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Endogenous Ganglioside GM 1 Modulates L-Type Calcium Channel 
Activity in N 18 Neuroblastoma Cells 
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Digital imaging fluorescence microscopy was used to in- 
vestigate the effect of the B subunit of cholera toxin on 
calcium homeostasis in neuroblastoma N18 cells. The B sub- 
unit, which binds specifically to ganglioside GM1 in the outer 
leaflet of the cell membrane, was found to induce a sustained 
increase of intracellular calcium concentration ([Caz+]J. The 
increase in [Ca*+]; was not observed in the absence of ex- 
tracellular calcium, or in the presence of the calcium chelator 
EGTA, and was blocked by nickel. The B subunit was also 
found to induce an influx of manganese ions, as indicated 
by a quench of the intracellular fura- fluorescence. These 
data suggest that the B subunit induces an increase in cal- 
cium influx in N18 cells. Potassium-induced depolarization 
also stimulated manganese influx; however, after the onset 
of depolarization-induced influx, the B subunit had no further 
effect. This occlusion suggests involvement of voltage-de- 
pendent calcium channels. Treatment with BayK8644, a di- 
hydropyridine agonist selective for L-type calcium channels, 
induced manganese influx that was not altered by the B 
subunit and apparently blocked the effect of the B subunit 
itself. Furthermore, the dihydropyridine L-type channel an- 
tagonists niguldipine or nicardipine completely inhibited B 
subunit-induced manganese influx. Thus, the B subunit-in- 
duced manganese influx is likely due to activation of an 
L-type voltage-dependent calcium channel. Spontaneous in- 
flux of manganese ions was also inhibited by nicardipine or 
niguldipine and by exogenous gangliosides. Ganglioside GM1 
was more potent than GM3, but globoside had no significant 
effect. The modulation of L-type calcium channels by en- 
dogenous ganglioside GM1 has important implications for 
its role in neural development, differentiation, and regen- 
eration and also for its potential function in the electrical 
excitability of neurons. 

[Key words: ganglioside GM 1, B subunit of cholera toxin, 
L-type calcium channels, neoroblastoma] 

Vertebrate neurons are enriched in gangliosides, sialic acid- 
containing glycosphingolipids, particularly those of the gangli- 
otetraose series including ganglioside GM 1 (Svennerholm, 1963; 
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Hakomori, 1990) and more complex derivatives. Ganglioside 
synthesis increases in synchrony with the period of most active 
nervous system development in many species. These observa- 
tions originally spawned the idea that gangliosides may play a 
role in the process of neuronal development and maturation 
(Ledeen and Wu, 1992). Subsequently, exogenous gangliosides 
have been found to have marked effects on cell growth and to 
promote differentiation in a variety of neuronal cell types (re- 
viewed in Hakomori, 1990; Ledeen and Wu, 1992). The mon- 
osialoganglioside GMl, in particular, when added to cells has 
also been shown to enhance sprouting of regenerating nerves 
(Schengrund, 1990) to enhance repair of CNS damage (Ledeen, 
1984) and to ameliorate recovery from experimental Parkin- 
son’s disease in primates (Schneider et al., 1992). Moreover, 
ganglioside GM1 is now being used in clinical trials in human 
neurological disorders, including spinal cord injuries (Geisler et 
al., 1991) and stroke (Argentino et al., 1989). In spite of the 
apparent therapeutic value of ganglioside GM 1, its mechanism 
of action remains obscure. 

Attempts to elucidate the physiological mechanisms under- 
lying ganglioside GM 1 -induced neuritogenesis have identified 
some potentially relevant pathways. Most notable are reports 
of changes in protein kinase activity (Goldenring et al., 1985; 
Cimino et al., 1987; Benfenati et al., 199 1) and in intracellular 
calcium homeostasis (Spoerri et al., 1990; Wu et al., 1990; Hil- 
bush and Levine, 199 1). Ganglioside GM 1 had a dual effect on 
calcium/calmodulin-dependent protein kinase II, stimulating 
activity and autophosphorylation at low concentrations (Gol- 
denring et al., 1985; Cimino et al., 1987) whereas at high con- 
centrations activity was decreased by noncompetitive inhibition 
of calmodulin binding to the enzyme (Benfenati et al., 1991). 
GMl-mediated stimulation of calcium influx and a resulting 
activation of calcium/calmodulin-dependent protein kinase has 
been implicated recently as a possible mechanism for GM1 
potentiation of NGF-induced neuritogenesis in pheochromo- 
cytoma PC1 2 cells (Hilbush and Levine, 199 1). Roisen and 
colleagues demonstrated that the GM 1 -induced neuritogenesis 
in Neuro-2a neuroblastoma cells was diminished in the absence 
of extracellular calcium, and that exogenous GM1 stimulated 
an increase in cytoplasmic free calcium in these cells as deter- 
mined by electron probe elemental analysis (Spoerri et al., 1990). 
Similarly, Ledeen and colleagues reported that a mixture of 
bovine brain gangliosides was only effective at inducing neu- 
ritogenesis in Neuro-2a cells in the presence of extracellular 
calcium, a phenomenon potentially related to an increase in 
both calcium influx and efflux induced by the ganglioside mix- 
ture (Wu et al., 1990). In addition, ganglioside GM1 and some 
of its analogs antagonize glutamate toxicity by preventing pro- 
tracted increases in intracellular free calcium (De Erausquin et 
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al., 1990; Manev et al., 1990). While these numerous examples 
illustrate the potential of exogenous ganglioside GM1 for af- 
fecting various physiological phenomena by its effect on calcium 
regulation, the mechanism of these effects has not yet been 
investigated nor has it been shown that these effects reflect the 
actions of endogenous ganglioside GM 1. 

To address the potential function of ganglioside GM 1 in cell 
growth regulation and differentiation, we have extensively used 
the B subunit of cholera toxin, a protein that binds specifically 
to ganglioside GM1 and, due to its oligomeric structure, can 
cross-link the ganglioside (reviewed in Spiegel, 1991; Olivera 
and Spiegel, 1992). Using this approach, we have accumulated 
important clues on the role of ganglioside GM 1 in cellular pro- 
liferation, differentiation, and signal transduction in a variety 
of cellular systems (Spiegel et al., 1985; Dixon et al., 1987; 
Spiegel and Fishman, 1987; Spiegel, 1988, 1989a,b, 1990; Spie- 
gel and Panagiotopoulos, 1988; Mulhem et al., 1989; Buckley 
et al., 1990; Masco et al., 199 1). Our finding that the sole known 
transmembrane signaling system modulated by ganglioside GM 1 
in resting thymocytes (Dixon et al., 1987) and quiescent fibro- 
blasts (Spiegel and Panagiotopoulos, 1988; Spiegel, 1989a,b) is 
cytosolic free calcium has important implications, since calcium 
plays a central role in regulation of a myriad of critical physi- 
ological processes including cell proliferation, differentiation, 
transformation, smooth muscle contraction, and endocrine and 
exocrine secretion. 

Recently, we found that the B subunit of cholera toxin in- 
hibited the growth of Nl8 neuroblastoma cells and induced 
pronounced differentiation, with an increase in neurite out- 
growth with branched neurites and spinelike processes (Masco 
et al., 199 1). Numerous studies have shown that calcium plays 
a major role in these two divergent processes (Kater et al., 1988; 
Tsien et al., 1988; Kater and Mills, 1991). Furthermore, it has 
been suggested that each component of neurite outgrowth, in- 
cluding sprouting, elongation, and growth cone motility, is reg- 
ulated by very specific, optimal changes in intracellular calcium 
(Mattson et al., 1988; Kater and Mills, 199 1). In this report, we 
used digital imaging fluorescence microscopy to follow changes 
in intracellular calcium within single neurons and found that 
interaction of the B subunit with endogenous ganglioside GM 1 
stimulated a persistent increase in intracellular calcium in Nl8 
cells likely due to activation of L-type voltage-dependent cal- 
cium channels. 

Materials and Methods 
Materials. The B subunit of cholera toxin was from List Biological Labs 
(Campbell, CA). Dulbecco’s modified Eagle’s medium (DMEM) and 
fetal calf serum were from GIBCO (Grand Island, NY). Fura-2/acetox- 
ymethyl ester (fura-Z/AM) was purchased from Molecular Probes, Inc. 
(Eugene, OR). Gangliosides were from Matreya (Pleasant Gap, PA). 
Nicardipine and niguldipine were from Research Biochemicals Inc. (Na- 
tick, MA). BayK8644 was from Calbiochem (La Jolla, CA). Cloned B 
subunit was produced as recently described (Van de Walle et al., 1990). 

Cell culture. The murine neuroblastoma cell line N18 was kindly 
provided by Dr. M. Nirenberg, NHLBI, NIH. Stock cultures of cells 
were maintained in high-glucose DMEM supplemented with 5% fetal 
bovine serum in a humidified atmosphere of 5% CO,, 95% air at 37°C. 
For Ca*+ measurements, the cells were seeded and grown on poly-D- 
lysine-coated glass cover slips contained in six-well cluster tissue culture 
dishes (6 x 34 mm wells; Costar, Cambridge, MA) at a density of 2.5 
x lo5 to 5 x 10s cells/well. Cells were used 34 d after seeding. 

Measurements ofcytoplasmicfree Ca2+ concentration. Digital imaging 
fluorescence microscopy was used to determine intracellular free Ca2 ’ 
concentrations ([Ca2 + I,) as described previously (De Erausquin et al., 
1990; Zhang et al., 1991). Briefly, Nl8 cells grown on glass coverslips 

were washed with DMEM and were loaded with fura-2/AM (5 FM) for 
45 min at 37°C in DMEM. For imaging, cells were incubated in DMEM 
(phenol red free) or buffered saline (154 mM NaCl, 5.6 mM KCl, 1.2 
mM MgCI,, I.8 mM CaCL, 4.6 gm/liter glucose, 20 mM HEPES, pH 
7.4) and changes in fura- fluorescence in single cells were monitored 
by dual wavelength simultaneous detection imaging using an Attofluor 
Digital Fluorescence Microscopy System (Atto Instruments, Inc., Rock- 
ville, MD). [Caz+], was determined from the ratio of fura- fluorescence 
emissions after excitation at the wavelengths of 334 and 380 nm and 
calibrated with external standards (De Erausquin et al., 1990; Zhang et 
al., 1991). 

Measurement of Mm’+ influx. Mn” binds to fura- with a much 
greater affinity than Ca2+. In contrast to Ca’+, which enhances fura- 
fluorescence, MnZ+ binding quenches fura- fluorescence. Since Mn2+ 
is not freely permeable across cell membranes, a quenching of or de- 
crease in the fluorescence intensity of intracellular fura- in the presence 
of medium containing Mn2+ is indicative of Mn’+ influx into cells 
(Merritt et al., 1989; Jacob, 1990; Rink, 1990). To assay for Mn*+ influx, 
neuroblastoma N 18 cells were loaded with fura- as described above. 
Fluorescence intensity due to excitation at both 334 and 380 nm was 
measured in single cells in Caz+-free buffered saline using the digital 
imaging fluorescence microscopy. The effect of the presence of Mn’+ 
alone or in combination with other agents was based upon changes in 
the rate of decrease of fluorescence intensity at both 334 and 380 nm. 

Results 
B subunit induces an increase in [Ca2 I/, 
Changes in [Ca2+], were monitored in N18 cells loaded with 
fura- using digital imaging fluorescence microscopy. The B 
subunit of cholera toxin induced an increase in [Cazi], (Fig. 1) 
that occurred over a period of 1 O-20 min, reaching a new steady- 
state level that was more than twofold higher than the resting 
[Caz+], (Fig. 1.4). After washing to remove free B subunit, no 
further change occurred (Fig. 1 B). Subsequent reapplication of 
B subunit resulted in an additional increase in [Caz+], (Fig. 1B). 

These results were obtained with commercially available B 
subunit that was originally purified from cholera holotoxin. 
Cholera holotoxin is composed of one A and one B subunit. 
The A subunit can stimulate increases in intracellular CAMP, 
and therefore contamination of B subunit preparations with 
small amounts of A subunit could complicate the interpretation 
of results obtained with B subunit purified from holotoxin. 
Cloned B subunit from a mutant strain of Vibrio cholerae that 
lacks the gene for the A subunit (Van de Walle et al., 1990) and 
therefore is completely free of contaminating A subunit, stim- 
ulated an increase in [Ca2+], that was indistinguishable from the 
effect of the B subunit derived from holotoxin (n = 5). This 
result precludes involvement of A subunit-stimulated increases 
in CAMP in the observed induction of increases in [Cal+],. 

B subunit-induced increases in [Ca>+], were not observed in 
the absence of Ca2 + in the medium (Fig. 2). In the presence of 
B subunit, an increase in [Ca2+], was observed immediately after 
addition of Ca2+ to the medium, whereas addition of Ca’+ by 
itself had no effect. Similarly, the B subunit did not stimulate 
an increase in [Ca2+], in the presence of 5 mM EGTA (data not 
shown). 

The presence of Ni” was also found to inhibit the B subunit- 
induced increase in [Ca*+], (Fig. 3). Complete inhibition oc- 
curred when addition of Ni” preceded the exposure to B subunit 
(Fig. 34. After onset ofthe B subunit-induced increase in [CaZ+],, 
addition of Ni2+ led to an immediate cessation of the increase 
(Fig. 3B). Ni*+ is one of several metal ions that can block Ca*+ 
influx though voltage-gated (Lansman et al., 1986) or receptor- 
operated calcium channels (Merritt et al., 1989)‘or through re- 
verse Na+/Ca2+ exchange (Kaczorowski et al., 1989). Therefore, 
the inhibitory action of Ni 2+ together with the dependence on 
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Figure 1. Effect of B subunit on [Cal+],. 
A, Neuroblastoma N 18 cells were load- 
ed with fura- and [Cal+], was moni- 
tored as described in Materials and 
Methods. B subunit (180 nM) was add- 
ed at the time indicated by the arrow. 
A, Response of an individual cell from 
a representative experiment in which 
16 of 16 cells displayed a similar steady- 
state increase in [Ca*+],. B, B subunit 
(360 nM) was originally added to N 18 
cells at the indicated time. A wash in- 
terrupted the ensuing increase in [Ca2+],. 
The cells were then reexposed to B sub- 
unit. C, A histogram depicts the distri- 
bution of [Caz+], in single N18 cells at 
steady-state before and after addition 
of B subunit (180 nM), accumulated 
from 12 separate experiments. An in- 
crease in [Ca2+], accompanied the ad- 
dition of B subunit in 2 13 of 280 cells. 
The average calcium concentration was 
61 k 2 nM (+SEM) for unstimulated 
cells, increasing to 148 + 6 nM (HEM) 
after addition of B subunit. 
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extracellular Ca2+ suggested the involvement of calcium influx 
in the B subunit-induced increase in [Ca2+],. 

B subunit induces an influx of MrP+ 
To examine further the role of Ca2+ influx, the ability of B 
subunit to stimulate an influx of Mn2+ was studied. Mn2+ is a 
permeant ion for both voltage-dependent and receptor-operated 
Ca*+ channels (Merritt et al., 1989; Jacob, 1990; Rink, 1990). 
Mn2+ also quenches the fluorescence emission of fura- and a 
decrease in fluorescence intensity in fura-2-loaded N 18 cells can 
be used as an indicator of Ca2+ influx (Jacob, 1990; Rink, 1990). 
In Ca2+-free buffered saline, the presence of as little as 20 PM 

Mn2+ often evoked detectable quenching, suggesting the exis- 
tence of an active Ca2+ influx pathway in resting N18 cells that 
leads to an apparently spontaneous influx of Mn2+, but the rate 
of this spontaneous influx was dependent upon the concentra- 
tion of MtP+. The rate of quenching observed for Mn2+ con- 
centrations from 20 to 500 FM was quite variable between N 18 
cells from different passages. To study the effect of B subunit 
and other agents, Mn2+ was maintained at a concentration that 
did not elicit a substantial spontaneous influx (determined em- 
pirically in each experiment). 

Addition of B subunit was found to substantially increase the 
rate of quenching in the presence of 20-250 FM MtP+, suggesting 

a stimulated increase in the rate of Mn2+ influx (Fig. 4A). This 
stimulation of MrP+ influx occurred without a notable time lag 
after addition of B subunit, and the rate of influx did not change 
while B subunit was present (Fig. 4A). After the B subunit and 
Mn2+ were washed out, readdition of Mn2+ did not result in a 
rate of influx comparable to that observed in the presence of B 
subunit. However, readdition of B subunit stimulated Mn2+ 
influx, albeit at a lower rate than the initial application (Fig. 4A; 
see Fig. 6B). 

Ni2+ was found to inhibit completely both spontaneous and 
B subunit-induced Mn2+ influx (Fig. 4B). La)+ also abolished 
both spontaneous and B subunit-induced Mn*+ influx (200 PM 

La3+, n = 4). These results confirm that both the spontaneous 
and B subunit-induced Mn2+ influxes are due to Mn2+ per- 
meation of a Ca*+ influx pathway, because both Ni2+ and La)+ 
are known to block Ca2+ entry into cells through any of the 
influx pathways utilized by Mn2+ (Lansman et al., 1986; Merritt 
et al., 1989; Rink, 1990). 

Depolarization or BayK8644 induces a Mn2+ injlux and 
occludes the efect of B subunit 
To induce depolarization of neuroblastoma N 18 cells, the K+ 
concentration in the medium was increased from 5.4 mM to 72 
mM, with a concomitant decrease in Na+ to maintain isoos- 
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Figure 2. Effect of Cal+-free medium on the B subunit-induced in- 
crease in [Caz+],. [Cal+], was monitored in neuroblastoma N18 cells 
initially in Ca2+-free saline. B subunit (180 nM) was added (at the time 
indicated by thejrst arrow), and subsequently Ca2+ was added to 1.8 
mM. Then the cells were washed with Ca2+-free saline, and Ca*+ was 
again added to 1.8 mM. The response of an individual cell from a 
representative experiment (n = 4) in which 19 of 19 cells responded 
similarly is depicted. 

molarity. In the presence of MnL+, this depolarization stimu- 
lated an increase in Mn*+ influx (Fig. 5A). After the onset of 
the depolarization-induced Mn 2+ influx, addition of B subunit 
did not elicit further influx of Mn2+ (Fig. 54). However, in the 
same population of cells, B subunit induced a substantial Mn2+ 
influx after washing to restore the normal, low-K+, Ca2+-free 
ionic conditions (Fig. 54). 

BayK8644, a dihydropyridine that stimulates L-type voltage- 
dependent Ca*+ channel activity (Plummer et al., 1989), was 
also found to evoke Mn*+ influx (Fig. 5B). Similar to the effect 
of depolarization, B subunit was ineffective at stimulating ad- 
ditional Mn2+ influx in the presence of BayK8644 (Fig. 5B). 
Also similarly, B subunit induced Mn2+ influx in the same pop- 
ulation of cells after washing (Fig. 5B). 

Niguldipine and nicardipine inhibit spontaneous and B 
subunit-induced MrP+ influx 

The effect of niguldipine and nicardipine, dihydropyridines that 
are antagonists of L-type Ca2+ channel activity (Plummer et al., 
1989), on Mn2+ influx was tested. Prior addition of either ni- 
guldipine (Fig. 6A) or nicardipine (data not shown) inhibited B 
subunit-induced Mn*+ influx. After washing, B subunit-induced 
Mn*+ influx was detectable (Fig. 6), indicating that the inhibition 
due to either niguldipine or nicardipine was reversible. These 
dihydropyridines were also inhibitory when added after onset 
of B subunit-induced Mn2+ influx (Fig. 7). Niguldipine and 
nicardipine similarly inhibited spontaneous MnZ+ influx (Fig. 
8). In contrast, w-conotoxin (1 FM), which is a selective inhibitor 
of N-type voltage-dependent Ca*+ channels (Aosaki and Kasai, 
1989; Plummer et al., 1989), had no effect on either spontaneous 
(n = 2) or B subunit-induced Mn2+ influx (n = 3), whether 
added before or after the B subunit. 

Exogenous gangliosides inhibit Mn’+ injlux 

The effect of several gangliosides on spontaneous Mn2+ influx 
was tested. At high concentrations (> 10 FM), either ganglioside 
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Figure 3. Effect of Ni2+ on the B subunit-induced increase in [Ca>+],. 
A, The effect of B subunit on [Ca2+], was measured in the presence (open 
triangles) or absence (solid triangles) of 5 mM Ni2+. For both conditions, 
calcium was present in the medium (cells were in phenol redlbicarbon- 
ate-free DMEM, which contains 1.8 mM Ca2+ ). At the time indicated 
by the Jirst urrow, Ni*+ or vehicle (a volume of medium equal to the 
aliquot of NiZ+ stock solution) was added, after which B subunit (180 
nM) was added to each. The responses of these individual cells are each 
from separate, but identically treated cell populations derived from the 
same passage and cultured simultaneously. In this representative ex- 
periment (n = 3), vehicle-treated cells displayed a B subunit-induced 
increase in [Ca2+], in 15 of 15 cells; in the presence of Ni2+, 0 of 19 
cells were responsive to B subunit. B, The effect of Ni2+ after the onset 
of the B subunit-induced increase in [Caz+lz was tested. B subunit and 
subsequently NiClz (5 mM) or vehicle was added. The responses of these 
individual cells are from a representative experiment (n = 5) in which 
the B subunit-induced response was similarly blocked in 30 of 30 cells. 

GM1 or GM3 completely inhibited spontaneous Mn*+ influx 
(Fig. 9A,B). As little as 200 nM GM1 induced detectable inhi- 
bition, and GM 1 at >2 PM gave complete inhibition (Fig. 9A). 
In contrast, 10 WM GM3 was required for complete inhibition 
(Fig. 9B) and globoside, even at concentrations as high as 10 
PM, did not significantly decrease the rate of quenching (Fig. 
9C). As expected, GM1 also inhibited Mn2+ influx induced by 
the B subunit when B subunit and GM1 were mixed prior to 
addition to N18 cells (data not shown). 
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Figure 4. B subunit stimulated influx ofMn’+. A, The average intensity 
of fluorescence emission due to excitation at 380 nm (solid diamonds) 
or 334 nm (open diamonds) is depicted for a population of neuroblas- 
toma N18 cells in CaZ+-free saline. MnCl, (200 PM) was added at the 
time indicated by the,first arrow, followed by addition of B subunit (180 
nM). Following a wash with Ca 2+-free saline, MnCl, (200 KM) and B 
subunit (180 nM) were added again in succession. In this representative 
experiment (n = 3 for testing the effect of repeated exposure to B sub- 
unit), B subunit stimulated an increased rate of quenching in 25 of 27 
cells initially and in 26 of 27 cells after the wash. For 26 of 27 cells the 
initial rate of quenching was greater than the subsequent response. B, 
The average fluorescence due to excitation at 380 nm (solid diamonds) 
or 334 nm (open diamonds) is depicted for a population of N18 cells 
in Ca2+-free saline after successive addition of MnCl, (200 PM), B sub- 
unit (360 nM), and NiCl, (2 mM). In this representative experiment (n 
= 6 for 2-5 mM Ni2 + ), 33 of 33 cells responded to B subunit and the 
subsequent addition of Nil ’ completely inhibited the increased rate of 
quenching in all cells. 

Discussion 
B subunit binding to endogenous GM1 stimulates L-type Ca2+ 
channels 
In this article we have found that the B subunit of cholera toxin, 
which binds exclusively to ganglioside GMl, induced a sus- 
tained increase of [Caz+], in N18 mouse neuroblastoma cells. 
The dependence of this increase on the presence of extracellular 
Ca2+, the inhibition by Nix+, and the induction of Mn*+ influx 
all suggest that extracellular Ca*+ influx is the source of the B 

nd 

Wash 
A 

Mn B subunit 

4 8 12 16 

Time (min) 

; 0.9 
,Z 
e m 0.8 
b 
‘$ 0.7 
3 
; 0.6 

5 
p 0.5 
e 
2 0.4 u. 

Mn Bsub 

Mn BayK El sub 

4 8 12 

Time (min) 

, 
16 20 

Figure 5. Effect of depolarization or BayK8644 on B subunit-induced 
Mn2+ influx. A, The average fluorescence intensity due to excitation at 
380 nm (solid diamonds) or 334 nm (open diamonds) is depicted for a 
population of neuroblastoma N 18 cells in Cal’ -free saline after suc- 
cessive addition of MnCl, (200 GM), KC1 (increased from 5.4 mM to 72 
rnM with a concomitant decrease in NaCl to maintain isotonicity), and 
B subunit (180 nM). Washing with Ca’+-free saline restored normal 
ionic conditions, after which MnClz (200 NM) and B subunit (180 nM) 
were again added in succession. In this representative experiment (n = 
5), elevated K I stimulated an increased rate of quenching in 15 of 15 
cells and subsequent addition of B subunit stimulated a detectable in- 
crease in 2 of 15 cells. After washing, 14 of 15 cells responded to B 
subunit. B, The average fluorescence intensity due to excitation at 380 
nm (solid diamonds) or 334 nm (open diamonds) is depicted for a 
population of N 18 cells in Ca*+ -free saline after successive addition of 
MnC& (100 PM), BayK8644 (1 FM), and B subunit (180 nM) Subsequent 
to a wash with Ca2+ -free saline, MnC& (100 PM) and B subunit (180 
nM) were added in succession. In separate experiments, no effect of the 
vehicle for BayK8644 [O.l% ethanol (v/v) in calcium-free saline] was 
observed. In this representative experiment (n = 3) BayK8644 stim- 
ulated an increased rate of quenching in 17 of 17 cells and subsequent 
addition of B subunit stimulated a detectable increase in 4 of 17 cells. 
After washing, 17 of 17 cells responded to B subunit. 

subunit-stimulated calcium increase. To identify specifically the 
Ca*+ influx pathway involved, Mn2+ influx was studied in detail. 
Mn*+ has several characteristics that make it highly suitable for 
this purpose. First, it quenches fura- fluorescence such that its 
entry into the cytoplasm can readily be detected. Second, Mn2+ 
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Figure 6. Lack of effect of B subunit on MrP+ influx in the presence 
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orescence due to excitation at 380 nm (soliddiamonds) or 334 nm (open 
diamonds) is depicted for separate cell populations from the same pas- 
sage (cultured simultaneously). In A, 10 of 32 cells were detectably 
responsive to B subunit in the presence of niguldipine; however, this 
responsiveness did not significantly increase average rate of quenching. 
In B, 37 of 37 of the untreated cells responded to B subunit before and 
after the wash. 
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is a permeant ion for either voltage-dependent (Lansman et al., 
1986) or receptor-operated calcium channels (Merritt et al., 
1989) but cannot substitute for Ca2+ in Na+/Ca2+ exchange 
(Smith et al., 1987; Haworth et al., 1989). Therefore, Mn2+ entry 
into cells can only occur through calcium channels. Finally, cells 
do not contain intracellular stores of Mn*+, and channels that 
refill intracellular calcium stores are impermeable to Mn*+ (Ja- 
cob, 1990; Rink, 1990). Thus, quenching of intracellular fura- 
fluorescence intensity is an unambiguous indication of Mn2+ 
entry. 

The lack of effect of B subunit after the onset of depolariza- 
tion-induced Mn2+ influx suggested involvement of a voltage- 
dependent Ca2+ channel. BayK8644, an activator of L-type volt- 
age-dependent Ca*+ channels, also induced Mn*+ influx and 
produced a similar occlusion of the response to the B subunit. 
The ability of niguldipine or nicardipine, dihydropyridines that 
block L-type Ca’+ channels (Plummer et al., 1989), to inhibit 
completely the B subunit-induced influx further corroborated 
the involvement of L-type channels. In addition, dihydropyri- 
dine-mediated inhibition of spontaneous Mn2+ influx implied 
that Ca*+ influx that occurs in unstimulated N 18 cells is almost 
entirely due to L-type channel activity. We conclude that the B 
subunit-induced increase in [CaI+], is likely a result of increased 
Ca*+ influx through L-type Ca*+ channels. 

These effects of the B subunit imply a role for endogenous 
GM1 in the regulation of L-type Ca’+ channel activity. The 
ability of B subunit to bind to ganglioside GM1 in the outer 
leaflet of cell membranes with high affinity and selectivity rel- 
ative to other gangliosides is well established (Fishman, 1990). 
Much of the seminal work in this area was done in N 18 cells, 
which are known to be enriched in GM1 similar to other neu- 
ronal cell types (Fishman and Atikkan, 1980; Miller-Podraza et 
al., 1982). B subunit has been used previously as a tool to 
implicate endogenous GM1 in the regulation of Cal+ homeo- 
stasis in other cell types (Dixon et al., 1987; Spiegel and Pan- 
agiotopoulos, 1988; Mulhern et al., 1989; Milani et al., 1992). 
We previously found that the B subunit induced a rapid increase 
in intracellular free calcium mediated by a net influx in rat 
thymocytes (Dixon et al., 1987) and in quiescent 3T3 fibroblasts 

basal Mn B sub nigul 

1 5 PM 

Figure 7. The effect of dihydropyri- 
dines after the onset of B subunit-in- 
duced Mn*+ influx. The effect of nicar- 
dipine (A; 1 and 5 PM) or niguldipine 
(B; 5 FM) tested after the successive ad- 
dition of MnClz (50 FM) and B subunit 
(360 nM). The rate of change of fluo- 
rescence intensity as a function of time 
was determined over a period of 90 set 
immediately prior to the successive ad- 
dition of each compound. In these rep- 
resentative experiments (n = 5 for ni- 
cardipine; n = 8 for niguldipine), the 
average rate of change of fluorescence 
intensity due to excitation at 380 nm is 
depicted in each for a population of cells. 
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Figure 8. Effect of dihydropyridines on the spontaneous Mn*+ influx. The effect of niguldipine (A) or nicardipine (B) was tested on the spontaneous 
influx of Mn2+ in the presence of 200 /LM extracellular MnCl,. In each experiment MnCl, was added, followed by 1 PM concentrations of the 
respective dihydropyridine, which was subsequently increased to 5 PM at the times indicated by the urrows. For these representative experiments 
(n = 9 for nicardipine; n = 4 for niguldipine), the average fluorescence due to excitation at 380 nm (solid diamonds) or 334 nm (open diamonds) 
is depicted for a cell population of the same passage. In A, 1 FM niguldipine inhibited the spontaneous influx in 27 of 27 cells; 5 FM niguldipine 
was more inhibitory than 1 PM in all the cells, leading to nearly complete inhibition [a 9 1 i 12% (kSEM) decrease in the rate of quenching relative 
to Mn2+ alone]. In B, 5 ELM nicardipine inhibited the spontaneous influx in 30 of 33 cells. 

(Spiegel and Panagiotopoulos, 1988). A similar effect has also 
been observed in astrocytes (Gabellini et al., 199 1) and in dis- 
sociated sensory neurons from chick embryo (Milani et al., 1992). 
The stimulation of L-type calcium channels presented here pro- 
vides the first identification of a specific endogenous GM 1 -me- 
diated pathway that could potentially account for the observed 
B subunit-induced changes in Cal+ homeostasis. 

Endogenous GM1 may act as a constitutive inhibitor of L-type 
Ca2+ channel activity 
Although the B subunit is known to exert effects on cellular 
functions through binding to endogenous ganglioside GM 1, pre- 
cisely how this binding leads to the observed calcium changes 
in cells has not been determined previously. The ability of ex- 
ogenous GM 1 to inhibit the same pathway stimulated by the B 
subunit provides insight for a possible mechanism. The effect 
of exogenous GM1 suggests that endogenous GM1 could nor- 
mally play a role as a constitutive negative modulator of L-type 
Ca2+ channels. Binding of the B subunit could prevent endog- 
enous GM 1 from interacting with L-type channels. We suggest 
that the B subunit-mediated sequestration of endogenous GM 1 
leads to disinhibition of L-type CaZ+ channels, and the resulting 
CaZ+ influx is responsible for the increase in [Caz+],. 

Some characteristics of this endogenous GM 1 -mediated in- 
hibition are discernible. In unstimulated N18 cells, L-type chan- 
nels must only be partially closed or inactivated, because ad- 
ditional GM 1 promoted further inhibition of the L-type channel 
activity. Furthermore, endogenous GM 1 -modulated channels 
retain voltage sensitivity, since B subunit was without effect 
when N 18 cells were depolarized. Channels normally inhibited 
by GMl, and therefore responsive to sequestration of GMl, 
must have undergone depolarization-induced activation. Con- 
sistent with this proposal, Frieder and Rapport found that an- 

tibodies to GM1 enhanced GABA release from rat brain slices 
in a calcium-dependent manner, indicating that GM 1 may act 
as a constitutive inhibitor of voltage-dependent calcium chan- 
nels (Frieder and Rapport, 198 1, 1987). More recently, Slom- 
iany and colleagues reported that exogenous GM1 inhibited 
reconstituted gastric mucosal dihydropyridine-sensitive calci- 
um channel activity with a maximum inhibitory effect at rela- 
tively low concentrations ofganglioside GM 1 (1 O-l 5 nM) (Slom- 
iany et al., 1992). Furthermore, GM1 was an antagonist for 
specific dihydropyridine binding to this reconstituted channel, 
indicating the extracellular orientation of calcium channel do- 
mains for GM1 (Slomiany et al., 1992). Recently, dihydropyr- 
idine receptor sites have been localized to the extracellular end 
of the interface between domains III and IV of the (~1 subunit 
of L-type calcium channels (Catterall and Striessnig, 1992). Since 
ganglioside GM 1 is located mainly on the outer surface of the 
plasma membrane bilayer, it is a reasonable speculation that 
endogenous GM 1 -mediated inhibition of L-type channels may 
occur by interaction with the dihydropyridine binding site on 
the L-type channel or on an overlapping site and ganglioside 
GM 1 may function as an “endogenous dihydropyridine.” 

In stark contrast to this proposal that GM 1 acts as an inhibitor 
of L-type channels, others have suggested that ganglioside GM 1 
can stimulate rather than inhibit calcium influx. Roisen and 
colleagues have demonstrated that GM 1 -induced neuritogenesis 
in Neuro-2a neuroblastoma cells was accompanied by an in- 
crease in cytoplasmic free calcium (Spoerri et al., 1990). Simi- 
larly, it has been shown that bovine brain gangliosides elicited 
an increase in both calcium influx and efflux in Neuro-2a cells 
(Wu et al., 1990). Recently, Hilbush and Levine have concluded 
that exogenous GM1 acts to potentiate the activity of L-type 
channels in PC 12 cells (Hilbush and Levine, 1992). They found 
that exogenous GM 1 increased the depolarization- or bradyki- 
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Figure 9. Effect of gangliosides on the spontaneous Mn 2+ 
tested on the spontaneous influx of Mn 

influx. The effect of ganghoside GM1 (A), ganglioside GM3 (B), or globoside (C) was 
2+ in the presence of 100 PM extracellular MnCI,. In A, after addition of MnCl,, 200 nM GM 1 was added, 

then increased to 2 pM, and then 10 PM, successively at the times indicated by the urrows. In B, 2 FM GM3 was added and then increased to 10 
PM. In C, 10 NM globoside was after addition of MnCl,. For this representative experiment (n = 3), the average fluorescence due to excitation at 
380 nm (solid diamonds) or 334 nm (open diamonds) is depicted. 

nin-stimulated rise in [Ca*+], and increased phosphate incor- 
poration into a specific substrate of Ca*+/calmodulin-dependent 
protein kinase. Removal of extracellular Ca2+ or addition of the 
dihydropyridine nitrendipine abolished these effects, implicat- 
ing L-type channel activity (Hilbush and Levine, 1992). Also, 
it was recently reported that exogenous GM 1 potentiated neural 
cell adhesion molecule- or N-cadherin-induced neuritogenesis 
in PC1 2 cells (Doherty et al., 1992) a process previously shown 
to be dependent on L-type and N-type calcium channel activity 
(Doherty et al., 199 1). 

A notable difference between our studies, which found stim- 
ulatory effects, and those that described inhibitory effects of 
ganglioside GM 1 is that the apparent GM 1 -mediated potentia- 
tion of L-type calcium channel activity in PC12 cells was ob- 
served at higher concentrations (lo-100 PM) than were found 
to effectively inhibit L-type channels in Nl8 cells (as little as 
200 nM). Thus, ganglioside GM1 may have a dual action on 
calcium transport similar to the known bimodal action of dihy- 
dropyridines. Although it is now accepted that dihydropyridines 
generally have high affinity for the inactivated state of the cal- 
cium channel and low affinity for the other states (closed, open), 
they have high affinity for the open state in smooth muscle cells 
(Spedding and Paoletti, 1992). Similarly, ryanodine has been 
shown to open calcium-induced calcium release channels at low 
concentrationsand to block them at high concentrations (Pessah 
and Zimanyi, 199 1). Furthermore, different cell types could have 
different forms of L-type calcium channels existing in multiple 
states. Further studies are necessary to distinguish between these 
possibilities. 

Role of ganglioside GMl-mediated calcium changes in 
neuronal dlfirentiation 

Our previous findings that the B subunit stimulated neurito- 
genesis in N 18 cells implicated endogenous GM 1 in the process 

of differentiation (Masco et al., 199 1). More recently, the B 
subunit was found to induce neurite branching in primary cul- 
tures of chick dorsal root ganglion neurons, an effect that was 
enhanced after preincubation with exogenous GM1 (Milani et 
al., 1992). The B subunit also stimulated an increase in [Ca2+], 
in these cells. The magnitude of the induced increase in [Ca2+], 
in DRG neurons was comparable to the response in N 18 cells, 
and also similarly represented a steady-state change in [Caz+],. 
However, dihydropyridines did not block the response in DRG 
neurons, despite a similar dependence on the presence of ex- 
tracellular Ca2+. Since dihydropyridines also failed to prevent 
the depolarization-induced increase in [Ca2’], in DRG neurons, 
it is likely that these cells may not express L-type channel ac- 
tivity. 

There is overwhelming evidence that calcium influx through 
the plasma membrane influences neurite initiation, growth cone 
motility, and neuronal survival (Miller, 1987; Kater et al., 1988; 
Tsien et al., 1988; Kater and Mills, 199 1). Kater and co-workers 
have suggested that there is a narrow, optimal level of cytosolic 
free calcium, below or above which these processes are inhibited 
(Mattson et al., 1988; Kater and Mills, 199 1). Furthermore, 
L-type calcium channels have been shown recently to play an 
important role in neurite initiation in cultured chick embryo 
brain neurons and in NlE-115 neuroblastoma cells (Audesirk 
et al., 1990) and to promote neuron survival (Collins et al., 
1991). Thus, the ability of the B subunit to regulate L-type 
calcium channels through its binding to endogenous ganglioside 
GM 1 may be related to its effect on neuritogenesis in N 18 cells 
(Masco et al., 199 1) and its ability to increase survival of neu- 
rons. Furthermore, the modulation of L-type calcium channels 
by endogenous ganglioside GM1 may have important impli- 
cations not only for its role in neural development, differenti- 
ation, and regeneration but also for its potential function in the 
electrical excitability of neurons. 
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