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The presynaptically active, toxic phospholipases
nown as notexin and taipoxin are principal compo-
ents of the venom of the Australian tiger snake and
he Australian taipan respectively. The inoculation of
he toxins into one hind limb of rats caused, within
h, the depletion of transmitter from the motor nerve

erminals of the soleus muscle. This was followed
y the degeneration of the motor nerve terminals and
f the axonal cytoskeleton. By 24 h 70% of muscle
bers were completely denervated. Regeneration and

unctional reinnervation were almost fully restored
y 5 days, but collateral innervation was common in
he regenerated muscles, and this abnormality per-
isted for at least 9 months. The data provide an
xplanation for both the severity of neuromuscular
aralysis that can accompany envenoming bites by
iger snakes and taipans and the difficulty experienced
y physicians in managing the envenomed subjects.
2000 Academic Press

Key Words: neurotoxicity; toxins; venom; phospholi-
ases; notexin; taipoxin.

INTRODUCTION

Snake venoms are rich sources of phospholipases A2
17). Many of the phospholipases appear to have a
imple digestive function (5) but some are potent
resynaptically active neurotoxins with an LD50 of 1–3
g · g21 (mouse iv or ip). Human victims of bites by
nakes whose venoms contain large quantities of presyn-
ptically active neurotoxins suffer a profound neuromus-
ular paralysis and are extremely difficult to manage.
hey frequently require long periods in intensive care
ecause they do not respond well to antivenoms or to
rocedures that might be expected to relieve neuromus-
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gy, University of Leicester, Leicester LE1 9HN.

2 Present address: Rowett Research Institute, Bucksburn, Aber-
een AB21 9SB.
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ular blockade such as anticholinesterases and diamino-
yridine s (19, 28–30).
Acute investigations in vivo had suggested that the

rimary cause of death following the inoculation of the
eurotoxic phospholipases A2 was either a blockade of
ransmitter release or the depletion of transmitter from
otor nerve terminals (4, 10, 12). In a more recent

tudy of the neuropathological consequences of expo-
ure to toxic phospholipases, Dixon and Harris (7)
noculated the hind limb of rats with sublethal doses of
-bungarotoxin (a neurotoxic phospholipase A2 from
he venom of the kraits, Bungarus sp.) and showed that
he toxin caused the depletion of transmitter from the
erve terminals and the degeneration of nerve terminal
nd intramuscular axons. These observations appeared
o offer an explanation for the severity of the neuromus-
ular paralysis and the difficulty in management of
ictims, but we needed to know whether this degenera-
ive response is specific to b-bungarotoxin or is a
esponse to the presynaptically active neurotoxins in
eneral. We have therefore made a detailed study of the
europathological consequences of the local inoculation
f two other major neurotoxic phospholipases A2, no-
exin (a principal neurotoxin from the venom of the
ustralian tiger snake) and taipoxin (the principal
eurotoxin from the venom of the taipan). These toxins
re also myotoxic (6, 11) and the study of myotoxicity
as overshadowed the neurotoxic potential of the tox-

ns. We have shown that nerve terminal and axonal
egeneration is a prominent feature of the toxicology of
his class of natural toxins. We have been able to
ocument the time scale of degeneration and have
hown that degeneration is very rapid in onset and is
idespread in muscles exposed to the toxins.

MATERIALS AND METHODS

nimals

Female Wistar rats (90–100 g) were obtained from an
ccredited breeder and maintained in accordance with
he requirements of the Animals (Scientific Procedures)
ct of 1986. A total of 65 animals were used in this

tudy. Muscles from 30 of them were used for electron
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518 HARRIS ET AL.
icroscopy, muscles from 19 were used for the study of
he innervation of the muscle fibers, and muscles from
6 were used for routine histology and for electrophysi-
logy. Animals had free access to food and water and
ere under the day-to-day supervision of a veterinar-

an.

erve-Muscle Preparation in Vivo

The soleus muscle was used to study the responses of
keletal muscle and its innervation following the inocu-
ation of either notexin or taipoxin. The toxins (2 µg in
.2 ml of 10 µg ml21 in 0.9% w/v NaCl) were inoculated
ubcutaneously into the dorsolateral aspect of one hind
imb so as to bathe the underlying soleus muscle in
oxin (11). The contralateral soleus muscle acted as the
ontrol. At various times after inoculation (0.5 h–21
ays) the ipsi- and contralateral muscles were re-
oved, pinned onto dental wax at 1.23 resting length,

nd prepared for either transmission electron micros-
opy or the demonstration of acetylcholinesterase
AChE), acetylcholine receptor (AChR), or axonal neu-
ofilament.

ransmission Electron Microscopy

Tissues for electron microscopy were fixed in Kar-
ovsky’s fluid (16) for 1 h. End-plate AChE was identi-
ed using the technique of Strum and Hall-Craggs (27).
egions of the muscles containing the brick-red depos-

ts identifying end plates were cut out of the muscles in
mall blocks (dimensions 1 3 1 3 2 mm) and fixed for a
urther 30 min. The blocks were transferred to OsO4 for
econdary fixation, dehydrated in graded alcohol, and
mbedded in araldyte resin. The blocks were trimmed
ntil the regions containing end plates were reached
nd ultrathin sections (50–70 nm) were prepared of
tained regions for examination in a JEOL 1200 Ex
ransmission electron microscope.

ombined AChR and Neurofilament Staining

Isolated muscles were pinned at 1.23 resting length
nto dental wax and fixed in paraformaldehyde (0.5%
/v in 0.1 M phosphate-buffered saline (PBS)) for 10
in. The muscles were then teased into 3–4 bundles of
uscle fibers and returned to fixative for a further 20
in. The muscle fiber bundles were rinsed in 0.1 M
BS and further teased into smaller bundles of 10–12
bers. These were permeabilized in absolute ethanol
or 10 min at 218°C and again rinsed in PBS before
eing transferred to an incubation medium (3% w/v
ovine serum albumin and 0.1 M lysine in PBS) contain-
ng mouse anti-neurofilament antibody (volume ratio

00:1) and incubated overnight at 4°C. The following i
orning the muscle fiber bundles were rinsed in PBS
nd incubated for 1 h at 20°C in FITC-a bungarotoxin
to label AChR) and rhodamine-labeled rabbit anti-
ouse polyclonal IgG (to label the anti-neurofilament

ntibodies). The bundles were washed again in PBS,
ounted in Vectashield onto glass slides, and examined

nder a Bio-Rad MRC 600 confocal scanning laser
icroscope.

ombined AChE and Silver Staining

In some regenerating muscles, the technique of
estronk and Drachman (20) was used to identify the
nd-plate region and the relevant motor axons. In brief,
0-µm-thick frozen sections were mounted onto slides
oated with EDTA. The mounted sections were incu-
ated in Na2SO4 (20% w/v in distilled H2O), rinsed in
eionized water, and then incubated in Pestronk and
rachman’s AChE medium (20). The sections were

hen dehydrated in graded alcohols before being impreg-
ated with silver (20). In this technique AChE is
isualized as a translucent blue deposit and axons are
lack.

ombined AChR and AChE Staining

Frozen sections (10 µm) of soleus muscles were
ounted onto glass slides. The sections were incubated

1 h room temperature) with polyclonal rabbit anti-rat
ChE antibodies diluted 1:500 in PBS containing 3%
SA and 0.1 M lysine. The sections were rinsed with
BS and incubated for 1 h at room temperature with
:100 swine anti-rabbit antibody and FITC-a bunga-
otoxin. The sections were washed with PBS, fixed for
5 min in 1% paraformaldehyde, mounted in Vecta-
hield, and examined under a standard fluorescence
icroscope.

lectrophysiology

Electrophysiological techniques were used to search
or evidence of multiple innervation before and at
arious times after the inoculation of notexin or taipoxin.
solated soleus muscles were mounted in a constant
ow bath perfused with a bathing solution of composi-
ion (mM) K1 5.0; Na1 150; Ca21 2.0; Mg21 1.0; Cl2 148;

2PO4
2 1.0; HCO3

2 12; glucose 11. Solutions were
quilibrated by bubbling with 5% CO2 in O2 and were
aintained at room temperature.
Glass microelectrodes (resistance ca. 10 M V) were

nserted into the end-plate regions of cut fiber prepara-
ions (1). The distal stump of the motor nerve was
timulated via a suction electrode and the evoked
nd-plate potentials were recorded. Evidence for the
resence of multiple innervation was sought by slowly

ncreasing the strength of the stimulating pulse from
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519NEUROTOXICITY OF NOTEXIN AND TAIPOXIN
ubthreshold levels and seeking evidence of more than
ne all-or-nothing end-plate potential (21).

oxins, Antibodies, and Other Reagents

Notexin and taipoxin were a gift. The toxins were

FIG. 1. Transverse sections of contralateral soleus muscles (A, B)
2.0 µg sc) into the anterolateral aspect of one lower hind limb. A is a t
egular staining and the slightly angular muscle fibers. D is a frozen s
bove. Note the degenerating extrafusal muscle fibers filled with ph
ChE activity as a brick-red deposit. ACE is localized to the junctiona
4 h. C and F are of teased bundles of lightly fixed muscle fibers in w
abelled with anti-neurofilament Ab and a 20-rhodamine-labelled Ab.
solated from the venoms of the Australian tiger snake, p
otechis scutatus scutatus, and the Australian taipan,
xyuranus scutellatus scutellatus, respectively, by Dr.
. Eaker, Uppsala, Sweden. Murine monoclonal anti-
eurofilament antibody was a gift from Prof. Leigh

Institute of Psychiatry, London). It recognizes both

toxin treated muscles (D, E) 24 h after a single inoculation of notexin
sverse section of a frozen control muscle stained with H&E. Note the
on of the opposite soleus muscle inoculated with notexin as described
cytic cells. B and E are transverse frozen sections stained to show

asal lamina. Note its persistence in the degenerated muscle fibers at
h AChR are labeled with FITC–a-BTX and neurofilament protein is
te the loss of labelling in F. Scale bars, 50 µm in all micrographs.
and
ran
ecti
ago
l b
hic
No
hosphorylated and nonphosphorylated forms of heavy
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FIG. 2. Electron micrographs of neuromuscular junctions in ra
2.0 µg sc) into the anterolateral aspect of one hind limb. A (control) sh
t soleus muscle fibers 1 h after the inoculation of notexin or taipoxin
ows the normal organization of the nerve terminal. Note the depletion of

ynaptic vesicles from terminals in toxin-treated muscles (B,C) and the normal appearance of the muscle fibers in most sections. B illustrates
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521NEUROTOXICITY OF NOTEXIN AND TAIPOXIN
eurofilament. It is commercially available as RT97
rom Boehringer Mannheim, Germany. The polyclonal
abbit antibody used to recognize junctional AChE was
gift from Dr J. Massoulie, Ecole Normale Supérieure,
aris. Fluorescein isothiocyanate-conjugated a-bunga-
otoxin (FITC–a-BTX) was from Molecular Probes (Eu-
ene, OR). Swine anti-rabbit polyclonal antibody conju-
ated with rhodamine and rabbit anti-mouse polyclonal
ntibody conjugated with rhodamine were from Dako
Buckinghamshire, UK). Vectashield aqueous moun-
ant was from Vector Laboratories (Burlingame, CA).
ther reagents were from regular commercial suppli-
rs and were routinely of the highest grade available.

pecificity of Major Reagents

The specificity of FITC–a-BTX was checked by label-
ng frozen sections of soleus muscles with a polyclonal
abbit antibody to rat brain AChE and TRITC–swine
nti-rabbit IgG. This enabled end plates to be unequivo-
ally and specifically labeled. The sections were then
ncubated for 60 min in PBS with or without native
-BTX (30 µg ml21) or b-BTX (30 µg ml21). The sections
ere rinsed and incubated for 30 min with FITC–a-
TX. Control sections and sections incubated with
ative b-BTX were labeled with FITC–a-BTX at every
ChE-identified end plate. Sections incubated with
ative a-BTX did not label with FITC–a-BTX. The
pecificity of the anti-neurofilament antibody was origi-
ally demonstrated by Western blotting. The antibody
ecognizes both phosphorylated and nonphosphory-
ated forms of 160- and 200-kDa neurofilaments. It does
ot recognize tubulin.
The secondary antibodies were preabsorbed with

ormal rat serum before use. There was no labeling
ith the secondary antibodies in any preparation that
ad not been previously exposed to the relevant pri-
ary antibody.

ollection and Analysis of Data

To ensure that morphological data obtained during
his study were truly representative, at least three
uscles were used at each time point. For electron
icroscopy, blocks of tissue were randomly selected

rom each muscle and screened for the presence of end
lates. Those blocks containing end plates (identified
y the presence of positive staining for AChE) were
sed to prepare thin sections of tissue for electron
icroscopy. The tissue blocks were selected and sec-

ions were examined blind. Between 10 and 40 ran-
omly encountered end plates were photographed from

learly the loss of cristae in the damaged mitochondria (heavy arrow
ber is disrupted (star). The damaged nerve terminal (arrow) sits in a

amina tube. AChE staining was used in most preparations to aid in t

n the junctional folds. Scale bars, 1 µm in all micrographs.
ach muscle. The photomicrographs were examined
lind and end plates were classified as ‘‘normal’’ if the
erminals were filled with synaptic vesicles and undam-
ged mitochondria and ‘‘damaged’’ if the terminals
ere devoid of vesicles, contained damaged mitochon-
ria, or were filled with degenerating subcellular organ-
lles. Data on AChR and neurofilament distribution
ere similarly collected from muscle fiber bundles

eased from at least 3 muscles. A typical muscle yielded
pproximately 20–30 useable bundles of 10–12 muscle
bers. Images were selected for analysis and photogra-
hy only if the end plate, identified from FITC–a-BTX
abeling, was en face. These data were collected blind
nd analyzed later by examination of stored images.
It should be acknowledged that the pathology we
ere recording was so significant that the term ‘‘blind’’

annot be considered absolute.

RESULTS

There were no recognizable differences in the re-
ponse of muscle fibers, nerve terminals, or intramuscu-
ar axons to exposure, respectively, to notexin or
aipoxin. The results are, therefore, not differentiated.

ormal Tissue

Transverse sections of control soleus muscles re-
ealed the regular slightly angular profile of the indi-
idual muscle fibers (Fig. 1A) and the presence of
cetylcholinesterase where the section contained neuro-
uscular junctions (Fig. 1B). Teased bundles of muscle

bers processed for the immunocytochemical demon-
tration of neurofilament and the colabeling of acetyl-
holine receptors, confirmed the normal pattern of
nnervation—one axon per muscle fiber (Fig. 1C).

he Toxin-Induced Degeneration of Muscle and Nerve

The myotoxic activities of notexin and taipoxin have
een described at length (11, 13, 14), and will be de-
cribed only briefly here. Degeneration of muscle fibers
egan 1–3 h after inoculation. By 6 h, most muscle
bers in the muscles were damaged and, by 12–24 h,
lmost every muscle fiber in the muscles was destroyed
Fig. 1D). Longitudinal sections of muscles cut 12–24 h
fter inoculation of toxin revealed areas of hypercon-
racted contractile material invaded by phagocytic cells
f various kinds interspersed with regions of empty
asal lamina tube, caused by the tearing of myofibrils
y adjacent areas of hypercontraction (11, 14).

represents a muscle fiber in which the internal organization of the
ormal’’ junction (heavy arrow). The fiber consists of a collapsed basal
identification of the junctions, which were marked by a black deposit
s). D
‘‘n

he
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522 HARRIS ET AL.
AChE, a component of the junctional basal lamina,
as readily identified in both transverse and longitudi-
al sections of muscle at all stages of degeneration and
egeneration (Fig. 1E), presumably reflecting the sur-
ival of the basal lamina of the degenerating muscle
bers. Slater and Allen (25) reported that AChR and
he junctional plasma membrane often survived expo-
ure to the toxic phospholipase notexin. This was
onfirmed in this study. Thus, at 24 h, when muscle
bers were totally destroyed, reactivity to AChR per-
isted at 44/47 identifiable neuromuscular junctions
ncountered in tissue sections. Although, AChR could
e routinely identified in bundles of teased muscle
bers the intramuscular axons could not be labeled
ith anti-neurofilament antibodies (Fig. 1F).
To determine whether the intramuscular axons had

een destroyed by the toxins, axonal integrity was
tudied using silver staining. Six normal (contralat-
ral) muscles were sectioned for light microscopy, and
14 junctional regions were identified by AChE stain-
ng. Silver staining was used to identify motor axons.
ighty-eight percent of the junctional regions were
learly innervated. In contrast of a total of 51 junctions
xamined in 3 muscles 24 h after the inoculation of
oxin, only 6% were clearly innervated; in the remain-
er, no intact axons could be identified.
To study the early stages of the response of the nerve

erminals to exposure to the toxins, animals were killed
t intervals after the inoculation of either taipoxin or
otexin and electron micrographs of more than 300
andomly chosen motor nerve terminals were pre-
ared. At 1 h 100 nerve terminals were studied. Sixteen
f the terminals were physically damaged, exhibiting
orphologically abnormal mitochondria and/or lyso-

omal structures. Motor nerve terminals were com-
letely absent from three otherwise normal junctions.
ifty-eight of the terminals were devoid of synaptic
esicles except for the presence of clathrin-coated ‘‘V’’
rofiles and occasional internal clathrin-coated vesicles
ut were otherwise indistinguishable from normal. The
emaining nerve terminals were without obvious pathol-
gy. At this stage, despite the damage to nerve termi-
als, there was no morphological evidence of damage to
ost underlying muscle fibers (Fig. 2).
By 3–6 h after the inoculation of the toxins, 36% of

he motor nerve terminals examined (total n 5 100)
ere physically damaged. Some terminals were com-
letely devoid of internal architecture, some were filled
ith damaged mitochondria and mitochondrial debris,
nd some contained large lysosomal-like bodies. Many
unctional clefts were invaded by Schwann cell pro-
esses. It was of significance that severely damaged
erve terminals could be seen on either apparently
ndamaged muscle fibers or necrotic ones. By 24 h
early 70% of nerve terminals were destroyed, exhibit-
ng all the features described above, and the muscle m
bers were also damaged (Fig. 3). Electron microscopy
lso showed that the junctional region of the muscle
ber was remarkably resistant to the toxins. Despite
he loss of extrajunctional plasma membrane and inter-
al architecture, junctional folds were often intact and
egments of plasma membrane remained. In such
ases, phagocytic cells apparently clearing debris from
etween adjacent junctional folds were often seen
Fig. 3D).

he Regeneration of Muscle and Its Innervation

Regeneration of the skeletal muscle began 2–3 days
fter inoculation with the formation of multinucleate
yotubes within the surviving basal lamina tubes. The
uscle fibers were centrally nucleated (Fig. 4A) and

he site of the ‘‘old’’ end plate could be identified by the
ersistence of AChE activity in the surviving basal
amina (Fig. 4B).

By 5 days combined AChE/Ag staining (20) showed
hat 59 of 67 (i.e., 88%) junctions examined were
einnervated, a level of reinnervation consistent with
hysiological data acquired by Grubb et al. (9). At this
tage pre- and ultraterminal sprouting of the regenerat-
ng axons was seen at more than 30% of all junctions.
prouts were often very long (.200 µm) and usually
rientated along the appropriate muscle fiber (Fig. 4C).
he degree of sprouting fell to 5% at 10 days and was
ot seen at all by 14 days.
By 21–28 days, the process of regeneration was

omplete. Muscle fibers were identical to control muscle
bers with the exception of the presence of centrally

ocated muscle nuclei (Fig. 4D). AChE was located
pecifically to the junctional region of the muscle fibers
Fig. 4E). Innervation, however, was abnormal. Collat-
ral innervation (the innervation of a number of adja-
ent muscle fibers by a single axon), first seen at around

days after the inoculation of toxin, was commonly
een at 21 days (Fig. 4F) and persisted for at least 9
onths. Multiple innervation (the innervation of a

ingle muscle fiber by more than one axon) was,
owever, very rare. Morphological studies of more than
00 junctions between 5 and 21 days after the inocula-
ion of toxin identified only 8 unequivocal examples of
ultiple innervation. Physiological studies of end-plate

otentials similarly identified only 7 examples of mul-
iple innervation of 115 junctions studied over the
eriod 5–10 days post toxin injection (Fig. 5). No
xamples of multiple innervation were seen using
ither morphological or physiological criteria prior to 5
ays or after 10 days.

DISCUSSION

The objective of this study was to determine the

orphological correlates of neurotoxic activity of the
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523NEUROTOXICITY OF NOTEXIN AND TAIPOXIN
FIG. 3. Electron micrographs of neuromuscular junctions in rat
2.0 µg, sc) into the anterolateral aspect of one hind limb. A illustrates
itochondria (heavy arrows). There are numerous coated ‘‘V’’ profil
ypercontracted. B shows a junction devoid of nerve terminal. C and
egenerative change to the muscle fiber. In each case, primary clefts
hagocytic cells, one of which has finger-like projections entering the
ntact in the synaptic region but has gone from the presynaptic region
soleus muscle fibers 24 h after the inoculation of notexin or taipoxin
a nerve terminal containing few free synaptic vesicles and degenerating
es on the nerve terminal membrane (fine arrows). The muscle fiber is
D illustrate the preservation of junctional organization even after gross
are occupied by highly active Schwann cells. D shows a fiber filled with
junctional folds (arrow). The plasma membrane of this muscle fiber is
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524 HARRIS ET AL.
oxic phospholipases A2 notexin and taipoxin and to
stablish the time course of any degenerative changes.
We have shown that within 1 h of inoculation of the

oxins in vivo, many nerve terminals already exhibited

FIG. 4. Muscle sections (A–E) and bundles of muscle fibers (F) p
right-hand column)) after a single inoculation of notexin (2.0 µg sc) in
ith H&E and illustrate the rapid growth of the muscle fibers a

ongitudinal and transverse) have been stained to show AChE activ
tained with silver to illustrate the extensive sprouting seen at early
nnervates one fiber at the junction (identified by the blue-stained AC
hich a long slender axonal process emerges (arrows). F is a teased

green) and in which axonal neurofilament is labeled with rhodamine
he top of the figure divides into three major branches that innervate
m in B, C, and F.
igns of physical damage, and the majority of the a
urviving terminals were devoid of synaptic vesicles.
lathrin-coated V pits were common in the ‘‘empty’’
erve terminals and a few large, clathrin-coated vesicles
ould be identified within the nerve terminal. We have

ared from soleus muscles (3–5 days) (left-hand column and 21 days
the anterolateral aspect of one lower hind limb. A and D were stained
the persistent central nucleation (arrows). B and E (respectively,
Even at 3 days (B) AChE activity is retained (arrows). C has been
ges of reinnervation. The axon enters from the left and immediately
. A thick axonal branch continues to innervate an adjacent fiber from
dle of fibers in which AChR are labeled with FITC-a–bungarotoxin
jugated anti-neurofilament antibody (red). The axon emerging from

group of adjacent muscle fibers. Scale bars, 50 µm in A, D, and E; 25
rep
to

nd
ity.
sta
hE)
bun
-con
d a
lso shown that by 24 h large numbers of nerve
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525NEUROTOXICITY OF NOTEXIN AND TAIPOXIN
erminals and intramuscular axons were totally de-
troyed, leaving ca. 70% of muscle fibers devoid of even
he remnants of motor innervation. The preservation of
he postjunctional component of the neuromuscular
unction, even in very damaged muscle fibers, confirms
ome early observations by Slater and Allen (25). We
till have no explanation for the observation.
The early loss of synaptic vesicles can have several

rigins: excessive rates of exocytosis; failure of recy-
ling of fused vesicles after the discharge of their
ontents; and destruction of vesicles within the nerve
erminals are the most obvious possibilities. The loss is
nlikely to be the result of only an excessive rate of
xocytosis. The increase in mepp frequency caused by
he neurotoxic phospholipases A2, b-bungarotoxin, for
xample, rarely exceeds 33 normal and the quantal

FIG. 5. End-plate potentials recorded from different rat soleus
uscle fibers 5 (A) and 7 days (B) after the inoculation of notexin (2.0
g, sc) into the anterolateral aspect of one hind limb. In each case two
opulations of end-plate potentials, distinguishable by size and
atency, could be recruited by varying the intensity of stimulation.
ontent, ‘‘m,’’ of end-plate potentials is typically only
oubled (2). It is difficult to believe that such modest
ncreases in mepp frequency and mepp quantal con-
ents would lead to the depletion of synaptic vesicles
rom the motor nerve terminal. The presence of large
umbers of clathrin coated V profiles on the nerve
erminal plasma membrane and the presence of large
lathrin-coated vesicles in the nerve terminal suggest
hat the recycling of synaptic vesicles is impaired; the
ombination of enhanced release and impaired recy-
ling might be sufficient to empty the nerve terminal.
Is it possible that synaptic vesicles are destroyed in

itu in the nerve terminal? There are two possible
echanisms by which the vesicles are destroyed: one is

he internalization of the toxins and the other is the
ctivation of pathogenic second messenger systems.
he possibility that the toxins are internalized and

hen released into the cytosol to gain access to the
embranes of subcellular organelles such as mitochon-

ria and synaptic vesicles is very attractive (26) but
here is considerable indirect evidence that the toxic
hospholipases are not internalised (8, 15, 22, 24).
The possibility that exposure to the toxins leads to

he activation of a number of pathogenic secondary
essenger systems is much more attractive. The toxins

ll show pronounced phospholipase A2 activity and
ave been shown to be capable of hydrolyzing both
hospholipid micelles and intact biological membrane
ystems (13). Notexin binds selectively to the plasma
embranes of skeletal muscle fibers (6) and it seems

easonable to presume that the neurotoxic phospholi-
ases bind to the plasma membrane of the nerve
erminal and thereby gain access to the membrane
hospholipids. Hydrolytic activity, resulting in the for-
ation of lysophosphatides and the release of free fatty

cids, would be expected to cause an early reduction in
embrane anisotropy, a loss of ion gradients, the influx

f Na1 and Ca21, depolarization, and the activation of a
arge number of secondary processes such as Ca21-
ctivated proteolytic activity (3, 18, 23).
A cascade of events as outlined above would also

xplain the degeneration of the nerve terminal. The
ncontrolled entry of Ca21 would not only enhance
ransmitter release but would lead to mitochondrial
amage (31). The activation of proteolysis via Ca21-
ctivated proteases, together with elevated phosphory-
ation caused by lysophosphatide-induced synthesis of
yclic AMP, would initiate the proteolytic degradation
f neurofilament proteins.
The regeneration of the terminal axons was rapid

nd apparently efficient, but the collateral sprouting
een in the fully regenerated muscles was unexpected.
t is not clear at present whether the sprouting reflects
he enlargement of some motor units at the expense of
thers or the concentration of motor units into a
maller area of muscle. This question is currently
nder investigation.

Our data show that degeneration of the motor nerve
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erminal and intramuscular axon is an extremely com-
on response to exposure to the toxic phospholipases,

nd it explains why envenoming bites by snakes whose
enoms are rich in such toxins cause such severe and
rolonged neuromuscular paralysis and why the pa-
ients are so difficult to treat (19, 28–30). Slowing the
ate of degenerative change and increasing the rate of
einnervation should be important strategic aims for
mproving the clinical management of such patients.

In the longer term, it is important to learn whether
he regenerated, reorganized motor units are larger
han normal, because excessively large motor units are
nherently unstable. If this instability leads to the early
emise of the motoneuron, the long-term consequences
or the victim are significant.
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