. The B subunit was added to each sample and another
histogram (¢) was collected 1 min later. Histograms in the ab-
sence (a) and presence of blockers (h) and B subunit (¢) are
overlaid. Histograms are representative of five different determi-
nations

al., 1984). Quinine is believed to block Ca’*-acti-
vated K* channels, but at the high concentrations
used in these studies voltage-gated K channels are
also blocked (Lew & Ferreira, 1978). TEA also
blocks both Ca?™ and K* voltage-gated K™ chan-
nels, whereas 4-AP has been reported to specifically
block voltage-gated K* channels (Schwartz & Pas-
sow, 1983). Therefore, the aminopyridines can dis-
tinguish between the Ca?T-activated K* channels
and the voltage-gated K* channels. 4-AP (10 mm)
depolarized rat thymocytes, suggesting a blockage
of the voltage-gated K* channels. However, cells
depolarized by 4-AP repolarized after addition of
the B subunit (Fig. 4). In contrast, cells depolarized
by quinine (100 um) or TEA (40 mm) did not repo-
larize after the addition of the B subunit. Tetra-
methylammonium (TMA) (40 mM), an inactive ana-
logue of TEA, did not block the response to the B
subunit. Thus, the inhibition by TEA cannot be at-
tributed to an increase in osmolarity of the medium,
but to its ability to specifically block K* channels.
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Table 2. Effect of inhibitors on hyperpolarization of thymocytes
induced by the B subunit of cholera toxin

Inhibitor Concen-  Target Effect
tration
Quabain I mm  Na*/K+ ATPase None
Amiloride 100 um Na*/H~* antiport None
Furosemide I mm  Na*/K*/Cl exchange None
Quinine 100 uMm Ca’-gated K* channels Blocked
TEA 40 mMm  K* channels Blocked
4-AP 10 mm  Voltage-gated K* channels None

The hyperpolarization induced by the B subunit
could be blocked even at a low quinine concentra-
tion (20 um), which had no effect on the resting
membrane potential (data not shown). These exper-
iments with the K* channel blockers indicate that
only Ca’*-activated K* channels are involved in the
hyperpolarization of thymocytes by the B subunit.

Since mitogens, such as Con A, induce changes
in K* fluxes and also increase plasma membrane
permeability to Na* (Tatham et al., 1986; Kiefer,
Blume & Kaback, 1980), we investigated the depen-
dence of the hyperpolarization that we observed on
external Na*. Replacement of Na* by the poorly
permeant cation choline had no significant effect on
the hyperpolarization response to the B subunit
(datu not shown). We also examined the effects of
inhibitors of Na* transport (Table 2). The hyperpo-
larization induced by the B subunit persisted in the
presence of 1 mm ouabain (Fig. 5), indicating that
stimulation of the electrogenic Na*/K* pump was
not responsible for the observed hyperpolarization.
Ouabain alone had no effect immediately after addi-
tion to the cells and caused only a slight increase in
fluorescence after a 5-hr incubation. The hyperpo-
larization caused by the B subunit was also unaf-
fected by the addition of amiloride (Fig. 5), thus
implying that the Na'/H antiporter was not in-
volved in this response. Similarly, the diuretic furo-
semide (1 mMm), which inhibits the Nat/K*/Cl* co-
transporter, did not block the hyperpolarization
induced by the B subunit (Fig. 5).

Discussion

We have demonstrated that when the B subunit of
cholera toxin binds to the cell surface ganglioside
GMI of rat thymocytes,? a hyperpolarization of the

* It was previously established that GMI is the only recep-
tor for the B subunit of cholera toxin in rat thymocyles (Spiegel
et al., 1985).
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Fig. 5. Effect of amiloride, furosemide and ouabain on mem-
brane hyperpolarization induced by the B subunit. Cells were
equilibrated with bisoxonol in the presence of 10 uM amiloride, 1
mM furosemide, or I mM ouabain and analyzed on the cell sorter.
The B subunit was then added to the sample and another histo-
gram (a) was collected 1 min later. Histograms in the absence
and presence of the B subunit are overlaid. Histograms are rep-
resentative of five different determinations

plasma membrane occurs. The hyperpolarization is
probably due to a K* conductance since, of the
main intracellular ions, only K* has an equilibrium
potential more negative than the resting poten-
tial(s). In addition, the hyperpolarization remained
essentially unaffected in a low Na* medium (with
choline substituted for Na*), showing that extracel-
lular Na* was not essential for the changes in mem-
brane potential. Further studies in the presence of
ouabain, amiloride and furosemide demonstrated
that the B subunit did not activate the electrogenic
Na*/K* ATPase, the Na*/H* antiporter or the
Na*/K*/Cl~ cotransporter; and also that these
transporters did not play a role in the hyperpolar-
ization process. The lack of activation of the Na*/
H™* exchange is supported by the findings that the B
subunit had no effect on intracellular pH as re-
vealed by flow cytometric measurements on
Sprague-Dawley rat thymocytes loaded with biscar-
boxyethyl-5,6-carboxyfluorescein (S.A. Mulhern,
unpublished observations) and also by spectro-
fluorometric measurements on Wistar rat thymo-
cytes (Dixon et al., 1987). The fact that we did not
observe a change in membrane potential in our pre-
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vious studies (Dixon et al., 1987) was probably due
to the use of the less sensitive spectrofluorometer.

The fact that the hyperpolarization was dimin-
ished or abolished in the absence of extracellular
Ca?* suggests the existence of a Ca2*-sensitive pro-
cess that tends to generate the hyperpolarization.
This effect was further identified as an activation of
a Ca’"-sensitive K* channel by a pharmacologic ap-
proach. Hence, TEA and quinine, which block
Ca?*-activated K™ channels, inhibited the hyperpo-
larization response. In contrast, 4-AP, which blocks
voltage-sensitive K* channels, did not. These data
suggest that the B subunit of cholera toxin facili-
tates Ca?" entrance into the cells, which, in turn,
triggers the opening of Ca?"-sensitive K* channels,
leading to membrane hyperpolarization. Support
for this view comes from direct measurements of
cytoplasmic free Ca?t with the fluorescent Ca?*-
sensitive dye, quin2, on Sprague-Dawley (Table 1)
and Wistar rat thymocytes (Dixon et al., 1987). The
fluorescence of quin2-loaded rat thymocytes in-
creases immediately after the addition of the B sub-
unit to the thymocyte suspension, indicating a rapid
increase in intracellular free Ca2*. This increase in
cytoplasmic free Ca’* arises entirely from a net in-
flux of extracellular Ca?*. The timing of the mem-
brane responses to the B subunit appears to be simi-
lar to that of the rise in [Ca’*];. Also, both effects
are abolished when low-Ca?* medium is used. Thus,
our data suggest that crosslinking of several mole-
cules of GM1 by the pentavalent B subunit of chol-
era toxin increases [Ca®"];, which triggers the open-
ing of Ca?"-sensitive K* channels, results in the
hyperpolarization of the plasma membrane.

In previous studies based on the use of carbo-
cyanin dyes to monitor the membrane potential, we
found that rat lymphocytes depolarized in response
to mitogenic concentrations of the B subunit or Con
A (Spiegel, Fishman & Mulhern, 1986a). Although
it seems that the data in this report are contradic-
tory to those in our earlier report, this is not neces-
sarily the case. This difference is due to the use of
different membrane potential-sensing dyes in the
two reports. The cyanin dye that we had used ear-
lier has been shown to accumulate within cells and
to concentrate in mitochondria where it affects res-
piration and ATP production (Montecucco, Pozzant
& Rink, 1979; Wilson, Seligmann & Chused, 1985).
A more likely explanation for this discrepancy is
based on the observation that cyanin dyes appear to
bind preferentially to open K* channels (Simons,
1976, 1979). Other studies (Rink et al., 1980) suggest
that the cyanine dye diS-(3)-(5) blocked Ca?*-acti-
vated K* channels in mouse lymphocytes. Since
the B subunit and Con A induced the opening of
these channels, the membrane depolarization ob-
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served with the cyanin dyes is probably an artifact
due to increased binding of the dye to open K*
channels.

Recently, a lipid-layer crystallization technique
was used for imaging the B subunit of cholera toxin
bound to GM1 (Ludwig et al., 1986). Image process-
ing of electron micrographs revealed a ring of five
protein densities with a central hole of 20 nm diam-
eter. These data are consistent with a pentameric
doughnut-shaped organization of the bound B sub-
unit that lies flat on a membrane surface. This ob-
servation might be interpreted to mean that the B
subunit could cause pore formation in the mem-
brane. The B subunit, when bound to GM1-contain-
ing liposomes, causes them to release trapped glu-
cose (Moss et al., 1977). This is an unlikely
explanation for the observed hyperpolarization be-
cause, in such a case, depolarization would be due
to leakage of Na*. Furthermore, the hyperpolariza-
tion should not exhibit the pharmacological charac-
teristics of Ca?*-gated K* channels. The possibility
that such pores allow the selective influx of Ca’*
also seems unlikely.

In summary, our results imply that reorganiza-
tion of the negatively charged gangliosides by the B
subunit of cholera toxin can modulate both the net
influx of Ca’* and the efflux of K*, resulting in
membrane hyperpolarization. The possibility that
gangliosides can modulate ion channels has been
proposed previously, based on studies with cul-
tured kidney epithelial cells (Spiegel, Handler &
Fishman, 198654). Insertion of specific gangliosides
into the apical membrane of the epithelia increased
Na* transport in response to vasopressin, cholera
toxin and 8-bromo cAMP. Based on this observa-
tion, it was proposed that specific gangliosides can
be modulators of Na* channels present in the apical
membrane of epithelial cells. The well-established
influence of gangliosides on neuronal growth and
survival is due to their ability to enhance membrane
ion permeability (Gorio et al., 1983). A role for gan-
gliosides in the regulation of membrane permeabil-
ity could also have important implications for the
function of gangliosides in various cellular phenom-
ena, such as growth, differentiation and electrical
excitability of neurons. Neurons have a large num-
ber of gangliosides in their plasma membranes and
since their electrical activity is an expression of
ionic fluxes across their membranes, modulation of
ion transport may be a likely function for ganglio-
sides.
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