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Introduction

Summary

The research described here is focused upon studying the activation of mice
peritoneal macrophages when submitted to in vitro effects of Tityus serrulatus
scorpion venom and its major toxic peptides. Several functional events were
analysed, such as: cytotoxicity, spreading, extent of phagocytosis, vacuole
formation and changes of internal calcium concentration. Among the main
results observed, when macrophages are subjected to the effects of soluble
venom of Tityus serrulatus scorpion venom, a partially purified fraction (FII)
or a pure toxin (Ts1), are an increment in the percentage of phagocytosis and
vacuole formation, a decrement of the spreading ability, accompanied by
oscillations of internal calcium concentration. The net results demonstrate
that scorpion venom or its major toxins are effective stimulators of macroph-
age activity; the effect of whole soluble venom or partially purified fractions is
due to the toxic peptides, seen here clearly with Ts1. The possible involvement
of Na*-channels in these events is discussed. A basic understanding of the
underlying molecular mechanisms responsible for macrophage activation
should serve as a foundation for novel drug development aimed at modulat-
ing macrophage activity.
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vacuole formation

Although the effects of TSV venom on the immune
response have been studied in vivo [10,11] and in vitro

It is known that animal venoms contain different compo-
nents capable of affecting the immune system. For example,
they can cause an inflammatory response syndrome [1-4].
Macrophages are highly specialized cells that ingest and
sequester a wide variety of foreign bodies and cell debris;
however, the exact cellular mechanism by which they engulf
such particles is incompletely known. These cells play an
important role in the immune response and in the host
defence system.

In Brazil the scorpion Tityus serrulatus (TSV) is consid-
ered one of the most dangerous species to humans and is
responsible for many clinical cases of envenomation in the
southeast region of this country (reviewed in [5]). Its venom
exhibits a wide range of biological properties due to the
presence of toxic peptides that affect excitable and non-
excitable tissues (reviewed in [6]). Earlier publications have
reported the effects on the peripheral nervous system, where
they enhance the release of neurotransmitters [7], but
specific effects have also been described on the gating
mechanism of ion-channels, such as Na*-channels [8,9].
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[12-14], there is little information on the effects of TSV on
the macrophage-related host defence system. To elucidate
the effect of TSV and its major toxic fraction (FII), as well as
that of a pure toxin (Tsl) in this system, macrophage
activation was measured using four different parameters:
phagocytic activity, cellular spreading, vacuole formation
and intracellular calcium concentration.

When macrophages contact a foreign agent or sense a
particular stimulus, they might become activated and this
process occurs by different pathways [15-17]. Mediators are
synthesized or their relative concentration modified, causing
abnormal cellular functions [18,19]. With respect to their
heterogeneity, macrophages respond to a series of down- and
up-regulation of several cellular processes [20]. As described
recently, several agents have been used to promote macroph-
age activation. This includes the use of lipopolysaccharide
(LPS) [21], snake venom [2,3,22] and scorpion venom
[12-14]. Treatment of macrophages with a variety of chemi-
cal compounds can lead to the formation of many vacuoles
into the cytoplasm [23,24]. The fusion of the lysosomal
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compartment with vacuoles containing these compounds is
a fundamental mechanism by which macrophage can kill
microbes [23,24]. Phagocytosis [25], vacuolization of the
cytoplasm and fusion with endosomes and lysosomes are
among the morphological changes that can be observed
[26-28].

Several of the events mentioned in the above section are
regulated (activated or inhibited) by the presence of calcium,
an important second messenger of cells. Oscillations on the
level of calcium are important factors in the regulation of
cellular viability and proper function of all internal processes
taking place inside cells.

This study was designed to compare the effect of the
soluble venom from T. serrulatus, an enriched toxic fraction
(FIL, containing several peptides) and the major pure toxin
(Ts1) on macrophage activation in vitro. The effects of these
toxins on internal calcium concentration were studied using
confocal microscopy. The fluorophore (FLUO3) was used
for the determination of the internal calcium variations.
Because Tsl was shown to be the most active agent that
causes the events observed, and as it is known that Ts1 modi-
fies the gating mechanism of Na*-channels, the involvement
of Na*-channels in the activation mechanisms of macroph-
ages is thought to be possibly involved.

Materials and methods

Chemical reagents and buffers

Fetal calf serum (FCS), RPMI-1640 medium, horseradish
peroxidase and LPS serotype 0111:B4 were purchased from
Sigma (St Louis, MO, USA). FLUO3 was obtained from
Molecular Probes, now Invitrogen (Carlsbad, CA, USA).

Scorpion venom and toxin purification

The venom from the scorpion T. serrulatus (TSV) was a gift
from the Instituto Butantan, Sao Paulo, Brazil. The venom
was fractionated essentially as described by Possani et al.
[29]. Three different venom preparations were used for the
present work: the whole soluble venom, the Sephadex G-50
fraction II (FII) and the pure toxin Tsl. A short description
of the procedures used can also be found in our previous
publication [14].

Animals

BALB/c female mice (15-20 g) maintained in the Animal
House Facilities of our Institute of Biotechnology were used
throughout the study to obtain the peritoneal macrophages.
Mice were handled and used according to the animal welfare
committee of the Autonomous University of the State of
Morelos, and conform to the rules of the International
Society on Toxicology guidelines (see Toxicon 30: 1-12,
1992).

Stimulation of mice peritoneal macrophages

Groups of mice from BALB/c were killed and their cells were
harvested by peritoneal lavage [30]. The isolation and prepa-
ration of the in vitro culture of macrophages have been
described in our previous publication [14]. These cells were
exposed to 50 pg/ml of soluble TSV, or FII and/or Tsl in
RPMI-1640 containing 10% FCS and incubated at 37°C in a
humidified atmosphere of 5% carbon dioxide (CO,) for
various time-intervals. The various parameters studied and
reported here with these macrophages are described below.

Cytotoxicity assay

Macrophage cells maintained in RPMI-1640 medium
supplemented with 10% FCS seeded at 1 x 10° cells/ml on to
96-well plates, control and/or treated cells with 50 pg/ml of
soluble TSV, or FII and/or Ts1 were incubated at 37°C in a
5% CO, atmosphere. After different incubation times, the
supernatants were removed and the remaining living cells
assessed by fixing and staining with crystal violet (0-2% in
20% methanol). Absorbance was measured in each well by
reading at 620 nm in a microplate reader. Cytotoxicity was
calculated according to Ruff and Gifford [31] and the cell
viability is reported.

Functional status assays

Phagocytosis assays. Binding and phagocytosis of yeast were
analysed in vitro after the addition of fresh FCS, as described
by Zebedee et al. [32]. Briefly, 1 X 10° cells/ml were seeded in
triplicate on 24-well tissue culture plates containing slides
and cultured in RPMI-1640 plus 10% FCS. After incubating
at 37°C for 2 h in humidified 5% CO,, cells slides were rinsed
in normal saline to remove non-adherent cells. One group of
the adherent cells was exposed to 50 pg/ml of soluble TSV, or
FII and/or Ts1. Another group of adherent cells were exposed
to 5 ug/ml of LPS. After various intervals, opsonized yeasts,
at an effector-to-target ratio of 1:5, were added to macroph-
age cultures for varying periods of time at 37°C. Unattached
yeasts were removed by washing wells three times with
phosphate-buffered saline (PBS). The media were aspirated
and the cells were fixed with methanol for 20 min at room
temperature and washed three times with PBS and stained
with safranine for 40 s. The fixed slides were mounted with
coverslips and were then examined using a microscope
at 40 X magnification. Three coverslips per experimental
condition were used to determine the percentage of phago-
cytic cells. The percentage was determined by counting the
number of macrophages with internalized yeast.

Spreading. The macrophage-spreading assays were per-
formed as described previously by Arruda et al. [33]. Briefly,
1% 10° cells/ml were seeded in triplicate on 24-well plates
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containing slides to assess cell adhesion and cultured in
RPMI-1640 plus 10% FCS. After incubation at 37°C for 2 h
in humidified 5% CO,, cells slides were rinsed in normal
saline to remove non-adherent cells. The adherent cells were
exposed to 50 pg/ml of soluble TSV, or FII and/or Ts1. After
different time-periods, the cells were fixed with methanol
and then stained with crystal violet for 1 min. Slides were
mounted with coverslips and examined by light microscopy
at 40 X magnification. Spread cells from three different areas
of each of the triplicate wells were counted after being incu-
bated with TSV, FII or Tsl and reported as the percentage
over the total number of cells examined.

Vacuolization assay. Peritoneal macrophages were obtained
and maintained as described above. For the vacuolization
assay the macrophages were incubated with the RPMI-1640
medium supplemented with 5% FCS and 1 mM/ml NH,Cl
[34] and exposed to 50 pg/ml TSV, FII or Tsl. The plates
were incubated for different time-periods at 37°C with 5%
CO:.. For detection of vacuole formation more than 100 cells
were inspected with an inverted microscope at 40 X magni-
fication and the cell cultures were stained with 0-05% neutral
red solution for 5 min. The cells were washed with PBS
containing 0-2% bovine serum albumin (BSA), 70% ethanol
and 0-37% hydrochloric acid (HCIl). The percentage of
vacuolated cells was determined by counting the number
of macrophages vacuolated.

Cell labelling and intracellular calcium measurements

Macrophages were extracted and cultivated as described
above, using 12 mm round cover glasses. Once the adherent
macrophages were obtained, normal culture media were
substituted with RMI-1640 media supplemented with 10%
FCS, 10 uM FLUO3-AM (cell permeant 1 mM dimethyl-
sulphoxide (DMSO) solution molecular probes cat no.
F-14218), 0:01% Pluronic F-127 (molecular probes cat. no.
P-6866) and incubated for 30 min at 37°C in a humidified
5% CO,. After incubation with FLUO3 cells were washed
four times with RMI-1640 media supplemented with 10%
FCS medium and were ready for intracellular Ca** concen-
tration measurements.

Data acquisition was performed using a Zeiss LSM 510
META confocal microscope. Cells were transferred to a
recording/perfusion chamber (Warner instruments cat. no.
RC-25, Hamden, CT, USA); the cell culture media were sub-
stituted with PBS. Macrophages were then exposed to the
venom or toxins in PBS, and all subsequent measurements
were conducted in the presence of the venom or toxins in
PBS at the final concentrations described above. Intracellular
Ca’ concentration was measured using the 488 nm line of an
argon laser and emission was recorded using a long-pass
505 nm filter; normal transmitted light images (Nomarsky
interference) were recorded simultaneously using a second
photomultiplier. Images were captured every minute with a

Calcium oscillations in macrophage induced by scorpion toxins

resolution of 1024 x 1024 pixels in an 8-bit greyscale (256
shades of grey).

Fluorescence quantitation was performed using the public
domain image analysis software suite Image] version 1-33u
(Wayne Rasband, National Institutes of Health; http//
rsb.info.nih.gov/ij/javal.5.q_13). Briefly, average pixel inten-
sities were measured for 10 cells per experiment per frame
using circular marquees that matched closely each cell
diameter. Thus, the values reported are the results of simul-
taneous measurements using 10 cells per frame. An equiva-
lent area of the background was also measured per frame. In
order to reduce background noise due to vibration and other
possible factors, the background average pixel intensity was
subtracted from the cellular average pixel intensity for each
frame (corrected average cellular pixel intensity). All data
were normalized, using as reference the first frame of the
corrected average cellular pixel intensity of the control (no
toxin added) and the corrected average cellular pixel inten-
sity of the experimental conditions. Data are expressed as
arbitrary fluorescence units.

Statistical analyses

Data are expressed as the mean * standard deviation.
Statistical analyses were performed by Student’s t-test and
the level of significance was set at P < 0-05.

Results

Effect of venom and its major toxins on
macrophage viability

The effects of TSV, fraction FII, and pure toxin Tsl were
analysed and their cytotoxicity was measured. Groups of
mice were used for macrophage collection, which were then
exposed in vitro to 50 pg/ml of soluble venom and its major
toxins and incubated under the same conditions for different
time-periods. All macrophages culture exposed to the acti-
vating agents from 12 up to 120 h presented around 5%
of lyses. That is, cell survival is high, as can be observed
in Fig. 1.

Effect of TSV and its major toxins on functional status
of macrophages

To evaluate the functional status of mouse macrophages,
independent cultures were exposed to 50 pg/ml TSV, FII and
Ts1 and compared with those exposed to LPS. A group of
non-treated cells was conducted in parallel as control. The
percentage of two parameters were measured: phagocytosis
and spreading.

Phagocytosis. The percentage of macrophages with internal-
ized yeast is shown in Fig. 2. The internalized yeast also
began to appear in control macrophages on macrophages
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Fig. 1. Effect of crude venom and its major toxins on macrophage
viability. Groups of BALB/c female mice were killed and their
peritoneal macrophages collected and divided into three groups: (a)
non-treated cells (black diamonds), (b) macrophages exposed to

5 ug/ml of lipopolysaccharide (LPS) (white squares) and (c)
macrophage cultures exposed to 50 pg/ml of Tityus serrulatus (TSV)
(black squares), partially purified fraction (FII) (white circles) or a
pure toxin (Ts1) (black circles). After different times of incubation of
the cultured peritoneal macrophages, the survival percentage was
measured. Each point represents the mean value of samples from four
experiments in different groups of five mice. Statistical differences
between the treatments were P < 0-05.

40 - —— Non-treated cells
TS

o —.—
¢ 30+ Y~ . FI
2 ——Ts1
20+ _p— 2
S —— 3
©
c 10
o

0 1 1 1 1 ) L ] L 1

025051 2 4 510 1525 49
Time after exposure (h)

Fig. 2. Percentage of phagocytosis. Peritoneal macrophages were
obtained and seeded in tissue culture plates containing coverslips, and
stimulated in vitro with 50 pug/ml of soluble Tityus serrulatus (TSV),
partially purified fraction (FII) or pure toxin (Ts1) or 5 pug/ml of
lipopolysaccharide (LPS), as described in Material and methods.
Three coverslips per experimental condition were used to determine
the percentage of phagocytic cells. Each point represents the

mean * standard deviation value of samples from four experiments
carried out on different groups each consisting of five mice. Statistical
differences between the expositions were P < 0-001.

exposed to soluble venom and its major toxins 15 min after
treatment. The groups of macrophages exposed to TSV, FII,
Ts1 and LPS showed a significant increase in the phagocyto-
sis, as a function of exposure time up to 24 h (Fig. 2). For the
entire time-period the percentages of macrophages with
internalized yeast were similar among the groups of cells
exposed to venom and its toxins and significantly higher
(P <0-001) when compared with non-treated cells or sub-
jected to LPS (Fig. 2).

Spreading. The spreading test is based on the ability of acti-
vated macrophages to adhere to plastic and to spread. Up to

75% of normal macrophages, without any treatment, adhere
to the plate and appear to spread (Fig. 3). However, they do
not become activated. During the first 60 min of macro-
phages exposure to 50 pg/ml TSV, FII or Ts1 a smaller per-
centage of spreading was observed (approximately 50%),
compared with the untreated cells (Fig. 3); however, the
macrophages become clearly activated because there is an
increment in the percentage of phagocytosis (see Fig. 2).
These data are supported further by the results shown in
Figs4 and 5, where only the treated cells are higher
vacuolated. Among groups of macrophages exposed to
venom and its major toxins, the percentage of spreading was
practically identical to the LPS-activated macrophages.

Induction of vacuoles in TSV, FII or Ts1-stimulated
peritoneal macrophages. Normal morphological shape of a
given cell is usually taken as a good indication of the func-
tional state of the cell. It is known that drugs and/or
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Fig. 3. Percentage of spreading. Peritoneal macrophages were
obtained and seeded in tissue culture plates containing coverslips and
stimulated in vitro. Each point represents the mean * standard
deviation value of samples from four experiments carried out on
different groups each consisting of five mice. Statistical differences
between the treatments were P < 0-001.
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Fig. 4. Vacuole formation. Macrophages were obtained and exposed
to Tityus serrulatus (TSV), partially purified fraction (FII) or pure
toxin (Ts1), as described previously. Vacuoles formation was observed
2 h after exposition. The cells were stained and examined by light
microscopy at 40 X magnification. Symbols are as follows: non-treated
cells (diamonds), lipopolysaccharide (LPS) (open squares), TSV
(closed squares), FII (closed circles) and Ts1 (open circles).
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Fig. 5. Macrophage morphology and
vacuolization. (a) Untreated cells. Black
arrowheads show macrophages adhered and
spread but not activated; note the small amount
of vacuolization. (b) Macrophages exposed to
the effect of pure toxin (Ts1). Cells were
observed 2 h after addition of the toxin. Arrow
indicates a cell (upper insert) whose image was
enhanced to show the great number of vacuoles
produced; lower insert shows a macrophage 4 h
after Ts1 treatment. For both panels (a and b)
Normarsky images were obtained at 40X
magnification.

microorganisms, under certain circumstances, can modify
its morphology by an internal vacuolization process [35,36].

To determine whether scorpion venom and its major
toxins induced vacuoles in peritoneal macrophages, experi-
ments were conducted in the presence of 50 pg/ml of TSV,
FII and Ts1 observed up to 48 h exposure. The percentage
of vacuolization is shown in Fig. 4. The non-treated cells
and those treated with LPS show a slight degree of vacu-
olization (approximately 5%). Macrophages submitted to
venom and toxin treatment, however, showed a significant
increment (P<0-001) in the total number of vacuolated
cells (up to 80%). The vacuolization process begins after
15 min exposure to TSV or toxins. The kinetics is different
depending on the different agents used. For TSV- and FII-
treated macrophages the effect is higher up to the first
30 min. In contrast, the macrophages exposed to Tsl
showed a maximum effect after 4 h of the onset of the
experiment (approximately 90%). Two main morphological
features were observed: formation of large vacuoles (see
Fig. 5) and modification of the round shape of macroph-
ages and spreading. Figure 5a shows non-treated cells. The
picture was taken 2 h after macrophage treatment, because
it corresponds to the half-time (50%) needed for maximal
vacualization. In Fig. 5b we can observe vacuolated mac-
rophage; the inset (upper cell) shows the same cell indi-
cated by the arrow, with higher magnification and contrast,
whereas the bottom picture shows another cell 4 h after
treatment. TSV and FII have a maximum at shorter time
(from 15 to 30 min), whereas Tsl have a maximum at 4 h
(see inset bottom cell). At 2 h after the onset of the experi-
ment all treated conditions have approximately the same
value of vacuolization.

Calcium oscillations in macrophage induced by scorpion toxins

Intracellular calcium oscillations

Exposure of the macrophages to FII and Tsl induces
oscillations of intracellular Ca** that has a period of about
20 min. The effect of the toxins is very rapid and also induces
morphological changes. The macrophages contract when the
amount of intracellular Ca** is high and relax when it reaches
a minimum level of the divalent cation, but the macrophages
never detach from the substrate. After a contraction/
relaxation cycle the macrophages tend to become rounder
(Figs 6 and 7). As mentioned previously, the amount of
vacuolization grows during the first hours of exposure
(Fig. 4) and, interestingly, the vacuoles become more refrin-
gent when the Ca® levels are high. The intracellular Ca*
appears clearly to be localized in defined domains of the
cytoplasm, in or near the places where more vacuoles are
localized. The effects of FII and Tsl are practically
indistinguishable. They induce Ca** cycles with the same
period and magnitude. It remains to be shown whether other
peptides present in FII also cause the same effect as Ts1.

Discussion

As mentioned in the introductory section, T. serrulatus is a
dangerous scorpion found in Southeast Brazil, where it is
responsible for most clinically important human accidents.
Its venom consists of a complex mixture of several toxins
that exhibit various biological activities. One of the most
important components of this venom is Ts1, initially called
toxin gamma, which is a 61 amino acid long peptide stabi-
lized by four disulphide bridges [37].Ts1 is the major com-
ponent of FII that can be separated by gel filtration through
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Fig. 6. Typical effect of Tityus serrulatus (TSV)
or toxins on macrophages. Time lapse
transmitted light images (Normarsky
interference) exposed to TSV scorpion venom.
(a) Time 0; (b) 30 min; (c) 45 min after
addition of purified pure toxin (Ts1).
Intracellular Ca** concentration (FLUO3
fluorescence) of the same cells at the same
time-points (d, e, f). Note the increment and
decrement of the Ca’* signal and the changes in
macrophage morphology.

Sephadex G-50 [29]. The structure and function of highly
purified Tsl was performed. X-ray crystallographic data
show that it folds according to a af-cysteine stabilized
structural motif [38]. Electrophysiological experiments
conducted with Tsl show that its primary targets are
Na*-channels of excitable cells [8], where they cause an
anomalous depolarization; Na*-channels under the effect of
Ts1 open at more negative membrane potentials. This phar-
macological effect is described in the literature as a beta-
effect, found in many peptides from scorpion venom of the
genus Centruroides, in contrast to the alpha-effect found
initially in peptides isolated from scorpions of the genus
Androctonus (see review [39]). In earlier experiments
conducted by our group it was shown that Tsl activates
macrophages and stimulates the liberation of interleukins
(IL)-1a, IL-1b, IL-6 and tumour necrosis factor (TNF) (see
(14]).

In the present study the experiments were designed in
order to discern the functional status of macrophages
exposed to TSV, FII and pure Ts1. Application of this venom
and toxins at the concentration of 50 (g/ml to macrophages
in in vitro cell cultures showed that they have a very low
cytotoxic effect (Fig. 1). The macrophages survived reason-
ably well up to 120 h of culture. However, the application of
the venom and toxins modify the functional status of these
cells. Figures 2—4 show clearly that several parameters are
altered. Formation of vacuoles and phagocytic activity is
increased, compared with control samples (see example in
Fig. 5). It is known that macrophage activation results in the
increment of metabolic rates, stimulates the secretion of
growth factors, cytokines and inflammatory mediators
and enhances phagocytotic activity [22]. Administration of
venom and toxins increase macrophage activation, as shown
in Fig. 2. The macrophages exhibit different phenotypes
which are related mainly to their cell morphology, surface
antigen expression and function. Until now, a limited

number of data have been available concerning the morpho-
logical and biochemical aspects related to the cells activated
by TSV, FII and Ts1. This study shows that the soluble venom
and major toxins of T serrulatus causes morphological
changes in the shape of the macrophages. Some major
morphological changes were observed: formation of large
vacuoles (see Fig. 5), modification of the round shape and
spreading. Spreading of macrophages has been considered as
a marker of cellular activation and differentiation [40]. Here
it is shown that by venom and toxin exposure macrophages
decrease their ability to adhere and spread on coverslips, an
effect that was reduced significantly (P < 0-001).

Because similar effects were observed when assaying TSV
(soluble whole venom), FII (a subfraction with similar
molecular weight components) and Tsl (a highly purified
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Fig. 7. Calcium oscillation. Time-lapse quantitization of intracellular
Ca” concentration in macrophages treated with a partially purified
venom fraction (fraction II) and purified pure toxin (Ts1). Vehicle
control (phosphate-buffered saline): filled diamonds; FII: empty
squares; purified Ts1: filled triangles. Note that the addition of vehicle
lowers the intensity of the control at time 0 but it then becomes
considerably stable, compared with the intracellular Ca** fluctuations
observed in the toxin-treated cells.
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peptide), we can assume that most effects described here are
due to the action of this toxin (Ts1).

Because Ts1 causes an important morphological change of
the macrophages, and these are due to cytoskeleton reorga-
nization, it was assumed that the second messenger Ca**
could be implicated in this process. For this reason, in the
present work the measurement of variations on the level of
internal calcium was verified by means of the calcium sen-
sitive fluorophore FLUO3 using a real-time confocal imaging
system. As shown clearly in Fig. 6, there are obvious mor-
phological changes over time (0, 30 and 45 min after onset of
the experiment) that seem to correlate well with intracellular
calcium oscillations. This was demonstrated for macroph-
ages under the effect of FII and pure toxin Ts1. The action of
both agents is practically identical. Figure 7 shows the profile
of variations on internal calcium concentration as a function
of time. The plotted values are the mean fluorescence of
10 specific cells per frame analysed. A cyclic oscillation is
observed for macrophages intracellular Ca** concentration.
As it was demonstrated earlier that Ts1 shifts to more nega-
tive potential the opening of voltage-dependent Na* chan-
nels [8], it is assumed that these channels might be involved
in its molecular mechanism of action. The rationale behind
the series of events observed are thought to start by the
opening of Na*-channels at more negative potentials, which
causes depolarization of the macrophages, facilitating Ca**
entrance into the cells. In fact, there is a clear increment in
the levels of internal calcium, as shown in Fig. 6e. The pres-
ence of voltage-gated sodium channels (subtype Navl1-5) in
macrophages has been demonstrated recently by Carrithers
et al. [41]. Further evidence of the specificity of Ts1 in rec-
ognizing this subtype of channel was demonstrated a long
time ago by Renaud et al. [42], measuring the effect of Tsl
(at that time called toxin gamma of T. serrulautus) on the
tetrodotoxin-resistant Na* channel of mammalian cardiac
cells. It is now well known that Nav1-5 is one of the main
subtypes of Na*-channels in heart tissue (see also [8] for the
effect of Tsl in cardiac cells). Taken together, all this infor-
mation leaves little doubt that the main effect of Tsl in
macrophages begins by modifying Nav1-5 channel perme-
ability, thus impairing the ion-channel balance of these cells,
among which are Ca** ions. The level of calcium concentra-
tion is oscillatory, as shown in Fig. 7. Our data indicate that
the time—course of each oscillatory event is about 20 min. We
have observed these repetitive events for several hours.
However, the intracellular Ca** oscillations are likely to
induce permanent changes in the macrophage physiology.
The periodic uptake of Ca** by the mitochondria is likely to
induce apoptosis in the long term (for reviews see [43,44]).
This effect could be enhanced by the secretion of TNF, which
is known to be a powerful apoptosis-inducing factor, and it
was shown to be the case in our earlier in vitro study [14].
Furthermore, the overall energy balance of the macrophage
can be affected as a great deal of energy is used in the removal
of Ca** from the cytoplasm. The macrophage morphological

Calcium oscillations in macrophage induced by scorpion toxins

changes also correlate with Ca®* peaks and valleys in Fig. 7;
the vacuoles became more refringent and the cell seemed to
contract when Ca** was high, whereas when Ca** concentra-
tion was low the cells tended to become rounder. These
changes suggest massive reorganization of the cytoskeleton.

In conclusion, most of the events described here are due
very probably to toxins such as Ts1 present in this venom.
There is an additional point worth discussing: experimental
animals, including humans, stung by scorpions of the species
T. serrulatus might present severe physiological complica-
tions [45]. Depending upon the prompt application of sero-
therapy, the prognostic outcome of the intoxication process
can be overcome and the individual life can be saved.
However, if the time elapsed between the accident and the
therapeutic application of an efficient anti-venom is delayed
for more than 2h, the survival of the victim can be
compromised. We are confident that studies such the ones
reported here will help in understanding the molecular
events that follow the long-term effect of this kind of
envenomation. Here we have described some of the cellular
and molecular physiological events occurring with this
macrophage model. Additional experimentation with other
tissues should provide insights for more effective treatment
or for the development of new drugs useful in scorpion sting
therapy.
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