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Abstract. Patients with cerebral tumors often presentCa* from intracellular stores which in turn activate
with elevated levels of acetylcholine (ACh) in their ce- Ca&*-dependent (BK-type) K channels. Furthermore,
rebrospinal fluid. This motivated us to investigate physi-this effect was associated with inhibition of cell migra-
ological effects of ACh on cultured human astrocytomation, suggesting an interaction of this pathway with
cells (U373) using a combination of videomicroscopy, glioma cell migration.
calcium microspectrofluorimetry and perforated patch-
clamp recording. Astrocytoma cells exhibited the typicalkey words: BK channels — Muscarine — Acetylcho-
morphological changes associated with cell migrationjine — Calcium — Migration — Tumor
polarized cells displayed prominent lamellipodia and as-
sociated membrane ruffling at the anterior of the cell, and
a long tail region that periodically contracted into the cell Introduction
body as the cell moved forward. Bath application of the
ACh receptor agonist, muscarine, reversibly inhibitedPrimary brain tumors (gliomas) derive from glial cells
cell migration. In conjunction with this inhibition, ACh through an unknown malignant transformation. Glioma
induced a dose-dependent, biphasic increase in restingglls have the remarkable ability to migrate over long
intracellular free calcium concentration ([€}) associ-  distances through the CNS and readily invade healthy
ated with periodic C& oscillations during prolonged brain tissue. The propensity of these cells to rapidly
ACh applications. The early transient rise in fJawas  spread in the CNS has made it essentially impossible to
abolished by ionomycin and thapsigargin but was insensurgically manage most gliomas. Glioma cell migration
sitive to caffeine and ryanodine while the plateau phasés poorly understood but is believed to involve changes
was strictly dependent on external calcium. The*'Ca in the interaction of glioma cells with extracellular ma-
response to ACh was mimicked by muscarine andrix and also rearrangements in the cell cytoskeleton.
abolished by the muscarinic antagonists, atropine oifhis process is associated with upregulation of certain
4-DAMP, but not by pirenzepine. Using perforated membrane receptors, such as platelet-derived growth fac-
patch-clamp recordings combined with fluorescent im-tor (PDGF) and epidermal growth factor (EGF) receptors
aging, we demonstrated that ACh-induced{Gaoscil-  (Feldkamp, Lau & Guha, 1997; Guha, 1998; Shapiro &
lations triggered membrane voltage oscillations that wereshapiro, 1998). In addition, glioma cells are responsive
due to the activation of voltage-dependent,?Ga to numerous neuropeptides and neurotransmitters, in-
sensitive K currents. These Kcurrents were blocked cluding, GABA, muscarine, histamine, NMDA, cathe-
by intracellular injection of EGTA, or by extracellular colamine, substance P and bradykinin (Brismar, 1995).
application of TEA, quinine, or charybdotoxin, but not Interestingly, cerebrospinal fluid (CSF) samples of pa-
by apamin. These studies suggest that activation of mugients with brain tumors show a significant increase in
carinic receptors on glioma cells induce the release ofhe content of acetylcholine (ACh) (Bychkovskii et al.,
1998). ACh appears to be a potent mitogen for astrocy-
toma cells (Guizetti et al., 1997), suggesting that ACh
- receptor activation may participate in the malignant pro-
Correspondence taH. Sontheimer gression of glioma cells. Indeed, Aria-Montano et al.
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(1994) showed expression of M3 muscarinic receptors irgurrents of the photomultipliers were converted to voltage by home-
the astrocytoma cell line U373 whose activation by mus-uilt converters. The voltages were digitized using the labmaster TL-1
carine led to an increase in intracellular calcium andinterface driven by home made software written in Axobasic (version

. . . . 1.1). This software allowed online calculation of the emission ra)o (
inositol-phosphate 3 (IP3). Little is known about the ;¢')qs 11485 nm and converted the acquired ratio to calcium con-

physiological effects of muscarinic receptor activation in centration using the equation: [€3 = Kq - (FJ/FJ - (R~ Run)/(Rnax
glioma cells. In light of the overwhelming evidence sug- - r) whereR,,, = minimum value ofR at zero [C&"]; R,.., = value
gesting an obligatory role for intracellular calcium fluc- of R at saturating [CH]; K4 = dissociation constant of indo-I for
tuations in cell migration (Marks & Maxfield, 1990; Ra- calcium; F/F, = maximum excursion at 485 nm. Signals were cali-
kic & Komuro. 1994: Gomez. Snow & Letourneau brated using increasing concentrations of Gatlded to 140 m KCl,
1995; Komuro & Rakic, 1996; Schwab et al., 1997), and2° ™ ECTA, 10 ma HEPES and SQuu indo-l, pH 7.2. The theo-

h | . f ali I . etical value of free [CA]; was calculated using the program React
the unusual propensity of glioma cells to migrate, we Se{version 2.01) designed by G.L. Smith (Department of Physiology,

out to investigate the physiological changes induced byiniversity of Glasgow, UK). R = Ry)/(Ryax — R) Was then plotted
muscarinic receptor activation and whether muscariniagainst the calculated [€4; and the constari,, - (F,/F.) determined
receptor activation is coupled to cell migration. Using by linear regression. The best fit was obtained upg = 0.07,R

time-lapse video microscopy, we observed that musca= 2.5 and, - (F/Fg = 467 . However, in vivo calibrations using
rine reversibly inhibits migration of astrocytoma cells. Patch-clamp techniques gave a higRgf, value (0.2) with no signifi-

. . . ._cant difference iR, and Ky - (Fo/Fg) values. This value of 0.2 as
This pathway involves release of calcium from thapsi Rnin Was therefore used. Indo-1 values were corrected for background

gargin-sensitive intracellular stores, which activatesyqrescence.
charybdotoxin-sensitive (BK-type) €adependent K
channels and leads to oscillations in the resting mem-

brane potential. TIME-LAPSE VIDEO MICROSCOPY

Coverslips were placed on the stage of a LU-CB-1 tissue culture cham-
ber (Medical Systems, Greenvale, NY) equipped with an NP-2 incu-
bator (Nikon, Japan) to maintain temperature at 37°C and atmosphere
at 95% Q/5% CO,. Cells were visualized using a Nikon Diaphot
inverted microscope with phase contrast optics and a 20x objective.
Images were captured on a time-lapse VHS video recorder/player and
digitized offline using a frame grabber (Snappy). The medium con-
taining muscarine (5@um) was bath-applied after complete exchange
of the control medium.

Materials and Methods

CeLL CULTURE

U373 MG cells were obtained from American Type Culture Collection
(Rockville, MD). Cells were grown in a modified Eagle’s minimum
essential medium (MEM) supplemented with 10% fetal calf serum, 2
mM L-glutamine, 1 mu MEM vitamin, 1 nv sodium pyruvate, 1 m
nonessential amino acids, penicillin (50 U/ml) and streptomycin (50
wrg/ml). Cells were kept in a humidified atmosphere (5% ,C@6%
air) at 37°C. Confluent cells were rinsed with a calcium and magne-ELECTROPHYSIOLOGY
sium-free Earle’s Balanced Salt Solution (EBSS) and treated with tryp-
sin solution (0.5 g/l) containing EDTA (ethylenedinitrilo)tetraacetic patch-clamp recordings were made in the whole-cell (Hamill et al.,
acid) (0.2 g/l). Cells were harvested by centrifugation at 800 rpm for19g1) and perforated patch (Rae et al., 1991) configurations using a
10 min and plated into a recording chamber. This chamber consisted qfist EPC7 patch amplifier. Electrodes were pulled from softglass hae-
a glass ring (diameter, 16 mm; height, 3 mm) attached to a polyornimatocrite tubes on a vertical List puller (L/P-3P-A). The standard
thine-coated (Sigma) glass coverslip with Sylgard (Dow Corning). patch pipette solution had the following compositiormKCl, 140;
Experiments were performed on nonconfluent cells two to three daysygcl,, 1.2; HEPES, 10; pH adjusted to 7.2 with KOH. Electrodes had
after plating. a resistance of 2 to 80 when filled with the above potassium-based
solution. Whole-cell current and voltage commands were produced
and digitized online by a Labmaster TLI interface driven by PClamp
INTRACELLULAR CALCIUM MEASUREMENTS software (version 5.5). In some cases, the emission ratio of 405/480,

the voltage and current were digitized using home-made software writ-
Intracellular free calcium concentration was measured from indo-I fluo-ten in Axobasic.

rescence (Grynkiewicz, Poenic & Tsien, 1985). Cells were preloaded

with the acetoxymethyl ester form of indo-1 (indo-I-AMj21) 1 hr in

culture medium at 37°C. Cells were then superfused with the eXtema':’ERFORATED PATCH CLAMP

solution for 30 min to allow for complete ester hydrolysis. The culture

chamber was transferred onto the stage of an Olympus inverted micro-

scope (IMT-2) fitted with epifluorescence illumination. UV excitation We utilized the perforated patch method using amphotericin B. A
was provided by a Xenon arc lamp (Osram XBO-75, Germany) and &reshly made stock solution of amphotericin B (3 mg/10pwas made
360 nm excitation filter. UV light was reflected by a 380 nm dichroic in dimethylsulfoxide (DMSQO) and ultrasonicated in pipette solution to
mirror and transmitted to the cell by an oil immersion objective (Nikon a final concentration of 0.3 mg/ml. To improve gigaseal formation, tips
fluorite 40x, NA 1.3). Emitted light was split by a 455 nm dichroic of electrodes were dipped into pipette solution for 5-20 sec and then
mirror to two photomultipliers (Hamamatsu type Rl 104 supplied by a back-filled with the amphotericin-containing solution. After formation
700 volts DC voltage source) at 405 and 485 nm. Recordings weref the gigaseal, a low access resistance (5 taull) was typically
spatially restricted to a single cell by a rectangular diaphragm. Anodalobtained within 4 min.
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SOLUTIONS AND DRUGS A =0

The standard external solution had the following compositiom)(m
NaCl, 140; KCl, 3; CaC, 2.5, MgCl, 1.2; glucose, 10; HEPES, 10,
(pH adjusted to 7.2 with NaOH). A C&free solution was made by
replacing CaClwith 5 mm MgCl, and adding 50Qum ethylene glycol
bis-(3-aminoethyl ether)N,N,NN'tetraacetic acid (EGTA). During
experiments, cells were continuously perfused with the extracellular
solution (5-10 ml/min) in a recording chamber that holds p0®ol-
ume. Experiments were performed at room temperature (20-25°C).

ACh, muscarine, amphotericin B, atropine, quinine, ionomycin,
thapsigargin (TG), caffeine, ryanodine and EGTA were obtained from
Sigma Chemical (St. Louis, MO). Indo-l and indo-I-AM were from
Molecular Probes (Eugene, OR). Apamin and charybdotoxin (ChTx)
were from Latoxan. Pertussis toxin (PTX) was obtained from Biochem
(France). D-IP3 was purchased from Alomone. Pirenzepine anc
4-DAMP (4-diphenyl acetoxy-methyl piperidine methiodide) were a
generous gift from Dr. M.P. Caufield (Department of Pharmacology,
UCL, London, UK). Drugs were dissolved in extracellular medium
and applied either by bath perfusion or by pressure ejection. Wher
using pressure ejection, drugs were applied from a micropipette locate
20 pm from the cell. TG and ionomycin were dissolved in DMSO.
The final concentration of DMSO was 0.1%. In control experiments ;
where DMSO was applied alone at this concentration it had no effeci ‘#&2¢
on [C&"];. Results are expressed as measety, with the number of
cells () given between parentheses.

Results 0pm — : 3 ; -

Fig. 1. Migration of U373 MG cells. ) Pictures were taken every 5
min with representative examples shown at time zero, 50 min, 1 hr 35
min, 2 hr and 2 hr 45 min. The flat lamellipodium and the prominent

. . . cell body of the cell marked with a dot are clearly distinguishable. The
Migration of U373 MG astrocytoma cells was studied by gotted lines represent a spatial reference as the starting point of the cell

time-lapse video microscopy. Representative examplesigration. @) Migration is plotted as a function of time with an aver-
of migrating glioma cells are displayed in Fig. 1. Mi- age speed of 17.pgm/hr (0 = 10).
grating cells displayed a polarized shape that often in-

cluded a long tail at their posterior and prominent lamel-¢ acp (50 wm) induced a biphasic increase in [Ch
lipodia at their anterior ends. Migration was associateqypich consisted of an initial peak followed by a longer
with cyclic morphological changes consisting of first 551ing plateau. The duration of the plateau corre-
elongation of the cell body and extension of lamellipo- g5, eq to the time of agonist application and could last
dia, followed by retraction of the tail portion of the cell. ¢, coveral minutes (Fig./3. Also, these repetitive ap-
The mean rate of migration was 16.8 + Luin/hr (',] - plications of ACh resulted in a progressive decrease in
10 cells). When contacting adjacent cells, motile cellsy,, amplitude of the G4 response (Fig. ). Prolonged
often slowed and/or changed direction but continued mi'applications of ACh (20Qum) often resulted in regen-
gration. Appl!catlpn .Of. muscarine (5@'\"_10_0 wM) for erative and regular calcium oscillations superimposed on
1-3 h_r reversibly inhibited cell migration (Fig. B = 3 o plateau phase (FigAznd 5\, B). The effect of ACh
experimentsn = 6 cells). . . __on[C&"], was mimicked by muscarine (3v) and fully

To further understand the physiological mechanismy|;cked by atropine (10 to 100wy Fig. 3B) and

associated with the inhibition of cell migration we inves- ,_HaApmp (10 r; Fig. 6A), but not by pirenzepine (10w
tiga_lted the_eff_ect of focal ACh application on single cells ;4 1o uM: data not showp The nicotinic receptor ago-
while ‘monitoring [C&"]; and for some cells performed nist, dimethylphenylpiperazinium (DMPP), had no effect
combined [C&; measurements and patch-clamp re- [C&*); (data not showp The ACh-induced increase
cordings. in [Ca?"]; was dose-dependent with a threshold concen-
tration of 0.3um, an EG, of 1.3 pum, and a maximum
CALCIUM FLUCTUATIONS INDUCED BY ACETYLCHOLINE response observed with concentrations abou 3Fig.
3C). To determine whether PTX-sensitive G proteins
With 2.5 mv external C4", unstimulated cells displayed mediate the ACh-induced increase of fC]@ dishes
a [C&*]; of 118 + 3 v (n = 64). Pressure application were pretreated for 24 hr with 500 ng/ml of PTX. PTX-

MuscARINIC ARREST oFU373 ASTROCYTOMA
CELL MIGRATION
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Ca* with Mg®*/500 um EGTA for 9 cells. For these
cells, [C&"], was 124 + 21 m with 2.5 external calcium
and 91 + 10 m with O external calcium. These values
are not significantly different. However when compar-
ing the values of [C&]; in cells recordedri a 0 external
calcium (A £ 2 v (n = 27)) or in a 2.5 nu external
calcium Geevalue above), these [€4; values are sig-
nificantly different ¢ < 0.0001). This suggests that an
ongoing C&" influx was present in these cells (Fighy
Removal of external G4 abolished the plateau phase of
the ACh (30uMm)-induced [C4"]; increase. Reintroduc-
tion of C&" to the bath led to the rapid reappearance of
a sustained C4 rise. This suggests the biphasic re-
sponse is due to an initial €arelease from intracellular
stores followed by C# influx across the membrane.
To evaluate the participation of internal €astores
in the ACh-induced [C&]; rise, reagents known to de-
plete internal C&' stores, including ionomycin, caffeine,
ryanodine and thapsigargin (TG) were applied to the
cells. The first application of ionomycin (1m) induced
a large increase in [G4, of 1286 + 284 m (n = 14)
and reversibly suppressed the ACh-induced?[Tan-
crease (Fig. B). Since the depletion of internal stores by
ionomycin blocked the ACh response, we then used
more selective agents. Specifically, we applied caffeine
and ryanodine to interfere with caffeine and/or ryano-
B dine-sensitive C& stores, and TG to deplete IP3-
80 muscarine + sensitive C&" stores. In all experimental cells, caffeine
(10 mv, n = 10) and ryanodine (1Q.m, n = 5) had no
601 / effect on [C&"];. In the presence of 2.5wnextracellular

404 — Ca&", TG (1 wm) applied for 1 sec increased [E% to
20
0

"
) 291 £ 44 m (n = 12) for over 30 min data not showhn
6 4 2 0 2

distance, pm

In absence of external calcium, the fCl increase in-
time, h duced by thapsigargin was transient (Fi@., 4hset) and
2 6 peaked at 350 £ 59w (n = 5) before returning to basal
levels. Reintroduction of external €aimmediately re-

Flg_. 2. Muscarine |nh|l_)|ts mlgratlonﬁ() Effect of_a muscarinic appll_- sulted in the appearance of sustained calcium increase.
cation (1 hr) on the migration of a representative cell (marked with a

dot). The dotted lines represent a spatial reference as the starting poirlnv Fig. 4C, TG prOQreSSIVeIY reduced the ACh (29&)_ .

of the cell migration. B) Migration of cells f = 6) is plotted as a equ_ed [C&", Increase Unt"_ a total and |rrever3|blt_a In-

function of time. Muscarine, a muscarinic cholinergic receptor agonisthibition was achieved. This suggests that the initial

(50 pm) reversibly inhibited the migration. ACh-induced C&" elevation was a result of release from
IP3-sensitive stores.

treated and control cells were separately loaded with
indo-I-AM. The PTX pretreatment did not significantly MUSCARINEINDUCED BK CHANNEL ACTIVATION AND
alter either the presence of ACh-induced?Cascilla- ~ MEMBRANE OSCILLATIONS
tions or the amplitude of the responskaia not showh
Biophysical properties of Indo-I loaded U373 cells were
assayed using the perforated patch-clamp technique.
CaLcluM SOURCES Under current-clamp conditions, cells had a resting po-
tential of - + 2 mV (n = 30), an input resistance of
Intracellular C&"* increases can be due to an influx 297 + 79mQ (n = 15) and a membrane capacitance of
through the plasma membrane or release from intracel210 + 10 pF f = 17). Brief application of ACh (200
lular stores. The mean resting €aconcentration has wwm) induced a hyperpolarization to 3% 9 mV (n = 6)
been evaluated before and after substitution of externdrom the resting potentiabd@ta not showp Under volt-
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A Ach 50uM Ach 200uM
200
A[Ca*?);
(nM)
0 100s
B Ach 50uM

atropine 100nM

200 )\ ‘\ \

A[Caﬂ]i
(nM) ) . o
0 200s Fig. 3 Muscarinic receptor activation induces
C&* increase ACa). () Left trace represents the
effect of acetylcholine (ACh, 5@m) applied by
pressure during the time indicated by the bars. In
C the cell illustrated on the right, 20@m ACh

(13) applied by pressure for 3 min induced regenerative
calcium oscillations. B) Atropine (100 m) bath
applied during the time indicated by the bar
reversibly inhibited the [CH]; induced by ACh

(50 wM). ACh was applied by pressure for 10 sec
every 3 min. C) Relationship between the

1000

AlCa™]; (nM) |

500 increase in internal free calcium concentration
(ACa) and the concentration of ACh. Data are
means 1sem andn, the number of cells tested, is

0 log (Ach), M given for each concentration.

-7 6 -5 -4

age-clamp at —20 mV, ACh (2@wm) induced an outward abovd and the K current. Both C&" and current oscil-
current of 741 + 143 pAr{ = 32) and an increase in lations were abolished after obtaining a conventional
calcium of 538 £ 33 m (n = 25). Prolonged application whole-cell configuration with 10 m EGTA in the pi-

of ACh (200uMm) induced C&" oscillations (Fig. Baand  pette solution. By contrast, a standard pipette solution
Ba) that were in phase with holding current (FigAl or  (no EGTA) had no effect on calcium or basal current
membrane potential (Fig.Bb) oscillations. Close ex- levels.

amination of recordings showed that the’Case always Bath application of atropine (10m) (data not
preceded the development of the outward currenshowr) or 4-DAMP (10 mv) which block muscarinic
(dashed lines). A [CH]; threshold of 120 m was re-  receptor subtypes abolished both the{Qgncrease and
quired to activate the current. The reversal potential washe K" currents (Fig. 8). TEA (20 mm) blocked the
determined by using a voltage ramp protocol (from —120ACh-induced [C4]; increase suggesting that TEA at
to +160 mV) applied at the peak of the ACh-induced this concentration acted as a muscarinic receptor antago-
outward current (Fig. G, left panel). With 3 nm exter-  nist (Fig. 8). Charybdotoxin (ChTx, 10nm), a known

nal K*, the reversal potential of the ACh-induced currentblocker of large conductance €adependent K chan-
(Erey) Was =92 £ 3 mV 1 = 6) (Fig. 5C, right panel). nels (Brau et al., 1990) reversibly reduced the current by
Increasing the external 'Kconcentration from 15 to 40 60% in all of the tested cells, but had little effect or’Ca
mm shiftedE,., t0o -62 +5mV @ = 4) and -30+ 2 mV fluctuations (Fig. €). Furthermore, quinine (1 m) to-

(n = 5) respectively data not showhp The slope factor tally abolished the ACh-induced potassium currefaté
between log ([K].) and E,., was estimated by linear not showi. It was not possible to determine the effect of
regression to be 54 mV, close to the predicted 58 mVquinine on the C# rise because of the autofluoresence
value in the Nernst's equation. A &afree solution exhibited by quinine. Apamin had no effect on the am-
abolished both the ACh-induced [€% increase §ee  plitude of the potassium current of the ACh-induced
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A ACh3ouM ACh 30uM

Ca free

100,
A[Ca?']
(nM)
0 2min
B ionomycin 1uM
ACh 200p

40
A[Ca>],
(nM)

0

jt\ NN

Fig. 4. Calcium origin of the ACh-inducedCa.

(A) ACh (30 M) bath applied for 1 min increased
[Ca?*];,. Removal of external calcium as indicated

by the bars resulted in a decrease in basaf{;a

and in a progressive abolition of the plateau phase
induced by ACh. Reintroduction of calcium in the
bath made the plateau phase reappear immediately.

100ms The dotted line indicates the basal calcium level in
2.5 mv external calcium.B) ACh-induced [C&';
Ca 10mM . . .
Ca 2.5mM rise was totally blocked by ionomycin. ACh (200
C Ca free — M — wM) was pressure-ejected during the time indicated

thapsigargin

l

ACh 200pM

by the bars. lonomycin (ium) was

pressure-ejected from a second pipette for 1 sec at
the time indicated by the arrow. The inhibition of
ACh response was slowly reversible. Interruption

in the trace lasted 15 minC} Thapsigargin

pressure ejected for 1 sec (arrow) increased

thapsigargin 1uM

20

calcium and progressively suppressed the
ACh-inducedACa. ACh was pressure applied
from a second pressure pipette during the time
indicated by the bars. In the inset, pressure
application of thapsigargin (jum) for 1 sec as
indicated by the arrow increased calcium in the

A[Ca?'],
nM)

0 100ms

[Ca?*]; increase at concentrationquM or less @lata not
showr).

Discussion

absence of calcium in the bath. The reintroduction
of calcium (as shown by the upper trace) in the
bath led immediately to a rise in [€4,.

the migration of glioma cells in vitro. Could theses three
phenomena be interdependent and could inhibition of
cell migration be due to the inhibition of spontaneous
[Ca?"]; oscillations? Mechanism(s) by which oscillations
in [Ca?"], modulate cell migration are not well under-
stood. However, the phenomenon has previously been

We show that ACh activates muscarinic cholinergic re-observed in other cell systems. For example, the migra-
ceptors (MAChR) and induces [€% and membrane tion of transformed epithelial cell depends on both
potential oscillations in a human glioma cell line, U373. oscillations in the intracellular G4 concentrations
These oscillations occur in synchrony and appear to bgCa®*],) and the polarized activation of aJd{ channel
interdependent. Membrane potential oscillations argSchwab et al., 1994; Schwab et al., 1995; Schwab &
caused by the Ga-dependent modulation of charybdo- Oberleithner, 1996; Reinhardt et al., 1998). Verheugen

toxin-sensitive C&-activated K channels (K,). Sur-

et al. (1997) showed that [€4; fluctuations depend

prisingly, activation of mACh receptors also inhibited primarily on K., channel activation in human T lympho-
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B

A Ach200uM a  Ach200uM

Vr=-15mV ) . o ) )
Fig. 5. ACh induces oscillations in calcium,

current and membrane potentiad) (Under
voltage-clamp conditions at a holding potential of
17mV —-27 mV, ACh (200uMm) induced a simultaneous
oscillatory rise in calcium (upper traces) and
30s outward current (lower trace)B) Under
current-clamp ACh induced a oscillatory
hyperpolarization of the cell (lower trace) in phase
C with the calcium increase (upper trace). The
resting potential was —15 mV. IrAf and B), a
1(pA) ’ dashed line was added to show that the calcium
ACh v increase precedes the change in current or voltage.
5 4_/-—4// - 5 (C) Left panel: current-voltage curve for the
1 /‘ — / ACh-induced current. The current-voltageM)

control [ relationship for ACh-induced current was

I
I
|
]
'
'
I
1
|
1
1
1
|
1
1
1
I
1
|
|
|
]
!
i
|
1
1
1
1
|
1
1
|
|
I
|

250pA

Vh=-27mV
30s

@ A 3, determined using voltage ramps (from -120 to
E . -92mV +160 mV) as illustrated below thieV curves.
100ms e 1 Rampl-V curves were recorded before (control)

and at the peak of the outward current produced

160mV -100 100 by a 30 sec bath application of ACh (2Qan).
-20mV -1 The holding potential was =20 mV. Right panel:
— the reversal potential for the ACh-induced current
(Erey) Was —92 mV which suggests that ACh

-120mV induced a potassium current.

cytes. In addition, these oscillations in € and K.,  carinic ACh receptor since muscarine mimicked the ACh
channel activity are consistent with periodic morphologi- response, while the nicotinic agonist DMPP failed to do
cal changes during cell migration that could possiblyso. Furthermore, muscarinic antagonists blocked the re-
drive cyclic actin polymerization (Ehrengruber, Deran-sponse. In addition, emptying IP3-sensitive calcium
leau & Coates, 1996). While these above studies argustores with thapsigargin completely abolished the ACh-
for a role of C&" oscillations in cell migration, one of induced response. These data demonstrate that musca-
our recent studies (Manning, Parker & Sontheimer rinic responses in glioma cells are linked to the IP3 path-
2000), which is discussed in more detail below, suggestsvay as previously reported (Arias-Montano et al., 1994).
that in glioma cells, cell migration may occur in absenceAmong the five cloned and pharmacologically defined
of changes in intracellular Gaand suggests that inhi- muscarinic receptors, three receptors (M1, M3, and M5)
bition of cell migration was probably indirectly related to are coupled to phospholipase C and phosphoinositide
the mitogenic action of muscarine. (IP) turnover (Felder, 1995; Loffelholz, 1996; Nahorski,
NATURE OF THE RECEPTORINVOLVED IN THE Tobin & WiIIar_s, 1997)' S_i_nce th? ACh-i_nduced re-
ACh RESPONSE sponse is reIatwer insensitive to pirenzepine (a p_refer-
ential M1 antagonist at low concentration) and highly
Our pharmacological studies clearly identified the recep-sensitive to atropine and 4-DAMP (a preferential M3
tor involved in ACh-induced [CH]; increases as a mus- antagonist at low concentration), we can exclude the par-
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A ACh 200uM

control +4-DAMP 10nM wash

B
N\

0
40s

B ACh 200pM
control +TEA 20mM wash

|
AT

0
,/\/\zsopA
W
40s

C ACh 200pM _ .
control +ChTx 10nM wash Fig. 6. Pharmacology of the ACh-induced

potassium current. Effect of 10vn4-DAMP (A),
20 mm TEA (B) and 10 m charybdotoxin C) on
the ACh-inducedACa (upper traces) and outward
300 current (lower traces). For each treatment, data
A[Ca®]. j\ show the effect of ACh before (control, left panel)
! during (drug, middle panel) and after the wash out
0 (wash, right panel) of the drug. ACh (2Q0v)
was bath applied during the time indicated by the
( | bar. Cells were voltage-clamped at -20 mV. The
] k 250pA interval between the application of ACh was 3
min except for the wash out of 4-DAMP which
40s took 6 min.

ticipation of M1 receptors in the ACh-mediated re- absence of external €a This transient phase was in-
sponse. In addition, Arios-Montano et al. (1994) dem-hibited by TG, an inhibitor of the Ca-ATPase pump re-
onstrated that stimulation of IP turnover in U373 cells sponsible for sequestering €anto IP3-sensitive stores
was mediated by the M3 subtype mAChR. We thereforg(lnesi & Sagara, 1994). As we show in Fig. 4C, TG
suggest that the ACh effects on internaPCand mem-  induced an intracellular calcium increase, and during this
brane currents were a result of activation of muscarinidancrease ACh-induced [G4; changes were reduced and
receptors of the M3 subtype. then suppressed because of the inability of the endoplas-
mic reticulum to refill. In addition, TG increased the
basal C&" level by apparently stimulating an influx of
MuscARINIC RECEPTORACTIVATED CALCIUM INFLUX Ca* through the plasma membrane (inset in Fi).4
This mechanism of G4 entry called capacitive entry has
ACh induced a biphasic increase in calcium. The firstbeen observed in various nonexcitable cells and is be-
transient phase resulted from a mobilization of calciumlieved to be involved in the refilling of calcium stores
from internal stores since this first phase remained in thehrough activation of calcium release-activated channels
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(Penner, Fasolato & Hoth, 1993). This implies that bothOne would have expected that muscarine or acetylcho-
IP3-mediated intracellular calcium increase and capaciline may induced cell migration. However, in our ex-
tive calcium influx coexist in U373 astrocytoma cells. periments, muscarine inhibited migration. How may this
We therefore suggest that ACh-induced biphasié*Ca discrepancy come about? We suggest that these effects
rise is mediated by IP3-sensitive calcium release (tranare indirect rather than direct and more specifically relate
sient phase) that might lead to activation of capacitiveto the well documented mitogenic action of muscarine on
calcium entry (plateau). glioma cells (Guizetti et al., 1997).

Specifically, we recently found in a related study
that lysophosphatidic acid (LPA), a serum borne signal-
ing molecule, induces similar aoscillations in glioma
cells by activating C& release from intracellular stores.
These C&" signals involve activation of phospholipase
and membrane potential oscillations in glioma cells inc' LPA also acted as a potent chemokine, and induced

response to MAChR activation. Similar oscillations haveqhemotaghc migration of glioma cel!s.. However, migra-
tion continued undisturbed even if intracellular <a

been observed in astrocytes stimulated by excitator . S :
amino acids (Charles et al., 1991: Jensen & Chiu, 1990§fluctuat|ons were completely inhibited using the phos-

leading to several proposed models (Fewtrell, 1993phollpase C inhibitor U73122 (Manning et al., 2000).

Finkbeiner, 1993). One model is based on the existencg"’\‘cl;.en togetherr\:wth flndlllnlgslln tr|1|¢ presehnt study, tg_ese
of oscillations in IP3 levels and includes a one pool 'E Ings argue that paraliel signalling Fljlat ways mediate
model where IP3 is regulated by €aconcentration. ¢ ar;/?/esl!ﬂ Blt<-current la(t:tlv[{tr)]/ ?nd ce m'grat'or?b.t.
The second model, which does not propose fluctuation% f Iio?‘nal c?ellomsipz:tiuoﬁ ?s aﬁ i&?ri%?rg}fecltn Ilt Ihlgsn
in IP3, includes a two pool compartment composed of an, g h th tg tivat ¢ ACh i ' tenl
IP3-sensitive and a G&sensitive (commonly called cal- een shown that activation o receptors potently

cium-induced calcium release) store. We can exclud g;;]?u)latl\izregclnl\?enr]aB&egcfi\r/(;ltlifoegar:;)snb(eGel;ITiiE; deioaelz.r’l-
the two pool model in U373 cells since these cells ar ' '

. o . . anced cell-cycle activity in a number of cell types in-
insensitive to caffeine and ryanodine. It has also bee Sluding tumor cells (Liu et al., 1998; Vaur et al., 1998:

proposed that membrane potential fluctuations might’, - L
participate in calcium oscillations. Changes in mem—RNIeCha et al., 1998) and we were abl_e to |nh|_b|t glioma
frowth using BK antagonists such as iberiotoxingub-

brane potential that might participate in the generation of; . L
o : R ished results An interdependence between BK activity
C&" oscillations include depolarization and asubsequenand cell growth thus seems highly likely. A widely held

opening of voltage-dependent €ahannels, and/or hy- “ R

perpolarization resulting in an increase in the inward:)r:ﬁﬁ]rylgg%??\;ljerggl'(ogtggfwlégfrigicﬁg&kz & I;\Z/losen-k

driving force for C&*. We did not detect the presence of o ’ PO . pour, vierza

any inward K, Na* or voltage-dependent Eacurrents. & Pt'lk't?]gtfn’ ”199%] Chcquqg]e & Silbergeld, 1?97) sug-t

The absence of inwardly rectifying potassium channelsges S dabcehs elh er divide (gro\yvv) Ok: migrate (go% uh

could explain the low resting potential (-27 mV) of 0 notdo both atthe same time. We thus suggest that the
growth stimulatory effect of muscarine would indi-

U373 cells in our study, similar to the low resting po- rectly inhibit migration as it potently stimulates growth
tential of neoplastic cells (Bordey & Sontheimer, 1998).Whether the time frame with which we observed these

Activation of mAChR-induced oscillations ofd, chan- ffects is consistent with that explanation remains to be
nels could determine the membrane potential over a Iargg ! exp
Shown. Clearly, further studies are necessary to further

range since K, currents exhibit a high sensitivity to : ! : ; ;
calcium. However, these currents did not induce'Ca el_umdate_the_bmlogy underlylr_lg muscarine actions on
: y lioma migration. The responsiveness of glioma cells to

oscillations since these oscillations are still present whe Ch recentor activation and its enhanced presence in the
recordings were obtained under voltage-clamp condi- P P

tions with constant driving force for Gaentry. Thus it cerebrospinal ﬂUid. of in_omg pat'ients suggests an impor-
is more likely that IP3 induces these Lascillations. tant role of ACh signalling in glioma biology.

MEcHANISMS OF CALCIUM AND MEMBRANE
POTENTIAL OSCILLATIONS

Our data represent the first description of correlatetiCa

This work was supported by CNRS, University Louis Pasteur, Direc-
MIGRATION AND K, CHANNELS: SUPPRESSION BY tion des Recherches et Techniques (DRET-91-13 1), INSERM (CRE
MACHhR AcCTIVATION 9006-1 1), and National Institutes of Health grants RO1-NS31234 and
RO1-NS36692.

Oscillating activity of K-, channels are required for the
migration of transformed epithelial cells (Schwab et al.
1994; Schwab & Oberleithner, 1996). In glioma cells,
activation of mMAChR induced oscillations in membrane arias-Montano, J.A., Berger, V., Young, J.M. 1994. Calcium-

potentials presumably due to opening of Kchannels. dependence of histamine- and carbachol-induced inositol phosphate
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