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ARTICLE INFO ABSTRACT

Keywords: Background and purpose: Crotoxin (CTX), a heterodimeric phospholipase A, (PLA,) neurotoxin from Crotalus
Crotalus durissus terrificus durissus terrificus snake venom, promotes irreversible blockade of neuromuscular transmission. Indirect elec-
Crotalinea Snake Venom trophysiological evidence suggests that CTX exerts a primary inhibitory action on transmitter exocytosis, yet

Phospholipase A,
[®H]-Acetylcholine Release
Real-time transmitter exocytosis
Neuromuscular transmission

contribution of a postsynaptic action of the toxin resulting from nicotinic receptor desensitization cannot be
excluded. Here, we examined the blocking effect of CTX on nerve-evoked transmitter release measured directly
using radioisotope neurochemistry and video microscopy with the FM4-64 fluorescent dye.

Experimental approach: Experiments were conducted using mice phrenic-diaphragm preparations. Real-time
fluorescence video microscopy and liquid scintillation spectrometry techniques were used to detect transmitter
exocytosis and nerve-evoked [*H]-acetylcholine ([®H]ACh) release, respectively. Nerve-evoked myographic re-
cordings were also carried out for comparison purposes.

Key results: Both CTX (5 pg/mL) and its basic PLA, subunit (CB, 20 ug/mL) had biphasic effects on nerve-evoked
transmitter exocytosis characterized by a transient initial facilitation followed by a sustained decay. CTX and CB
reduced nerve-evoked [*H]ACh release by 60% and 69%, respectively, but only the heterodimer, CTX, decreased
the amplitude of nerve-evoked muscle twitches.

Conclusion and implications: Data show that CTX exerts a presynaptic inhibitory action on ACh release that is
highly dependent on its intrinsic PLA, activity. Given the high safety margin of the neuromuscular transmission,
one may argue that the presynaptic block caused by the toxin is not enough to produce muscle paralysis unless a
concurrent postsynaptic inhibitory action is also exerted by the CTX heterodimer.

1. Introduction 1966; Breithaupt et al., 1974). Structurally, CTX is a heterodimeric
protein composed by the non-covalent association of a basic subunit
Crotoxin (CTX), the primary component of Crotalus durissus terrificus (CB), which exhibits phospholipase A, (PLA,) activity, and an acidic

(South American rattlesnake) venom (Slotta and Fraenkel-Conrat, subunit (CA) that lacks enzymatic activity (Hendon and Fraenkel-
1938), is a potent neurotoxin that induces peripheral respiratory pa- Conrat, 1971; Breithaupt et al., 1974; Breithaupt, 1976; Marchi-
ralysis due to the blockage of neuromuscular transmission (Brazil et al., Salvador et al., 2008; Faure et al., 2011; Fernandes et al., 2017). Alone,

Abbreviations: [*H]-ACh, [*H]-acetylcholine; a-BTX, a-bungarotoxin; CA, acidic subunit; CB, basic PLA, subunit; CTX, crotoxin; EPP, endplate potentials; FM4-64, N-(3-triethy-
lammoniumpropyl)-4-(6-(4-(diethylamino)phenyl) hexatrienyl) pyridinium dibromide; HPLC, high performance liquid chromatography; PLA,, phospholipase A,; RO, region of interest;
RP, reverse phase
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CB is slightly toxic and CA is non-toxic, but both subunits act sy-
nergistically to achieve significant toxicity; CA acts as a chaperone of
CB, thus preventing its binding to non-specific sites (Bon et al., 1979).
Several CA and CB isoforms have been isolated and characterized,
showing that CTX is a mixture of different molecules derived from the
combination of distinct subunit isoforms (Faure et al., 1994).

The neurotoxic effect of CTX has been mainly attributed to a pre-
synaptic action leading to inhibition of acetylcholine release from sti-
mulated motor nerve terminals. This hypothesis is based on a series of
electrophysiological studies demonstrating that CTX depresses the
quantal content of endplate potentials (EPPs) in both mammalian and
amphibian neuromuscular preparations (Brazil and Excell, 1971; Chang
and Lee, 1977; Hawgood and Smith, 1977; Hawgood and Santana de
Sa, 1979). Although these findings are unequivocal evidences of an
inhibitory presynaptic action, they were obtained under experimental
conditions designed to reduce the safety margin of the neuromuscular
transmission that are required to measure the amplitude of motor
endplate potentials in skeletal muscle fibres with sharp intracellular
microelectrodes. These conditions imply the presence of low Ca® * /high
Mg? " concentrations in the incubation fluid or the blockage of muscle-
type nicotinic receptors with p-tubocurarine that, on their own, de-
crease the probability of transmitter release and the sensitivity of the
post-synaptic membrane, respectively. Notwithstanding this, it has
been hypothesized that CTX may contribute to flaccid skeletal muscle
paralysis by causing postsynaptic nicotinic receptors desensitization
(Brazil et al., 2000). The postsynaptic nature of this effect has been
confirmed because CTX is capable of depressing acetylcholine responses
on rat denervated hemidiaphragm preparations (Brazil, 1966; Brazil
et al., 1966). Later on, experiments performed with Electrophorus elec-
tricus electroplaques and excitable microsacs prepared from Torpedo
marmorata electric organ preloaded with *NaCl showed that CTX
blocks depolarization and 2>Na™ efflux caused by cholinoceptor ago-
nists, respectively. Together, these results suggest that the CTX het-
erodimer promotes stabilization of nicotinic receptors in the desensi-
tized state when administered at low concentrations, supporting a role
for CTX at a recognition site on the postsynaptic membrane (Bon et al.,
1979; Brazil et al., 2000).

Despite the neurotoxicity, several studies have pointing towards
other biological activities of CTX that have potential pharmacological
value such as immunomodulatory, anti-nociceptive, anti-inflammatory,
anti-tumoral and anti-microbial activities (Sampaio et al., 2010;
Favoretto et al., 2011; Ye et al., 2011; Wang et al., 2012; He et al.,
2013; Han et al., 2014; Almeida et al., 2015; Brigatte et al., 2016; Faure
et al., 2016). Thus, a more complete understanding of the neurotoxic
action of CTX is relevant not only to improve the treatment of en-
venomation, but also to enable the biotechnological use of this toxin or
new drugs derived from this protein. This contention led us to examine
the presynaptic action of CTX and its CB subunit in more physiological
conditions of transmitter release and without the influence of post-sy-
naptic neuromuscular block inherent to electrophysiological techni-
ques. To this end, we used phrenic nerve-hemidiaphragm preparations
of mice to directly assess transmitter release from stimulated nerve
terminals using radioisotope neurochemistry and real-time video mi-
croscopy with the FM4-64 fluorescent dye (Correia-de-Sa et al., 2013;
Noronha-Matos et al., 2011; Noronha-Matos and Correia-de-Sa, 2014).
For comparison purposes, we also performed nerve-evoked myographic
recordings under the same experimental conditions to assess the sig-
nificance of the presynaptic action of CTX and its CB subunit to es-
tablishment of the neuromuscular paralysis.

2. Materials and methods
2.1. Toxins and drugs

CTX and its basic subunit (CB) were purified from Crotalus durissus
terrificus venom by molecular exclusion and reverse phase (RP) high
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performance liquid chromatography (HPLC) (AKTA Purifier system, GE
Healthcare), respectively. The procedure used to fractionate CTX and
CB subunit was similar to previous studies (Oliveira et al., 2002;
Hernandez-Oliveira et al., 2005).

Radiolabeled [methy1-3H] choline chloride (ethanol solution,
80.6 Cimmol~!) and the scintillation cocktail (Insta-gel Plus) were
obtained from Perkin Elmer (Boston, USA). N-(3-triethylammonium-
propyl)-4-(6-(4-(diethylamino)phenyl) hexatrienyl) pyridinium di-
bromide (FM4-64) and tetramethylrhodamine-conjugated a-bungar-
otoxin were purchased from ThermoFisher Scientific (Waltham, MA,
USA). FM4-64 and tetramethylrhodamine-conjugated a-BTX were
made up in dimethylsulphoxide; a-bungarotoxin (a-BTX) used in vitro
to prevent muscle fiber contractions was made up in 400 uM stock so-
lution in water. All stock solutions were stored as frozen aliquots at
— 20 °C. Dilutions of these stock solutions were made daily and ap-
propriate solvent controls were done. No statistically significant dif-
ferences between control experiments, made in the absence or in the
presence of the solvents at the maximal concentrations used, were ob-
served. All other reagents were of analytical grade.

2.2. Animals

Mice (CD-1° IGS) were purchased from Charles River Laboratories
(Barcelona, Spain). We used sexually mature adult mice (8-10 weeks
old) of either sex with average weights of 37 + 1gand 31 = 1g
concerning males and females, respectively; no gender differences were
detected in preliminary experiments performed to test the sensitivity of
in vitro neuromuscular transmission to CTX and its CB subunit. Animals
were kept at a constant temperature (21 °C) and a regular light
(06:30-19:30 h) - dark (19:30-06:30 h) cycle with food and water ad
libitum. On the day of the experiment, the animals were killed after
stunning followed by exsanguination. Animal handling and experi-
ments followed the guidelines defined by the European Communities
Council Directive (86/609/EEC) and in accordance with the guidelines
prepared by the Committee on Care and Use of Laboratory Animal
Resources (National Research Council, USA). All animal studies comply
with the ARRIVE guidelines.

2.3. Myographic recordings

Phrenic nerve-diaphragm muscle preparations were isolated and
mounted vertically in a conventional isolated organ bath chamber
containing 15 mL of Ringer solution (mM): NaCl, 135; KCl, 5; MgCl,, 1;
CaCl,, 2; NaHCOs3, 15; Na,HPO,, 1; glucose, 11. This solution was
continuously gassed with 95% O, and 5% CO,. The preparation was
attached to an isometric force transducer (Grass, FT03, Quincy, MA,
USA) for recording the twitch tension. The transducer signal output was
amplified and recorded on a computer via a transducer signal condi-
tioner (Gould, 13-6615-50, USA) with an AcquireLab Data Acquisition
System (Gould, USA). Indirect contractions were evoked by supra-
maximal intensity pulses delivered via a Grass S88 K (Quincy, MA,
USA) stimulator and applied to the phrenic nerve by means of a suction
electrode. The preparations were equilibrated for 45 min at a resting
tension of 50 mN. During equilibrium, the phrenic nerve was stimulated
with supramaximal rectangular pulses (0.4 ms duration, 0.2 Hz fre-
quency) and stopped at the end of the period. After the equilibrium,
muscle twitches had an average amplitude of 20.4 +* 2.0 mM
(n = 35). Toxins were tested under two different experimental condi-
tions: 1) to evaluate the blocking activity of CTX or CB on nerve-evoked
muscle twitches delivered at 0.2 Hz frequency, each toxin was applied
to the bathing solution and their effects measured for 120 min; 2) the
blocking effects of CTX and CB were also tested on muscle contractions
evoked by stimulating the phrenic nerve three times with 5-Hz fre-
quency trains of 150 s each (0.4 ms pulse duration) starting at the 12th
(S1), 39th (S,) and 75th (S3) min after the end of the equilibrium (zero
time). CTX (5 pg/mL) or CB (20 pg/mL) were added 21 min after the
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Fig. 1. Nerve-evoked transmitter exocytosis measured by
video-microscopy using the FM4-64 fluorescent dye on
mice phrenic nerve-hemidiaphragm preparations. (A)
Show is an epifluorescence micrograph of a typical type II
motor endplate labelled with tetramethylrhodamine-con-

" jugated a-bungarotoxin (a-BTX-Rhod). (B) Schematic dia-

gram of the loading and unloading protocol with FM4-64

©
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end of the equilibrium period (zero time) and were present up to the
end of the experiment. Changes in the ratio between indirectly evoked
twitches during S, (Control: 18.7 = 2.9 mN, n = 4) or S; (Control:
18.4 = 2.8 mN, n = 4) compared to that observed in the absence of
CTX or CB (S;; Control: 19.6 + 3.3 mN, n = 4), were taken as a
measure of the toxin effect.

2.4. Evoked [PH]JACH release

The experiments were performed using either the left or the right
phrenic nerve-hemidiaphragm preparations (4-6 mm width). The pro-
cedures used for labelling the preparations and measuring evoked
[HJACh release were used as previously described (Wessler and
Kilbinger, 1986; Correia-de-Sa et al., 1991, 1996, 2013; Noronha-Matos
et al., 2011; Oliveira et al., 2015) with minor modifications. Briefly, the
preparations were superfused (3 mL/min) in 3-mL organ baths at 37 °C
with Tyrode's solution containing (mM) NaCl 137, KC1 2.7, CaCl, 1.8,
MgC1, 1, NaH,PO, 0.4, NaHCO3 11.9, glucose 11.2 and choline 0.001,
which was continuously gassed with 95% O, and 5% CO,. After a
30 min of equilibration period, the perfusion was stopped and the nerve
endings were labelled during 40 min with 1 pM [*H]choline (specific
activity 2.5 uCi/nmol) under electrical stimulation at 1 Hz with supra-
maximal rectangular pulses of 15V and 0.4 ms duration. After the end
of the labelling period, the preparations were again superfused (15 mL/
min) and the nerve stimulation stopped. From this time onwards,
hemicholinium-3 (10 uM) was present to prevent uptake of choline.
After a 56-min period of washout, the perfusion was stopped, and 1.4-
mL bath samples were collected every 3 min by emptying and refilling
the organ bath with the solution in use. Aliquots (400 uL) of the

10

incubation medium were added to 3.5 mL of Insta-gel Plus scintillator.
Tritium content of the samples was measured by liquid scintillation
spectrometry (Perkin Elmer TriCarb 2900TR; % tritium efficiency:
58 + 2%) after appropriate background subtraction, which did not
exceed 5% of the tritium content of the samples. The radioactivity was
expressed as disintegrations per minute per gram of wet weight of the
tissue (DPM/g), determined at the end of the experiment. After the
loading and washout periods, the preparation contained
(4867 + 156) x 10° DPM/ g and the resting release was
(123 + 14) x 10° DPM/g (n = 16). The fractional release was cal-
culated to be 2.05 + 0.08% of the radioactivity present in the tissue at
the first collected sample (see e.g. Oliveira et al., 2015).

The phrenic nerve was stimulated with an extracellular glass-pla-
tinum suction electrode placed near the first division branch of the
nerve trunk, to avoid direct contact with muscle fibres. 750 supra-
maximal-intensity rectangular pulses (0.04 ms duration, 8 mA) were
delivered at 5-Hz frequency. Pulses were generated by a stimulator
(Grass S48; Quincy, MA, USA) coupled to a stimulus isolation unit
(Grass SIU5, USA) operating in current constant mode.

The experimental protocol used to determine [®H]ACh release was
similar to the protocol 2 used in myographic recordings (see above).
That is, [PH]ACh release was evoked by three periods of electrical sti-
mulation of the phrenic nerve, starting at the 12th (S;), 39th (S») and
75th (S3) min after the end of washout (zero time). The evoked frac-
tional release of [°PH]ACh was calculated by subtracting baseline from
the total fractional release during the stimulation period (Correia-de-Sa
et al., 1991; Oliveira et al., 2015), i.e. the ratio between the evoked
[*H]ACh release during S, or S3 and the evoked [H]ACh release during
S;. CTX (5 pg/mL) or CB (20 pg/mL) were added 21 min after the end
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of washout (zero time) and were present up to the end of the experi-
ment. The changes in the ratio between the evoked [PH]ACh release
during the stimulation periods S, or S; relative to that observed in
control situations (in the absence of test drugs S;) were taken as a
measure of the toxin effect.

2.5. Real-time video-microscopy using the FM4-64 fluorescent dye as a
measure of transmitter exocytosis

The procedures used for labelling nerve terminals and measuring
real-time exocytosis were those previously described (Noronha-Matos
et al., 2011; Correia-de-S4 et al., 2013; Noronha-Matos and Correia-de-
Sa, 2014) with minor modifications. We used the FM4-64 fluorescent
dye, focusing our attention on real-time nerve-evoked transmitter
exocytosis from a subset of synaptic vesicles (defined as the high-
probability release pool or fast destaining pool), which are pre-
ferentially loaded following the first 5 s (250 action potentials) at 50 Hz
(Perissinotti et al., 2008; Noronha-Matos et al., 2011; Correia-de-Sa
et al., 2013). The preparations were mounted on the stage of an upright
epifluorescence microscope (Zeiss Axiophot, Oberkochen, Germany)
and thereafter incubated as for the release of [PH]ACh. After a 30 min
equilibration period, phrenic nerve-hemidiaphragm preparations were
incubated with a-BTX (4 uM, during 15-20 min) to prevent nerve-
evoked muscle fiber contractions that would otherwise complicate the
analysis of fluorescence signals under the microscope (Fig. 1B). a-BTX
irreversibly blocks muscle-type nicotinic ACh receptors containing al
subunits with no action on the nicotinic receptors present on motor
nerve terminals (Plomp et al., 1992; Faria et al., 2003). After a 10-min
incubation period with FM4-64 (5 uM) made up in Tyrode's solution,
loading of synaptic vesicles was achieved by stimulating the phrenic
nerve trunk with 250 pulses of supramaximal intensity (0.04 ms dura-
tion, 8 mA) applied at a frequency of 50 Hz, followed by an additional
10-min period of rest with the dye. To remove the excess of the dye
from the incubation fluid, a washout period was performed during
30 min (Fig. 1B). Fluorescence images were acquired using a 63 X/
0.90 n.a. water-immersion objective lens (Achroplan; Zeiss). After the
equilibration period, CTX (5 pg/mL) or CB (20 pg/mL) were added to
the incubation medium and remained in contact with preparations
through a closed automatic perfusion system (ValveLink8.2, Digitimer,
Welwyn Garden City, UK) connected to a fast solution heating device
(TC-344B, Harvard Apparatus, March-Hugstetten, Germany). The
phrenic nerve was stimulated (0.2 Hz, 0.5 ms duration, 30 pulses) im-
mediately before administration of CTX or CB and subsequently at 4,
20, 54 and 90 min. Pulses were generated by a Grass S48 (Quincy, MA,
USA) stimulator.

Fluorescence excitation light came from a XBO 75 W Xenon arc
lamp via a BP 546/12 nm excitation filter; fluorescence emission was
filtered with a LP 590 nm filter. Images were acquired in the real-time
mode with a high-resolution cooled CCD camera (CoolSnap HQ, Roper
Scientific Photometrics, Tucson, AZ, USA) connected to a computer
running a digital image acquisition software (MetaFluor 6.3; Molecular
Devices Inc., Sunnyvale, CA, USA). Exposure time was adjusted be-
tween 150 and 250 ms (binning was adjusted to 2-3 and gain to 1-2).
Regions of interest (terminal areas) of each motor endplate were
manually outlined and the average intensity of the pixels inside this
area was calculated. Background fluorescence was estimated from an
outlined region surrounding the motor endplate and from fluorescence
of non-stimulated motor endplate, which was then subtracted from the
average fluorescence measured at the interest motor endplate. The
corrected nerve terminal fluorescence values measured (in arbitrary
units, a.u.) before each stimulation period applied 0, 4, 20, 54 and
90 min after washing out the dye (Fig. 1B) decayed from 119 + 32,
101 = 29,72 + 21,62 + 14 to 40 = 9, respectively. To facilitate
comparisons between different preparations, fluorescence was mea-
sured as the percentage of the maximum dye load. Absolute fluores-
cence measurements were converted to a percentage of the maximum
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fluorescence detected after staining. The following equations were
used:

_ Fter(t) - Fbg(t)

R =
= ) = o) &)

R(t) was obtained dividing the terminal fluorescence (F,) by the
axon's fluorescence (F,,) at time t; the unspecific fluorescence (Fyg,
background) was subtracted for each point; during electrical stimula-
tion of the phrenic nerve, a significant decay of FM4-64 fluorescence
was observed from loaded synaptic vesicles inside nerve terminals, but
not in non-vesicular areas, like axons (see Fig. 1C).

R(t)

%F (1) = 100 X AR

(2)

F(t) is the absolute fluorescence at time t; RM*¥ is the absolute
fluorescence after maximum loading. Under these experimental condi-
tions, nerve-evoked FM4-64 intensity decay reflects synaptic vesicle
exocytosis at the nerve terminal (see Betz et al., 1992; Perissinotti et al.,
2008; Noronha-Matos et al., 2011; Correia-de-Sa et al., 2013). For
further details on the technique, please report to Noronha-Matos and
Correia-de-Sa (2014).

2.6. Fluorescence labelling of motor endplates with tetramethylrhodamine-
conjugated a-BTX

In order to identify regions of interest (ROI, nerve terminals), motor
endplates were labelled with tetramethylrhodamine-conjugated a-BTX
(1.25uM) for 30min and then washed in Tyrode's solution.
Observations were performed as previously described (Noronha-Matos
et al., 2011). The morphology of motor endplates subtypes recognized
by the labelling muscle-type nicotinic receptors were evaluated (see e.g.
Prakash et al., 1996). We focused on type II motor endplates (Fig. 1A),
since these are more easily identified due to their larger dimension
(14 = 1um? versus 10 + 2pum? for type I motor endplates).

2.7. Statistics

The data are expressed as mean *+ SEM from an n number of ex-
periments. Statistical analysis of data was carried out, using: 1) one-way
or two-way ANOVA, Bonferroni's multiple comparison test; 2) multiple
t-test, assuming same scatter (SD) per point, Bonferroni-Dunn method.
Values of p < 0.05 were considered to represent significant differ-
ences.

3. Results

3.1. Time course of the neuromuscular block produced by CTX and CB
during stimulation of the phrenic nerve with 0.2-Hz frequency

CTX caused a time- and concentration-dependent blockade of in-
directly evoked twitches (Fig. 2A). On average, the time required for
CTX to reduce the amplitude of nerve-evoked twitches by a half (t;,5)
was > 90 min when CTX was applied at 1 ug/mL (n = 7), but this time
decreased to 54.34 = 3.40 min (n = 5), 41.15 * 2.56 min (n = 8)
and 43.90 = 5.20 min (n = 4) when concentrations of 5, 10 and
20 pg/mL were used, respectively. Fig. 2A also shows that CTX (5 pg/
mL) caused a slight increase in the amplitude of nerve-evoked muscle
twitches during the first 15 min of application, which was followed by a
progressive decline towards complete muscle paralysis verified 120 min
after starting toxin incubation; this gradual decline became significant
(p < 0.01) 45 min after exposure to the toxin (Fig. 2A). In order to
explore the biphasic effect CTX, the 5 ng/mL concentration was selected
to use in subsequent experiments. This concentration is 3-6 fold higher
the estimated blood concentrations (0.87-1.40 ug/mL) achieved by
intravenous administration of CTX at concentrations near the LDsq
(52-82 pug/Kg) to cause death by neuromuscular paralysis (Brazil et al.,
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Fig. 2. Effects of CTX (A) and its basic subunit, CB (B), on diaphragm muscle twitches
triggered by stimulation of the phrenic nerve with supramaximal intensity pulses deliv-
ered at 0.2 Hz frequency. Ordinates represent the percentage amplitude of twitches re-
lative to the initial control situation. Abscissa indicates the time (min) after CTX (1, 5, 10
and 20 pg/mL) or CB (20 pg/mL) application to the organ bath. The vertical bars
represent = SEM. °p < 0.01, p < 0.001 and %p < 0.0001 (two-way ANOVA followed
by Bonferroni's multiple comparison test) represent significant differences compared to
the control situation.

1966; Chang and Lee, 1977); these calculations took into consideration
a mouse average weight of 30 g and a total blood volume of 6% of the
body weight.

Isolated CB (20 pg/mL), the basic PLA, subunit of CTX, also caused
a progressive decline in the amplitude of nerve-evoked skeletal muscle
twitches (Fig. 2B), but this effect took a longer time (60 min) to became
significant (p < 0.001; Fig. 2B) compared to the effect of CTX
(Fig. 2A). Unlike CTX (5-20 pg/mL), CB (20 pg/mL) did not cause
complete muscle paralysis within the 120 min time-frame of our ex-
periments (Fig. 2B). CB (20 pg/mL) was less potent than the complete
venom toxin, CTX (20 ug/mL), which also includes the non-toxic CA
subunit. Under the present experimental conditions, CB (20 pg/mL)
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demanded a longer (p < 0.0001) time period (89.85 *+ 8.81 min,
n = 5) than CTX (20 ug/mL, 43.90 = 5.20 min, n = 4) to decrease by
a half the amplitude of nerve-evoked muscle twitches (Fig. 2A and B).

3.2. Effects of CTX and CB on transmitter exocytosis evoked by phrenic
nerve stimulation delivered at 0.2-Hz frequency

We used video-microscopy to monitor real-time transmitter exocy-
tosis from synaptic vesicles of phrenic motor nerve terminals loaded
with the FM4-64 fluorescent dye. Both, CTX (5 pg/mL, Fig. 3) and CB
(20 pg/ml, Fig. 4), caused biphasic effects on nerve-evoked transmitter
exocytosis visualized by the unloading (fluorescence destaining) of sy-
naptic vesicles containing the FM4-64 dye. CTX (5 pug/mL, Fig. 3) and
CB (20 ug/mL, Fig. 4) progressively increased (by about 30%) the rate
of FM4-64 destaining during 150 s of repetitive electrical nerve sti-
mulation (0.2 Hz-trains, 30 pulses); transient increases in transmitter
exocytosis were maximal 20 min after starting incubation with each
toxin and their effects only became significant (p < 0.05) 120 s after
initiating phrenic nerve stimulation. Transmitter release facilitation
caused by both CTX and CB declined thereafter, so that nerve-stimu-
lation evoked FM4-64 destaining was similar when comparing the
control situation with CTX (5 pg/mL, Fig. 3) or CB (20 ug/mL, Fig. 4)
incubated for 54 min. Full decline of transmitter exocytosis detected as
an absence of FM4-64 destaining during repetitive electrical stimula-
tion of phrenic nerve was only observed 90 min after starting incuba-
tion with CTX (5 pg/mL, Fig. 3) and CB (20 pg/mL, Fig. 4); under these
conditions, CTX (5 pg/mL, Fig. 3) and CB (20 pg/mL, Fig. 4) reduced
the FM4-64 fluorescence decay at the nerve terminal region by
97 + 9% and 92 * 7%, respectively, 150 s after starting the phrenic
nerve stimulation. It is worth to note that immediately before the onset
of stimulation periods (0, 4, 20, 54 and 90 min), each motor nerve
terminal still exhibited FM4-64 fluorescently loaded synaptic vesicles
(see Materials and methods), strengthening our contention that CTX
and CB directly interfere with transmitter exocytosis.

3.3. Effects of CTX and CB on [PH]JACh release and myographic recordings
caused by phrenic nerve stimulation with 5-Hz frequency trains

Fig. 5A shows that CTX (5 pg/mL) and CB (20 pg/mL) time-depen-
dently decreased [H]ACh release from phrenic nerve terminals sti-
mulated supramaximally with 5-Hz trains. In control conditions the S,/
S; and Ss3/S; ratios were 0.83 * 0.05 (n = 6) and 0.84 *+ 0.06
(n = 6), respectively. Pre-incubation with CTX (5 pg/mL) or CB (20 ug/
mL), applied for 18 min before S,, did not significantly (p > 0.05)
change the S,/S; ratio compared to the control situation (Fig. 5A, left
graph). However, the S3/S; ratio decreased to 0.33 + 0.04 (n = 5)
and 0.26 = 0.07 (n = 5) when innervated hemidiaphragm prepara-
tions were exposed during 54 min with CTX (5 ug/mL) and CB (20 ug/
mL), respectively (Fig. 5A, right graph). These results indicate that both
toxins reduced the release of [?H]ACh from stimulated phrenic nerve
endings by about 60-70%.

These radiochemical experiments were compared with myographic
recordings using the same paradigm to stimulate the phrenic nerve
(Fig. 5B). In control conditions, the amplitude of nerve-evoked muscle
twitches induced by 5-Hz stimulation trains did not change significantly
with time, i.e. the S,/S; and S3/S; ratios were 0.95 + 0.02 (n = 4) and
0.95 = 0.03 (n = 4), respectively. Pre-incubation with CTX (5 pg/mL,
for 18 min before the S,) caused a small increase in the S,/S; ratio
(1.04 = 0.02, n = 4) compared to the control situation (Fig. 5B, left
graph). This situation was totally reversed by prolonging to 54 min the
exposure time period of the preparations to CTX (5 pg/mL); under these
conditions, CTX (5 pug/mL) decreased by 40% (p < 0.05) the ampli-
tude of muscle twitches accounting for a reduction of the S3/S; ratio to
0.56 = 0.11 (n = 4) (Fig. 5B, right graph). The CB subunit (20 pg/mL)
failed to affect (p > 0.05) the amplitude of skeletal muscle twitches
evoked by phrenic nerve stimulation with 5-Hz frequency trains, i.e. the
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Fig. 3. Nerve-evoked transmitter exocytosis measured by video-microscopy using the FM4-64 fluorescent dye on mice hemidiaphragm preparations exposed to CTX for 0, 4, 20, 54 and
90 min. Graphs show the FM4-64 decay during electrical stimulation of the phrenic nerve (0.2 Hz, 0.5 ms, 30 pulses) in the absence (control) and in the presence of CTX (5 pg/mL).
Vertical dashed lines represent the beginning and the end of the stimulation period. Fluorescence decay is expressed as a percentage of maximal dye loading considering that 100% is the
fluorescence intensity at zero time. n represents the number of independent experiments. The vertical bars represent + SEM. p < 0.05, > < 0.01 and p < 0.001 (multiple t-test
assuming the same scatter per point, Bonferroni-Dunn method) represent significant differences compared to the control situation.

S»/S; and S3/S; ratios observed in the presence of CB (20 pug/mL) were
0.97 = 0.01 (n = 4) and 0.84 = 0.05 (n = 4) when the preparations
were exposed to the toxin for 18 and 54 min, respectively (Fig. 5B).

4. Discussion

The neurotoxic activity of CTX from Crotalus durissus terrificus
venom has been attributed mainly to the inhibition of neurotransmitter
release by motor nerve terminals (Chang and Lee, 1977; Hawgood and
Smith, 1977; Hawgood and Santana de Sa, 1979; Su and Chang, 1984).
Notwithstanding this, a postsynaptic action on muscle-type nicotinic
receptors has also been ascribed to this toxin (Brazil et al., 1966, 2000;
Bon et al., 1979). In this study, we investigated the presynaptic activity
of CTX and of its isolated basic PLA, subunit, CB, on mice phrenic nerve
diaphragm preparations by real-time fluorescence video-microscopy
and radiolabelled ACh release techniques. These approaches allowed us
to investigate the influence of both CTX and CB on transmitter exocy-
tosis without the influence of the postsynaptic component, which
constitutes an add-on to the results obtained previously using electro-
physiology recordings with sharp microelectrodes relying on muscle

action potentials generation in conditions where the safety margin of
the neuromuscular transmission was necessarily decreased. The kinetics
of toxin-induced neuromuscular blockade was also investigated mea-
suring the amplitude of evoked myographic contractions using two
different neurostimulation patterns, 0.2 Hz twitches and 5 Hz trains,
respectively.

Nerve-evoked myographic recordings showed that CTX, applied in a
concentration (5 ug/mL) that is 3-6 fold higher the estimated blood
concentration of an intravenous LDs( of the toxin (Brazil et al., 1966;
Chang and Lee, 1977), caused muscle paralysis 90 min after exposure of
the preparations when the phrenic nerve was stimulated with supra-
maximal pulses delivered at 0.2-Hz frequency. The time course of
muscle paralysis caused by CTX (5 pg/mL) was not much different from
that obtained with higher toxin concentrations (up to 20 pug/mL). In-
terestingly, CTX (5 ug/mL) increased (by < 10%) the amplitude of
muscle twitches compared to the control situation and this was ob-
served within the first 15-min of toxin incubation. In view of its po-
tency, we thought that 5 pug/mL would be the most appropriate con-
centration of CTX to use in our study. Regarding CB, the basic PLA,
subunit, a higher concentration (20 ug/mL) was needed in order to
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Fig. 4. Nerve-evoked transmitter exocytosis measured by video-microscopy using the FM4-64 fluorescent dye in mice hemi-diaphragm preparations exposed to CB for 0, 4, 20, 54 and
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assuming the same scatter per point, Bonferroni-Dunn method) represent significant differences compared to the control situation.

obtain a comparable neuromuscular blocking effect to CTX (5 pg/mL).
This may happen because in the absence of its CA chaperone, CB tends
to bind to non-specific sites, which decreases its effectiveness (Bon
et al., 1979; Délot and Bon, 1993). Another possible explanation may be
that CB, in the absence of its chaperone CA, binds preferentially to the
presynaptic nerve terminal lacking the postsynaptic blocking compo-
nent required to increase its paralytic potency on nerve-evoked muscle
twitches. This hypothesis will be discussed in the following paragraphs.

The biphasic effect of CTX (5 ug/mL) was confirmed by real-time
video-microscopy using the FM4-64 fluorescent dye to measure trans-
mitter exocytosis from mice isolated hemidiaphragm preparations sti-
mulated indirectly via the phrenic nerve trunk at 0.2-Hz frequency. The
isolated CB (20 pg/mL) subunit reproduced the biphasic effect of CTX
(5 pg/mL) on evoked transmitter release. Both CTX (5 ug/mL) and CB
(20 pg/mL) increased transmitter exocytosis during the first 20 min of
application, but release facilitation declined thereafter and nerve-
evoked transmitter release was abolished 90 min after starting appli-
cation of the toxins. These findings are in agreement with previous
electrophysiological studies showing complex initial transitory effects
of both CTX and CB on the nerve-evoked quantal release of ACh; both
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depression and/or facilitation may occur depending on the experi-
mental conditions, yet regardless of the initial events endplate poten-
tials (EPPs) eventually become fully depressed (Brazil and Excell, 1971;
Chang and Lee, 1977; Hawgood and Santana de Sa, 1979; Chang and
Su, 1982; Su and Chang, 1984). Although electrophysiological studies
have been crucial to demonstrate the presynaptic effect of CTX and CB,
they are based on indirect evaluations of neurotransmitter release
through the depolarization caused by ACh released at the motor end-
plate. In order to make an accurate estimate of EPPs, the muscle fiber
action potentials must be abolished and the experimental procedures
used with this aim often interfere with the transmitter release process
(Wood and Slater, 2001; Faria et al., 2003). Therefore, it is noteworthy
that the real-time video microscopy technique used in this study has
certain advantages upon the electrophysiological methods since it
permits the direct observation of the neurotransmitter exocytosis pro-
cess and it does not rely on the function of the postsynaptic muscle
membrane. Hence, the present study shows, for the first time, the effect
of CTX and of its basic PLA, subunit, CB, directly on the kinetics of
transmitter exocytosis under conditions of transmitter release closer to
the physiological ones (see below).
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Fig. 5. Effects of CTX (5 pg/mL) and CB (20 pug/mL) on: (A) [°H]ACh release and (B) diaphragm muscle twitches elicited by phrenic nerve stimulation with supramaximal intensity pulses
delivered with 5-Hz trains during 2.5 min (750 pulses). Three periods of electrical stimulation, starting at the 12th (S;), 39th (S,) and 75th (S3) min after the end of washout (zero time),
were delivered to the phrenic nerve trunk. Changes in the ratio between nerve-evoked [*H]ACh release or muscle twitches during S, and S5 relative to that observed in control conditions,
i.e. in the absence of test drugs (S;), were taken as a measure of the effects of the toxin. The white bars represent S,/S; and S3/S; ratios obtained in the absence of toxins. Results are

expressed as mean *
groups.

Despite the molecular mechanism underlying the presynaptic effect
of CTX is poorly understood, the initial transmitter release facilitation
has been attributed to the blockade of slowly activating K* channels on
motor nerve endings, which may prolong the action potential duration
and, thereby, increase the influx of Ca®* through voltage-sensitive
channels (Dreyer and Penner, 1987; Rowan and Harvey, 1988). As a
consequence, Ca®>* influx may promote activation of SNARE proteins
favouring the fusion probability of synaptic vesicles with the plasma
membrane and, thereby, the transmitter exocytosis. Supporting this
hypothesis, recently Lomeo et al. (2014) showed the involvement of
Ca’?* in the facilitatory effect of CTX on transmitter release in
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SEM. p < 0.05,°p < 0.01 and %p < 0.0001 (one-way ANOVA followed by Bonferroni's multiple comparison test) represent significant differences among the

glutamatergic synapses. It is clear that the early facilitatory phase of the
CTX effect on transmitter release is not mediated by an enzymatic ac-
tivity, since inhibition of PLA, activity by reducing the temperature,
removal of calcium from the extracellular medium and its replacement
by strontium were not able to abolish this transient facilitatory phase
(Su and Chang, 1984; Rowan and Harvey, 1988; Chang and Lee, 1977;
Chang et al., 1977). Thus, although we have shown that CB also pro-
motes a transitory increase of transmitter exocytosis, one may argue
that the mechanisms involved in the facilitatory effects of both CTX and
CB are independent of the PLA, activity. Conversely, the enzymatic
activity has been associated with the inhibitory presynaptic effect of
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CTX, since it was prevented in experimental conditions designed to
inhibit PLA, activity (Hawgood and Smith, 1977; Chang and Lee, 1977;
Trivedi et al., 1989). In agreement with this hypothesis, we showed that
both CTX and CB caused a final decline of ACh exocytosis. Notwith-
standing the fact that intrinsic PLA, activity of CTX may be necessary
for the paralytic action of the toxin, other factors might be involved in
the dynamics of the neuromuscular blockage, because higher con-
centrations of the PLA, subunit, CB, were required to produce a similar
degree of effect.

Neurochemical studies and myographic recordings, performed
under the same experimental conditions, showed that CTX (5 pg/mL)
reduced by about 40% the amplitude of nerve-evoked muscle contrac-
tions, while decreasing by 60% the release of [*H]ACh triggered by 5-
Hz frequency stimulation trains. This discrepancy was exaggerated
when testing the effect of its basic subunit (CB) exhibiting PLA, activity.
CB (20 ug/mL) alone decreased [*H]ACh release from stimulated
phrenic nerve endings by a similar extent (69%) as CTX (5 pg/mL), thus
supporting the theory that the inhibitory presynaptic action of the toxin
depends, in part, on its enzymatic activity. Despite the inhibitory ac-
tivity of CB (20 pug/mL) on nerve-evoked [®H]ACh release, it was unable
to block diaphragm muscle contractions triggered by 5-Hz frequency
stimulation trains, a situation that was different from the partial block
of the neuromuscular transmission detected during 0.2-Hz twitches.

At this point, it is important to note that the transmission of signals
from nerve to muscle is an extremely reliable process, occurring even
when the amount of transmitter released per nerve impulse declines
substantially, providing that nicotinic receptors at the motor endplate
are available to bind released ACh. This feature is mainly because the
neuromuscular junction has a high safety margin of synaptic trans-
mission, i.e. the amount of ACh released from stimulated motor nerve
terminals normally exceeds the amount of transmitter that is required
to bind to muscle-type nicotinic receptors and to excite muscle fibres
(reviewed in Wood and Slater, 2001). The output of neurotransmitter
from motor nerve terminals may be 4-fold greater than that necessary
to evoke a propagated response in every muscle fiber (Paton and Waud,
1967). This means that even if evoked transmitter release lowers by
approximately 70% of the control condition, the transmission of the
signal to the muscle still occurs in particular during high-frequency
neuronal firing such as that occurring in the course of the respiratory
drive to the diaphragm in non-anesthetized animals (e.g. Monteiro and
Ribeiro, 1987; discussed in Correia-de-Sa et al., 1996; Oliveira et al.,
2004). Taking our results together, it appears that depression of
transmitter exocytosis caused by CTX is not enough, on its own, to
explain paralysis of skeletal muscle fibres in response to electrical sti-
mulation of motoneurons within their physiological firing range. Pre-
vious studies have shown that CTX depresses the response of dener-
vated rat diaphragm strips to ACh and, likewise, CTX irreversibly
inhibits electric responses of Electrophorus electricus electroplaques to
cholinergic agonists (Brazil, 1966; Bon et al., 1979). These authors
argued that besides its presynaptic inhibitory action, CTX acts post-
synaptically by stabilizing the nicotinic receptor conformation in its
desensitized form. This theory may explain why CB alone does not
promote muscle paralysis, despite having a similar pre-synaptic action
to CTX.

In conclusion, we gathered new evidence that CTX inhibitory pre-
synaptic action involves the participation of its basic subunit (CB) with
PLA, activity on neurotransmitter exocytosis. One may also speculate
about the need for CB coupling to its chaperone, CA, in order to exert an
effect on postsynaptic nicotinic receptors, which seems to be mandatory
to increase the paralytic potency of the CTX heterodimer (cf. Bon et al.,
1979; Délot and Bon, 1993). While we understand that the detailed
mechanism of action of both CTX and its enzymatic component, CB,
remains elusive, important advances on how this toxin complex affects
neuromuscular transmission has been achieved with the present study.
Notwithstanding the need for better understanding of the biological
activity of this toxin in order to improve the treatment of snakebite
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accidents, data from this study may also be valuable to provide new
research tools and therapeutic targets for neuromuscular transmission
disorders.
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