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The pathogenesis of myonecrosis induced by a purified component of rattlesnake
(Crotalus viridis viridis) venom was studied at the light and electron microscopic levels.
Crude venom was fractionated by gel filtration (Sephadex G-50) followed by cation
exchange chromatography (Sephadex C-25). Electrophoretic homogeneitv of the iso-
lated myotoxin (Fraction II from C-25 column) was demonstrated in isoelectric focus-
ing and disc gel polyacrylamide gel electrophoresis. White mice were injected in-
tramuscularly with 1.5 1tg/g of the purified protein in 0.1 ml of physiologic saline. Light
microscopic examination of injected muscle revealed a series of degenerative events
including partial vacuolation of muscle cells at 6, 12, and 24 hours and complete
vacuolation and loss of striations at 48 and 72 hours. Hemorrhage was not observed. At
the electron microscopic level the perinuclear space and sarcoplasmic reticulum were
dilatated in all samples. By 48 and 72 hours the myofibrils lacked striations and the
sarcomeres were disorganized. Plasma membranes and T tubules remained intact in all
samples. These results correlated well with the mvonecrosis induced by crude Crotalus
virdis virzdis venom except for several important aspects. The pure component altered
skeletal muscle cells specifically, with the sarcoplasmic reticulum being the primary
site of action. (Am J Pathol 85:149-166, 1976)

S'NAKEBITE POISONEING is a serious medical problem throughout
the wvorld. It has been estimated that there are :30,000 to 40,000 deaths
each year due to the bite of venomous snakes.1 In the United States the
incidence of snakebite is lower, yet, 188 people died as a result of the bites
of venomous snakes in a 9-vear period (1930-1959); 2Vc0 of these bites
were due to rattlesnakes.2 In 1968 the Department of the Navy recorded
700 to 1000 bites resulting in about 20 deaths, all due to rattlesnakes.3 The
wvidespread use of commercially available antivenin probably accounts for
the lov mortality rate of snakebite victims in the United States. How-ever,
antivenin may not prevent local tissue damage such as hemorrhage and
m!vonecrosis,4 which in many cases leads to dysfunction or complete loss
of an extremity. Thus, in the United States today-, the main health
problem resulting from snakebite poisoning is local tissue damage, i.e.,
hemorrhage and mvonecrosis.
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The pathogenesis of hemorrhage induced by rattlesnake venom has
been investigated at both light and electron microscopic levels.7 The
pathogenesis of mvonecrosis induced by rattlesnake venom has also been
investigated at the light 8 and electron microscopic 9 levels. These studies
were made on crude rattlesnake venom; thus, the effects may be due to
one component, a combination of several, or all of the components
present in crude venom. NMvotoxic components have been isolated from at
least one snake venom. Two mvonecrosis producing factors were identi-
fied in habu (Trimeresurus flavoviridis) venom-one heat-stable, the
other heat-labile. ' The purpose of the present investigation wvas to isolate
the mvotoxic component of Crotalus viridis viridis venom and to use it to
study the pathogenesis of muscle damage wvith the electron microscope.

Materials and Methods
Fractonation of Venom

Crude prairie rattlesnake (Crotaltus v. viridis) senom in lyophilized form. purchased
from Miami Serpentarium Laboratories. "as subjected to initial fractionation by gel
filtration on a Sephadex G-S0 column (2.5 cm X 45 cm). A sample of crude -enom "vas
dissolved in 3 to 4 ml of an elution buffer composed of 0.05 Mt Tris buffer (pH 9.0 at 21 C)
and 0.1 \1 KCI. The column was developed "vith this elution buffer at a flomv rate of 30
ml hr. Eluate absorbance at 280 nm "as monitored with an ISCO UN' column monitor.
Tubes X ere pooled as indicated and the amount of protein in each pooled fraction \-as
determined bv the method described bv Lo\-r- et al."

Gel filtration fraction -S0 III w as further fractionated by cation exchange chromatogra-
phy on a C-25 (CM Sephadex) column (1 cm X 15 cm). The C-23 column Xvas equilibrated
with the elution buffer used with the G-50 column The column "as developed vith a
stepwise KCI salt gradient in the 0.03 NM Tris buffer. Absorbance of the eluate at 280 nm
was again monitored

Fractions mvere desalted bv dialysis or by passage through a Sephadex G-10 column.
Desalted fractions "ere l1ophilized and stored at belo-v 0 C.

Assay for Myotoxic Activity During Fractionaton
All mice used in a light microscope assay for muscle damaging activity "ere from a

consentional colons of Swviss Webster X-hite mice which has been maintained bv random
breeding of mice originally purchased from CAMM Research Institute. Mice w eighing :30
to :35 g were injected in the medial aspect of the thigh X ith 0.1 ml of 0.9%e NaCl containing
S0 mg of the fraction to be assayed. Mice Xvere sacrificed by cervical dislocation from 24 to
72 hours follom ing injection, and an approximately cubical tissue sample, 4 or a mm on a
side, "as removed from the back of the thigh. Tissue samples were fixed for 16 hours at
room temperature in Bouin's fixative X"ashed. dehydrated. and embedded in paraffin.
Sections were stained "ith hematoxvlin and eosin for light microscope examination.

Demonstration of Protein Hmongeneity
Isoelectric focusing polyacrylamide gel electrophoresis "as done in gels over the pH

range 3.5 to 10 using ampholytes purchased from LKB Instruments. Inc. Focusing "as
done in 7.-5% gels at 100 V for 1 hour. then at 200 V for 4 hours. Protein -as fixed and
ampholytes removed by soaking in 20%c tricholoroacetic acid (TCA). or in 20% TCA
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containing 10 mrn HgCl2 for a period of 48 hours, following which the gels were stained
X-ith 0.05% Coomassie blue in 19%- TCA.

Disc polvacrylamide gel electrophoresis \as done in the d-alanine svstem.'2 Com-
ponents of the system were prepared as follos: tiupper reservoir buffer-3.55 g 3-alanine
+ 2.37 ml HOAc + H20 to 1 liter. lower resenioir buffer--O ml 1.0 N NaOH + 3.66 ml
HOAc + H20 to 1 liter. stacking gel-2 volumes 53% acrvlamide, 1.253c meth-
vlenebisacrvlamide, 1 volume 0.188 N1 NaOH containing 1.08 ml HOAc and 0.1 ml
tetramethOlethvlene diamine (TENMED) per 100 ml. 1 volume 0.002%- riboflavin. resolving
gel-I volume 20% acrylamide, 0.8% methylenebisacrvlamide, 1 volume 0.185 NI NaOH
containing 3.44 ml HOAc and 0.2 ml TEMED per 100 nil, 2 volumes 0.1% ammonium
persulfate. Follox -ing electrophoresis. gels *vere stained \ ith 0.05% Coomassie blue in 19%
TCA.

Electron Miroscopy
The purified. 1yophilized myotoxic fraction obtained from the Sephadex C-2_ column

was dissolved in 08.5% physiologic saline (PSS). Experimental mice 'Xere injected X ith 1.5
ug g of the fraction in 0.1 ml of PSS; control mice \vere injected w ith 0.1 ml of 0.85% PSS.
All mice were injected intramuscularly in the lateral aspect of the right thigh (biceps
femoris muscle). The mice were killed by cervical dislocation at 3. 6. 12. 24. 48. and 72
hours after the injection of myotoxic fraction or PSS. T\ventv-sexen \-hite mice weighing
18 to 20 g %vere used. Muscle \vas taken from the medial aspect of the injected thigh
(gracilis and semimembranous muscles) to avoid sampling regions damaged by the needle.
The tissue X%-as fixed initially in 2%c glutaraldehyde in cacodylate buffer pH 7.4) for 2

hours at 4 C. After rinsing in cacodvlate buffer for 12 to 18 hours at 4 C. the tissue \,as
postfixed in 2%r osmium tetroxide in cacodylate buffer (pH 74) for 1 hour at 4 C
Deh%dration through a graded series of ethanol was follow-ed by embeddment in DER
332-732 1 in flat embedding molds. Thick sections (0.a to 1.0 i) %-X-ere cut on a Sorvall NIT-
2 ultramicrotome, stained X ith toluidine blue 14 and examined mvith the light microscope
for damaged fibers. Silver and silxer-gray sections vere cut with a Sorvall MIT-2 ultra-
microtome using glass knives and mounted on uncoated and unsupported copper grids.
Sections w-ere stained Nvith aqueous uranyl acetate and lead citrate.'5 then observed and
photographed with a Philips EM 200 electron microscope.

Results

Isolatin of Myotoxic Factor

Five protein fractions, as show-n in Text-figure 1. x-ere obtained from
the G-50 gel filtration. Total protein in the pooled tubes w.as distributed
among the G-50 fractions as follows: I, 20c; IL 44%/c; III, 21%c.; IX, 9%;
and V, 6%. G-50 III -as found by the light microscope assay to have
strong myotoxic activity and wvas further fractionated by C-25 cation
exchange chromatography to give two protein fractions, as show%-n in Text-
figure 2. Assay showved no apparent myotoxic activity in fraction C-25 I.
with the total mvotoxic activity present in C-25 II. The protein in C-25 II
w-as sho-n to be highly purified by its electrophoretic homogeneity in
both isoelectric focusing and ,B-alanine disc gel electrophoresis. As shown
in Figure 1, fixation of the C-25 II protein by 20% TCA -as enhanced by
addition of 10 m\f HgCl2 to the TCA.
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TEXT-FIGU.RE 1-Elution pro-
file of crude venom on -SO0 gel
filtration column. Crude venom
was dissolved in elution buffer
composed of 0.05 NM Tris buffer
(pH 9.0 at 21 C) and 0.1 N\ KCI
and applied to the column. The
column was wvashed with the
same elution buffer. Fraction III
(hatched area) was found to have

10 20 30 40 50 60 70 80 myotoxic activity and w-as sub-
Tube Number (5m1/tube) jected to cation exchange step.

Electro Micr

Control Muscle

NMuscle from control animals was normal in all aspects. Gross exam-
ination of the muscle revealed no lesions. Light microscopic examination
of thick (1 j) sections revealed the typical histologic organization of
skeletal muscle. The muscle fibers (cells) were grouped into fascicles; the
connective tissue layers were tvpical and did not contain evidence of
hemorrhage or edema. The fibers themselves wvere intact. Electron micro-
scopic examination of thin sections revealed the typical fine structural
organization of skeletal muscle (Figure 2). Transverse and longitudinal
striations were prominent and consisted of the A and I bands and the thick
and thin filaments, respectively. In longitudinal sections of muscle the A
band, H band, I band, M lines, and Z lines were visible and tvpical. At the
junction of the A and I bands, triads were observed which consisted of two
dilated terminal cisterns of the sarcoplasmic reticulum and one T tubule
(Figure 3). The remainder of the sarcoplasmic reticulum consisted of
typically flattened cisterns. Mitochondria wvere located betwveen the
myofibrils, beneath the sarcolemma, and at the poles of the nuclei. The

TEXT-FIGC-RE 2-Elution

10
A280n

0.5

profile of fraction III (from C-50
-.IM KCI-.I--.5M KCI + -.75M KCI column) on C-25 c-ation ex-

change column. The fraction
ffi 'was dissolved in elution buffer

composed of 0.05 \1 Tris buffer
(pH 9.0 at 21 C and 0.1 I\1 KCI
and applied to the column. The
column -.as equilibrated w-ith
elution buffer then developed
//ith a stepmvise KCI gradient in

^ . . . . ^,,,,,,,,,,~0(1: nAnTrk iifc hlr Hntrhodu.ti.u, I I ris liurler. nurt'-fleu
2 4 6 8 10 12 14 16 area indic-ates fraction mvith

Tube Number (5ml/tube) mvotoxic activits.
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plasmalemma, external lamina, and nuclei were all typical of those found
in normal skeletal muscle.

Experimental Muscle

Gross examination of experimental muscle revealed neither hemorrhage
nor edema. Light microscopic examination still failed to reveal hemor
rhage or edema, but focal areas of muscle degeneration were observed.
The degree and extent of the damage varied directly with the amount of
time elapsed between injection of the toxin and death of the animal. At 3
hours after injection no lesions were visible by light microscopy, but by 6
and 12 hours small vacuoles could be seen in portions of some muscle cells
(Figure 4). By 24 hours after injection the vacuoles completely filled
affected fibers, and up to one-half of the cells in a fascicle were vacu-
olated. The changes observed after 48 and 72 hours were similar to those
seen at 24 hours except that, in addition to vacuolation, some fibers had
lost their striated appearance (Figure 5). At no time was hemorrhage or
hemolysis observed in these tissues.

Electron microscopic observation confirmed the results seen with the
light microscope and revealed other changes. Intact muscle fibers were
located next to damaged fibers, and the proportion of damaged fibers
increased with the time after injection. The earliest observable signs of
degeneration were dilatation of the sarcoplasmic reticulum (Figure 6) and
perinuclear space (Figures 7 and 8). The typically flattened cisterns were
swollen and much enlarged and became larger as degeneration pro-
gressed. Perinuclear space was greatly enlarged at one pole of the nucleus
(Figures 7 and 8). The sarcoplasmic reticulum was enlarged, more dis-
organized, and occupied a larger portion of the cytoplasm at 24 hours
after injection (Figures 9-10). Many of the dilatated cisterns contained
myeloid figures (Figures 10 and 11).

Even though the cisterns of the sarcoplasmic reticulum were grossly
enlarged, the transverse tubules (T tubule) retained their normal appear-
ance (Figures 9-12). At 48 hours after injection of the component the
cisterns had become smaller and fewer (Figure 13). The T tubules were
still structurally intact (Figure 12). At this time there appeared to be some
disintegration of muscle myofibrils (Figure 13). Also, mitochondria were
slightly swollen and contained areas devoid of cristae, but severe mito-
chondrial damage was not seen even in areas where there was complete
breakdown of the organization of myofibrils.

At 72 hours, portions of some fibers lacked the typical striated ap-
pearance. In these areas, intact sarcomeres were separated by loose actin
and myosin filaments (Figures 14 and 15). Dissolution of the sarcomeres

-- - .- --.. ..-- .
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occurred first between Z lines, and the Z-line material retained the longi-
tudinal orientation of the myofilaments (Figures 14 and 15). In some areas
the only recognizable remnant of the sarcomere was Z-line material
(Figure 15). Intact T tubules were present in these areas (Figure 15).

Extreme mitochondrial degeneration was not observed even in areas
where myofibrils were atrophied (Figures 14 and 15). In one instance,
swelling of mitochondrial matrix was observed (Figure 13).

Other than dilatation of the perinuclear space (Figures 7 and 8),
nuclear changes were not observed.

There was no structural damage to endothelial cells of capillaries,
ervthrocytes, or connective tissue cells (Figure 7).

Discusson
Since commercial antivenin prevents death due to snake envenomation,

the major health problem resulting from snakebite in the United States is
local tissue damage, i.e., hemorrhage and myonecrosis. The pathogenesis
of hemorrhage 7and myonecrosis ' induced by crude rattlesnake venom
has been studied at both the light and electron microscopic levels. Since
crude venom contains a large number of components with different
biologic actions, it is difficult to separate the pathologic effects of one
component from those of another. This study clarifies the pathogenesis of
snake venom-induced myonecrosis by using an isolated, purified myo-
toxic component of Crotalus viridis viridis venom.

Intramuscular injection of the pure myotoxic component into mice
caused dilatation of the perinuclear space and sarcoplasmic reticulum
with subsequent disruption of the myofibrils. The primary action of the
toxin was on the sarcoplasmic reticulum. The structure of the sarcolemma
and T-tubule svstem was not affected by the component.

Stringer et al.9 reported similar results following injection of the crude
venom except that they also observed hemorrhage, hemolvsis, severe
mitochondrial changes, and extensive disruption of the extemal lamina
and sarcolemma. None of these changes was observed following injection
of the pure component; thus, thev were probably due to hemorrhagic
and/or other components present in crude venom. The presence of hem-
orrhagic components has been demonstrated for several venoms,16-19
and phospholipase A in venom acting on lecithin leads to production of
Iysolecithin which causes hemolysis.' Thus, myonecrosis induced by
crude venom is complicated by the action of other factors.
Cobra venom causes local necrosis 21 without hemorrhage,m therefore,

the pathogenesis of necrosis induced by this venom would not involve the
action of hemorrhagic components. Stringer et al.23 studied myonecrosis
induced by cobra venom at the electron microscopic level and reported
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coalesced myofilaments, swollen and Iysed mitochondria, and a swollen
and disrupted sarcotubular system. However, the initial effect did not
appear to be on the sarcoplasmic reticulum as was the case with crude
crotalid venom and the pure myotoxic component.
Tu et al.24 and Homma and Tu " showed that venom from snakes of the

families Crotalidae, Viperidae, and Elapidae caused myonecrosis ob-
servable with the light microscope. The type of necrosis varied between
families and within a single family. Some venoms induced a coagulation
type of myonecrosis (C. viridis viridis), some a myolytic type (all elapids),
and some a mixed type (some crotalids). Thus, the pathogenesis of mvone-
crosis may differ depending on the type of snake venom used.

Myonecrosis induced by scorpion (Tityus serrulatus) venom 25 included
dilatation of the sarcoplasmic reticulum and disorganization of myofila-
ments in a process very similar to that reported in this paper. Incubation
of frog muscles in hornet (Vespa orientalis) venom ' caused vacuolation
of muscle fibers, as did the myotoxic component from rattlesnake venom.
Hornet venom caused dilatation of T tubules as well as sarcoplasmic
reticulum.
The differential expansion of intracellular membrane compartments as

seen in Figures 6-15 is a common response of mammalian cells to injurvy.
This may be due to loss of cell volume control resulting from damage to
the plasma membrane. In fact, endothelial cells responded to crude
rattlesnake (C. atrox) venom in this way.7 However, the isolated myotoxic
component had no effect on endothelial cells, erythrocytes, or connective
tissue cells. Therefore, it appears that the action of the component is
somehow specific for skeletal muscle cells.

Since the sarcoplasmic reticulum serves as a calcium sink, it is possible
that the pure component interferes with this function of the sarcoplasmic
reticulum. Evidence for this comes from physiologic studies in which the
contractile response of muscle was blocked by venom. An elapid (Den-
droaspis jamesoni) venom completely prevented the contraction of frog
sartorius muscle to indirect as well as direct stimulation.28 That high
calcium prevented these effects indicates damage to structure and func-
tion of the sarcoplasmic reticulum.

Studies which would correlate the physiologic and morphologic
changes induced by pure myotoxic components are needed to further our
understanding of myonecrosis induced by venom, as well as that occur-
ring in manv muscle diseases.
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[Illustrations follow]
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Fgu 1-Results of polyacrylamide gel electrophoresis. A-
Isoelectric focusing gels, pH range 3.5 to 10, from left to right; Gel
1, 150 gg crude venom, gel soaked in 20% TCA containing 10 mM
HgCl2 prior to staining. Gel 2, 150 Mg crude venom, gel soaked in
20% TCA prior to staining. Gel3, 40Mg fraction C-25 II, gel soaked
in 20% TCA containing 10 mM HgCI2 prior to staining. B-f-Ala-
nine disc gels, top of gels on the left. Gel 1, 100 mg crude venom.
Ge/ 2, 25 Mg fraction C-25 II.
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Fn 2-Eketo micrographdI musle from control wimal. Z = Z lW, S = sarco9me A = A band, H = H band,sr = sarcoplasmic reticulum, T = T tubule, mi = mitochondria. (X17,000) Fgu 3-High magnificationelectron micrograph showing triad of control muscle. T = T tubule, sr = sarcoplasmic reticulum, mi =
mitochondria. (x63,000)
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Fe= 4-Light micrograph of muscle 12 hours postinjection. M = muscle fibers, E = endomysium. Notenumerous vacuoles (V) in damaged fibers and absence of hemorrhage in endomysium. (Original magnificationX200) Fiu 5-Light micrograph of muscle 72 hours postinjection. M = muscle cells, E = endomysium.Note degenerating fiber which contains some vacuoles (V) and has lost striated appearance (arrow). (x200)
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Fure 6-Muscle 3 hours postinjection. Note dilatation of sarcoplasmic reticulum (arrows). Sarcomeres (S) andT tubules (T) are intact. (x9000) Fe 7-Muscle 12 hours postinjection. M = muscle fiber, N = nucleus of
muscle cell, CT = connective tissue cell, En = endothelial cell of capillary, Er = erthrocyte. Note dilatatedperinuclear space (dp) and dilatated sarcoplasmic reticulum (sr). Connective tissue cell, capillary and eryth-rocyte are all structurally intact. (X8500)
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Fe= 8-Muscle 12 hours postinjection. High magnification of muscle cell showing nucleus (N) and dilatatedperinuclear space (dp). Note continuity of dilatated portion with nondilatated portion (arrow). (x15,500) Fi-we 9-Muscle 12 hours postinjection. Sarcoplasmic reticulum is greatly dilatated (sr), but sarcomeres (S) and T
tubules (T) are not altered. (X12,000)
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Fe 10-Muscle 24 hours postinjection. Sarcoplasmic reticulum is greatly dilatated (sr), but T tubules (T) arenot altered. Myeloid figures are present (arrows). (X13,000) Fgure 11-Muscle 24 hours postinjection.Higher magnffication of area showing dilatated sarcoplasmic reticulum (sr) and myeloid figure (arrow).
(x16,000)

-



. -6.uo-
jJr 'A,:-,t-*} - > ; ~~~~~As- - .-

.:* -J:- 1.
-- _ e~

Fiu 12-Muscle 24 hours postinjection. The high magnification shows the intactness of T tubule (T) and that
the sarcoplasmic reticulum (sr) is dilatated. Z = line. (x76,000) Fgu 13-Muscle 48 hours postinjection.
Note numerous smaller dilatated cisterns of sarcoplasmic reticulum (sr). T tubules (T) remain intact, but some
mitochondria are swollen (mi). (x17,000)
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Feur 14-Muscle 72 hours postinjection. Myofibrils are degenerating (arrows). Sr = dilatated sarcoplasmic
reticulum, Z = Z lines, T = intact T tubule. (xiO,000) Fue 15-Muscle 72 hours postinjection. Note the
degenerating myofibrils (arrows). Z = Z-line material, sr = dilatated sarcoplasmic reticulum, T = intact T tubule,
mi = mitochondrion. (x22,500)
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