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The role of ion channels in the initial steps following exposure of SF-9 lepidepteran insect cells in culture to the
&-endotoxin CryIC from the insecticidal bacterium Bacillus thuringiensis was investigated using single ionic channel
measurements and microspectrofluorescence of the calcium-sensitive probe fura-2. It was found that: (1) the toxin
triggers an immediate rise in intracellular calcium; (2) the surge is due to calcium entering the cells via calcium
chaonels; (3) the toxin recruits or introduces anionic channels in the cell’s plasma membrane in a time-dependent
manner. These channels, not seen in the absence of the toxin, are induced by toxin exposure te ¢ither side of the cell
membrane. They have a conductance of 26 picosiemens (pS) and are mainly permeable to chloride. This study
provides the first evidence of the primary role of calcium and chloride ions in the action of 5-endotoxin on cultured

insect cells.

Introduction

Major interest in the Gram-positive bacterium,
Bacillus thuringiensis, stems from its ability to produce
a large, intracellular proteinaceous crystal during
sporulation. This crystal has been shown by various
investigators to be toxic to a variety of insect larvae
spanning three insect orders, lepidoptera, diptera and
coleoptera [1-3]. In recent years, a number of different
toxin genes have been characterized and cloned from
this organism. The cloned genes have been assembled
into 13 different classes or subclasses based primarily
on genetic data and insecticidal spectrum [3].

Although it is generally accepted that the crystal
toxin exerts its effect by disrupting the ion balance of
the plasma membrane of midgut cells, the exact mode
of action of these entomopathic proteins remains un-
clear [4]). However, a number of models have appeared
in the literature. A generalized model has been pro-
posed by Knowles and Ellar [5] in which the plasma
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membrane is made permeable to small ions through
the formation of small, non-specific pores formed after
toxin interaction with a specific cell surface receptor.
The pores allow a net uptake of ions into the cells,

followed by water, resulting in cell swelling and even-
tual lysis.

A number of specific models which consider the
primary toxin-membrane site of action have also been
proposed. One model postulates the stimulation of
Na* influx, K* efflux and the Na* K*-ATPase by the
8-endotoxin {6]. Another model involves the nonspe-
cific inhibition of the K*-ATPase and the loss of pH
regulation [7]. A K* channel mechanism has been
suggested by Wolfersberger et al. [8], in which the
primary lesion caused by the toxin is K* channel
formation or activation. These channels would then
shunt the electrogenic pump potential difference, dis-
rupt ion gradients and pH regulation followed by even-
tual cell lysis. Sacchi et al. [9] examined the influence
of B. thuringiensis toxin on Na* and K* ion gradient
driven amino acid accumulation by brush border mem-
brane vesicles of Pieris brassicae. Inhibition of amino
acid uptake by the K* gradient driven cotransport but
not the Na* provided further evidence that the ion
channels may be K*-specific. The ability of the K*
channel blockers, barium and calcium, to inhibit the



short circuit current across isolated midguts of Mand-
uca sexta provided additional evidence for specific K*
ion channels [10]. However, using a system similar to
Sacchi et al. [9], Wolfersberger {11] demonstrated that
B. thuringiensis toxin was able to inhibit both the Na*
and K* driven amino acid vesicles. Direct evidence for
the role of jon channels has been provided by two
recent studies by Knowles et al. [12] and Slatin et al.
[13]. They have demonstrated that CytA, a 27 kDa
cytolytic protein from B. rhuringiensis var. israelensis
and two different, non-cytolytic 8-endotoxins (CrylA(c)
from B. thuringiensis var. kurstaki and CryIlIA from
B. thuringiensis strain EG2158) form cation-selective
channels in planar lipid bilayers at pH above 9.5.

In this study, we examined the role of ion channels
in the plasma membrane of a cultured Spodoptera
frugiperda (SF-9) lepidopteran insect cell line after
exposure to the -endotoxin CrylC from B. thuringien-
sis, Using the patch-clamp technique [14] and mi-
crospectrofluorescence measurements [15], we demon-
strate for the first time that: (1) under normal condi-
tions, SF-9 cells display ion channel activity; (2) when
exposed to a sublethal dose of purified trypsin-activated
CryIC toxin, there is an immediate, non-toxic calcium
influx in the cells followed by the activation of anion-
selective channels that are cither endogenous or formed
de novo by the toxin in the plasma membrane of these
toxin-sensitive cells.

Materials and Methods

Chemicals and solutions

Cell culture media i.c. Grace medium, Yeastolate
and Lactalbumin were purchased from GIBCO BRL,
Gaithersburg, MD. Trypan blue, Pipes (1,4-
piperazinedicthanesulfonic acid) and CAPS (3-[cyclo-
hexylamino]-1-propane-sulfonic acid) were purchased
from Sigma, St Louis, MO. Renografin was obtained
from Squibb, Montreal, Que. Fura-2/AM, ivitomycin
(calcium satt) and D-600 (methoxyverapamil) were pur-
chased from Calbiochem, La Jolla, CA. Pluronic F-127
was obtained from Molecular Probes (Eugene, OR).
EGTA <{(ethylene glycol-0,0’-bis(2-aminoethyl)
N,N,N',N 'tetraacetic acid) was purchased from Fluka
(Caledon Lab., Georgetown, Ont.).

In the cell-attached configuration of the patch-clamp
technique (see below), the normal pipette-filling solu-
tion contained (mM): 135 KCl, 2.0 MgCl,, 10.0 Pipes
and 2.0 EGTA. The normal bath solution (NBS) con-
tained (mM): 130 NaCl, 5.0 KCl, 1.2 CaCl,, 2.0 MgCl,,
10.0 Pipes, and 5.0 glucose. In the inside-out configura-
tion of the patch-clamp technique, the pipette-filling
solution was the same as above. It was also used in the
bath. For selectivity studies, chloride ions in the pipette
were partly or completely replaced by aspartate, ac-
etate or sulfate ions. In some experiments, potassium
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was replaced by choline. The pH of all solutions was
adjusted to 6.3 and their osmolality was brought to 380
mosmol /kg with sucrose.

Cells

Spodoptera frugiperda (SF-9) cells (lepidoptera, fall
armyworm)} were seceded into spinner flasks to an initial
density of about 1.0- 10°® cells/ml (in Grace medium
supplemented with Yeastolate, Lactalbumin hydro-
lysate and 10% fetal bovine serum) and incubated at
27 ° C with constant stirring at 50—100 revolutions /min.
30 min before use, cells were plated on circular No. 1
glass coverslips.

Toxin purification

Escherichia coli (HB101) containing the ctoned CryIC
gene from B. thuringiensis var. aizawai was grown in
1.5 liters L-broth containing 100 mg/1 of ampicillin for
two days at 37°C. The cells were harvested, lysed by
passage through a french pressure cell at 7.6 - 107 Pas-
cals (P) internal pressure and the protoxin purified in
the form of insoluble inclusion bodies. Renografin, a
mixture of 665 meglumine diatrizoate and 10% sodium
diatrizoate, was utilized to further purify the inclusion
bodies as described elsewhere [16). Activated recombi-
nant CrylC toxin was purified by solubilization of in-
clusion bodies in 10 mM NaOH followed by the addi-
tion of trypsin to a 1% (w/v) final concentration. The
mixture was left for 5 to 12 h at ambient temperature
followed by centrifugation at 2-10°xg for 2 h at
20°C. Solid ammonium sulfate was added to the su-
pernatant to 45% saturation, stirred at 4° C for 30 min
and the precipitate harvested and dialyzed against 50
mM CAPS buffer (pH 11). The 60 kDa toxin was
further purified by FPLC. In some experiments, we
used trypsin activated CryIC toxin isolated from B.
thuringiensis var. entomocidus crystals. All protein con-
centrations were determined by the protein-dye method

of Bradford [17], using bovine serum albumin as a
standard.

Toxin doses

The cytolytic effect of the CryIC &-endotoxin was
studied in separate experiments performed on plated
SF-9 cells incubated in NBS medium and exposed for
140 min to various concentrations of the toxin (from
1.75 mg/I1 to 80 mg/D. Trypan blue (0.1%: w/v) was
added 3 min after the beginning of the treatment. The
number of cells taking up the stain were counted every
5 min. The cytolytic effect was dose- and time-depen-
dent. The dose-response curve at time 20 min provided
a 50% effective dose (EDs,) of 40 ug/ml. The stock
solution of toxin was diluted in distilled water and used
at this dose (40 ug/ml) in 2l patch-clamp and fluores-
cence experiments, In control patch-clamp and fluores-
cence experiments, it was found that the same volume
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of water, but without the toxin, had no effect on SF-9
cells.

Intracellular calcium measurements

Intracellular calcium concentrations were deter-
mined by fluorescence measurement of the calcium-
sensitive indicator fura-2. SF-9 cells were loaded at
room temperature for 30 min using 2 M of fura-2/AM
in NBS. Fura-2/AM is a membrane-permeant, cal-
cium-insensitive ester of the calcium probe fura-2. Af-
ter three washes in fura-free NBS, the cells were
postincubated for 5 to 30 min in NBS at room temper-
ature, to insure full hydrolysis of the fura-2 ester. This
was verified by running excitation spectra between 320
and 420 nm at various times during the postincubation
period. They were monophasic and peaked around 365
nm. Experiments were conducted at room temperature
on single cells or small groups of 5-9 cells in a
custom-made coverslip holder fitted to the stage of a
Zeiss IM inverted microscope (Carl Zeiss Canada, Don
Mills, Ont.) coupled to a CM3 cation measurement
spectrofluorometer (Spex Inc., Newark, NJ). Measure-
ments were performed using 350 and 380 nm excitation
wavelengths alternating at a frequency of 1 Hz. The
sample was illuminated through a 40X-epifluorescence
objective (UVFL40, N.A. 0.85, Olympus Optical Co.,
Tokyo). The emitted light, after collection by the same
objective, was passed through a 505 nm interference
filter (10 nm bandwidth) and its intensity was recorded
by a photon counter detector mounted on the micro-
scope. Background fluorescence was subtracted from
the raw data corrected for lamp intensity fluctuations.
Dye leakage, as determined by loss of fluorescence
over a period of 30 min, was undetectable at both
excitation wavelengths with the excitation monochro-
mator slits set at 0.5 mm.

The ratios of the fluorescence intensities at the two
excitation wavelengths were then converted into an
estimate of ionized intracellular calcium concentration
by use of the following formula [18]):

[Caz+ ]i = Kd'(Fmin /'Fmax)‘('R— Rmin)/(Rmux -R)

where R, R, and R, are the fluorescence ratios
recorded during the experiment (R) and during cali-
bration tests on unlysed cells using 4 M ionomycin in
NBS (R, ). followed by 10 mM EGTA addition at pH
82 (R.,,). F,.. and F,;, are the corresponding fluo-
rescence intensities for the 380 nm excitation and X

is the fura-2 dissociation constant at room temperature
(135 nM).

Electrophysiology

Patch-clamp experiments were performed in the
cell-attached and inside-out configurations. Patch

pipettes (Pyrex 7740; 1.5 mm outside diameter; Corn-
ing Glass, Corning, NY} had resistances of 2 to 4
megohms when filled with the potassium-rich pipette
solution. The seal resistances were in excess of 4
gigohms. Experiments were performed at room tem-
perature (21-23°C),

Single-channel currents were recorded with an Ax-
opatch 1D patch-clamp amplifier (Axon Instruments,
Burlingame, CA). Currents were fiitered at 1 kHz and
stored on videotape using a digital data recorder (VR-
100A, Instrutech Corporation, Elmont, NY). They were
played back and filtered at 400 Hz by an analog, 8-pole
Bessel filter (Frequency Devices, Haverhill, MA). They
were then digitized (Labmaster TL-1, Axon Instru-
ments, Burlingame, CA) and analyzed using pClamp
software (Axon Instruments, Burlingame, CA) on a
personal computer.

Inward currents (i.e., currents flowing through the
membrane patch from the pipette to the interior of the
ceil, in the cell-attached configuration, or to the bath,
in the inside-out configuration) are shown as down-
ward deflections in the figures. The direction of cur-

‘rent flow corresponds to cation movement {anions move

in the opposite direction).
Results

Intracellular calcium concentration

The intracellular calcium concentration in SF-9 cells
was calculated from measured fluorescence ratios as
described in Materials and Methods and was found to
be 383439 nM in NBS (mean + S.E., 12 experi-
ments). In one single-cell experiment, the fluorescence
ratio increased from 1.7 to 11.4 when the cell was
treated with ionomycin in NBS and decreased to less
than 1.4 upon application of EGTA in NBS (Fig. 1A),
corresponding to intracellular calcium concentrations
in excess of 2 uM and less than 30 nM, respectively. In
the presence of 8-endotoxin, at the same dose as that
used for electrophysiological experiments, a rapid rise
of the fluorescence ratio was observed (Figs. 1B, 1C,
1D and 1F). The response was immediate (within 10-15
s). It displayed a fast rising phase followed by a sus-
tained phase that lasted for several minutes (Fig. 1B).
The intracellular calcium concentration was evaluated
to be between 750 and 900 nM (average of seven
experiments). These submicromolar concentrations of
calcium had no noticeable cyototoxic effect, since the
cells did not take up Trypan blue at the end of the
experiments, The response to the toxin appeared to
depend on extracellular calcium, as it was suppressed
by addition of EGTA in the bath (Fig. 1C). Further-
more, cobalt and D-600 reversed the action of the
toxin, although less rapidly in the latter case, indicating
that the calcium rise was mainly due to a calcium influx
through calcium channels (Figs. 1D and 1F). When the



cells were pretreated with cobalt, the toxin did not
elicit any response (Fig. 1E). In other experiments
performed in the absence of the toxin (results not
shown), it was found that, when the cells were depolar-
ized by raising the concentration of potassium in the
bath to 45 mM, the intracellular level of calcium also
increased, although to a lesser level. These depolariz-
ing experiments and the calcium channel blocker ex-
periments reported above suggest that SF-9 cells pos-
sess endogenous voltage-dependent calcium channels.

Intrinsic channels in SF-9 cells

In the cell-attached configuration of the patch-clamp
technique, single channel activity was seldom observed
in our experimental conditions. However, when chan-
nel openings took place, ie., when discrete current
jumps were seen, they usually occurred immediately
after the seal formation between the glass pipetie and
the cell surface, and the channel activity tended to run
down within minutes. Long openings alternated with
long closures (Fig. 2A). Fast closures (i.e. flickering)
were also seen when the channel was open, indicative
of the presence of at least two distinct closed states, as
revealed by time-histogram analysis (Fig. 2C). The con-
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ductance of this channel was obtained by plotting the
current measured during single-channel openings vs.
voltage, at various pipette voitage levels (Fig. 2B). It
was 15 pS (two experiments). The reversal potential V,,
corresponding to the pipette voltage for which the
channel current was zero, was 10 mV. The channel did
not appear to be voltage-dependent, i.e., its mean open
time did not depend on applied pipette voltage. When
potassium was replaced by choline in the bath, both
the conductance and the zero-current pipette voltage
remained unchanged, demonstrating that it is not a
potassium channel.

Channel activity in the presence of the 8-endotoxin

Single-channel activity was observed in SF-9 cells in
the presence of 8-endotoxin at an EDs, dose. The
results reported here were obtained from cells that had
not lysed at the end of the experiments (31 experi-
ments).

After seal formation using the cell-attached configu-
ration in the normal bath solution, the toxin was added
directly to the bath. In some instances, thirty seconds
to 10 minutes later, an alternance of long openings and
long closures of a single channel could be seen (Fig.
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Fig. 1. Effects of 5-endotoxin on SF-9 intracellular Ca** concentration. (A) Response of a single SF-9 cell bathed in NBS to 4 uM ionomycin
followed by the addition of 10 mM EGTA at pH 8.2. Vertical scate: fluorescence ratio (Fisonm / Fisonm) Hotizontal bar: 50 s. (B) Sustained risc
in intracellular calcium upon addition of toxin to the bath (group of seven cells). Vertical bar: 2 units of fluorescence ratio. Horizontal bar: 50 s.
(C) The toxin response is suppressed when EGTA (10 mM) is added to the bath (group of nine cells). Scale bars: as in Fig. IB. (D) Cobalt ions (5
mM) block the toxin-induced influx of calcium (group of nine cells), Scale bars: as in Fig. 1B. (E) In the presence of cobalt, there is no significant
change in Ca?* levels upon addition of the toxin (group of eight cells). Scale bars: as in Fig. 1B. (F) The cakium channel blocker D-600 (100 uM
suppresses the response to the toxin (group of five cells). Note that it took almost 2 min for the complete return to baseline. Scale bars: as in

Fig. 1B.
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3A, top trace). The conductance and the kinetic prop-
erties of this small channel were similar to those of the
channel cccasionally observed in the absence of the
toxin, indicating that it might be an endogenous chan-
nel. However, it cannot be excluded that the toxin was
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partly responsible for its recruitment, This channel, in
most cases, became inactive after a few minutes, but a
larger channel, with a very different kinetic behaviour,
was always observed within 10 min following toxin
treatment (Fig. 3, next traces). The time spent in the
closed state of this second type of channel was progres-
sively reduced and additional discrete channel opening
levels could be seen. This increase in channel activity,
shown as the mean open probability of N channels
plotted against time (Fig. 3C), continued to the point
where individual levels could no longer be resolved.
The large channel appears to be related to toxin ac-
tion. Identical channel activity was recorded when
potassium was replaced by choline in the pipette (Fig.
3B), indicating that the inward currents observed (posi-
tive currents flowing from the pipette to the cell) are
mainly due to anions flowing outwards.

in the cell-attached configuration, the large channel
was voltage-dependent, with the time spent in the open
state being longer for outward currents than for inward
currents (Fig, 4A). Its conductance was 26 pS (3 experi-
ments) and the channel current reversed at V, =4 mV
(Fig. 4B). The channel kinetics was characterized by
the transition between at least two closed states and
one open state (Fig. 4C).

Ion substitution experiments were performed in the
cell-aitached configuration to stady the selectivity of
the large channel (Fig. 4D). Replacing potassium by
choline in the pipette had very little effect on either
channel conductance or V,. When chloride in the
pipette was replaced by sulfate or aspartate, the chan-
nel conductances were reduced to 18 and 16 pS, re-
spectively, and V, shifted to —26 mV. However, when
acetate was substituted for chloride, there was no
detectable V. shift, indicating that this anion is as
permeant as chloride in SF-9 cell membranes, a phe-
nomenon for which we have no explanation. Reducing
the chloride concentration in the pipette resulted in a
progressive shift of ¥, towards more nezative pipette
potentials. These experiments demonstrate that the

Fig. 2. Single-channel currents in SF-9 cells recorded in the cell-at-
tached configuration with normal pipette-filling solution and NBS in
the bath, (A) Representative records at three different pipette volt-
ages (indicated next to the traces). The letter C indicates the closed
state of the channels. Vertical bar =1 pA. Horizontal bar = is. (B)
Current-voltage relation for the same channel (two experiments).
The straight line was fitted by linear regression to the data points. Its
slope was 15 pS. (C) Open and closed time histograms of the same
channel at +40 mV (pipette voltage). The open-time histogram was
fitted by one exponential and the closed-time histogram was fitted by
two exponentials using a nonlinear regression procedure. The time
constants of the exponential functions are the channel’s mean open
time {fg) and mean closed times (¢, and t.;}. They were: 1, =4.5
ms, 7,,=08 ms and (,=24 ms. Vertical scale=7 events/div
{open-time histogram), and 14 event/div (closed-time histogram),
Horizontal scale: as indicated on graphs.



large channel is anionic and is mainly selective for
chloride ions.

Exposure of the cytoplasmic side of the cell mem-
brane to the toxin was tested in the inside-out configu-
ration with symmetrical solutions (13 experiments). In
symmetrical potassium chloride solutions, the appear-
ance of channel activity following toxin exposure had
the same time course as that observed in the cell-at-
tached configuration, Although small channels could
be seen occasionally, only the lar e channel was regu-
larly observed. Its conductance and kinetics were simi-
lar to those of the large channel observed in the
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cell-attached configuration. When potassium was re-
placed by choline, the same large, voltage-dependent
channel was observed (Fig. 5A). Its conductance was 18
pS (three experiments; Fig. 5B) and it displayed kinetic
properties similar to the 26 pS channel observed in the
cell-attached configuration (Fig. 5C).

The selectivity of the large channel in the inside-out
configuration was investigated using various concentra-
tions of chloride in the bath. The zero-current mem-
brane potential shifted towards more negative values
(i.e. positive pipette voltages) as chloride ions were
progressively replaced by aspartate ions (Fig. 5D). A
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Fig. 3. Effect of 5-endotexin exposure on SF-9 cells, Cell-attached configuration with NBS in the bath. The toxin was added to the bath at £ =0,
Pipette voltage was set 1o +40 mV. (A) Representative channel activity at various times (indicated above each trace) after addition of the toxin.
Pipette was filled with the normal pipette-filling solution. The upper trace shows activity of a channel similar to that illustrated in Fig. 2. Note the
amplitude of 0.6 pA at }, = 40 mV and the long openings and closures of this channel (several seconds). Larger unitary currents arc scen on the
five other traces, the last one representing an expanded time scale section of the record at 9 min 30 s. Note that this channel (second and
following traces) has an amplitude of about ¥ pA and demonstrates faster kinetics than the one shown in the top trace. Vertical bar =1 pA.
Horizontal bar = 1 s (first five traces) and 200 ms (bottom trace). (B) Typical channel activity at ¢ = 3 min 30 s with choline replacing potassium in
the pipette. (C) Time course of increasing channel activity in response to 5-endotoxin expesure (data from another cell in the same experimental
conditions as in Fig. 3A. In this experiment, only large channel activity was cbserved). The vertical axis represents the percentage of time spent
by the large channels in the open state.
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Nernst plot of this shift (Fig. 5D, inset) shows that the Discussion
four points corresponding to the highest concentrations

of chloride in the bath could be fitted by a straight line We report, for the first time, single-channel acti\.rity
of about 50 mV /decade, indicating that the channel in lepidopteran SF-9 cells. We also present the first
behaves as a chloride electrode. evidence that, when these cells are exposed to sub-
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Fig. 4. Single-channel currents in SF-9 cells exposed to 8-endotoxin (added to the bath). Currents were recorded in the cell-attached
configuration with normal pipette-filling solution and NBS in the bath. (A) Representative records at four different pipette voltages (indicated
next to the traces). Note that the +60 mV record was obtained several minutes later, which explains the higher level of activity of the channels,
The letter C indicates the closed state of the channels. Vertical bar =1 pA. Horizontal bar =1 s. (B) Current-voltage relation for the same
channel (three experiments), The straight line was fitied by linear regression to the data points. Its slope was 26 pS. (C) Open- and closed-time
histograms of the same channel at +40 mV (pipette voltage). The open-time histogram was fitted by one exponential and the closed-time
histogram was fitted by two exponentizls using a nonlinear regression procedure. The time constants of the exponential functions are the
channel's mean open time (15) and mean closed times (z,; and f,). They were: 7= 2.9 ms, t, = 2.4 ms and r, = 22.0 ms. Vertical scalc =11
events/div (open-time histogram), and 16 events/div (closed-time histogram). Horizontal scale: as indicated on graphs. (D) Current-voltage
relations for various jonic substitutions in the pipette. Filled circles: 135 mM KCI (26 pS, three experiments); filled downward triangles: 35 mM
KC1 /100 choline chloride (22 pS, three experiments); open squares: 35 mM KC1/100 potassium aspartate (23 pS, three expetiments); open
circles; 135 mM potassium sulfate (18 pS, two experiments); filled upward triangles: 135 mM potassium aspattate (16 pS, five experiments). Each
data point represents the mean of values obtained in the same experimental conditions. The straight lines were fitted by linear regression to the
data points,



lethal doses of either native or recombinant CryIC
activated toxin from Bacillus thuringiensis, there is an
immediate, non-toxic rise in intracellular calcium fol-
lowed by the activation of anion selective channels
mainly permeable to chloride. This was demonstrated
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by the combined use of single-channel electrophysio-
logical recordings and dual-excitation wavelength mi-
crospectrofluorescence of the intracellular calcium
probe fura-2.

Cytoplasmic calcium concentration in SF-9 cells in-
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Fig. 5. Single-channel currents recorded from SF-9 cells in the inside-out configuration, in the presence of 8-endotoxin on the cytoplasmic side of
the membrane patch. Recordings were performed in symmetrical choline chloride solutions (Figs. 5A, B and C). For Fig. 5D, chloride was
isotonically replaced by aspartate as indicated. (A) Representative records at six different pipette voltages {indicated next to the traces). The
letter C indicates the closed state of the channels. Vertical bar = 1 pA. Horizontal bar = 1s. (B) Current-voltage relation for the same channel
(three experiments). The straight line was fitted by linear regression to the data points. Its slope was 18 pS. (C) Open and closed time histograms
of the same channel at +40 mV (pipette voltage). The open-time histogram was fitted by one exponential and the closed-time histogram was
fitted by two exponentials using a nonlinear regression procedure. The time constants of the exponential functions are the channel's mean open
time {ty) and mean closed times (¢, and z_,). They were: ty= 1.5 ms, £, = 6.2 ms and r,, = 34.2 ms. Vertical scale = 4 events/div {open-time
histogram), and 3 events /div (closed-time histogram). Horizontal scale as indicated on graphs. (D) Current-voltage relation for the same channel
with various chloride concentrations in the bath (as indicated on the graph). The straight lines were fitted by linear regression to the data points.
Filled circtes: 135 mM C1~ (30 pS, two experiments); open triangles: 68 mM Cl~ (22 pS, two experiments); filled squares: 10 mM Cl— {16 pS,
two experiments}). (Inset) Nernst plot of the zero-current membrane voltage (i.e., — V,) versus chloride concentration in the bath, for the same
experiments as above and two additional concentrations (35 mM CI-, two experiments, and 100 mM C1-, two experiments). The four right-most
points were fitted by straight line regression (48 mV /decade).
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creased when the potassium concentration in the bath
was raised to 45 mM. This effect was suppressed in the
presence of D-600 or cobalt ions. Therefore, it appears
that voltage-dependent calcium channels are present in
SF-9 cells and that they activate upon depolarization.
A much larger calcium response was observed immedi-
ately after toxin treatment at sublethal levels. This
intracellular calcium rise was also mainly due to the
influx of extracellular calcium through voltage-depen-
dent calcium channels, as demonstrated by the fact
that it reversed when calcium was removed outside, or
when calcium channel blockers were added to the bath.
These experiments, although they provide evidence for
the role of calcium channels in the first phase of the
detected response of SF-9 cells to §-endotoxin expo-
sure, do not indicate whether single calcium channel
activity is increased, more channels are recruited, or
new channels are formed in the plasma membrane by
the toxin. In any case, calcium entry through calcium
channels is one of the earliest events taking place
following exposure to the toxin. This step does not
appear to be cytolytic. It could, however, be responsi-
ble for the insertion in the ceil membrane of larger
molecules, including the toxin itself or a toxin-receptor
complex [19].

Our patch-clamp experiments revealed the presence
of endogenous anionic channels in SF-9 cells. This is
the first demonstration of channel activity in these cells
which are widely used as a baculovirus expression
system [20]. Although whole-cell potassium currents
have been recorded in SF-9 cells expressing the
Drosophila Shaker potassium channel, there is no re-
port on channel activity in the wild-type cells [21].
These small, 15-pS channels observed in our experi-
ments displayed a low level of activity and tended to
run down rapidly. We have no explanation for this
phenomenon. However, within minutes following expo-
sure of SF-9 cells to a sublethal dose of §-endotoxin,
progressively increasing activity of a different type of
anionic channel of larger conductance took place,
These channels, never seen in the absence of the toxin,
were mainly permeable to chloride. It is not possible to
rule out that this toxin-induced channel activity is not
the result of the unmasking of normally silent endoge-
nous channels, the alternative being, of course, the
insertion of new channels in the plasma membrane. In
any case, it seems that anionic channel activation or
insertion constituted the second detectable step of the
non-cytolytic action of the toxin, following the initial
calcium influx in the cell.

This study provides additional evidence for the con-
cept of ion channel involvement in the mode of action
of 8-endotoxin. However, it does not support the K*-
channel hypothesis proposed by Wolfersberger et al.
[8], Sacchi et al. [9], Crawford and Harvey [10] and
Wolfersberger [11]. These investigators suggest that K*

channels play a major role in the cytolytic effect of
8-endotoxins. Knowles et al. [12] and Slatin et al. [13]
reported the formation by 8-endotoxin of cation-selec-
tive channels in planar lipid bilayers. The latter studies
were performed on artificial membranes that did not
possess the toxin receptors thought to be responsible
for the specificity of toxin action. They demonstrated
that the toxin can insert itself in lipid bilayers at high
pH. Contrary to the reported results, we did not ob-
serve potassium-selective channels in cultured SF-9
insect cells. Furthermore, we recorded toxin-depen-
dent channel activity at slightly acidic pH, and the
channels involved were mainly anion-selective, with a
preference for chloride ions.

It cannot be excluded that the mode of action for
CryIC toxins differs from that of other B. thuringiensis
gene classes characterized to date [3]. However, the
number of conservad features seen among the known
lepidopteran-specific genes, including the general
mechanism of killing, rules against such a hypothesis.
Furthermore, an argument has been made that the
mode of toxin action on cultured insect cells does not
accurately reflect the in vivo situation, since some gene
classes, toxic for the insect, do not affect their respec-
tive cell line. This is presumably due to lack of specific
receptor expression on the non-midgut cultured cell
surface rather than altered modes of toxin action. SF-9
cells, when exposed to lethal concentrations of the
activated CrvIC toxin, rapidly round up followed by
cell swelling until lysis occurs (data not shown). The
same morphological changes have been recorded for
midgut epithelium cells {22] and other cultured cell
lines [23).

When exposed to the toxin, SF-9 cells displayed
identical channels (the 26-pS channels referred above
as the large channels) in the cell-attached configura-
tion and in the inside-out configuration of the patch-
clamp technique. This provides additional information
about the possible mode(s) of action of the toxin. In
the cell-attached configuration, the extracellular side
oi the membrane patch, being isolated under the patch
pipette, is not exposed to the toxin. Therefore, direct
coupling between the toxin receptor and the ion chan-
nel (through a G-protein or as a receptor-channel
complex), or channel formation by the toxin inserting
itself from the external side of the membrane can be
excluded. Instead, one might consider two other possi-
bilities: either the toxin (or a toxin-receptor complex)
activates an intracellular second messenger that in turn
recriits endogenous channels in the plasma mem-
brane, including some channels located under the
pipette, or the toxin (or a toxin-receptor complex) gets
internalized and reinserts itself, from inside, in the cell
membrane, including the patch membrane under the
pipette.

Examination of toxin-induced channel activity in the



inside-out configuration produced unexpected results.
In this configuration, with the toxin in the bath, toxin
binding to external surface receptors or mobilization of
intracellular messengers are both excluded. The activ-
ity seen may be explained by the following: the toxin
could activate endogenous channels by binding to spe-
cific sites located on the c¢ytoplasmic side of the chan-
nel; the toxin could bind to intracellular receptors
coupled to existing channels; or finally, the toxin could
simply insert itself from underneath the membrane
patch and form channels de novo.

We propose the following model to describe the
early events of the cytolytic effects of the 8-endotoxin
CrylC of B. thuringiensis on cultured lepidoteran SF-9
cells. This model is consistent with the generally ac-
cepted specificity of the toxin, the early rise in cytosolic
calcium observed in our fluorescence experiments and
the dual mode of action deduced from our patch-clamp
studies, i.e. an indirect mode, through the activation of
channels in a membrane patch not directly exposed to
the toxin (as is the case in cell-attached experiments),
and a direct mode, by activation of channels in a
membrane patch whose cytoplasmic side is exposed to
the toxin (inside-cut experiments).

Initially, the toxin binds to a specific receptor at the
surface of the cell, This triggers the immediate activa-
tion of calcium channels and the entry of calcium ions
in the cell. The resulting sustained, non-toxic rise of
intraceflular calcium concentration either promotes
diffusion in the cytoplasm of the toxin-receptor com-
plex, or facilitates receptor-mediated endocytosis of
the toxin. In the case of toxin endocytosis, the follow-
ing events may take place. First, the increased level of
intracellular calcium (or possibly another second mes-
senger) activates native chloride channels in the cell
membrane (the 15-pS anionic channels observed shortly
after the beginning of toxin exposure). The proton
pumps of the toxin-filled vesicles are then stimulated
by the entry of chloride ions in the cell. Finaily, acidifi-
cation of the vesicles results in the reicase of the toxin
in the cytosol. In the case of toxin-receptor complex
internalization, the toxin separates from its receptor by
an unknown mechanism. In both cases, the toxin, now
present in the cytosol, either unmasks existing anionic
channels (e.g., the 26 pS channel never observed in the
absence of the toxin), through direct activation or via a
third messenger mechanism, or inserts itself in the
plasma membrane and forms chloride-permeable pores.

The gradual increase in anion channel activity
and /or the progressive recruitment of new anion chan-
nels could then result in obliged water movement and,
ultimately, cell lysis through mechanisms similar to
those proposed by other investigators [5,7].

In the above scenario, based on our results demon-
strating the role of calcium and chloride channels in
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the early response of SF-9 cells to CrylC 3-endotoxin
treatment, we have introduced several mechanisms that
are found in various cells exposed to hormones, bacte-
rial toxins or viruses, although there is no evidence for
their existence in our cell system. Cell surface recep-
tors for 8-endotoxins have been found in Choristoneura
fumiferana CF-1 lepideptoran cells [24] and in midgut
brushk border membranes from Manduca sexta, Helio-
this virescens, Spodoptera littoralis [25] and Lymantria
dispar [26]. 1t is established that, upon ligand binding,
receptor-operated calcium channels are gated by G-
protein-related mechanisms [27]). Receptor internaliza-
tion [28] and receptor-mediated toxin endocytosis oc-
cur in many cells and for a large variety of ligands,
including bacterial toxins {29]. There are several indica-
tions that acidification of endocytic vesicles might re-
sult in toxin-receptor dissociation and toxin penetra-
tion from the vesicles to the cytoplasm [30). Low pH
can promote the entry of toxins through the plasma
membrane, as has been shown for diphtheria toxin [31].
Large channels formed by botulinum, tetanus, and
diphtheria toxins are pH-gated and display pH-depen-
dent conductance and selectivity, being cationic at al-
kaline pH and anionic at acidic pH [32]. In fact, prelim-
inary experiments in our laboratory show that the
anionic channels observed in response to exposure of
SF-9 cells to CrylC 8-endotoxin at pH 6.4 may indeed
be selectively permeable to cations at pH 9. Finally, it
has been suggested that a membrane-permeant anion
is needed for the vesicle proton pump to achieve
acidification [33] and that an influx of Ca®* in the cell
is required for toxin internalization [19].

in summary, the present study demonsirates the
primary role of ion channels in the early response of
cultured lepidopteran SF-9 cells exposed to CrylC 5-
endotoxin from B. rhuringiensis. More specifically, it
shows that, at an early stage following toxin treatment,
rapid recruitment of calcium channels takes place, free
intracellular calcium concentration rises, and within
minutes, increasing numbers of anion channels become
activated. Qur modet could be used as a working
hypothesis for further research in the elucidation of
the mode of action of insecticidal proteins from B.
thuringiensis.
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