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The pathogenesis of hemorrhage induced by three purified components of rattlesnake
(Crotalus atrox) venom was studied at the light and electron microscopic levels. Crude
venom was fractionated by anion exchange and gel filtration in four steps. ,-Alanine
acetate disk gel electrophoresis was used to demonstrate electrophoretic homogeneity.
White mice were injected intramuscularly with 0.1 ml of a sublethal dose of hemor-
rhagic toxin. Gross examination revealed extensive hemorrhage 5 minutes after the
injection of hemorrhagic toxins a and e; the same amount of hemorrhage was not
present until 3 hours after the injection of hemorrhagic toxin b. Light microscopic
examination of muscle after injection of the toxins revealed areas of extensive hemor-
rhage in which very few intact capillaries could be found and also adjacent areas of
slight hemorrhage in which capillaries were in various stages of degeneration. Necrosis
of muscle cells was evident in tissue injected with hemorrhagic toxin b. Electron
microscopic examination showed that capillaries from toxin-injected muscle were in
various stages of degeneration. Endothelial cells became very thin and broke down into
vesicles prior to complete rupture. Gaps were formed within the cells while inter-
cellular junctions remained intact. Plasma and erythrocytes leaked through these gaps
and were observed in the endomysium. Many gaps were plugged with platelet aggrega-
tions. Collagen and the basal lamina associated with capillaries were usually dis-
organized or absent. The experimental injection of three purified hemorrhagic toxins
induced hemorrhage by the same mechanism as does the crude venom, ie, per rhexis. In
addition, one of the toxins, hemorrhagic toxin b, causes myonecrosis. (Am J Pathol
93:201-218, 1978)

RATTLES-NAKE ENVENNOMATION results in hemorrhage and myo-
necrosis, which are usually not prevented by treatment with commercially
available antivenin. The pathogenesis of hemorrhage 1 and mvonecrosis 2
induced by crude rattlesnake venom has been studied. Cameron and Tu 3

isolated in pure form a mvtoxic component from the venom of the Prairie
rattlesnake (Crotalus viridis viridis), and O nbv et al 4 described the
pathogenesis of mvonecrosis induced by the pure toxin mvotoxin a.
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Numerous attempts have been made to isolate and characterize hemor-
rhagic components from snake venom, but little has been done to further
our understanding of their biologic modes of action. Three hemorrhagic
components (HR-1, HR-2a, and HR-2b) have been isolated from the
venom of Trimeresurus flavoviridis.'7
Two hemorrhagic components (HRI and HRII) have been isolated

from the venom of Agkistrodon halys blomhoffii 8-10 but the pathogenesis
of hemorrhage induced by them has not been studied.
One hemorrhagic component was isolated from Vipera palestinae

venom 11 and one from Bothrops jararaca venom.12 Recently, a proteinase
was isolated from A acutus venom which was shown to cause hemor-
rhage.13 Bjamason and Tu 14 isolated five hemorrhagic components from
rattlesnake (C atrox) venom and named them hemorrhagic toxins a, b, c,
d, and e.

Although hemorrhagic toxins have been isolated and chemically char-
acterized, there has been little work done on their biologic modes of
action. As a result, little is known about the pathogenesis of hemorrhage
induced by pure hemorrhagic toxins. Several studies of snake-venom-
induced hemorrhage have been made using crude venoms.
We investigated the pathogenesis of hemorrhage induced by the crude

venom of C atrox and found a direct lytic action on endothelial cells which
resulted in hemorrhage by rhexis.1 Sandbank et al 15 studied the effects of
Echis coloratus venom on brain capillaries. Leakage of an electron-dense
tracer was by two mechanisms: endothelial cell pinocytosis and opening of
intercellular junctions. McKay et al 16 noted a direct lytic action of a
purified hemorrhagin from V palestinae venom on capillary endothelium.
They noted swollen endothelial cells, platelet aggregations, intact inter-
cellular junctions, complete necrosis of endothelial cells, and the escape of
erythrocytes through gaps in damaged endothelial cells.

Cinematographic 17 and electron microscopic " examination of hemor-
rhage induced by Habu (Tflavoviridis) venom and its main hemorrhagic
principle, HR-1, indicates that erythrocytes escape through widened in-
tercellular junctions. Lysis of endothelial cells apparently does not occur.
Ohsaka et al19 reported that the purified hemorrhagic components release
proteins and carbohydrates from isolated basement membranes and con-
cluded that this action was the basis for their hemorrhagic effect.
Our studies of the pathogenesis of hemorrhage induced by crude C

atrox venom 1 indicate that this venom exerts a direct effect on capillary
endothelial cells, producing dilatation of endoplasmic reticulum, swollen
cytoplasm, blebbing, and, eventually, rupture of the plasma membrane
followed by extravasation of blood. We did not observe hemorrhage per
diapedesis following injection of crude C atrox venom.
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The purpose of this investigation was to determine the pathogenesis of
hemorrhage induced by injection of each of three pure hemorrhagic toxins
isolated from C atrox venom and to compare the mechanisms by which
the three toxins induce hemorrhage with mechanisms of pure toxins and
of crude venom.

Materals and Methods
Fraciation of Venom

Crude western diamondback rattlesnake (C atrox) venom in lyophilized form was
purchased from Miami Serpentarium Laboratories. Two samples of crude venom (10 g
each) were dissolved in 50 ml distilled water and dialyzed against four changes (1 liter
each) of 10 mM1 borate containing 0.1 N1 NaCl and 2 mM1 CaCl2 (pH 9.0 at 22 C). Each
sample was applied to a Whatman DE 32 anion exchange column (2.3 X 35 cm) equili-
brated with the borate buffer. A two-step elution %-as used to develop the column: first
w ith 1000 ml of the starting buffer then with the same buffer containing 0.4 NI NaCl and 2
mMt CaCl2. Eluate absorbance at 280 nm was monitored with a Beckman DG-B spectrom-
eter. The amount of protein was determined by the Hartree modification of the Lowy--
method 20 using bovine serum albumin as a protein standard.

Fractions A-i, A-2, and A-4 from the anion exhange column were further fractionated
by one of three procedures."'21 Briefly, fraction A-i was further separated using Sephadex
G-75, Whatman DE32, CM132, and Ultragel AcA44 columns to give hemorrhagic toxins a
and b. Fraction A-2 was further separated using Whatman DE32 columns into hemor-
rhagic toxins c and d, and fraction A-4 was separated on Sephadex G-75 and Wthatman
DE32 columns to yield hemorrhagic toxin e.

Assay for Hemorrhagic AcPt Durng Fracioabon
Swiss Webster white mice weighing 20 g were used for assay of hemorrhagic activity.

They were injected subcutaneously with a solution containing approximately lOgg protein
in 0.1 ml 0.9% NaCl. After 6 hours the mice were killed by cervical dislocation; a dorsal
patch of skin was removed and the inside surface was observed for hemorrhage. If the area
of hemorrhage resulting from injection of a fraction was equal to or larger than that caused
by an equal amount of crude venom, the fraction was designated hemorrhagic. Determina-
tion of the minimum hemorrhagic dose of crude venom and purified fractions was done
using Kondo's procedure 22 with the following modifications. Five Swiss Webster white
mice (20 g) were injected with each dose and killed after 6 hours. The minimum
hemorrhagic dose was defined as the lowest dose which caused an area of hemorrhage of a
mm in diameter 6 hours after subcutaneous injection."'

Demonstation of Protein Homogenefty
Disk gel electrophoresis was done using the ,-alanine acetate disk gel system and the

results were reported by Bjamason and Tu.1'

Eketr Microscopy
The purified, lophilized hemorrhagic fractions were dissolved in distilled water to give

a final absorbance at 280 nm of 0.05 for HTa, 0.2 for HTe, and 0.4 for HTb. Experimental
mice were injected with 0.1 ml of a sublethal dose of hemorrhagic toxin; control mice wvere
injected with 0.1 ml of 0.85% physiologic saline (PSS). All mice were injected intra-
muscularl. in the lateral aspect of the right thigh (biceps femoris muscle) and were killed
by cervical dislocation at various times after injection of toxin or PSS. MIuscle was taken
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from the medial aspect of the injected thigh (gracilis and semimembranous muscles) to
avoid sampling regions damaged bv the needle. Eighty-two white mice weighing 18 to 20
g were used in eight experiments.
The tissue was fixed initially in 2%c glutaraldehyde in cacodylate buffer (pH 7.4) for 2

hours at 4 C. After rinsing in three changes of the same buffer containing sucrose for 12 to
18 hours at 4 C, the tissue was postfixed in 2%' osmium tetroxide in cacodylate buffer (pH
7.4) for 1 hour at 4 C. Dehydration through a graded series of ethanol was followed by
embedment in Epon 812 ' or Spurr 2' resin. After polymerization in a vacuum oven at 60
C for 48 hours, the blocks were sectioned on either a Sorvall NMT-2 ultramicrotome or an
LKB ultratome I with either glass or diamond knives. Thick sections (0.3 to 1.0 M) were
cut, stained with toluidine blue,25 and examined with the light microscope for areas of
interest. Silver and silver-gray sections mounted on uncoated and unsupported copper
grids were stained with 5% aqueous uranvl acetate and lead citrate" and were then
observed and photographed with a Philips ENM 200 electron microscope.

Results
Charactitc of Hemorrhagic Compnts

The characteristics of the three pure hemorrhagic components used in
these experiments are listed in Table 1, which is a summary of data
collected by Bjarnason 2' and Bjarnason and Tu."

Ught Micos Obrvation

Control

No hemorrhage Xvas observed either at the gross or light microscopic
levels in control animals regardless of time between injection and death of
the animal (1 minute to 3 hours) (Figure 1).

Experimental

Gross examination of muscle injected with hemorrhagic toxins a or e
revealed ecchvmotic hemorrhages at 2 minutes after injection; at 5 min-

Table 1-Characteristics of Hemorrhagic Toxins*

Hemorrhagic toxin

Characteristic a b e

Molecular weight 68,000 24,000 25,700
Amino acid residues 636 200 219
Isoelectric point Acidic Basic 5.6
Zinc content (mole/mole) 0.99 0.82 1.03
Inhibitedt by EDTA + + +
Proteolytict + + +

* Data taken from Bjamason 21

t Inhibition of hemorrhagic activity by EDTA is indicated by +
t Presence of proteolytic activity is indicated by +.
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utes the region of hemorrhage extended over the entire thigh. Light
microscopic examination revealed varying degrees of damage depending
on the interval between injection of the toxin and tissue sampling and on
the distance of the area sampled from the center of hemorrhage.

Hemorrhagic Toxin a. Hemorrhagic toxin a produced extensive hemor-
rhage which was readily observed at the light microscopic level. In some
regions the connective tissue was filled with erythrocytes, and broken
vessels were observed (Figure 2).

Hemorrhagic Toxin e. Light microscopic examination of muscle in-
jected with hemorrhagic toxin e revealed a connective tissue packed with
erythrocvtes and extruded plasma. The few intact capillaries were filled
with ervthrocytes and platelet aggregations (Figure 3).

Hemorrhagic Toxin b. Gross examination of muscle injected with hem-
orrhagic toxin b revealed no hemorrhage at 5 minutes, but there was a
large hemorrhagic area over the thigh at 3 hours after injection. At the
light microscopic level, interstitial edema was evident and the connective
tissue was filled with extravasated erythrocvtes. In some areas, few intact
capillaries were observed and muscle necrosis was prominent (Figure 4).
In these areas erythrocvtes appeared to be located within damaged muscle
cells. This is quite a contrast to the other toxins investigated since both
hemorrhagic toxins a and e are hemorrhagic but not myotoxic.

Eectm M

Control

Capillaries in muscle from control animals conformed to the ultrastruc-
ture described previouslv.7 The endothelium and underlying basal lam-
ina were continuous. In the lumen there was a finely granular material,
ie, plasma, and outside the capillaries were surrounded by collagen
fibers and other connective tissue components. Endothelial cells con-
tained nuclei of normal appearance with intact nuclear envelopes and
areas of heterochromatin and euchromatin. The cytoplasm of endothelial
cells contained numerous pinocytotic vesicles, small mitochondria, sparse
endoplasmic reticulum (smooth and granular), and scattered ribosomes.
Intercellular junctions were present and typical. Pericytes were often
observed in their usual association with capillaries. Control skeletal
muscle cells were also of normal structure. Collagen was prominent in the
connective tissue and was of normal appearance (Figure 5).

Experimental

Hemorrhagic Toxin a. Hemorrhagic toxin a appeared to act directly on
endothelial cells, resulting in Iysis of their plasma membranes and leakage
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of plasma and erythrocytes. The endothelium of affected vessels appeared
to have become very thin prior to actual breakage (Figures 6 through 9).
Gaps in the endothelium appeared to be within endothelial cells rather
than between cells as indicated by the presence of intact intercellular
junctions immediately adjacent to the openings (Figures 6, 8, and 9). In
some vessels the endothelium was broken down into numerous small
vesicles (Figure 7), which resulted again in gaps in the capillary wall.
Fibrin was observed around some of the damaged capillaries (Figure 6). A
common observation was the formation of platelet aggregations in dam-
aged vessels especially at the site of endothelial rupture (Figure 8). Some
of the platelets appeared to have undergone the platelet release action
(Figures 8 and 9) as indicated by apparent loss of granules. Even in these
vessels, intact intercellular junctions were present (Figures 8 and 9).

Collagen associated with damaged capillaries was usually disorganized,
and the basal lamina was usually absent near and beneath ruptured
endothelium (Figures 6 through 9).
The connective tissue surrounding damaged vessels was filled with a

flocculant material, plasma, extravasated erythrocytes, and the normal
connective tissue elements (Figures 6 and 8).

Hemorrhagic Toxin b. The pathogenesis of hemorrhage induced by
hemorrhagic toxin b was very similar to that induced by toxin a except
that it was much slower acting and it also caused necrosis of muscle. Toxin
b caused endothelial cells to undergo a vesiculation (Figure 10) which
resulted in gaps in the capillary wall through which blood escaped.
Intercellular junctions adjacent to ruptured endothelium remained intact
(Figure 10). Toxin b also caused marked necrosis of muscle (Figures 11
through 13) as indicated by the rupture of sarcolemma, breakdown of
sarcoplasmic reticulum into numerous small vesicles, disoriented myo-
filaments, and abnormal mitochondria. Erythrocvtes appeared to be lo-
cated inside some damaged muscle cells (Figures 11 and 12). There was
also an apparent increase in the amount of glycogen in ruptured muscle
cells (Figure 13).

Mitochondrial changes in damaged muscle cells ranged from slight
swelling to severe swelling and, most commonly, a stacking or reduplica-
tion of cristae (Figure 12). Numerous mitochondria of various shapes and
sizes were observed in the connective tissue surrounding damaged muscle
cells (Figure 13) and damaged capillaries (Figure 10).
Hemorrhagic Toxin e. Hemorrhagic toxin e acts rapidly to cause hemor-

rhage within 2 minutes after injection. It appeared to act on the endothe-
lium to cause hemorrhage per rhexis. Endothelial cells became extremely
thin and erythrocytes were observed passing through the thin portions of
endothelial cell cytoplasm (Figures 14 and 15).
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In some vessels swollen endothelial cells were seen adjacent to normal
cells (Figures 15 and 16). This effect was accompanied by disruption of
collagen and basal lamina (Figures 14 through 16), intravascular hemol-
ysis (Figure 15), and slight swelling of muscle (Figure 16). There ap-
peared to be some intravascular lysis of other blood cells, probably eosino-
phils from the morphology of the granules (Figure 15).
Many damaged vessels were plugged with platelet aggregations and the

surrounding area was filled with a dense flocculant material and erythro-
cytes (Figure 16).

The intramuscular injection of crude rattlesnake (C atrox) venom
causes degeneration of capillaries which results in hemorrhage by rhexis.1
The pathogenesis includes initial swelling of endoplasmic reticulum, peri-
nuclear space, and the entire endothelial cell. This is followed by rupture
of the plasma membrane and extravasation of blood. Platelet aggregations
plug gaps in vessel walls and often completely occlude the lumina. Since
crude venom contains many varied components, it is difficult to ascribe
these effects to any one of the components. By fractionating the venom
and isolating pure hemorrhagic toxins, it is possible to study the pathogen-
esis of hemorrhage induced by a single known toxin. Bjarnason and Tu 14
reported the isolation of five hemorrhagic toxins from the venom of the
Western Diamonback rattlesnake (C atox), and we are reporting here on
the mode of action of three of these toxins. All three were found to be
proteolytic. Toxin a has a molecular weight of 68,000 and is acidic; toxin b
has a molecular weight of 24,000 and is basic; and toxin e has a molecular
weight of 25,700 and is acidic (isoelectric point of 5.6).

All of the hemorrhagic toxins, HTa, HTb, and HTe, act directly on the
capillary wall, causing degeneration of endothelial cells which results in
rupture of their plasma membranes producing gaps through which blood
escapes. These results confirm those reported by Ownby et al 1 using the
crude venom of C atrox.
Only limited work has been done on the pathogenesis of hemorrhage

induced by other crotalid venoms and their purified hemorrhagic toxins.
Three hemorrhagic toxins (HR-1, HR-2a, and HR-2b) were isolated from
the venom of the Habu snake (T flavovirdis). HR-2a and HR-2b were
both shown to be free of proteinase activity using casein as a substrate5
and they also lacked any hyaluronidase, phospholipase A, or collagenase
activity. HR-1 was also found to be separable from proteolytic activity.6
Yet all three components (HR-1, HR-2a, and HR-2b) plus collagenase
liberated both proteins and carbohydrates from basement membrane 19
and their hemorrhagic activity was attributed to their ability to enzvmat-

. -.- ---. . .- -- - .- --. . . .1- . .-. .-. .
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icallv destrov the basement membrane and thus the stability of the
capillarv wall. Cinematographic and electron microscopic examination of
tissue treated with HR-1 revealed that the toxin induced hemorrhage bv
diapedesis, the underlving cause being destruction of the basal lamina
beneath the endothelium.'8 Electron microscopic examination of hemor-
rhage induced bv the crude venom of the Habu snake showed that the
mechanism of bleeding was also via the intercellular junctions.28
A nonproteolvtic, acidic hemorrhagic toxin with molecular weight of

44,000 was isolated from the venom of V palestinae."1 Subcutaneous
injection of this toxin into rabbits resulted in the formation of gaps within
endothelial cells and, thus, hemorrhage bv rhexis.29 These results agree
with our results obtained using crude C atrox venom ' (as well as the
results reported here for the three hemorrhagic toxins HTa, HTb, and
HTe) isolated from the same venom.

It appears that hemorrhage induced bv crude crotalid venoms could be
the result of two hemorrhagic mechanisms: hemorrhage by rhexis and
hemorrhage by diapedesis. It also appears that although hemorrhage
induced by purified hemorrhagic toxins may result from the two routes,
the pathogenesis induced bv the pure toxin(s) is the same as that induced
by the crude venom from which it was extracted.

It is interesting to note that one of the hemorrhagic toxins from C atrox
venom (HTb) also induced mvonecrosis (see Figures 11 through 13).
However, our study did not permit us to determine whether the mvo-
necrosis was due to direct action of the toxin on muscle cells or to indirect
action due to anoxia. The presence of necrotic muscle cells adjacent to
intact capillaries (Figures 11 and 12) supports the idea that hemorrhagic
toxin b (HTb) acts directly on the muscle cell. It is well established that
mvonecrosis occurs independentlv of vascular damage. We have shown
that a pure component from C viridis viridis venom (myotoxin a) induces
myonecrosis without anv accompanving vascular lesions.4 Thus, hemor-
rhagic toxin b could have a general effect on cell membranes; at least it
acts on those of both skeletal muscle and endothelial cells.
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Fe 1-Light micrograph of control tissue. Capillaries are intact and the connective
tissue is free of blood cells and plasma. (X250) Fge 2-Light micrograph of
tissue 5 minutes after injection of hemorrhagic toxin a (HTa). M, muscle fiber. Note
erythrocytes in connective tissue (E) and gap in vessel wall (arrow). (X700)
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Fgwe 3-Light micrograph of tissue 5 minutes after injection of hemorrhagic toxin e
(HTe). Muscle fibers (M) are normal in appearance, but the connective tissue (CT) is
packed with extravasated blood. The few capillaries which are intact (arrows) appear
to be packed with erythrocytes and platelets. (X300) Fgue 4-Light micrograph of
tissue 3 hours after injection of hemorrhagic toxin b (HTb). Note degenerating muscle
cells (DM) which have lost their striated appearance and appear to contain erythro-
cytes. The connective tissue (CT) is filled with erythrocytes, and vessels (arrow) are
packed with erythrocytes and platelets. (X600)
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Feure 5-Electron micrograph of capillary from animal injected with ph ologic saline. N, nucleus of endothelial
cell; L, lumen; C, collagen; B, basal lamina. (x22,000) Fu 6 9 are electron micrographs of capillaries
from animals injected with hemorrhagic toxin a (HTa). F 6-Note thinness of endothelium and presence of
large gaps (arrows) through which erythrocytes (E) are escaping. Note also the absence or disruption of collagen
and the basal lamina (compare with Figure 5) and the presence of fibrin (F). (X17,500)
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Figure 7-Note the very thin endothelium (En) and a gap in the vessel wall (arrow). E, erythrocyte; M, muscle. Also note
the absence of collagen and basal lamina (compare with Figure 5). (X22,000) Fiu 8-This capillary is filled with
a platelet aggregation (P). The endothelium is very thin and broken in several places (arrows). At least one
intercellular junction is intact (J). (x13,000)
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Fiu 9--Higher magnification of a vessel similar to the one in Figure 8. Note the thin and broken endothelium (arrow),
loss of collagen and basal lamina, presence of platelets (P), and intact intercellular junction (J). (x32,000) Fies
10 through 13 are electron micrographs of capillaries and muscle from animals injected with hemorrhagic toxin b
(HTb). Figure 10-Note vesiculation (V) of endothelium and presence of intact intercellular junction (J). Also note
damaged muscle cell (DM) and free mitochondria (arrows). (X21,000)



Fgu 11-Note degenerating muscle cell (DM) and normal muscle cells (M). Also note erythrocyte (E) and
abnormal mitochondria (arrows). (X6000) Fgure 12-Note degenerating muscle cell (DM), erythrocyte (E), and
mitochondria with reduplicated cristae (Mi). Also notice the absence of sarcolemma of necrotic muscle cell
(arrows). (x 10,000)
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Fur 13-Muscle cell affected by HTb. Note lack of sarcolemma (arrow) and presence of mitochondria (Mi) in the
endomysium. There appears to be an increase in glycogen (G) in the cell. (X13,000) Fips 14tW 16 are
ectron micrographs of capillaries from animals injected with hemorrhagic toxin e (HTe). F 4e-Erythrocyte
(E) passing through a gap in endothelium. Note disruption of collagen beneath endothelium (arrow). (X10,500)



Fwe 15-Note hemolyzed erythrocytes (HE) in the lumen and passing through a gap in vessel wail (arrow). It
appears that granules from a lysed eosinophil (EG) are passing out through the same gap. Another gap is present in
the same vessel (double arrow). Collagen fibers and the basal lamina are disrupted. (X22,OOO) Fue 16-
Capillary filled with aggregation of platelets (P). Note flocculant material in connective tissue around vessel and
swollen endothelial cell (En). (x22,000)


