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Abstract

The aim of this study was to elucidate the mechanism of the neurotoxic effect of B-bungarotoxin (B-BuTX, a snake presynaptic
neurotoxin isolated from the venom of Bungarus multicinctus) on cultured cerebellar granule neurons. f-BuTX exerted a potent, time-
dependent, neurotoxic effect on mature granule neurons. Mature neurons, with an abundance of neurite outgrowths, were obtained after 7—
8 days in culture. By means of microspectrofluorimetry and fura-2, we measured the intracellular Ca** concentration ([Ca*>"];) and found
it to be increased markedly. BAPTA-AM [1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tertrakis(acetoxymethyl ester)],
EGTA, MKS801 (dizocilpine maleate), and diltiazem prevented not only the elevation of [Ca®*];, but also the B-BuTX-induced neurotoxic
effect. The signaling pathway involved in the elevation of [Ca®']; in B-BuTX-induced neurotoxicity was studied. The results obtained
indicated that B-BuTX initially increased the production of reactive oxygen species and subsequently reduced mitochondrial membrane
potential and depleted ATP. All of these events in the signaling pathway were blocked by MK801, diltiazem, EGTA, and BAPTA-AM.
These findings suggest that the neurotoxic effect of f-BuTX is mediated, at least in part, by a cascade of events that include the direct or
indirect activation of N-methyl-p-aspartate (NMDA) receptors and L-type calcium channels that, in turn, lead to Ca*" influx, oxidative
stress, mitochondrial dysfunction, and ATP depletion. Therefore, we suggest that this polypeptide neurotoxin, as a result of its high

potency and irreversible properties, is a useful tool to elucidate the mechanisms of neurodegenerative diseases.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

B-BuTX, the main presynaptic phospholipase A, neu-
rotoxin purified from the venom of the elapid snake
Bungarus multicinctus (Taiwan banded krait), has a mole-
cular mass of 21 kDa and consists of two dissimilar poly-
peptide chains, an A chain and a B chain, cross-linked by
an interchain disulfide bond. Despite many studies [1-6],
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Abbreviations: BAPTA-AM, 1,2-bis(2-aminophenoxy)ethane-
N,N,N',N'-tetraacetic acid tertrakis(acetoxymethyl ester); B-BuTX, B-
bungarotoxin; BME, basal Eagle’s medium; CGNs, cerebellar granule
neurons; DCF, 2,7-dichlorofluorescein; DCFH-DA, 2,7-dichlorodihydro-
fluorescein diacetate; DiOCg, 3,3'-dihexyloxacarbocyanine iodide; DIV,
days in vitro; Et, ethidium; FBS, fetal bovine serum; HEt, dihydroethidium;
MKS801, dizocilpine maleate; MTT, [3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium]; NMDA, N-methyl-p-aspartate; ROS, reactive oxygen
species.

the molecular mechanisms behind the neuromuscular
blocking action of B-BuTX are not well understood. As,
at the morphological level, the fine structure of motor nerve
terminals is complex, no current methodology is sophis-
ticated enough for use in the investigation of the molecular
mechanisms behind the actions of B-BuTX. It has been
reported that B-BuTX is capable of inducing a Ca®'-
dependent release of glutamate in the guinea pig cerebro-
cortical synaptosomes [7] and the sensorimotor cortex [8].
However, the B-BuTX effect on the CNS or CGNs has not
been examined thoroughly. In searching for susceptible
cell targets for B-BuTX, we found that cultured primary
neurons, such as CGNs, were quite sensitive to the effects
of B-BuTX.

Primary cultures of CGNs are highly homogenous and are
phenotypically glutamatergic [9]. These neurons, isolated
from 7- or 8-day postnatal rats, acquire the morphological,
biochemical, and electrophysiological characteristics of
mature neurons in medium containing serum and 25 mM
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KCI[10]. We feel that these primary cultures are one of the
best in vitro systems for the study of a single neuronal cell
type in the CNS. Given the ambiguous action of B-BuTX
on the CNS, we decided to use these cultured rat CGNs
to assess B-BuTX-induced neurotoxicity in vitro. We tested
whether B-BuTX irreversibly interacts with CGNs
and suggest a possible mechanism of action. As the
increased influx of Ca®" into neurons is linked to neuro-
toxicity [11,12], we investigated the relationship between
B-BuTX-induced neurotoxicity and [Ca*"];. Furthermore,
we studied whether the activation of NMDA receptors by
glutamate [12] or B-BuTX [13], and of neuronal Ca>"
channels by Zn** [14] or B-BuTX [15], is involved in the
elevation of [Ca®>"]; associated with neurotoxicity. For these
purposes, we explored the effects of selective inhibitors of
NMDA receptors and Ca®" channels on the neurotoxic
effect of B-BuTX.

Considering the potential role of ROS in certain neu-
rodegenerative disorders [16,17] and the pivotal role of
mitochondria in oxygen radical production and [Ca®'];
mobilization [18,19], we set out to test our hypothesis that
there is a link between the elevation of [Ca®']; and B-
BuTX-induced neurotoxicity emerging from oxidative
stress and mitochondrial dysfunction [13,15]. In addition,
we demonstrated that activation of NMDA receptors and
L-type calcium channels, and the resultant increase in
[Ca®"]; and oxidative stress, are involved in B-BuTX-
induced toxicity in cultured rat CGNs.

2. Materials and methods
2.1. Materials

B-BuTX was isolated from the venom of the B. multi-
cinctus by the method described by Lee et al. [20]. The
homogeneity of the purified toxins was verified by disc gel
electrophoresis [21]. The toxin was prepared as 1 mg/mL
stocks and stored at —70°. Poly-L-lysine, trypsin, soybean
trypsin inhibitor, cytosine arabinoside, DNase, BAPTA-AM,
diltiazem, nifedipine, ®-conotoxin GVIA, ®-conotoxin
MVIIC, magnesium chloride, bL-2-amino-5-phosphonova-
leric acid, 6-cyano-7-nitroquinoxaline-2,3-dione, MTT,
carbonyl cyanide m-chlorophenyl hydrazone (CCCP),
HEt, and luciferin-luciferase were all obtained from the
Sigma Chemical Co. MK801 was from RBI Inc.; EGTA,
DCFH-DA, DiOCg, and fura-2/AM were purchased from
Molecular Probes; ionomycin was from Calbiochem; and
BME and FBS were from Gibco BRL. Wistar rats were
purchased from the laboratory animal resources of the
National Taiwan University, College of Medicine.

2.2. Preparation of cultured cerebellar granule neurons

Rat CGNs were prepared from 7-day-old Wistar rats as
previously described [22]. Briefly, neurons were dissociated

from freshly dissected cerebelli by mechanical disruption in
the presence of trypsin and DNase, and then seeded onto
poly-L-lysine-coated 96-well culture plates, 24-well culture
plates, or 22-mm diameter coverslips. Cells were seeded at
a density of 2 x 10%/coverslip in BME supplemented with
10% FBS, 25 mM KCI, penicillin G (100 IU/mL), and
streptomycin (100 pg/mL). Cultures were maintained at
37° in a humidified atmosphere of 95% air/S% CO..
Cytosine arabinoside (10 pM) was added to the culture
medium 18-24 hr after plating to arrest the growth of non-
neuronal cells.

2.3. Assessment of neuronal viability

MTT, yellowish in color, was dissolved in PBS. In this
assay, the mitochondrial dehydrogenase of viable cells
selectively cleaves the tetrazolium ring of MTT to yield
blue/purple formazan crystals, whereas non-viable cells
are unreactive. After treatments for various time intervals,
aliquots of MTT (final concentration of 0.2 mg/mL) were
added to the cell cultures, and the cells were incubated in a
CO, incubator at 37 £ 0.5° for 3 hr. Then the plates were
shaken with DMSO for 15 min to dissolve the blue/purple
formazan crystals. The percentage of viable cells was
quantitated by their capacity to reduce MTT. The optical
densities at 570 nm were determined with an ELISA reader
(MRX-TC, Dynex Technologies). A decrease in optical
density, compared with control cells, provides a quantita-
tive assessment of cell death [23].

2.4. Imaging [Ca®"]; of granule neurons
Measurement of [Ca>"]; was carried out by using micro-
spectrofluorimetry and the Ca”"-sensitive indicator fura-2/
AM as previously described [22,24,25]. In brief, CGNs
grown on poly-L-lysine-coated 22-mm diameter cover-
glasses were loaded for 30 min at 37 4 0.5° with fura-2/
AM (5 uM) applied in culture medium. Then the medium
containing fura-2/AM was removed gently and replaced
with the corresponding culture medium saved earlier.
Coverslips were placed in a thermostatted (37 £ 0.5°)
stage on a Zeiss Axiovert 135-TV inverted microscope.
Excitation of fura-2 was at 340 and 380 nm with emission
light monitored at 510 nm. Cell-derived fluorescent images
were visualized using a 40 %, 1.3 NA oil-immersion objec-
tive (Fluor) and captured by an OlymPix 50 2500 cooled
CCD camera (Life Science Resources). The digitized
images were then analyzed for relative fluorescence using
a Merlin ratiometric image processing package (Life
Science Resources). The intracellular calcium concentration
can be calculated according to the formula [24]: [Ca*"], =
Kd[(R — Rmin)/(Rmax — R)](sz/sbz) where Kd =285 nM
[26], R represents the fluorescence ratio [BLR1], and Sy,
and Sy, are the emitted fluorescent intensities (510 nm)
excited by 380 nm at R,;, and R,,.x, respectively. The
values of R,.x and R,,;, were obtained from the average
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value of the calibration procedure using ionomycin (10 pM)
and EGTA (5 mM).

For studying the acute effect of B-BuTX on [Ca®'];,
treatments and washing procedures were performed directly
on the stage of a microscope. Measurements of [Ca®™),
were performed right in the culture medium instead of in
buffers. The change in the [Ca2+]i over time was plotted
based on neuronal fluorescence per whole screen image.

Similar to fluorescein diacetate, a commonly used dye
for staining living cells, fura-2/AM is deesterified and
retained only by living cells. In this assay, the loss of
fluorescent intensity of fura-2 indicates cell death. Besides
340 nm- and 380 nm-excited emissions at 510 nm, the
Ca”"-insensitive 360 nm-excited 510 nm emission also
was recorded for estimating neuronal viability. After mea-
surement of [Ca®"];, fluorescent images of viable neurons
were selected randomly, and the number of viable cells per
field was counted. Values generally were expressed as the
percentage of vehicle control in each experiment.

2.5. Determination of ROS production

The dye DCFH-DA and HEt were chosen to follow ROS
and superoxide anion production in cultured neurons,
respectively, by measuring the increase in fluorescence
associated with the oxidation of DCFH to DCF [27] and the
oxidation of HEt to Et [28,29]. The CGNs were incubated
in either 10 uM DCFH-DA for 15 min or 5 uM HEt for
40 min at 37°, and then oxidant generation was estimated
by measuring the fluorescence of DCF- or Et-loaded cells
using a Merlin image processing package (Life Science
Resources). Fluorescence was measured at excitation and
emission wavelengths of 495 and 535 nm, respectively, for
DCF and 520 and 590 nm for Et. The fluorescence emitted
by control cells was subtracted from that emitted by treated
cells.

2.6. Imaging analysis of mitochondrial membrane
potential

Mitochondrial membrane potential was assessed with
DiOCg on the basis of methods described elsewhere [30].
The CGNs were seeded on coverslips and incubated in
100 nM DiOCg for 30 min at 37°; then mitochondrial
membrane potential was estimated by measuring the fluor-
escence of DiOCg-loaded CGNs using a Merlin image
processing package. Fluorescence was measured at excita-
tion and emission wavelengths of 488 and 530 nm, respec-
tively.

2.7. Intracellular ATP measurements

The intracellular ATP content of CGNs was measured by
the luciferin-luciferase bioluminescent assay, as described
previously [31]. In brief, ATP was extracted from CGNs
using 1 mL of 100 mM Tris—EDTA buffer (pH 7.75) at

100° for 10 min. After centrifugation at 30,000 g for
20 min at 4°, the ATP content in 0.2 mL of the supernatant
was measured in an LKB 1251 luminometer (LKB-Wal-
lac). The sensitivity of the assay was approximately 1 pmol
ATP. ATP standards were used for calibration, and standard
curves were made right before assaying the samples. Total
protein levels were measured by bicinchoninic acid (BCA),
and the results are expressed as nanomoles of ATP per
milligram of protein.

2.8. Statistical analysis

All data are shown as means + SEM. Statistical signifi-
cance (P < 0.05) was assessed by ANOVA followed by
Dunnett’s #-tests.

3. Results

3.1. Sensitivity of developing CGNs to -BuTX-induced
toxicity

The MTT assay was used to detect B-BuTX-induced
toxicity in CGNs. The assay revealed that CGNs at 7 days
in vitro (DIV) were more sensitive to B-BuTX toxicity than
were CGNs at 2 DIV (Fig. 1A). The toxic effect on CGNs
appeared to be dependent upon the differentiation state of
the cells since the immature neurons were less sensitive
(91.7 £ 3.5% cell survival at 2 DIV) to B-BuTX than were
the mature neurons (34.2 +4.5% cell survival at 7 DIV)
(Fig. 1A). Therefore, most of the following experiments
were conducted on CGNs at 7 DIV. This in vitro approach
allowed better control of the B-BuTX concentration in the
cellular environment than an in vivo system involving
injection of B-BuTX.

3.2. Effect of f-BuTX exposure on the survival of cultured
CGNs

The effect of B-BuTX on the survival of CGNs at
different time points in culture was determined. B-BuTX
at a concentration of 100 ng/mL (equivalent to 4.8 nM)
was toxic to CGNs in a time-dependent fashion (Fig. 1B).
The neurotoxic effect of B-BuTX was significant after a 90-
min exposure and by 4 hr cell survival decreased to
342 +£4.5%. The number of dead CGNs in culture
increased as the duration of exposure to B-BuTX increased.

In accordance with the MTT assay, representative pseu-
docolor digital images of fura-2 fluorescence (excitation at
360 nm with emission light monitored at 510 nm) showed
that B-BuTX progressively induced the death of CGNs
(Fig. 2). In this assay, the survival of B-BuTX-treated
neurons decreased to 81.0 4+ 1.8% of the controls at
90 min and decreased further to 23.8 = 1.8% after 4 hr
of treatment. Non-neuronal cells (larger in size than neu-
ronal cells) also were labeled, but proportion-wise these
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Fig. 1. B-BuTX-induced toxicity in cultured CGNs. (A) Differential toxic
effect of B-BuTX (100 ng/mL) on immature (2 DIV) and mature (7 DIV)
neurons following a 4-hr exposure. The data shown represent the
means = SEM of the percentage of surviving cells for each DIV group
compared to their respective controls. (B) Effect of time on B-BuTX-
induced toxicity at 7 DIV. CGN survival was assessed by MTT assay as
described in Section 2. The data shown represent the means = SEM of
triplicate determinations from three separate experiments (N = 3). Key:
(x) P < 0.05, (xx) P < 0.01, and (+*x) P < 0.001, compared to the vehicle
controls.

Neuronal survival (% control)

cells were relatively low in number making up less than 5%
of the culture population. This small number of non-neu-
ronal cells caused only negligible interference in the assay.

3.3. Inhibition of f-BuTX-induced neurotoxicity
by Ca** blockers

This study was designed to investigate whether the B-
BuTX-induced elevations in [Ca®"]; contributed to the
mortality of CGNs in vitro. We hypothesized that if
increased [Ca®"]; activates signal transduction pathways
that result in the injury or death of CGNs, then agents that
block elevations in [Ca®'); should enhance CGN survival.
To determine whether Ca®" influx is causally involved in
B-BuTX-induced neurotoxicity, toxicity was assessed in
the absence and presence of Ca®" using EGTA (an extra-
cellular Ca®" chelator) or BAPTA-AM (an intracellular

Table 1
Effects of Ca*" blockers against neurotoxicity induced by B-BuTX in
cultured cerebellar granule neurons

Treatment Concentration Viability (%)
(1M)
None B-BuTX
None 100 342 + 45
BAPTA-AM 100 98 + 2.0 65 + 25.8
EGTA 2000 769 £39 828 +23"
MK801 0.1 1019+ 07 580+ 50
1 1016+ 19 635+ 32"
10 9744+ 10 452+53
APV 10 945+ 17 584+57
100 955 +38 689 +39"
CNQX 10 985+10 327+13
100 9374+ 13 306+16
MgCl, 100 817 +3.6 377 +43
1000 60.8 £3.7 502 +33"
Diltiazem 1 933 +24 427 +33
10 957 +25 557 +29"
100 353+ 43 98 + 1.7
Nifedipine 1 856 £19 368 +32
10 845+ 44 506+ 737
®-Conotoxin GVIA 10 99.6 + 44 29.6 +£ 5.5
®-Conotoxin MVIIC 10 97.6 + 25 30.8 £ 4.7
MKS801 + diltiazem 1
10 91.8 £16 740 +6.1"
Ruthenium red 10 89.1 £ 08 76.6 + 04"

Ca*" blockers were added to cerebellar granule neurons at 7 DIV 3 hr
before exposure to B-BuTX (100 ng/mL). Neuronal survival was
determined after 4 hr of B-BuTX exposure by MTT assay as described
in Section 2 and calculated as percentages of the untreated control cell
viability. Data are presented means &= SEM (N = 6). “~*" Significantly
different from the B-BuTX alone group: ~P < 0.001; P < 0.01;
TP <0.05.

Ca*" chelator). CGNs were preloaded with EGTA or
BAPTA-AM for 3 hr and then were treated for 4 hr with
B-BuTX (100 ng/mL). The results showed that exposure of
CGNs to EGTA-treated medium (essentially Ca®"-free) or
to BAPTA-AM prevented neuronal death (82.8 and 65.2%
protection, respectively) (Table 1).

To examine whether the Ca*"-dependent neurotoxicity
of B-BuTX is mediated via glutamate receptors and Ca>"
channels, we performed experiments to determine the
effects of MK801 (a non-competitive NMDA receptor
inhibitor) and diltiazem (an L-type Ca®" channel blocker)
on B-BuTX toxicity in CGNs. Pretreatment of CGNs for
3 hr with either MK801 (1 uM) or diltiazem (10 uM) did
not result in a decrease of their survival, but rather a
significant attenuation of B-BuTX (100 ng/mL)-induced
toxicity (Table 1). However, higher concentrations of
MKS801 (10 uM) and diltiazem (100 pM) (levels that are
supposed to cause non-specific effects) were less protective
against B-BuTX toxicity in CGNs. In addition, APV (pL-2-
amino-5-phosphonovaleric acid; a competitive NMDA
receptor antagonist) as well as MK801 (a non-competitive
antagonist) prevented B-BuTX-induced neurotoxicity by
34.7 and 29.3%, respectively. From these results we
hypothesized that NMDA receptors and L-type Ca®"
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Fig. 2. Time course of neuronal death caused by B-BuTX in cultured CGNs. Panels (a-i) are pseudocolor digital images of fura-2 fluorescence detected with
an excitation wavelength of 360 nm and an emission wavelength of 510 nm. The scale represents arbitrary fluorescence intensity values ranging from 0 to
255. The representative photographs indicate that there is increasing neuronal death with time. The panels show resting fluorescence (a) and fluorescence
after treatment with 100 ng/mL of B-BuTX for 30 min (b), 60 min (c), 90 min (d), 120 min (e), 150 min (f), 180 min (g), 210 min (h), and 240 min (i). Note
that cellular retention of the fluorescent fura-2 progressively decreased with time, in parallel with the degree of neurotoxicity.

channels might be involved in B-BuTX-induced neurotoxi-
city.

To further examine whether excitotoxicity was the pivo-
tal mechanism leading to B-BuTX neurotoxicity, Mg*"
concentrations were elevated in the medium. It is well
known that high [Mg®"], dampens neuronal activity and
blocks the opening of NMDA receptor-gated Ca®" chan-
nels. Our results showed that high [Mg*"], (I mM) pre-
vented B-BuTX-induced neurotoxicity (Table 1). However,
an AMPA/kainate receptor antagonist, 6-cyano-7-nitroqui-
noxaline-2, 3-dione (CNQX), failed to increase cell via-
bility, suggesting that the AMPA/kainate receptor does not
contribute significantly to B-BuTX-induced neuronal
death. Meanwhile, nifedipine, another L-type Ca®" chan-
nel blocker, exhibited an inhibitory effect that was similar
to that of diltiazem. Apart from these results, neither
o-conotoxin GVIA (an N-type Ca®" channel blocker)

nor o-conotoxin MVIIC (a P/R-type Ca’" channel
blocker) prevented B-BuTX-induced neurotoxicity, sug-
gesting that N- and P/R-type Ca®" channels do not parti-
cipate in this response. The coapplication of MK801 and
diltiazem was additive in the protection of CGNs against [3-
BuTX toxicity. In addition, ruthenium red, an inhibitor of
the mitochondrial Ca®" uniporter [32], exhibited a protec-
tive effect against B-BuTX-induced neurotoxicity. This
result suggests that mitochondria play a crucial role in
B-BuTX-induced neurotoxicity (Table 1).

3.4. p-BuTX-induced elevation of CGN [Ca®];

To gain insights into the mechanism involved in -
BuTX-induced neurotoxicity, we first examined whether
B-BuTX could affect CGN [Ca*"]; in vitro. To evaluate the
time course of changes in [Ca’']; evoked by B-BuTX
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Fig. 3. Time course of the increase in [Ca®**]; and its relation to the B-
BuTX-induced death of CGNs. [Ca”]i was measured by microspectro-
fluorimetry and the Ca”'-sensitive indicator fura-2/AM. (A) [Ca*'};
profile of CGNs (mean of 85 cells) during a 4.5-hr exposure to f-BuTX
(100 ng/mL; N = 85). The vehicle control was PBS (N = 74). Similar
results were obtained from six separate experiments. (B) Relationship
between elevated [Ca®*]; and B-BuTX (100 ng/mL)-induced neurotoxicity.
These results are representative of three separate experiments.

stimulation, time-lapse fluorescent imaging was performed
on CGNs loaded with the Ca®" indicator fura-2/AM. Cells
were exposed to B-BuTX (100 ng/mL) in medium for
4.5 hr to examine the immediate effects on [Ca®'];. As
shown in Fig. 3A, B-BuTX evoked a fast rise in [Ca’")itoa
peak that decayed slowly to an intermediate level. The
intracellular calcium level reached approximately
2900 nM after a B-BuTX exposure of 2.5 hr and then
declined because of neuronal death (34.4%) (Fig. 3A).

Fig. 3B shows that the [Ca”]i elevation in CGNs was
proportional to B-BuTX-induced toxicity. Comparison of
the incidence of B-BuTX-induced neuronal death by Ca*"
overload revealed an apparent correlation, i.e., that the
incidence of neuronal death paralleled the [Ca®™]; eleva-
tion for up to 2.5 hr. This indicated that recovery of [Ca®"];
to baseline levels was necessarily indicative of neuronal
survival. Thus, finding Ca®" blockers that can prevent
the B-BuTX-induced increase in [Ca® ") may be a good
approach in the prevention of neuronal death.

3.5. Preventive effects of MK801, diltiazem, and
MgCl, on -BuTX-induced [Ca2+]l- elevation

The sustained increase of [Ca?"]; induced by B-BuTX
(100 ng/mL) was prevented almost completely by prior
exposure to BAPTA-AM (100 uM), EGTA (2 mM),
MKS801 (1 uM), or diltiazem (10 uM), but not ruthenium
red (10 uM) (Fig. 4). After treatment of CGNs for 20 min
with a combination of 1 uM MK801 and 100 ng/mL of (-
BuTX, they were washed with BME. Addition of fresh
MKS801 (1 uM) for 20 min revealed that MK801 prevented
the increase of [Ca”]i in CGNs induced by the irreversible
binding of B-BuTX (Fig. 5A).

Previous investigations indicated that B-BuTX binds
specifically and irreversibly to a component(s) on nerve
terminals, which eventually leads to synaptic blockade
[1,5,33]. We examined whether the B-BuTX-induced
elevation of [Ca®"]; in CGNs was irreversible by washing
out B-BuTX with culture medium. As shown in Fig. 5B,
washing and removing B-BuTX from the culture medium
did not abolish the increase in [Ca®"]; but addition of
MKS801 or diltiazem did effectively block it. After a
sustained increase in [Ca®"]; for 20 min in the presence
of B-BuTX and then washout of B-BuTX, the subsequent
application of MK801 (1 pM) or diltiazem (10 pM)
resulted in a rapid lowering of [Ca®"]; (Fig. 5B). This
suggested that there is an irreversible f-BuTX-inducible
signaling cascade that remains active even following the
removal of B-BuTX from the medium. Fig. 5C shows that
pretreatment of CGNs with MgCl, partially prevented the
elevation of [Ca®"]; induced by B-BuTX. The gradual
increase in [Ca®"]; suggests that the NMDA receptor
plays only a partial role in B-BuTX-induced neurotoxi-
city. Since after the washout of B-BuTX with culture
medium, the [Ca®"]; level still was increasing, the pro-
tective effect of Mg”" was not the result of direct f-BuTX
binding.

3.6. Inhibition of p-BuTX-induced ROS generation by
Ca*" blockers

To test the hypothesis that elevation of [Ca*"); could
result in ROS production, we used the fluorescent dye
DCFH-DA to follow H,0, production associated with the
oxidation of DCFH to DCF in CGNs. In addition, we
measured the conversion of HEt to its fluorescent product,
Et, as a measure of intracellular superoxide anion genera-
tion [28]. Fig. 6A shows that B-BuTX increased DCF-
associated fluorescence to 116.7 + 11.8% above control
levels after a 3-hr incubation period. In contrast, B-BuTX
increased Et fluorescence 285.7 + 11.1% above control
levels after a 3-hr incubation (Fig. 6B). To determine the
influence of extracellular Ca®" on B-BuTX-generated cel-
lular oxidants, the experiments were conducted in the
presence of either an extracellular (2 mM EGTA) or an
intracellular (100 pM BAPTA-AM) Ca®" chelator. When
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Fig. 4. Inhibition by BAPTA-AM, EGTA, MKS801, and diltiazem of [Ca®"]; elevation induced by B-BuTX in CGNs. B-BuTX (100 ng/mL) was applied to
CGNs (indicated by the arrow) on a thermostatted stage of a microscope for a 40-min exposure. Either BAPTA-AM (100 pM, N = 78), EGTA (2 mM,
N = 86), MK801 (1 uM, N = 97), diltiazem (10 uM, N = 82), or ruthenium red (10 pM, N = 62) was added for 3 hr prior to the addition of 100 ng/mL of -
BuTX. Note that the basal [Ca>"]; levels were different due to pretreatment with the different Ca”* blockers. Similar results were obtained from three other

separate experiments.

DCF-loaded cells were exposed to either EGTA or
BAPTA-AM 3 hr prior to B-BuTX exposure, the fluores-
cent signal was reduced from 216.7 £ 11.8%, in the pre-
sence of Ca’*, to 115.6 = 11.8 and 121.1 £ 6.8% in the
presence of EGTA and BAPTA-AM, respectively (Fig. 6A).
Meanwhile, EGTA and BAPTA-AM also reduced Et-asso-
ciated fluorescence from 385.7 £ 11.1%, in the presence of
Ca”, to 171.5+£8.3 and 117.0 £ 10.1%, respectively
(Fig. 6B). From these results we concluded that extracel-
lular Ca®" plays a pivotal role in the B-BuTX-induced
generation of oxidants. Additionally, pretreatment of
CGNs with MKS801 and diltiazem also significantly
reduced ROS and superoxide anion production induced
by B-BuTX (Fig. 6A and B). These results indicate that
increased extracellular Ca®" uptake is involved in the
intracellular oxidation of DCF and Et. We believe that
the increase in intracellular Ca® " may be attributable to the
activation of NMDA receptors and L-type Ca®" channels
and that Ca®" influx is the primary trigger or mediator for
the generation of ROS.

3.7. Inhibition of p-BuTX-induced mitochondrial
membrane potential collapse by Ca®™ blockers

The results of the MTT assay indicated that B-BuTX
dramatically reduced mitochondrial dehydrogenase activ-

ity. To assess the effects of B-BuTX stimulation on mito-
chondrial function and neuronal death, experimental
paradigms that elicit either moderate or extensive neuronal
death were developed. For the purpose of testing whether
mitochondria lay on the main pathway underlying the [3-
BuTX-induced toxicity in CGNs, we proceeded to measure
mitochondrial membrane potential using the fluorescent
probe DiOCg. Fig. 7A indicates that B-BuTX caused the
progressive collapse of CGN mitochondrial membrane
potential. After a 3-hr stimulation, the B-BuTX-induced
increase in [Ca®"]; decreased mitochondrial membrane
potential to 54.7 £ 4.5% of control (Fig. 7B). Pretreatment
with EGTA or BAPTA-AM 3 hr prior to B-BuTX exposure
prevented the reduction in mitochondrial membrane poten-
tial. These results are in support of a connection between [3-
BuTX-induced Ca®" influx and the collapse of mitochon-
drial membrane potential.

We tried to test our hypothesis that NMDA receptor- or
L-type Ca>* channel-mediated Ca®" entry was required for
the rapid dissipation of mitochondrial membrane potential.
Treatment with MK801 or diltiazem 3 hr prior to -BuTX
exposure prevented the loss of mitochondrial membrane
potential (Fig. 7B). Taken together, these findings suggest
that the loss of mitochondrial membrane potential induced
by B-BuTX is an active process requiring the activation of
NMDA receptors or L-type Ca>" channels.
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Fig. 5. Reversible inhibition by MK801, diltiazem, and MgCl, of the B-BuTX-induced [Ca*"]; elevation in CGNs. (A) Effect of simultaneous treatment of
CGNs with B-BuTX and MK801 on their intracellular calcium profile over time. After treatment for 20 min with a combination of 1 pM MK801 and 100 ng/
mL of B-BuTX, CGNs were washed with BME. The vehicle, PBS, was then applied alone (open circles; N = 90) or together with 1 pM MK801 (open
triangles; N = 67). MK801 reversibly prevented the increase of [Ca®*]; induced by B-BuTX. However, since B-BuTX binds irreversibly to CGNs, the [Ca**];
level increased even after the washout step. Similar results were obtained from three separate experiments. (B) Effect of MK801 and diltiazem on the [Ca®*y;
of CGNs pretreated with B-BuTX. Pre-exposure of CGNs to B-BuTX (100 ng/mL) for 20 min significantly increased [Ca*"];. f-BuTX was washed out with
BME prior to the addition of either vehicle PBS (N = 82) or 1 pM MK801 (N = 71) or 10 uM diltiazem (N = 74) (indicated by the arrow). Note that -
BuTX irreversibly caused an elevation of [Ca®"); even after washout with the culture medium. Both MK801 and diltiazem inhibited the elevation of [Ca*"];
induced by B-BuTX over time, even 20 min after p-BuTX exposure. (C) Effect of Mg>" on the p-BuTX-induced elevation of [Ca>*];. Mg>" prevented the
[Ca*"]; elevation induced by B-BuTX in CGNs. Mg2+ (2 mM, N = 72) was added 5 min before treatment with 100 ng/mL of B-BuTX. After washout of the
Mgt with culture medium, [Ca®>"]; increased. Similar results were obtained from four separate experiments.

3.8. Inhibition of p-BuTX-induced intracellular ATP ment (45.1 & 1.4 nmol/mg, 79.6% of control) (Fig. 8A).
depletion by Ca®" blockers This effect was maximal at4 hr when ATP levels decreased
to 23.4 4+ 2.7 nmol/mg (36.3% of control). Meanwhile,
Energy depletion is one of the early indicators of cell CGNs pretreated with either MK801, diltiazem, EGTA,
death, and ATP production is an important biomarker of or BAPTA-AM for 3 hr prevented the B-BuTX-induced
mitochondrial function. We assayed ATP production using reduction of the intracellular ATP concentration (Fig. 8B).
the luciferin-luciferase method and found that B-BuTX These results indicate that increased extracellular Ca®"
reduced cellular ATP content as early as 2 hr after treat- influx is involved in B-BuTX-induced energy depletion.
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Fig. 6. Reduction of B-BuTX-induced ROS (A) and superoxide anion
generation (B) in CGNs by MK801, diltiazem, EGTA, and BAPTA-AM.
CGNs were pretreated with either MK801 (1 puM), diltiazem (10 uM),
EGTA (2 mM), or BAPTA-AM (100 pM) for 3 hr followed by exposure to
B-BuTX (100 ng/mL) for another 3 hr. Hydrogen peroxide (100 puM;
15 min) (A) and HX/XO (hypoxanthine/xanthine oxidase; 100 pM/45 mU)
(B) were used as positive controls, respectively. The results, expressed as
percent of vehicle control, are presented as means &= SEM of three
experiments. Key: (###) P < 0.001, compared with control; and (sss)
P < 0.001, compared with the B-BuTX alone group.

4. Discussion

In this study, we demonstrated that B-BuTX (a presy-
naptic neurotoxin) exerted potent toxic effects on cultured
CGNs including: (a) activation of NMDA receptors and/or
L-type calcium channels leading to the deregulation of
[Ca®"]; homeostasis and induction of neuronal death; (b)
massive Ca®" influx causing the production of ROS and
mitochondrial dysfunction, resulting in the collapse of
mitochondrial membrane potential and ATP depletion.
Based on our findings that MK801, an NMDA receptor
antagonist, diltiazem, an L-type Ca®-channel blocker, and
EGTA and BAPTA-AM, Ca** chelators, decreased all of
these events including neuronal death, we believed that
the complex relationship between the elevation of [Ca®"];
and mitochondrial function formed a foundation on which
to construct a model of B-BuTX-induced neuronal death.
This neuronal survival model relies on a balance between
mitochondrial function and [Ca®"]; homeostasis. In our
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Fig. 7. Prevention of B-BuTX-induced mitochondrial membrane potential
collapse in CGNs by MKS801, diltiazem, EGTA, and BAPTA-AM. (A)
Time course of changes of mitochondrial membrane potential. DiOCg was
used as a fluorescent indicator of mitochondrial membrane potential. ()
P < 0.01 and (xxx) P < 0.001, compared with the vehicle control. (B)
Effect of pretreatment with either MK801 (1 pM), diltiazem (10 uM),
EGTA (2mM), or BAPTA-AM (100 uM) on CGN mitochondrial
membrane potential. Pretreatment for 3 hr was followed by exposure to
B-BuTX (100 ng/mL) for another 3 hr. CCCP (1 uM, 30 min) was used as
a positive control. The results, expressed as percent of vehicle control, are
presented as means == SEM of four experiments. Key: (#) P < 0.05, and
(###) P < 0.001, compared with control; and (x*x) P < 0.001, compared
with the B-BuTX alone group.

proposed model, massive Ca®" influx induces an imbal-
ance in mitochondrial homeostasis, leading to mitochon-
drial dysfunction, which eventually triggers neuronal
death.

Several studies have shown that B-BuTX induces a Ca®"-
dependent release of glutamate in guinea pig cerebrocor-
tical synaptosomes [7] and sensorimotor cortex [8]. White
and Reynolds [34] suggested that NMDA receptor-gated
channels permit Na™ and Ca®" entry, which triggers addi-
tional Ca>" influx via routes such as voltage-gated channels
and the Na™/Ca®" exchanger. Thus, the activation of the
NMDA receptor can lead to neurotoxicity as a consequence
of Ca*" influx. Meanwhile, the activation of dihydropyr-
idine-sensitive L-type Ca>" channels also may contribute in
elevating [Ca®*); in several neuronal cell types [35]. In
searching for these possible pathways, we found that the
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Fig. 8. Effects of MKS801, diltiazem, EGTA, and BAPTA-AM on the
decrease of ATP contents in CGNs induced by B-BuTX. (A) Time-
dependent induction of ATP depletion by B-BuTX (100 ng/mL). ()
P < 0.01 and (*x*x) P < 0.001, compared with the vehicle control. (B)
Effect of pretreatment of CGNs for 3 hr with either MK801 (1 uM),
diltiazem (10 pM), EGTA (2 mM), or BAPTA-AM (100 pM) on ATP
depletion induced by B-BuTX (100 ng/mL). ATP content was measured by
the luciferase chemiluminescence method. Data are presented as
means = SEM (N = 3). Key: (###) P < 0.001, compared with the vehicle
control; (x) P < 0.05, and (xx) P < 0.01, compared with the B-BuTX
alone group.

[Ca”]i elevation in cultured CGNs induced by B-BuTX
was prevented by pretreating with Ca*" chelators, such as
EGTA and BAPTA-AM as well as MKS801, Mg”, or
diltiazem. Moreover, the deleterious influx of Ca’" into
neurons was preventable. These findings agree with our
previous contention, suggesting that the [Ca®"]; increase
induced by B-BuTX was due to massive Ca*" influx and
that neurotoxicity was exacerbated by the activation of
NMDA receptors and L-type Ca*" channels. Based upon
the additive protective effect of combination treatment with
MKS8O01 and diltiazem against B-BuTX neurotoxicity, we
suggested that NMDA receptor activation may or may not
be a prerequisite to the opening of L-type Ca*" channels.
This needs further confirmation. This increase in [Ca”]i is
expected to trigger intracellular events that will eventually
cause cell dysfunction and cell death as claimed by Blan-
chard et al. [36]. Our investigation shows that there is a
significant cause-and-effect relationship between elevated

[Ca®"); levels and the neurotoxicity caused by a novel
polypeptide neurotoxin. The B-BuTX-mediated increase
in the influx of Ca®" in cultured CGNs was irreversible
after extensive washing. These results are consistent with
our previous observations in the neuromuscular junction
[1,5,37] as well as those of others [33,38].

The production of ROS is expected to induce adverse
effects on many aspects of neuronal cell functions. In
particular, local damage impairs mitochondrial energy
production, enhancing depletion of cellular energy stores,
and leading to the impairment of a myriad of homeostatic
or protective mechanisms [39]. In addition, ROS produc-
tion depletes cellular antioxidant defenses, leading to a
more global enhancement of oxidative stress and free
radical-mediated injury throughout the cell. It seems rea-
sonable, therefore, that ROS production induced by B-
BuTX is an event associated with Ca®" overload and
subsequent mitochondrial dysfunction, which eventually
is a critical event dictating the fate of neurons. Our data
suggested that H,O, and superoxide anions were generated
by B-BuTX. A cytosolic oxidation-sensitive dye, DCFH-
DA, originally was developed as a tool to measure the
generation of hydrogen peroxide [27,40], although selec-
tivity for the dye among the various reactive species
remains unclear. The use of DCFH-DA has the advantage
of providing insight into total cytosolic ROS levels [40].
Several previous studies also have reported increases in the
DCEF fluorescent signal in response to glutamate receptor
activation as well as Ca®" entry [18,27,41]. On the other
hand, advantages of HEt over other oxidation-sensitive
dyes include its relative resistance to both auto- and photo-
oxidation (permitting monitoring of fluorescence for pro-
longed periods) and the increasing fluorescent intensity of
its oxidation product, Et, after intercalation within nuclear
DNA (increasing the sensitivity of ROS detection)
[28,29,42]. A key advantage of using cultured cells in
these studies is the ability to investigate the mechanism of
ROS generation, which has been proven more difficult to
address in in vivo preparations.

The present study showed that exposure to B-BuTX
induced an increase in ROS levels in CGNs. Cytosolic
Ca”" appears to play a pivotal role in the generation of
ROS, as described by Pereira and Oliveira [18]. Oyama
et al. [41] observed the formation of O,  in response to
increased cytosolic Ca" in cerebellar neurons. We suggest
another possibility, that is, that the B-BuTX-induced ROS
production occurred as a result of the entry of Ca®" into
neurons. On the other hand, ruthenium red, an inhibitor of
the mitochondrial Ca®* uniporter [32], prevented B-BuTX-
induced neurotoxicity but not the elevation in [Ca”]i,
suggesting that mitochondrial dysfunction following
[Ca2+]i elevation was a determinant of B-BuTX-induced
neuronal death. Thus, the [Ca”]i elevation must be a
secondary messenger for triggering ROS production.

In this study, we proved that EGTA and BAPTA-AM
reduced the production of ROS induced by B-BuTX.
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Attenuation of B-BuTX-induced ROS by MKS801 or dil-
tiazem indicated that NMDA-receptor activation or L-type
Ca”" channel activation were the primary routes for gen-
eration of the oxidants. However, the observation that
neither MK801 nor diltiazem completely blocked [-
BuTX-induced ROS production indicates that there are
probably other processes involved as well. These results
are in good agreement with other findings demonstrating
the partial protection of CGNs from B-BuTX-induced
neurotoxicity via the inhibition of [Ca®"); elevation [15].

Excitotoxicity is implicated in a variety of slow neuro-
degenerative disorders. Mitochondrial dysfunction is
believed to contribute to the cause of an increasing number
of diseases. These diseases, in particular, are oxidant- and
aging-associated degenerative diseases of nerve, muscle,
and other tissues. The mitochondrial membrane potential
in situ is a sensitive indicator of the energy state of
mitochondria and the cell, and can be used to assess the
activity of the mitochondrial proton pumps, electrogenic
transport systems, and the activation of the mitochondrial
permeability transition. Beal [43] has documented
increased lactate levels in Huntington’s disease, which
may correlate with impaired mitochondrial ATP generation
[44]. Mitochondria accumulate much of the calcium enter-
ing post-ischaemic neurons via chronically-activated
NMDA receptors. This calcium accumulation plays a
key role in the subsequent death of the neuron. Mitochon-
dria, therefore, seem to play a critical role in B-BuTX-
induced neurotoxicity.

Our study identified a critical intracellular target for
Ca”" that might play a central role in B-BuTX-induced
neuronal damage. Given the metabolic demands of the
brain, it is reasonable to speculate that mitochondria are a
central target for several Ca*"-dependent effectors of B-
BuTX-induced neurotoxicity. The components of the elec-
tron transport chain are sensitive to oxidants in general and
to NO in particular. One investigation has complemented
our present findings and invited speculation with respect to
the mechanism of cell death [13]. Mitochondria are major
buffering compartments for elevations in [Ca®']; in
response to, for example, a brief exposure to glutamate
in cortical neurons [34] or NMDA in striatal neurons [32].

The drop in cellular ATP levels, in concert with the
generation of oxygen-free radicals consequent to high ATP
consumption [16,18], is a primary cause of cell death. The
boundary between cell survival and cell death relies on a
subtle balance of mitochondrial function/dysfunction, cen-
tered on mitochondrial membrane potential. This model
predicts that specific inhibitors of Ca** influx may prolong
the lifespan of neurons and improve their energy state so as
to enhance their chances for survival during and following
a noxious insult.

NMDA receptor activation and the subsequent produc-
tion of ROS may be enhanced by cellular ATP depletion,
due to NMDA receptor-mediated Na® loading and
increased membrane Na*—K™ ATPase activity. Cellular

ATP depletion is likely to lead to increased mitochondrial
respiratory activity and, thus, increases in mitochondrial
ROS production.

Our findings establish a direct link between B-BuTX-
induced neurotoxicity and Ca”>" and mitochondrial dys-
function. A more complete understanding of the charac-
teristics and mechanisms of neuronal death in this in vitro
setting are important for the subsequent development of
effective approaches to prevent or limit neurodegeneration
in acute and chronic neuropathological conditions.
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