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Summary. Stings by Thalassophryne nattereri are responsible for enveno-
mation of fishermen in north-eastern Brazil. Its venom induces prominent local
tissue damage, characterized by pain, oedema and necrosis. The pathogen-
esis of acute muscle damage induced by T. nattereri venom was studied in
mice. Intramuscular injection induced myonecrosis within the first hours. Some
muscle cells presented a hypercontracted morphology, but most necrotic
fibres were not hypercontracted, being instead characterized by a disorgani-
zation of myofibrils, with Z line loss, mitochondrial swelling and sarcolemmal
disruption. In addition, thrombosis was observed histologically in venules and
veins, together with vascular congestion and stasis, evidenced by intravital
microscopy. Venom induced a rapid increment in serum creatine kinase (CK)
levels, concomitant with a reduction in gastrocnemius muscle CK activity,
whereas no increments in muscle lactic acid were detected. A rapid cytolytic
effect was induced by the venom on C2C12 murine myoblasts in culture. The
inflammatory reaction in affected muscle was characterized by oedema and
scarce cellular infiltrate of polymorphonuclear leucocytes and macrophages,
with a consequent delay in the removal of necrotic material. Skeletal muscle
regeneration was partially impaired, as evidenced by the presence of
regenerating fibres of variable size and by the increase of fibrotic tissue in
endomysium and perimysium. It is suggested that T. nattereri venom affects
muscle fibres by a direct cytotoxic effect, and that the vascular alterations
described preclude a successful regenerative process.
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Necrosis of skeletal muscle occurs in a variety of
diseases such as muscular dystrophy (Mokri & Engel
1975; Hoffman et al. 1987), infections by Clostridum
perfringens (Stevens et al. 1997), ischemia (Karpati et al.
1974) and envenomations associated with snakebites
(Azevedo-Marques et al. 1985; Harris & Cullen 1990)
and bee stings (Franca et al. 1994), among others.
Snake venoms and toxins have become useful tools to
develop experimental models of muscle degeneration
and regeneration (Ownby 1990; Harris 1992; Gutiérrez
& Lomonte 1997), including local myonecrosis as well as
systemic myotoxicity associated with myoglobinuria
(Gopalakrishnakone et al. 1997). It is, however, neces-
sary to find new experimental models of acute muscle
damage that may help to elucidate the mechanisms
underlying basic degenerative and regenerative pro-
cesses in mammalian skeletal muscle. It is important to
develop models in which muscle cell injury occurs
concomitantly with thrombosis, since these two patho-
logical findings are present in a number of clinical
examples of muscle damage. Stings caused by the fish
Thalassophryne nattereri (niquim) are common on the
shores of north-eastern Brazil, affecting mainly fisher-
men. These small fish are found buried under the mud in
shallow waters. When people step on or grab them a
spine protrudes from the fish injecting a toxic secretion
produced by glands located at the base of the spine
(Lopes-Ferreira et al. 1998). T. nattereri venom induces
excruciating local pain, oedema and necrosis, observed
both clinically (Froes 1933; Auto 1992) and experiment-
ally (Lopes-Ferreria et al. 1998). Preliminary experi-
mental observations in mice indicate that T. nattereri
venom induces acute myonecrosis with histological
features distinct from those characterizing myonecrosis
caused by myotoxins isolated from snake venoms
(Lopes-Ferreira et al. 2000). This study was carried
out in order to describe the morphological and biochem-
ical aspects of muscle damage and regeneration after
experimental injections of T. nattereri venom, in order to
investigate the pathogenesis of local tissue damage in
this envenomation.

Materials and methods
Venom

Venom was obtained from specimens of T. nattereri
collected on the shores of Maceio, State of Alagoas,
Brazil. Venom was collected from the openings at the tip
of the spines by applying pressure at their bases. It was
lyophilized and kept at —20 °C until use. The batch of
venom used was a pool obtained from 30 specimens.

Plasma creatine kinase activity and histological and
ultrastructural studies

Groups of four Swiss-Webster mice (18—20 g body
weight) were injected intramuscularly in the right
gastrocnemius muscle with 100 g venom (dissolved
in 100 pL phosphate-buffered saline solution (PBS),
pH 7.2). Control mice received 100 pL PBS under
otherwise identical conditions. At various time intervals
(1 h, 3h, 6 h and 24 h) a blood sample was collected
from the tail into heparinized capillary tubes. The
creatine kinase (CK, EC 2.7.3.2) activity in plasma was
determined using the kit no. 520 from Sigma Chemical
Co. (St Louis, Missouri, USA). CK activity was
expressed in Units/mL, one unit resulting in the
phosphorylation of one nanomole of creatine per min
at 25°C. In some experiments, CK activity was
determined using the Sigma kit no. 47-UV. Immediately
after blood sampling, mice were sacrificed, the right
gastrocnemius muscle was dissected out, and tissue
samples were obtained from different areas. Besides the
time intervals described above, tissue samples for
histological studies were also collected at 30 min, 7,
14 and 28 days after envenomation. Samples were fixed
for 2 h in Karnovsky'’s fixative (2.5% glutaraldehyde, 2%
paraformaldehyde in 0.1 m phosphate buffer, pH 7.2).
Postfixation was performed for 1 h with 1% osmium
tetroxide in 0.1 m phosphate buffer, pH 7.2. Samples
were then dehydrated in ethanol and embedded in Spurr
resin (Moreira et al. 1992). Thick (1 wm) sections were
stained with toluidine blue for histological studies. Thin
sections were stained with uranyl acetate and lead
citrate, and observed on a H-7000 Hitachi electron
microscope at the Electron Microscopy Unit, University
of Costa Rica.

Quantification of wet weight and CK activity in muscle

Groups of five mice were injected with 100 g venom,
as described. After 3 h or one, seven and 28 days, mice
were sacrificed and both gastrocnemius muscles were
dissected out, weighed and immediately homogenized
in 5 mL of PBS containing 0.1% Triton X-100 and
centrifuged at 5000 X g. Supernatants were diluted
1:30 with PBS and the CK activity determined as
described above. Muscle CK content was expressed as
a percentage, taking as 100% the values of the left,
nonenvenomated gastrocnemius.

Quantification of lactic acid in muscle

Groups of four mice (18—20 g) were injected intramus-
cularly in the right gastrocnemius with 100 g venom,
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dissolved in 100 pL PBS. Control mice received 100 pL
PBS alone. At various time intervals (1 h, 3 h and 6 h)
mice were sacrificed and their injected muscles excised
and homogenized in 2 mL of distilled water. Then, 4 mL
of 10% trichloroacetic acid was added and, after mixing,
tubes were incubated 5 min at 4 °C. Immediately after-
wards, they were centrifuged at 2000 x g for 10 min and
the supernatants were collected and assayed for lactic
acid using the Sigma kit 826-UV.

Intravital microscopy

Male mice (18-22 g) were anaesthetized with an
intraperitoneal injection of sodium pentobarbital (2 mg/
100 g body weight), placed on a water-heated bed (at
37 °C), and the cremaster muscle was exposed
(Lomonte et al. 1994). Solutions containing various
amounts of venom, in 20 wL PBS, were applied onto the
exposed muscle and immediately covered with Mylar® to
prevent dehydration. Control experiments were per-
formed by applying 20 pL PBS under otherwise identical
conditions. Muscle preparations were observed in a light
microscope (BX50, Olympus, Japan), equipped with a
colour video camera (DXC-151/151P, Sony, Japan), a
VCR (SLV-X510, Sony), and a colour video monitor
(PVN-2030, Sony). Five minutes of observation were
recorded before application of the venom to analyse the
dynamics in control tissue. Four experiments were
carried out and tissue reactions were observed for up
to 40 min.

Cell culture studies

Cytotoxicity was determined on C2C12 murine myo-
blasts in culture, as previously described (Lomonte et al.
1999). Briefly, venom was diluted in assay medium
(Dulbecco’s modified Eagle’s Medium, DMEM, supple-
mented with 1% fetal calf serum) and added to cell
cultures growing in 96-well plates in a total volume of
150 pL per well. Controls for 0 and 100% cytotoxicity
were prepared using assay medium and assay medium
with 0.1% Triton X-100, respectively. After 3 h incuba-
tion, an aliquot of 100 uL supernatant was collected and
lactic dehydrogenase (LDH) activity released from cells
to the medium was determined using a colourimetric
end-point assay (Sigma kit no. 500).

Results
Pathological changes induced by T. nattereri venom

Macroscopic observations. Mice injected with PBS did

Myonecrosis induced by fish venom

not present locomotion problems nor any type of
distress. In contrast, animals receiving venom had
difficulties in mobilizing their right hind leg within the
first 2 min after injection and presented evident swelling
as early as 10 min after envenomation. Swelling
persisted for up to 24 h and subsided afterwards. By 7
and 28 days mice mobilized their hindlegs normally,
although the apparent muscle mass in the right
gastrocnemius was reduced. Gross haemorrhage was
not observed at any time interval.

Histological and ultrastructural changes. Mice injected
with PBS showed normal histological and ultrastructural
features in the gastrocnemius muscle. Tissue from
animals receiving T. nattereri venom showed pathologi-
cal alterations early after injection. By 30 min there were
few muscle cells having discrete lesions at the periphery
of the fibres, resembling ‘delta lesions’ previously
described in other muscle pathologies (Mokri & Engel
1975; Gutiérrez et al. 1984a). Areas of myofilament
hypercontraction were observed in these fibres
(Figure 1a). By 1, 3 and 6 h large areas of muscle
tissue were affected. Although some affected muscle
cells showed the typical hypercontracted morphology
described after injection of snake venom myotoxins
(Gutiérrez & Lomonte 1997), the majority of affected
fibres presented a predominantly different morphological
pattern, characterized by the scarcity of hypercontrac-
tion and by a disorganization of myofibrillar material
(Figure 1b). At the ultrastructural level, these cells
presented alterations in all organelles. The plasma
membrane was interrupted or absent in large portions,
whereas the basal lamina remained at the periphery of
the fibres (Figure 2a). Mitochondria were swollen and
some of them had disrupted membranes (Figure 2a).
The myofibrils were disorganized, lacking their typical
longitudinal orientation in the cellular space and the Z
line was absent, with the consequent disorganization of
sarcomeres (Figure 2b). Few hypercontrated myofibrils
were observed in these necrotic cells.

There was no haemorrhage in muscle tissue at any
time, as no erythrocytes were present in the interstitial
space. Abundant thrombi were observed in venules and
small veins (Figure 3) as early as 1 h after injection.
Additionaly, some vessels showed congestion. The
inflammatory reaction following myonecrosis was char-
acterized by a scarce infiltrate of polymorphonuclear
leucocytes and macrophages. This scarcity of inflam-
matory cellular influx was particularly evident at 24 h,
where areas of abundant necrotic fibres had very few
phagocytic cells and, as a consequence, necrotic
material had not been removed by phagocytosis.
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Figure 1. Light micrographs of sections of gastrocnemius
muscle taken 3 h after intramuscular injection of T. nattereri
venom. (a) Necrotic muscle fibres (n) showing
hypercontraction and clumping of myofilaments. Bar
represents 25 pm (b) Group of necrotic fibres in which there
is disorganization of myofibrillar structure with very few areas
of hypercontraction. Bar represents 25 pm.

Thrombosis in veins and venules was still observed at
this time period. Seven and 14 days after venom
injection there were histological features of regenera-
tion, although this process was partially impaired.
Regenerative muscle fibres had variations in their
diameter and presented centrally located nuclei
(Figure 4a). Some fibres were of small diameter and
there were split regenerating fibres. Areas of fibrosis
were present, together with increments in fibrotic tissue
interspersed with regenerating muscle cells (Figure 4b).
A qualitatively similar histological pattern was present
28 days after envenomation, in which regenerated
muscle fibres were intermixed with areas of fibrosis,
although at this time interval the size and abundance of
regenerating fibres had increased when compared to
samples collected at 7 days.

Changes in plasma and muscle CK activity. A rapid and

Figure 2. Electron micrographs of sections of gastrocnemius
muscle taken 6 h after intramuscular injection of T. nattereri
venom. (a) Portion of a necrotic muscle fibre showing Z line
loss (arrows) and swollen mitochondria. Plasma membrane
has been lost and only the basal lamina (b) remains at the
periphery of the fibre. Bar represents 2 pm (b) Portion of a
necrotic muscle fibre showing disorganization of myofibrils
associated with Z line loss (arrow). Notice the lack of
hypercontraction of myofilaments. Bar represents 2 pm.

prominent increment in plasma CK activity was
observed after injection of T. nattererivenom (Figure 5).
Activity peaked at 3 h and decreased afterwards. By
24 h plasma CK activity was similar in mice injected with
venom and in those injected with PBS (Figure 5). CK
activity in  gastrocnemius muscle homogenates
decreased drastically after injection, as by 3 h it
corresponded to 68 *= 5% of activity of contralateral,
noninjected gastrocnemius (Figure 6b). Contralateral
muscle was not affected in this experimental model as
its CK activity did not differ from that in control,
noninjected mice (results not shown). Activity decreased
to 45 = 10% by 24 h, at which time muscle wet weight
had increased to 137 = 12% with respect to contra-
lateral gastrocnemius  (Figure 6a). Wet weight
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Figure 3. Light micrograph of a section of gastrocnemius
muscle 3 h after injection of T. nattereri venom. There is
widespread myonecrosis, with fibres showing a morphology
characterized by disorganization of myofibrillar material with
very few hypercontracted regions. A thrombosed venule is
observed (v). Bar represents 50 pm.

decreased during the first week, reaching 84 = 11% of
contralateral muscle by the 7th day, whereas CK activity
of muscle homogenates was further reduced at this time
period to 26 £ 11% of the activity of contralateral

Myonecrosis induced by fish venom
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Figure 5. Changes in plasma CK activity of mice injected
intramuscularly in the gastrocnemius with 100 png T. nattereri
venom dissolved in 100 pL PBS. Control animals received
PBS alone. Mice were bled at different time intervals and
plasma CK quantified. In the case of mice injected with PBS,
CK activity was determined 3 h after injection. Results are
presented as mean = SD (n = 4).

gastrocnemius. By 28 days, muscle mass in enveno-
mated muscle remained significantly lower than in
control muscle (76 £ 4%), and CK activity of injected
gastrocnemius showed an increment to a value corre-
sponding to 50 = 10% of CK in contralateral muscle.

Changes in muscle lactic acid content. Lactic acid
concentration in muscle of mice injected with PBS was
27 = 5 umol/g tissue and levels of this metabolite in
venom-injected muscle were significantly reduced
(P < 0.05) to a value of 18 = 4 umol/g tissue 1 h after
envenomation. Lactic acid levels in muscles obtained 3
and 6 h after venom injection were 20 £ 3 and
21 = 4 umol/g tissue, respectively (P > 0.05 when
compared to control muscle).

Figure 4. Light micrographs of sections of gastrocnemius
muscle taken at different times after intramuscular injection of
T. nattereri venom. (a) 14 days; abundant regenerating fibres
of varying size, some of them showing centrally located nuclei
(arrow heads). Notice a calcified necrotic cell with a small
regenerating fibre in its vicinity. Bar represents 50 um (b)

28 days; portion of tissue in which regenerating fibres of
varying size are observed, some of them showing fibre
splitting (arrows). Prominent fibrosis (f) is observed in an area
of poor muscle regeneration. Bar represents 50 pm.
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Figure 6. (a) Changes in wet weight of mouse gastrocnemius
muscle after intramuscular injection of 100 wg T. nattereri
venom dissolved in 100 pL PBS. At various time intervals
mice were sacrificed and both injected and contralateral
muscles were excised and weighed. Results are expressed
as a percentage, taking as 100% the weight of contralateral,
noninjected muscle. (b) CK content of mouse gastrocnemius
muscle at different time intervals after intramuscular injection
of 100 p.g T. nattereri venom dissolved in 100 pL PBS. Both
injected and contralateral gastrocnemius muscles were
homogenized and, after centrifugation, CK activity of the
supernatant was quantified. CK activity in envenomated
muscle is expressed as a percentage, taking as 100% the CK
activity of contralateral, noninjected gastrocnemius. Results
are presented as mean = SD (n = 5).

Figure 7. Light micrograph of mouse cremaster muscle
examined in intravital microscopy 7 min after topical
application of 20 n.g of T. nattereri venom, dissolved in 20 pL
of PBS. A prominent thrombus is observed in a venule
(arrow), whereas blood flow was halted in a nearby smaller
venule (arrow head). Notice the presence of myofibrillar
hypercontraction in an affected muscle cell (M). Bar
represents 100 pm.

Intravital microscopy observations. Within 3—4 min of
venom application (20 png/20 pL) onto cremaster mus-
cle there were muscle contractions followed by altera-
tions in some muscle fibres. Few fibres showed
hypercontraction, evidenced by retraction of myofibrillar
material, with formation of dense clumps of myofibrillar
masses. Such changes were often observed at various
points in the same muscle fibre. Concomitantly with
muscle alterations, there were prominent changes in the
microvasculature, starting about 2 min after venom
application. These were characterized by congestion
and the appearance of abundant thrombi of varying size
in veins and venules (Figure 7), which often became
emboli. Blood flow in venules decreased throughout this
process, resulting in stasis and halting in some vessels.
Flow did not resume during the 40 min observation
period. There was no evidence of haemorrhage in the
cremaster muscle.

Cytotoxic activity on myoblasts. Venom induced a
prominent cytotoxic effect when incubated with C2C12
myoblasts in culture. A dose-dependent release of LDH
was observed (Figure 8), and this effect occurred even at
venom concentrations as low as 5 pg/mL.

Discussion

Venoms and toxins represent useful tools to investigate
muscle degeneration and regeneration, since a syn-
chronic lesion can be induced by these agents (Harris
1992). A variety of myotoxins directly affect the integrity
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Figure 8. Cytotoxic activity of T. nattereri venom on C2C12
myoblasts in culture. Various concentrations of venom were
added to myoblasts and incubated for 3 h at 37 °C.
Cytotoxicity was estimated by the release of lactic
dehydrogenase to the supernatant. Cytotoxic effect was
expressed as a percentage release, taking as 100% the lactic
dehydrogenase activity of supernatants of wells in which cells
were incubated with assay medium containing 0.1% Triton
X-100. Results are presented as mean + SD (n = 3).

of muscle plasma membrane, promoting a calcium influx
which results in a variety of cellular derrangements
(Harris & Cullen 1990; Trump & Berezesky 1995).
Phospholipases A,, isolated from snake venoms, are
well studied membrane-disrupting agents (Harris &
Cullen 1990; Ownby 1990; Gopalakrishnakone et al.
1997; Gutiérrez & Lomonte 1997), however other toxins
such as elapid cardiotoxins (Duchen et al. 1974; Ownby
et al. 1993), bee venom melittin (Ownby et al. 1997) and
tarantula venom (Ownby & Odell 1983) induce a similar
degenerative pattern after an initial sarcolemmal disrup-
tion. In these cases microvasculature is not affected and
muscle regeneration proceeds normally and success-
fully (Harris et al. 1975; Gutiérrez et al. 1984b, 1991).
Haemorrhagic = metalloproteinases from  snake
venoms induce myonecrosis of relatively late onset,
probably as a consequence of the ischemia that ensues
in muscle tissue after microvessel disruption (Ownby
et al. 1978; Gutiérrez et al. 1995). Whenever myone-
crosis occurs concomitantly with local haemorrhage, as
in the case of most crotaline snake venoms, regenera-
tion is impaired due to insufficient blood supply during
critical stages in the regenerative process (Gutiérrez
et al. 1984b, 1995; Arce et al. 1991). The venom of
T. nattereri constitutes a novel and valuable tool to study

Myonecrosis induced by fish venom

muscle pathology, since it induces direct damage to
muscle fibres together with thrombosis and other
alterations in the microvasculature, without inducing
haemorrhage. Thus, despite its lack of haemorrhagic
activity, this venom affects blood supply to muscle tissue
by different mechanisms, thereby affecting muscle
regeneration. To the best of our knowledge, this
constitutes a novel model of myonecrosis coupled to
thrombosis in muscle tissue, and may help to under-
stand the effects of thrombosis in a concomitant acute
muscle damage.

Various lines of evidence strongly suggest that T.
nattereri venom directly affects the integrity of skeletal
muscle plasma membrane as its basic mechanism of
action in muscle cells: (a) venom is highly cytotoxic to
myoblasts in culture in conditions where ischemia is
precluded; (b) venom induces a prominent increase in
plasma CK, and a concomitant decrease in muscle CK,
in vivo rapidly after injection; (c) observations in intravital
microscopy revealed early muscle cell lesions, even
before thrombosis and stasis appear; and (d) conspicu-
ous interruptions in the integrity of the plasma mem-
brane of muscle cells were observed at the
ultrastructural level. Thus, it is suggested that
T. nattereri venom contains potent myotoxic compo-
nents that need to be isolated and characterized.

Despite the observation that plasma membrane is
affected at early stages in this model, conspicuous
hypercontraction of myofilaments was observed in a
reduced number of fibres. In contrast, the predominant
morphological pattern of muscle cell damage was
characterized by myofibrillar disorganization, with Z
line loss, without the characteristic hypercontraction
described in many models of muscle cell damage
secondary to plasma membrane disruption (Gutiérrez
et al. 1984a, 1991; Ownby & Odell 1983; Harris & Cullen
1990; Gopalakrishnakone et al. 1997). This apparent
discrepancy might be associated with the effects that T.
nattereri venom induces in blood vessels. Thrombosis
and diminishment in blood flow would reduce the
availability of interstitial calcium, thereby precluding a
drastic increment in cytosolic calcium concentration
required for hypercontraction. Such hypothesis is sup-
ported by experimental models of myocardial ischemia,
in which there is sarcolemmal damage and small
increments in cytosolic calcium, although hypercontrac-
tion does not develop until reperfusion occurs, with the
concomitant supply of large quantities of calcium and the
development of prominent hypercontraction, i.e. con-
traction band necrosis (Jennings & Reimer 1991;
Reimer & Jennings 1992). In our model, the calcium
influx that follows membrane damage is probably not
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enough to cause hypercontraction in the majority of the
fibres, since thrombosis and stasis preclude the avail-
ability of large amounts of calcium in these areas.
However, such small calcium increment would probably
be enough to activate cytosolic, calcium-dependent
proteinases and phospholipases A,, with the consequent
cleavage of proteins associated with Z line (Ishiura et al.
1978; Sorimachi & Suzuki 1998) and membrane phos-
pholipid degradation (Murakawi et al. 1998).

In the light of the observed thrombosis and stasis, it
was of interest to determine if ischemia contributes to
myonecrosis in this model. The lack of increment of
lactic acid concentration in muscle argues against the
hypothesis. This might be due to the fact that the
majority of muscle fibres might have been affected by
the direct action of venom’s myotoxic components.
Consequently, cells were already irreversibly damaged
by the time blood flow was reduced and therefore there
was no increment in the glycolytic pathway and no lactic
acid accumulation in necrotic muscle cells.

Skeletal muscle regeneration is a complex process in
which myogenic cells, known as satellite cells, are
activated as a consequence of myonecrosis, becoming
myoblasts which replicate under the influence of various
growth factors (see review of Grounds 1991). Removal
of necrotic material by phagocytic cells is required for
regeneration to proceed. Myoblasts then fuse to form
myotubes which later on become fully differentiated
muscle fibres. For this process to succeed, several
requirements must be met, among which removal of
necrotic material by phagocytic cells, adequate blood
supply, functional innervation and preservation of the
basal lamina at the periphery of muscle fibres are
critical (Allbrook 1981; Grounds 1991). T. nattereri
venom does not seem to affect basal lamina, which
remains morphologically intact throughout the degen-
erative process. However, thrombosis and stasis may
affect regeneration in at least two critical steps. They
preclude the development of an adequate cellular
inflammatory response, evidenced by the low numbers
of phagocytic cells during the first 24 h, and by the
presence of necrotic material which had not been cleared
out seven days after envenomation. In other models of
myonecrosis, in which the microvasculature is not
affected, phagocytosis of necrotic material is well
advanced by 24 h and no remnants of necrotic muscle
cells are observed after one week (Harris et al. 1975;
Gutiérrez et al. 1991; Morini et al. 1998). Moreover, in
mice injected with myotoxic phospholipases A, from
snake venoms, clusters of regenerating fibres are
already observed a few days after injection (Gutiérrez
et al. 1984b; Morini et al. 1998). Scarcity of macrophages

may affect the regenerative process in at least another
way, since these cells secrete a variety of growth factors
that modulate the replication and differentiation of
regenerating cells (Grounds 1991; Auger & Ross 1992).

In addition, lack of blood supply impairs muscle
regeneration (Allbrook 1981; Grounds 1991). In these
circumstances, fibroblasts proliferate and fibrosis par-
tially substitutes muscle tissue, as described in our
experiments, resulting in a histological pattern where
regenerating fibres of varying size are intermixed with a
fibrotic matrix. It must be kept in mind, however, that
regeneration was not fully halted in this model, since
there were regenerating muscle fibres 7 and 28 days
after envenomation, and since muscle CK contents
increased significantly by 28 days. It is necessary to
study the process of revascularization and its effect on
the regenerative response in this model. It has been
observed that regeneration is also impaired in skeletal
muscle injected with Bothrops asper snake venom,
which induces myonecrosis and haemorrhage (Gutiér-
rez et al. 1984b; Arce et al. 1991). In these cases,
enzymatic degradation of basal lamina components
resulting in the disruption of capillary blood vessels,
with the consequent extravasation, is responsible for
inadequate blood supply to muscle tissue and for the
impairment in muscle regeneration. T. nattereri venom
does not induce haemorrhage but, by causing thrombo-
sis and stasis, it probably affects blood flow to the
regenerating muscle.

In conclusion, T. nattereri venom induces a complex
pattern of muscle damage characterized by direct
myotoxic effect, together with vascular alterations char-
acterized by blood stasis and thrombosis. The combina-
tion of these effects results in acute muscle damage
followed by a partially impaired regenerative process. The
isolation and characterization of venom components
responsible for these effects is a relevant task.
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