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ABSTRACT.

The botulinum neurotoxins (BoITD, types A and B, produced 
in association with a number of non-toxic moieties (including 
haemagglutinin), by the anaerobic bacterium, Cl. botulinum. were 
purified to homogeneity using a combination of ion-exchange and 
affinity chromatography. The yield of these presynaptically active 
toxins, exhibiting high levels of toxicity (0.5-2 x 10s mouse 
LDso/mg protein), represented =15% of the initial toxicity. 
Radiolabelling of both toxin types (using 1 ̂ ’I-iodine) to high 
specific activities (500-3000Ci/mmol) was accomplished using a 
modification of the chloramine-T procedure. Such labelled toxins 
C 25I-BoNT) retained an appreciable proportion of their initial 
toxicities (65-80%). SDS polyacrylamide gel electrophoresis of 
izsi-b oHT B (Danish strain), under reducing conditions, 
demonstrated preferential labelling of the heavy subunit 
(Mr=101000) with little incorporation of 1:2GI into the light chain 
(Mr=53000).

12SI-BoIT bound saturably to rat synaptosomal membranes 
and equilibrium binding studies revealed the presence of two 
distinct papulations of acceptors; a low content (Bn,ax- 60fmol/mg 
protein) of acceptors exhibiting relatively high affinity (Kd0.3- 
0.5nM) for the toxin with a much larger papulation (Br,-,»x=7pmol/mg) 
of acceptors of lower affinity (Kd16-25nM). Whilst treatment of 
synaptosomal membranes with neuraminidase decreased the specific 
binding of 125I-BoNT B to both acceptor sites, only those 
acceptors exhibiting low affinity for the toxin were destroyed by 
heat (95*0 or trypsin. This would suggest that sialic acid 
moieties play an important functional role in both acceptor types, 
those of lower affinity also requiring the presence of a 
proteinaceous component(s) (possibly sialoglycopeptides) and 
implicating a ganglioside as the high affinity acceptor component.

Comparison of the binding of labelled BoUT (A and B) to 
cholinergic synaptosomes (immuno-affinity purified on cellulose 
beads bearing antibodies raised against the cholinergic-specific 
ganglioside marker, Chol-1) with that observed in the crude

-  14 -



population suggested that acceptors exhibiting high and low 
affinity for each toxin type are present almost exclusively on
cholinergic nerve terminal membranes. Immunolysis of cholinergic 
nerve terminals using anti-(Chol-1) antibodies, could be
effectively inhibited by low concentrations of BoUT B whilst being 
unaffected by high concentrations of BoUT A. The possibility that 
Chol-1 is the high-affinity acceptor moiety for BoFT B is 
discussed. Cholinergic specificity of BoNT acceptors in the CUS 
(as previously demonstrated in the PUS) was further analysed by 
quantifying the amount of 12SI-BoUT binding to brain sections from 
rats subjected to cholinergic lesioning. Lesions were made by
injection of the excitotoxin, ibotenate, into the cholinergic cell 
bodies of the nucleus basalis magnocellularis. A 50% reduction in 
the cholinergic-specific enzyme markers, ChAT and AChE was
observed in animals killed 6 weeks after lesioning; whilst there 
was a concommitant decrease in binding of 1:2SI-BoUT A in the 
lesioned relative to the control side of such brain sections, 
little or no difference in 125I-BoUT B binding was observed. 
Similarly, no change in the immunostaining pattern using anti- 
(Chol-1) antiserum was seen, apparently confirming the stability 
of gangliosides in the membranes and further supporting the 
observations that the high-affinity acceptor for BoUT B may 
contain or be associated with Chol-1.

Studies were made on the effect of BoUT on Ca-_H 
homeostasis in synaptosomes using the fluorescent indicator dye, 
quin 2. Whilst BoUT A had little effect on resting levels of 
intracellular Ca-*, BoUT B apparently produced a slight increase 
in the basal C a** concentration. Both toxins caused a slight 
decrease in the maximal levels of CCa:2'4‘]i obtained upon
depolarisation with K4-, although this was more marked in the case 
of BoUT B. These results are discussed in terms of the possible 
mechanism of intoxication produced by BoUT in this model system.

-  15 -



C H A P T E R  1

General Introduction.
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General I n t r o d u c t i o n ,

1.1 Botulism: Introduction.
Botulinum neurotoxins are amongst the most toxic 

naturally occurring products known to Man (with a lethal dose in 
mice of only *20ng/Kg body weight). Eight immunologically 
distinguishable forms of these proteins (labelled 
A, B, Ct, C2 , D, E, F, and G) are produced by different strains of 
C lo str id iu m  botulinum  -  a strictly anaerobic, spore-forming 
bacterium found commonly in the soil. These proteins are of 
similar molecular weight and, with the exception of type C2 toxin 
(which has enterotoxin-like activity) they act primarily in the 
peripheral nervous system (PITS) inhibiting release of
neurotransmitter from cholinergic nerve endings. Consequently, 
this leads to the classical medical condition of botulism, with 
widespread muscular paralysis and possibly death due to 
respiratory failure. The symptoms of botulism were first 
described many centuries ago and the initial discoveries of its 
site of action made in the early part of this century, yet it is 
only in the last 20 years that significant progress has been made 
on the path to elucidating the specific biochemical nature of the 
blockade. This advancement has only been made feasible by the 
large scale purification (from a mixture of other, non-toxic 
proteins) and characterisation of the neurotoxic moieties as well 
as by concurrent advances in the fields of pharmacology, 
neurochemistry and neurobiology. The action of these toxins is 
believed to proceed via a number of defined steps, namely;' 
binding to a membrane acceptor, subsequent internalisation and 
eventual inactivation of a process that is crucial to excitation- 
secretion coupling. Researchers have focussed on each of these 
steps, together with studies on the structure-activity 
relationship of the neurotoxic proteins, in an attempt to 
elucidate the molecular mechanism by which minute quantities of 
the toxin can so effectively inhibit transmitter release. As 
improved methodologies for studying the exocytotic process 
become available, so the mechanism of the toxins' action appears

-  17 -



yet more elusive, further emphasizing their specificity within 
the neuron. Ultimately, the botulinum neurotoxins mcuj prove to 
be invaluable tools and probes for dissecting the mechanism of 
neurotransmitter release but, at present they provide a constant 
challenge to the neurobiologist.

1.2. Botulinum toxin structure.

1.2.1 Production and activation of BoTx.
Crystallisation of botulinum type A (Abrams, 1946; and 

later Sugiyama and Moberg, 1977) produced a protein (Mr  ̂ 900Kd) 
containing both toxic and non-toxic moieties. The crystalline 
toxin was found to possess haemagglutinin activity and could be 
resolved into a number of components by anion-exchange 
chromatography (DasGupta et al. , 1966, 1968). The initial peak
(labelled a by the above authors) was a reasonably pure 
preparation of type A neurotoxin with a molecular weight 
(determined by gel filtration) of -150,000. The second peak (|3) 
was haemagglutinin (Mr - 500,000). Similar studies on other toxin 
types (B-F) have also shown a heterogeneous mixture of proteins 
in the toxin complexes. Electron microscopy studies by Boroff et 
al. (1972) on the toxic and haemagglutinin moieties of type A led 
to the suggestion that the neurotoxin molecule(s) form a central 
rod-shaped core (diameter -9nm) surrounded by a coil of 
haemagglutinin (diameter ==20nm; Fig. 1.1a). This structure is not 
common to all toxin types, however, since type E and certain 
strains of type D (Miyazaki et al. , 1977) lack this
haemagglutinin moiety. The non-toxic components, including the 
haemagglutinin moieties, in the toxin complexes are believed to 
protect the neurotoxin from the environment of the gut prior to 
its absorption into the lymph and blood system (Sugii et al. , 
1977a,b). This is reflected in higher oral toxicities for these 
complexes over those observed in the neurotoxins (Ohishi, 1984). 
The progenitor neurotoxin molecules are synthesized as single 
polypeptide chains which subsequently undergo further post- 
translational processing (Fig. 1.lb; Habermann and Dreyer,
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1986).The neurotoxins produced are similar in molecular size, 
ranging in molecular weight from 140,000 to 160,000, and share a 
common subunit structure (for review see Simpson, 1981). Beers 
and Reich <1969), using type B neurotoxin purified from a 
proteolytic culture, first demonstrated by polyacrylamide gel 
electrophoresis that, not only was the toxin composed of two 
chains (Mr. 104,000 and 59,000), but that these chains could be 
separated by disulphide reducing agents suggesting the existence 
of at least one interchain disulphide bond. With the exception of 
C2 toxin in which the subunits are not covalently linked (Ohishi 
et al., 1984) and type G (uncharacterised), the presence of 
interchain disulphide bonds has since been demonstrated in all 
toxin types (for review see Simpson, 1981). However, whilst some 
strains of toxin types A,B and F are readily converted to the 
dichain form simply by reduction of these disulphide bond(s), 
type E toxin is insensitive to such treatment and is recovered as 
a single chain molecule suggesting that a further (proteolytic) 
cleavage between the heavy and light chains (see Fig. 1.lb) may 
be necessary for separation of the latter.

DasGupta and Sugiyama (1972a,b) noted that proteolytic 
enzyme activity in the bacterial culture is important in 
determining the form in which the neurotoxin will eventually be 
purified. A protease having trypsin-like specificity has been
found in all tested proteolytic cultures of botulinum types A, B 
and F whilst absent from the non-proteolytic cultures producing 
type E. Consequently, BoNT E is found only as a single chain, 
although trypsinisation yields its dichain form (DasGupta and 
Sugiyama, 1972a,b). The latter authors thus suggested the 
presence of natural 'trypsin-like enzyme(s)' (TLE) in the 
bacterial cultures. These enzymes were proposed to differ from 
trypsin in their bond specificities; both enzymes acting on 
peptide bonds formed by carboxyl groups of arginyl and lysyl
molecules but, in contrast to trypsin, TLE showing preference for
arginyl residues (DasGupta and Sugiyama, 1980) resulting in 
structure (B) in Fig. 1. lb. This would serve to explain the
observation that whilst proteolytic cleavage of the toxin

- 1 9 -



Fig. 1.1 Clostridial neuro-toxin structure.
Fig. 1.1 a) Possible native arrangement of the molecules of 

the toxin and haemagglutinin of C l .  b o t u l i n u m  type A as 
determined by electron microscopy studies by Boroff et al. 
(1972). The neurotoxin molecule forms a central core surrounded 
by a coil of haemagglutinin.

Fig. 1.1 b) Structure, activation and nomenclature of 
Clostridial neurotoxins. These are synthesised intracellularly as 
single chain or unnicked molecules (A). Proteases may cause 
scission of an arginyl bond at the C terminus immediately 
subterminal (position ’x' in structure A), resulting in partially 
activated BoNT (B). In addition/alternatively endogenous or 
exogenous proteolytic enzymes (Trypsin-like enzymes) produce 
nicking of the toxin and removal of a fragment between the heavy 
and light chains to yield the dichain molecule (C). Structure (C) 
represents the fully activated toxin molecule in which both 
nicking and removal of the subterminal fragment has already 
occurred. Conversion of structure (B) to (C) can be achieved by 
proteolytic nicking using trypsin. Further cleavage of BoNT by 
trypsin (or tetanus by papain), results in the conversion of 
structure (C) to (D) producing the H^L and Hi fragments, whilst 
disulphide bond reduction of (C) results in the separation of the 
heavy and light chains of the neurotoxin (structure E). If 
structure (C) is subjected to both further proteolysis and 
disulphide bond reduction this results in the production of a 
number of fragments having similar molecular weights - the L, Ha 
and Hi fragments shown in structure (F). The above pathways of 
activation and nicking are very similar for botulinum and tetanus 
toxins - the labels in square brackets refer to the nomenclature 
used for tetanus toxin (from Bizzini, 1979), whilst all other 
labels also apply to the botulinum toxins (see Habermann and 
Dreyer, 1986). As can be seen from this figure, the multiple 
enzymic interactions possible mean that the activation and 
processing of the toxins need not occur via a linear pathway but 
several different pathways may result in the production of 
similar molecular structures.
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Fig 1.1 Clostridial toxin structure
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molecules and removal of a fragment between the heavy and light 
chains increased the specific toxicity of these proteins, 
complete activation of the neurotoxin required cleavage of both 
arginyl and lysyl bonds (structure (C); Fig. 1.1b), whilst 
cleavage by TLE occurs at arginyl bond(s) and results in only 
partial activation (structure (B); Fig. 1.1b). Complete 
activation would be observed in the presence of trypsin however 
due to cleavage at both arginyl and lysyl residues.

The process of removal of a fragment from the progenitor 
toxin resulting in the formation of the dichain molecule (a heavy 
(H) chain (molecular weight =100,000) and a light (L) chain 
(=50,000) linked by a disulphide bridge) is termed 'nicking' 
whilst an increase in toxicity over that observed in the 
progenitor toxin is termed 'activation'. As previously shown by 
Ohishi and Sakaguchi (1977) these events need not necessarily be 
linked and activation of type B toxin by trypsin at pH 4.5 was 
shown to precede nicking whilst at pH 6.0 both events occurred 
concurrently. The proposed model for activation and nicking of 
BoNT is summarised in Fig.1.1b.

1.2.2. NgurQtqxin .subunits-
Reduction of the disulphide bridge(s) linking the heavy 

and light subunits of BoNT generally leads to a loss of toxicity 
(Sugiyama et al. , 1973). Coneommitantly there is a reduction in
solubility of the toxin and, at low ionic strength, a precipitate 
forms at concentrations >lmg/ml. In the case of type B toxin, the 
subunits can be maintained in solution by the inclusion of 1-2M 
urea in the reduction buffer and thus can be separated by gel 
filtration (Kozaki and Sakaguchi, 1975). Purification of the 
subunits from type A toxin by reduction of its disulphide bond(s) 
whilst bound to a QAE-Sephadex column has also been reported 
(Kozaki et al. , 1981). Using this method the light chain is
eluted leaving the heavy chain bound to the column. The heavy 
chain is subsequently recovered by elution in the reduction 
buffer containing 0.2M NaCl. As can be seen (Fig. 1.2) some 
cross-contamination of the subunits is usually observed in this

- 2 2 -



Fig. 1,2 Separation of the constituent fragments of type A BoNT 
by Ion-exchange chromatography,

Purified neurotoxin type A was separated into its 
constituent subunits using ion-exchange chromatography as 
previously described by Kozaki et al. (1981). Briefly, type A 
neurotoxin <5mg; purified as described by Williams et al. 
(1983)), dialysed against sodium borate-phosphate buffer, pH 8.5, 
was adsorbed onto a column of QAE-Sephadex A-50 equilibrated in 
the same buffer, reduced with DTT (lOOmM) in the presence of 2M 
urea, and the two chains (heavy and light) separated from each 
other by step-wise elution using 2H urea and lOmM DTT followed by> 
the same buffer containing 0.2M NaCl. All procedures were 
performed at 4*C. Samples from each of the eluted peaks were 
pooled and dialysed against sodium borate-phosphate buffer, pH 
8.5, containing 2M urea and lOmM DTT. Aliquots were subjected to 
SDS-gel electrophoresis on 4-30% polyacrylamide gradient pore 
gels (Pharmacia PAA 4/30 gels) and visualised as detailed in 
section 2.2. Track number: 1) Intact native BoNT A 2) Separated 
heavy chain 3) light chain 4) Renatured heavy and light chain to 
produce the intact neurotoxin 5) Native toxin run under reducing 
conditions (in the presence of 5% £-mercaptoethanol) allowing the 
separation of the heavy and light chains of the nicked toxin 
molecules. The mobilities of protein markers of known molecular 
weights run on the same gel are shown.
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protocol but modification of the latter has resulted in the 
purification of A, B and E neurotoxin subunits (Sathyamoorthy and 
DasGupta, 1985).

Individually, the toxin subunits exhibit low toxicities 
($0.5% of the intact toxin) and residual toxicity is believed to 
be .due to minute contamination with native toxin. The subunits 
appear to maintain their structural integrity since intact 
neurotoxin may be recovered by mixing equimolar quantities of 
each and the slow removal of the sulphydryl reducing agent by 
dialysis. Approximately 30% of the potential toxicity was 
recovered in this way in the samples shown (Fig. 1.2, track 4).

Using similar methodologies to those described above, 
purification and amino acid analysis of the subunits from 
neurotoxin types A,B,Ci and E reveals a greater degree of 
homology between the light subunits of these neurotoxins than the 
heavy subunits (Sathyamoorthy and DasGupta, 1985; Syuto and Kubo, 
1981). The light chains are richer in the a-helix-breaking amino 
acid proline but otherwise several of the amino acids in the 
heavy chains are present in concentrations close to twice those 
in the respective light chain. This has led to the suggestion 
that the 150,000d neurotoxin may have arisen by a process of 
duplication of an ancestral gene coding for a 50,000 protein 
(Sathyamoorthy and DasGupta, 1985; Simpson, 1986).

1.3. Postulated mechanisms of neurotransmitter release.
The process of neurotransmitter release has been the 

subject of much study in the last century but progress in 
understanding its mechanism was rapidly accelerated by the use, 
in the last 40-50 years, of electrophysiological techniques. The 
basic model for transmitter release is as follows; spike activity 
results in depolarisation of the nerve which allows the rapid 
influx of Ca2'*' into the neuron. The Ca** concentration within the 
nerve ending rises from a resting level of -100nM to *1/jlM. This, 
in turn, causes the release of transmitter (synthesized and 
stored in the presynaptic terminal) into the synaptic cleft,
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although the exact mechanism linking Ca2- entry and release is 
not yet known. The concentration of transmitter in the synaptic 
cleft between the pre- and post- synaptic membranes rises and it 
diffuses outwards from the point of release towards the post- 
synaptic membrane. Here, its action on post-synaptic receptors is 
to modify ionic movements across the membrane thus altering the 
excitability of the post-synaptic neuron. The transmitter's 
actions are only transient, however, since its levels in the 
synaptic cleft are rapidly decreased due to enzymatic
degradation, reuptake into the presynaptic neuron or diffusion 
away from its site of action.

This conversion of an electrical impulse into a chemical 
signal requires energy and is not economical. However it has a 
number of advantages, namely; 1) Signal amplification is 
introduced: one or two transmitter molecules may open a single
channel, allowing the passage of several thousand ions; 2) The 
selectivity of these channels opened by the transmitter may 
elicit either excitatory or inhibitory responses; and 3) the 
complexity of the chemical interactions, both at the presynaptic 
as well as the post-synaptic sites, provides a possible 
modulation of the efficacy of the transmission process, an 
essential requirement of central synapses.

1.3.1. The Vesicular hypothesis: Quantal release.
Quantal release is (probably) the major mechanism of 

transmission of impulses from nerve to muscle. Fatt and Katz 
(1952) first proposed the release of transmitter as dicrete units 
(quanta) to explain the appearance of spontaneously occurring 
miniature endplate potentials (m. e.p.ps). Quantal release implies 
liberation of neurotransmitter by nerve terminals as multi- 
molecular packets of a constant size. These "packets" of 
transmitter are released into the synaptic cleft and interact 
with the post-synaptic membrane (the muscle membrane) resulting 
in local depolarisations having fixed amplitude and time-course. 
These m. e.p.ps, which can occur spontaneously in the resting 
synapse, are believed to sum in a stepwise manner to compose the
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endplate potential (EPP) produced in the muscle fibre by the 
nerve impulse. The designated containers for each quantum were 
proposed to be the synaptic vesicles (DelCastillo and Katz, 1957) 
which were later shown to be filled with neurotransmitter 
(DeRobertis et al, 1962; Whittaker et al, 1963). It was 
postulated that these vesicles move randomly within the 
presynaptic terminal and occassionally touch the presynaptic 
membrane at critical contact zones, causing fusion with the 
cytoplasmic membrane and release of the vesicular contents into 
the synaptic cleft. This so-called "vesicular hypothesis" 
(reviewed by Ceccarelli and Hurlbut, 1980; Israel et al, 1979) 
was readily accepted since it not only provided an explanation of 
the occurrence of both m. e.p. ps and the quantal nature of the 
EPPs but also explained how these quanta are stored in the nerve 
terminal ready for rapid release. However, initial experiments 
tended to suggest that synaptic vesicles were an artifact of the 
preparation procedure for electron microscopy (Gray, 1976, 1977), 
but this was later dismissed (Gray et al., 1979). Since molecules 
such as dextran (Zimmermann and Denston, 1977), peroxidase 
(Heuser and Reese, 1973: Hurlbut and Ceccarelli, 1974) and 
acetylcholine esterase (AChE; Politoff et al., 1975) could be
found in these vesicular structures it was believed that most 
synaptic vesicles are formed by recycling of presynaptic nerve 
terminal membrane in an endocytotic cycle after exocytosis has 
taken place (Heuser and Reese, 1973: Hurlbut and Ceccarelli, 
1974: Zimmermann and Denston, 1977a).

If the vesicular hypothesis was correct it would be 
expected that the following criteria would apply to varying 
degrees : 1) It should be possible to show that one vesicle 
contains the amount of transmitter necessary for one m. e.p. p. 
i.e. one quantum. 2) There should be a large enough content of 
synaptic vesicles to allow a suitable postsynaptic response with 
a surplus of unused vesicles. 3) Fusion of a synaptic vesicle 
with the presynaptic membrane and release of neurotransmitter 
into the synaptic cleft should precede the appearance of the 
associated m. e.p.p. 4) Vesicular transmitter should be released
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preferentially and directly without first entering another 
compartment. 5) Other compounds present in synaptic vesicles 
should also he released simultaneously, and in a stoichiometric 
ratio, with the neurotransmitter. Proof of the above criteria 
would support the vesicular hypothesis and has been much sought 
after, as shown by the literature (for reviews see Tauc, 1982; 
Dunant, 1986). In an attempt to elucidate the relationship 
between vesicular transmitter content and quantal transmitter 
content, Kuffler and Yoshikami <1975), by iontophoretic
application of acetylcholine onto the neuromuscular junction, 
estimated the amount of ACh in one quantum to be less than 10,000 
molecules. Heuser and Reese in a series of papers (1977, 
1979a,b), showed that the number of membrane invaginations, 
believed to be formed as vesicles fuse with the presynaptic 
membrane during exocytosis, correlated well with the
physiological estimates of the number of quanta released, and 
concluded that one vesicle discharges one quantum.

Evidence against the existence of vesicular release is 
provided by the observation of small-mode mepps (s-mepps) each 
representing *l/10th of a mepp (Bevan, 1976; Kriebel et al., 
1974). The amplitude distribution of these s-mepps indicate 
several pools of transmitter, suggesting the presence of quantal 
subunits. This led to the proposal that the larger classical 
mepps were composed of synchronously released subunits - each 
subunit producing a single s-mepp <Kriebel et al., 1976; Matteson 
et al. , 1979). Within the vesicular hypothesis, these s-mepps
could be due to the release of partially filled vesicles or to 
the fact that each vesicle contains enough transmitter only for 
one s-mepp. In the case of the latter, this would require the 
synchronous release of 10 vesicles to produce a single mepp and, 
thus, the proposed direct correlation between the vesicles and 
observed quantal numbers (Heuser and Reese, 1979a,b) would be 
invalid. Vesicles would have to contain the amount of transmitter 
required for an s-mepp which would consequently mean that there 
are not enough vesicles in close proximity to the plasma membrane 
to account for the postsynaptic response upon depolarisation
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(Katz and Miledi, 1979). Futhermore, the process of vesicle 
fusion with the presynaptic membrane and subsequent release of 
neurotransmitter would need to take place extremely rapidly since 
it has been shown (Llinas,R.R., 1977) that the time between Ca2" 
entry and the start of the pastsynaptic potential in stimulated 
squid terminals is approximately 200pseconds. It would be 
expected that, within this time span, fusion of vesicles with the 
presynaptic membrane would be observed. However, Heuser et al- 
(1973) using electron microscopic studies on rapidly frozen 
tissues (<lmS) demonstrated that, whilst most transmitter was 
released within 3mS after stimulation of the frog neuromuscular 
junction (NMJ) using 4-aminopyridine (4-AP), characteristic 
structures of exocytosis (coated pits etc.) were only observed 
5mS after the stimulus; this suggested that transmitter was not 
released from vesicles. Finally, if transmitter were released 
from discrete vesicles then a stoichiometric co-release of non- 
transmitter substances would also be expected to be observed. 
Whilst these substances are found in perfusates they are present 
at lower concentrations than would be expected if stoichiometric 
release of all soluble components of a vesicle occurred during 
exocytosis (Smith, 1971,1972). In order to explain some of the 
above observations a process involving direct release of 
transmitter from the cytoplasmic pool was proposed as described 
below.

1.3.2. Cytoplasmic release of transmitter.
Evidence for non-vesicular release of transmitter has 

been obtained from a number of sources. Normal synaptic 
transmission has been demonstrated in chick ciliary ganglia at a 
developmental stage where the low numbers of morphological 
synapses present contained few or no synaptic vesicles
(Landmesser,L. and Pilar,G., 1972). The transmitters, dopamine, 
ACh and catecholamines have all been shown to be liberated from 
neurons lacking synaptic vesicles (Bjorklund and Lindvall, 1975; 
Neioullon et al, 1977; Johnson and Pilar, 1979; Suetake et al, 
1981). Furthermore, Israel and Lesbats (1981a) have proved that
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upon stimulation it is the cytoplasmic ACh which is 
preferentially released over vesicular ACh (which remained stable 
even at a stage when the consumption of cytoplasmic transmitter 
was complete). These authors, using a chemiluminescent assay of 
ACh release, have also shown that synaptosomal "ghosts" (lacking 
internal organelles such as vesicles but containing a 'free- 
cytosolic-pool' of ACh) could release ACh in a Ca^-dependent 
manner, providing further support for the theory that transmitter 
is released from the cytoplasm and that vesicular release is not 
necessary for stimulated release (Israel et al. , 1981b).

How then would neurotransmitter pass from the cytosol of 
the nerve terminal, across the presynaptic membrane and into the 
synaptic cleft in a manner reconcilable with the observations 
made above (section 1.3.1). Many proposals have been made for the 
mechanism of cytoplasmic release of transmitter and these are 
discussed below:

1.3.2.1. The Acetylcholine channel. It was proposed that there 
may exist a presynaptic channel which was sensitive to changes in 
intracellular Caconcentration. The influx of Ca2'* upon 
depolarisation would cause this channel to open, allowing the 
passage of ACh in' the proximity of the presynaptic plasma 
membrane through the channel following its electrochemical 
gradient. However, evidence against the existence of such a 
channel is quite marked e.g. changing the concentration of ACh 
within the presynaptic cytoplasm would be expected to alter the 
quantity of ACh corresponding to a quantum (released from a 
single channel). However, injection of AChE (Tauc, 1977; Tauc and 
Baux, 1982) or choline oxidase (Poulain et al. , 1986) directly
into presynaptic neurons depleted the cytosolic transmitter 
levels and decreased the number of. quanta (quantal content) 
rather than the size of each quantum. Similarly, intracellular 
injection of ACh into presynaptic neurons led to an increase in 
the postsynaptic response by increasing the quantal content 
whilst the size of each quantum remained constant (Tauc and Baux, 
1982). Whilst these observations provide further proof that
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transmitter is released from a cytoplasmic rather than a
vesicular pool (which remained unchanged by the above
treatments), it tends to suggest that this release does not
simply occur via the opening of a channel and therefore led to 
the modification of this mechanism detailed below.

1.3.2.2. The ’gate1 hypothesis. In order to explain the quantal 
nature of cytoplasmic release and the dependence of quantal 
content on the amount of intracellular (non-vesicular)
transmitter, a mechanism involving the binding of ACh to a 
saturable 'gate' was proposed in which Ca2-" influx triggers 
exocytotic release of cytoplasmic ACh from a triple tetrameric 
macromolecule that binds ACh to saturation (=480 molecules-enough 
to explain a small mepp). Ten such molecules acting in synchrony 
(called an 'operator') could release a quantum (Israel et al. , 
1979). This hypothetical 'operator' responsible for Ca2*-
dependent cytoplasmic release of ACh from Torpedo electric organ 
synaptosomes (Israel et al. , 1981b) has since been partially
purified and demonstrated Ca2-*"-dependent release of acetylcholine 
when incorporated into proteoliposomes (Israel et al. , 1984:
Birman et al. , 1986). The molecule responsible for this release
process was shown by the latter authors to be on the
intracellular face of the presynaptic membrane and, after
extraction under alkaline conditions, demonstrated preferential 
release of ACh over either choline or ATP. It was named a
’ mediatophore' and exhibited a high apparent molecular weight on 
cholate solubilisation (200Kd-600Kd) which represented an 
aggregated form of the molecules. It was postulated that these 
mediatophores exist as pentameric structures in the membrane - 
the monomers are not covalently linked and consist of two chains 
- each with a molecular weight = 17Kd (Israel et al., 1986). This 
mechanism would therefore serve to explain the observed quantal 
release of transmitter. However, cytoplasmic release resulting 
directly from the nerve terminal in a non-quantised manner has 
also been demonstrated and, like the quantal release above, is 
Ca^-dependent and also increases upon stimulation (Vizi and
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Vyskocil, 1979; Mitchell and. Silver, 1963). At rest quantal 
release accounts for only 1-2% of the total release of ACh (Vizi 
and Vyskocil, 1979; Mitchell and Silver, 1963). The large 
proportion of spontaneous transmitter release has been proposed 
to have a trophic role in maintenance of neuromuscular 
innervation and, in non-synaptic regions, it is postulated that 
this, non-quantal, release may play a role in neuromuscular 
transmission (Vizi and Vyskocil, 1979).

In an attempt to explain the different modes of 
transmitter release, Dunant (1986) proposed a unifying concept 
involving one common, basic mechanism. This is dependent on the 
hypothetical existence, in the presynaptic cholinergic membrane, 
of two types of moieties. The ACh-releasing elements (or 
'mediatophores')- each one of which is capable of releasing 
approximately l/10th of a quantum of ACh - are proposed to exist 
in groups of 10, and, unstimulated, give rise to sub-m. e. p.p.s as 
the elements open sporadically and independently of one another. 
The second hypothetical moiety has been named 
'calsynchronin* . This molecule is proposed to respond to the 
increase in intracellular Ca2"* concentration during an action 
potential and, under these conditions, synchronise the release of 
transmitter from a group of mediatophore elements culminating in 
the release of one quantum of neurotransmitter per group. Only 
those mediatophore elements in a group are proposed to respond to 
calsynchronin and thus the individual (isolated) elements would 
be insensitive to Ca2-" influx. However, individual elements would 
still be capable of spontaneous release and responsible for the 
production of sub-miniature potentials (with a corresponding 
reduction in the number of mediatophores available for evoked 
quantal release). Dunant fits the work on botulinum toxins into 
this model by suggesting that these act b y  destroying or 
disconnecting calsynchronin, resulting in all of the mediatophore 
population being left in the isolated state -leading to a 
blockade of quantal release with the maintenance of subminiature 
potentials. A cartooned illustration of the mediatophore 
hypothesis is shown (Fig. 1.3; Dunant, 1986).
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A cartooned illustration of the mediatophore hypothesis. In the pre-synaptic membrane a 
certain proportion of mediatophore units are grouped under the control o f a molecule of 
calsynchronin. In the resting state, single mediatophore-calsynchronin complexes are occasionally 
activated and release the amount o f transmitter corresponding to a miniature endplate potential. 
Isolated units may also “open”, generating a subminiature potential. On the arrival o f an action 
potential, calcium enters the synapse and synchronously activates a large number of 
calsynchronin-mediatophore complexes: an impulse is transmitted. The bottom figure represents 
the possible alteration o f this system by botulinum toxin. The calsynchronin molecules are 
inactivated, or discoupled from the mediatophores. ACh can no longer be released in a calcium 
dependent quantal manner. The transmitter, however, is present in the synapse and some 
spontaneous release still takes place through the dispersed mediatophores. This generates sub­

miniature potentials and, when “opening” is protracted, giant and slow events.
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If these mediataphores prove to be the sole mechanism of 
ACh release and the neurotransmitter was shown to be released 
from a cytoplasmic pool as indicated (Dunant, 1986) rather than 
by vesicle fusion with the presynaptic membrane (Heuser and 
Reese, 1973) then it would be necessary to identify a possible 
role for these presynaptic vesicles. Tauc (1982) proposed that 
they act as depositories for unwanted products of synaptic 
transmission e. g. C a * * ,  and that they are part of the homeostatic 
mechanism within the neuron maintaining intracellular Ca2* at a 
low level - a necessary function since Israel et al. (1986) have 
demonstrated that, in the presence of low levels of Ca2-* the 
mediatophore becomes desensitized in its ability to release ACh. 
Uptake of Ca2"* by the vesicles may be ATP-dependent and has a 
in the micromolar range (Israel et al., 1980), rapid enough, in
conjunction with uptake by the mitochondria and smooth 
endoplasmic reticulum (SER) (Blaustein et al. , 1980), to buffer
cytoplasmic Ca2^ at a low level.

Thus, in summary, it can be seen from this introduction 
that much controversy exists in the current literature with 
respect to the mechanism of neurotransmitter release from 
presynaptic nerve terminals. Groups of workers tend to take a 
stance on either the 'vesicular' hypothesis on the 'cytoplasmic' 
hypothesis. However, it is perfectly feasible that both types of 
transmitter release occur to varying degrees, each having a 
particular role to play in synaptic communication. It may very 
well be that a hybrid of the two hypotheses could be correct, in 
which, upon influx of Ca2  ̂ due to nerve depolarisation, the 
'mediatophores' (saturated with cytoplasmic ACh) release their 
transmitter. However, under heavy or repetitive stimulation they 
are replenished by transmitter released from the pool of 
metabolically active vesicles in the vicinity of the
mediatophores hence maintaining a high local concentration of ACh 
in the region of the releasing sites. Due to their unique 
molecular action in inhibiting transmitter release, the botulinum 
neurotoxins are going to prove invaluable tools in verifying the
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mechanism of neurotransmitter release as their made, and site, of 
action become better understood.

1.4. Mechanism of the inhibitory action of BoNT on transmitter 
release.

1.4.1. Toxin binding to neuronal membranes.
The primary site of action of BoHT has long been 

established as the cholinergic nerve endings innervating the 
neuromuscular junction (Burgen et al. , 1949; Brooks
1956). It was therefore pertinent to try and determine whether 
the neuratoxin bound to this tissue in a specific and saturable 
manner. The presence in these neurons of such high-affinity 
acceptors for the toxin would explain its unique potency. Initial 
studies to localise the binding of toxin at the NMJ used impure 
toxin-haemagglutinin complexes labelled with fluorescent or 
ferritin markers (Zacks et al., 1962, 1968). The validity of such 
localisation studies was questioned, however, since it was shown 
that tritiated toxin-haemagglutinin complex bound to non-neuronal 
as well as neuronal tissues (Dolly et al., 1981) and that the 
majority of this binding was abolished by galactose, an inhibitor 
of haemagglutinin. Attempts to use 12SI-labelled toxin were of 
limited use since these preparations were of low specific 
activity and unstable upon storage (Habermann, 1974; Hirokawa 
and Kitamura, 1975). Moreover, the techniques used were unable 
to differentiate between a pre- or a post- synaptic localisation 
of toxin binding. However, using a highly radiolabelled 
preparation of BoFT A, that exhibited a high retention of 
specific neurotoxicity, direct evidence for the saturable 
interaction of toxin solely with the motor nerve terminal 
(determined by electron microscope autoradiography) was presented 
for the first time (Dolly et al. , 1984). Further studies have
allowed the quantitation of these saturable binding sites for 
radioiodinated types A and B BoNT on the presynaptic nerve 
terminal (Black and Dolly, 1986a,1986b). Acceptor densities of
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150 acceptors/pm2 and ^630/pm2 were obtained for BoNT A and B, 
respectively. From these studies, it was clear that 12SI-BoNT A 
bound specifically to motor nerve terminals with no binding seen 
on Schwann cells, blood vessels, myelin sheath, muscle fibre or 
collagen (Black and Dolly, 1986a). The toxin's specificity for 
nerve terminals was further emphasized by its demonstrated 
inability to bind to regions of motor neurons of newborn rats 
which had yet to be ' myelinated. Binding of toxin to such 
acceptors has been shown to be mediated by the heavy subunit both 
in the PITS ((Black and Dolly, 1986b) as well as in the CNS 
(Williams et al., 1983; Kozaki, 1979). Whilst an excess of BoNT A 
can partially inhibit (*24%) the binding of 125I-BoNT B, BoNT B 
had no effect on the binding of 12SI-BoNT A (Black and Dolly, 
1986a). This observation would tend to suggest that BoNT A 
interacts indirectly with at least some of the acceptors for BoNT 
B but otherwise emphasises that these toxin types have distinct 
membrane acceptor moieties. These acceptors for BoNT A, at least 
in the PNS, may be similar to those for tetanus toxin since high 
concentrations of the latter could partially inhibit (by =60-70%) 
the binding of 125I-BoNT A to motor nerve terminals (Black and 
Dolly, 1986b).

Characterisation of the nature of such binding components 
was not possible at the neuromuscular junction due to the 
unsuitability of such a preparation for biochemical analysis. 
Thus, it was fortuitous that binding of 12SI-BoNT A to the 
synaptosome fraction of rat brain was demonstrated (Habermann, 
1974; Kitamura, 1976) and this became the model system on which 
much of the current work on toxin-acceptor binding was performed. 
As is the case in the PNS, binding of type A neurotoxin in the 
CNS was shown to occur at the presynaptic membrane of nerve 
terminals (synaptosomes; Black and Dolly, 1987; Dolly et al.,
1987). It is not known whether these acceptor moieties also play 
a physiological role during neuronal activity but, from the 
viewpoint of intoxication, their presence on the external surface 
of the plasma membrane may serve to selectively concentrate the 
toxin molecules at a site which allows a more rapid and efficient
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uptake into the neuron than would otherwise occur during bulk 
fluid pinocytosis (Dautry-Varsat and Lodish, 1984). However, it 
must be noted that, in the CHS, little internalisation of toxin, 
specifically bound to its acceptors was observed (Black and 
Dolly, 1987), possibly due to the uptake mechanism being less 
efficient in this region than at the HMJ. Further discussion on 
the biochemical nature of these acceptors is provided in section
2.4.

1.4.2. Toxin internalisation.
Evidence that BoNT binding is proceeded by an 

internalisation step and subsequent retrograde intra-axonal 
transport (previously shown for tetanus toxin; Price et al. , 
1975) is provided by; (a) The observed latent period between 
irreversible binding of toxin and the onset of paralysis (Burgen 
et al., 1949); (b) the fact that antitoxin antibodies inactivated
toxin bound to the nerve membrane but could not prevent 
intoxication beyond this step (Simpson, 1974) and (c) the 
demonstrated presence of labelled toxin within the nerve terminal 
(Black and Dolly, 1986a,b). The internalisation step appears to 
be energy-dependent since it is effectively prevented by 
incubation at reduced temperature (4*0 or in the presence of 
inhibitors of ATP production such as azide or dinitrophenol 
(Black and Dolly, 1986b). This would indicate that entry of the 
toxin into the neuron proceeds via acceptor-mediated endocytosis. 
Further evidence for such an entry mechanism has been provided by 
the observations that radiolabelled neurotoxin, within the 
neuron, was associated with vacuolar structures - possibly 
endosomes (Black and Dolly, 1986b). Lysosomotropic agents which 
prevent the acidification of these latter organelles (DeDuve et 
al. , 1974) also seem to prevent the transfer of radiolabelled
toxin into the cytoplasm (the believed site of the toxin's 
action) and thus prolong the time fa intoxication (Black and 
Dolly, 1986b). Due to the raised intraendosomal pH, BoHT cannot 
undergo the conformational changes postulated to be required for 
entry into the cytoplasm (Shone et al., 1987; Hoch et al., 1985)

- 36 -



or the endosomes do not fuse with lysosomes to allow the toxin's 
breakdown. Consequently, the toxin is recycled to the plasma 
membrane (Black and Dolly, 1986b) and maintained at an 
antitoxin-sensitive site (Simpson, 1982, 1983). Thus, in the same 
way as nerve stimulation accelerates the rate of toxin 
internalisation (Burgen et al., 1949) and thereby results in a 
more rapid blockade of neurotransmission (Hughes and Whaler, 
1962), so inhibition of the acceptor-mediated pathway can prevent 
the toxin's access to its ultimate site of action and the 
associated expression of toxicity.

1.4.3. The pharmacological action of BoNT.
The most valuable insight into the nature of the blockade 

in neurotransmission produced by BoflT has been afforded by 
electrophysiological recordings. In this respect, the mouse 
phrenic nerve hemidiaphragm preparation introduced by Burgen et 
al. (1949) has proved to be an extremely useful model system of 
the toxin's peripheral action. These authors demonstrated that 
the paralysis produced by BoTx was accompanied by a decrease in 
the release of the neurotransmitter, ACh. This decrease was 
hypothesised to be due to one of three possibilities; 1) blockade 
by the toxin of impulse flow along the fine, terminal 
arborisations of the nerve; 2) blockade of ACh synthesis or 
storage; 3) inhibition of transmitter release from the nerve 
terminals.

1.4.3.1. Lack of an aflacl on propagation of the action
potential.

Work by Dickson and Shevky (1923), Thesleff (1960) and 
Harris and Miledi (1971) has clearly demonstrated that the toxin 
does not affect the propagation of action potentials along the 
nerve terminals and hence dismisses the first hypothesis.

1.4.3.2. Lack of an effect on ACh synthesis or storage.
As shown in section 1.3 the release of ACh into the 

synaptic cleft and its subsequent interaction with postsynaptic
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receptors on the muscle endplate results in the production of an 
endplate potential (epp) and subsequently muscle contraction. 
Vhen the nerve is not being stimulated, mepps, due to random 
exocytosis of transmitter, can be recorded from the muscle 
endplates. In the initial stages of BoHT poisoning, mepps greatly 
decrease in frequency.

End-plates examined within 24hrs of BoTx treatment showed 
a skewed distribution of mepp amplitudes with a predominance of 
small mepps (c.f. Harris and Miledi, 1971). The mepps seen after 
BoTx poisoning were shown to be due to ACh quanta since addition 
to the perfusing medium of D-tubocurarine (Cull-Candy et al., 
1976; Thesleff, 1984) or oc-bungarotoxin (Thesleff, 1984)
completely abolished all activity, whilst mepp amplitude is 
increased by blockers of cholinesterase (Thesleff, 1984).
Presumably these mepps result from ACh release from the nerve 
(and not from Schwann cells) since they permanently disappear 
following surgical dennervation of the muscle (Cull-Candy et al., 
1976). The decreased mepp amplitude in intoxicated motor 
endplates may imply that the quantal amount of ACh released at 
these nerve endings is reduced. Based on observations made at the 
frog NMJ (Boroff et al. , 1974) it was proposed that the toxin
alters the properties of the vesicle membranes such that it 
impairs both vesicle loading and their subsequent fusion with the 
presynaptic membrane (hence producing a reduction in both quantal 
content and mepp frequency). However, such an effect of the toxin 
on vesicle fusion is at odds with the data provided by studies 
using either black widow - or brown widow- spider venom. These 
venoms overcome BotfT intoxication by evoking a large increase in 
mepp frequency in both test and control samples. Furthermore, the 
amplitudes of these induced mepps are similar, suggesting that 
the ACh content of the vesicles is unaltered by the toxin's 
action (Cull-Candy et al., 1976; Kao et al. , 1976; Simpson, 
1978). After prolonged intoxication, mepps exhibiting larger 
amplitudes appear (Cull-Candy et al. , 1976; Gundersen, 1980;
Colmeus et al., 1982), similarly, lowering the temperature (from 
16 *C to 6*0 results in an increased amplitude of the epps
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produced by indirect stimulation of the nerve (Molgo and 
Thesleff, 1984) - inexplicable by a mechanism of impaired
transmitter synthesis or vesicle loading.

1 . 4 .3.3.  B1 Qgisade_Qi_ACh .release....
The rise-times of the mepps remaining after intoxication 

are slower than in unpoisoned muscles and their amplitude 
distribution is skewed rather than the normal bell-shaped curve 
(Harris and Miledi, 1971; Cull-Candy et al., 1976; Kriebel et 
al. , 1976; Tse et al., 1982). Studies using mouse phrenic nerve 
hemidiaphragm preparations intoxicated with pure neurotoxin (BoUT 
A) i n  v i t r o  further demonstrated the existence of two species of 
mepp in controls - only one of which was affected by the toxin 
(Dolly et al. , 1987a). The population unaffected by the toxin
exhibited slow rise-times, a broad amplitude distribution and 
comprised just 1-2% of the total mepps in controls. The 
population affected by the toxin demonstrated fast rise-times 
with a gaussian amplitude distribution in the controls but were 
markedly reduced in frequency upon intoxication. The quantal 
content of the nerve-evoked epp is also greatly reduced whilst 
the rise-times of these epps is unaffected by the toxin (Cull- 
Candy et al'. , 1976; Dolly et al., 198%). The reduction in epp
amplitude followed a similar time course to the observed decrease 
in fast rise-time mepp frequency, suggesting a common mechanism 
for the two processes (Dolly et al. , 1987a). Since the latter
authors indicate that only the fast rise-time mepps form the 
quantal component of epps (produced by near-simultaneous release 
of packets of ACh with those producing mepps; DelCastillo and 
Katz, 1954) they propose that the similar action of the toxin on 
fast rise-time mepps and epps suggests that it blocks release 
from the active^Tones. The slow rise-time mepps (unaffected by 
the toxin) were proposed to be due to release from sites near to, 
but not at, the active zones (as proposed by Thesleff and Molgo,
19 8 3 )). The latter authors reported a similar population of slow 
rise-time mepps in the rat after chronic intoxication with BoNT 
which responded differently from normal mepps to procedures which
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increased internal Ca2*- (e.g. high YL* or ouabain; Thesleff and 
Molgo, 1983). Dolly et al. (198^ propose that this is due to a 
different release process for the slow rise-time mepps as 
compared with the fast rise-time population.

1.4.4. The role of Ca2^ in intoxication.
Studies on the nature of the blockade at the 

neuromuscular junction have revolved around trying to alleviate 
the inhibition of transmitter release by the elevation of 
intracellular levels of Ca2  ̂ since this causes a shift toward a 
more normal amplitude distribution of mepps by increasing 
spontaneous transmitter release. Such procedures include the use 
of Black Widow spider venom (BWSV), Ca2- ionophore A23187 
(together with high Ca2'*’ concentrations), or high frequency 
stimulation of the nerve (see review by Sellin, 1981). Elevation 
of extracellular Ca2_H levels alone does not cause an increase in 
the rate of mepps in poisoned terminals (Harris and Miledi, 
1971; Boroff et al., 1974; Cull-Candy et al., 1976) even though 
the toxin has no effect on presynaptic Ca2* currents (Molgo and 
Thesleff, 1984; Gundersen et al. , 1982). A23187 acts as a Ca2*
ionophore, allowing the passage of Ca2- across biological 
membranes and, in the presence of high extracellular Ca2  ̂
concentrations (>4mM), caused a massive release of transmitter 
from control endplates with a concomittant increase in mepp 
frequency (>200/s). In BoTx poisoned muscles, the ionophore also 
caused an increase in transmitter release to levels comparable to 
those observed in the controls (Cull-Candy et al., 1976). The, 
fact that it is possible, in a poisoned muscle, to restore both 
spontaneous and impulse-evoked transmitter release to about 
normal levels by methods which raise intracellular Ca2* 
concentrations indicates that the release mechanism in BoTx 
poisoned terminals is essentially intact, but shows lower 
sensitivity to raised intracellular levels of this cation. Thus 
larger intracellular levels of Ca2"' are required for 'normal' 
release to occur (Cull-Candy et al. , 1976; Lundh et al. , 1977;
Malgo and Thesleff, 1984). Molgo and Thesleff (1984) proposed
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that the toxin had an enzymic action, causing increased 
intracellular metabolic processes involved in the disposal of 
free Ca2-*' from the cytoplasm. An enhanced disposal of Ca2"*" could 
lower the concentration to a level where the amount of Ca2"’- 
entering the terminal on depolarisation would not reach the 
threshold level necessary for transmitter release to occur (Katz, 
1969). Evidence for such an enzymic action of the toxin comes 
from work -showing that the neuromuscular blockade by BoTx has a 
very high temperature sensitivity (lower temperatures reducing 
the block and enhancing release - in contrast to the effect seen 
at unpoisoned junctions (Molgo and Thesleff, 1984)).

Studies on the central effects of BoNT, together with its 
effect on levels of intracellular Ca2”*", are discussed further in 
Chapter 4.

1.5 Tetanus . toxin; similarities and differences with BoNT. 
Tetanus neurotoxin (Tetx), another clostridial toxin, has also 
been extensively studied in an attempt to characterise its 
binding site(s), mode of internalisation and mode of action. Many 
similarities and differences exist between this toxin, and BoNT 
(recently compared in a number of reviews: Habermann and Dreyer, 
1986; Simpson, 1986).

Tetx acts primarily at the spinal cord causing blockade 
of neurotransmitter (glycine) release from the Renshaw cells 
(Wellhoner, 1982; Bizzini, 1979); this leads to muscle rigidity, 
convulsions and, without treatment, death due to respiratory 
failure. Like BoNT, Tetx is produced by an anaerobic bacterium 
( . C l o s t r i d i u m  t e t a n i ' ) and its synthesis and proteolytic processing 
is virtually identical to that of BoNT (Habermann et al. , 1986; 
see Fig. 1.lb).

Whilst the nomenclature differs slightly for the subunits 
of Tetx (Habermann, 1986), the generalised structure is similar 
to that seen for BoNT i.e. the toxin is composed of both a heavy 
chain (Mr*100,000) and a light chain (*50,000) linked by a 
disulphide bridge. As with BoNT, the carboxyterminus of the heavy

- 41 -



chain of Tetx (see Fig. M b )  is proposed to be responsible for 
binding to the nerve terminal, whilst the amino terminus of the 
heavy chain is thought to mediate internalisation (Habermann, 
1986). The light chain, as proposed for BoNT (Shone et al., 1985) 
is thought to be responsible for the toxicity to the nerve 
terminal, presumably by some enzymatic/ catalytic mechanism 
(Simpson,1986). The apparent chemical similarities between Tetx 
and botulinum A,B and E toxins is highlighted by Habermann and 
Dreyer (1986) and is remarkable when considering that the farmer 
is encoded by a plasmid whilst the genes for the latter are 
present on the chromosome.

Based on the similarities in the amino acid composition 
between the heavy and light chains of Tetx, it has been proposed
(Taylor et al.,1983) that the gene for Tetx arose through
duplication events. This hypothesis has also been proposed for 
BoHT (Simpson, 1986) but has yet to be confirmed (by DHA
sequencing) for either toxin type. Post-translational processing 
of these toxins appears to involve proteolytic activation (by 
extrinsic or intrinsic proteases) of all BoHT (except type E) 
whereas the data for Tetx are ambiguous. Like BoHT, nicking of 
Tetx can also take place but, additional proteolysis, mimicked by 
papain, can cause further cleavages resulting in a non-toxic 
moiety (Mr^45,000), containing a disulphide loop, which retains 
its ability to bind to gangliosides (for review see Habermann and 
Dreyer, 1986). The H-terminal moiety has been sequenced and
appears to occupy the C-terminal of the heavy chain (Matsuda and 
Yoneda, 1977), sometimes obtained as two fragments hydrolysed 
within the intrachain disulphide bond at the C-terminal (similar 
to observations made for the heavy chains of A and B BoHT (Shone 
et al. , 1985; DasGupta, 1981)). The heavy chain of Tetx appears 
to mediate the binding of the toxin to the presynaptic membrane 
since fragment C of this chain (see Fig.t'lb) appears to share 
binding sites with whole toxin on brain preparations (Goldberg et 
al., 1981). Binding of Tetx has also been observed in kidney 
(Habermann and Albus, 1986) and on thyroid plasma membranes 
(where it appears to interact with the ganglioside moieties of
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the receptor for thyrotropin CLedley et al. , 1977; Morris et al. ,
1980)).

As observed with BoMT (Williams et al. , 1983; Shone et 
al., 1985), the toxicity of isolated heavy and light chains of 
Tetx is minimal and any residual toxicity is thought to be due to 
contamination with intact toxin (Helting and Zwisler, 1977). 
However, Penner et al. (1986) demonstrated, by intracellular 
injection into chromaffin cells, that, whilst no effect on 
transmitter release (as measured by changes in cell-capacitance 
under patch-clamp) was observed using fragment C of Tetx 
(Mr-50,000), fragment B (Mr=100,000, consisting of the light 
chain covalently linked to the part of the heavy chain remaining 
after cleavage by papain) was almost as effective as native toxin 
at inhibiting release. This would seem to confirm the hypothesis 
that fragment C is the binding moiety and that internalisation is 
necessary for expression of toxicity.

Although Tetx is known for its effects on inhibitory 
interneurons it has also been shown to weakly inhibit ACh release 
at the neuromuscular junction (Habermann et al. , 1980) giving 
rise to botulinum-like symptoms (Matsuda et al. , 1982). Like BoTx 
(Simpson, L. L. , 1986), Tetx appears to also proceed through a 
sequence of steps, involving extracellular binding, membrane 
penetration and, finally, an intracellular poisoning step 
(Schmitt et al.,1981).

The action of tetanus and botulinum toxins on synaptic 
transmission in cultured mammalian spinal cord neurons (Dreyer et 
al.,1984) and at the mammalian neuromuscular junction (Dreyer and 
Schmitt, 1981) seems to have subtle differences (interpreted as 
being due to the toxins' having separate and distinct mechanisms 
of inhibition). Dreyer et al. (1984) suggested that, since Tetx 
preferentially blacked the release of so-called large-mode 
m.e.p.p.s (without affecting the small-mode ones) and BoIT A 
strongly inhibited both types, that Tetx may act intracellularly 
at a stage responsible for vesicle translocation to the active 
zones whilst BoNT A acts at the point of vesicle fusion with the 
presynaptic membrane.
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C H A P T E R  2
Large scale purification of botulinum 

neurotoxins: radioiodination and 
interaction with rat brain synaptosomal 

membranes

- 44 -



2.1  In t r o d u c t io n

Cultures of C l .  b o t u l i n u m  are broadly classified 
either in terms of the type of neurotoxin they produce or are 
divided into 2 groups, proteolytic or non-proteolytic. It is now 
more common for the former classification to be used and eight 
immunologically distinguishable toxin types are recognised 
(A,B,Ci,C2,D,E,F and G). However, in some reports, two distinct 
toxin types CA and F) have been shown to be produced from a single 
culture (Gimenez and Ciccarelli, 1970; Sugiyama et al., 1972).
This has also been shown to be the case for certain strains of 
type C and D cultures since type Co< cultures produce types Ci,Cs 
and D toxins, with type Ci as the dominant species; type D 
cultures produce the same mixture with type D dominant; and C® 
cultures produce only C2 toxin (Jansen,B. C., 1971; Eklund and 
Poysky, 1972). More recent work showed that the toxins produced by 
strains of C and D cultures are encoded by bacteriophages and that 
a strain producing type C toxin could be converted to producing 
type D (and vice versa) by cross-infection of these culture types 
(Eklund and Poysky, 1974). Toxin-producing cultures can be divided 
into 4 separate groups if a combination of the two classification 
schemes outlined above is adopted (Smith,L. DS, 1977; Sugiyama, 
1980) : Group I cultures are proteolytic strains producing toxin
types A,B or F; Group II cultures are non-proteolytic strains 
producing toxin types B,E or F; Group III cultures are weakly 
proteolytic or non-proteolytic strains that produce toxin types 
Ci,C2 or D; and Group IV contains the proteolytic but non- 
saccharolytic strain that produces type G toxin. Except in terms 
of the antigenic properties of their toxins (Sakaguchi et al., 
1974; Shimizu and Hondo, 1973), a culture of type B from group I 
is very similar to a culture of type A but differs from a type B 
culture from group II (Sugiyama, 1980). Miyazaki et al. (1976) 
have shown that not only the toxic but also the non-toxic 
components produced by genetically and biologically distinct 
organisms (producing type B toxin) are immunologically and 
physicochemically similar.
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Many of these toxins are produced and released into 
the culture fluid in the form of complexes in association with 
other, non-toxic, proteins. In attempts to elucidate the
molecule(s) responsible for the neuroparalytic condition of 
'botulism' these toxic complexes were isolated and were initially 
thought to be the purified neurotoxin. Types A and B neurotoxins 
are produced in association with a molecule exhibiting 
haemagglutinin activity (Kozaki et al., 1974; DasGupta and Boroff, 
1968; Sugiyama, 1980; Simpson, 1981; Fig.1.1a), thought to protect 
the neurotoxic moiety from denaturation fallowing oral ingestion 
(Qhishi et al., 1977). Wagman (1954) demonstrated that the
haemagglutinin moiety could be removed from the toxin molecule 
without loss of toxicity and with an increase in the specific 
toxicity. Using ion-exchange chromatography on DEAE-Sephadex A50 
(DasGupta et al., 1966) or DEAE-cellulose (DasGupta and Boroff,
1967, 1968) it was possible to remove this haemagglutinin
contaminant during large scale purification of the neuratoxic 
moiety. Moberg and Sugiyama (1978) significantly improved the 
purification procedure by the introduction of an affinity 
chromatography step utilising p-aminophenyl-^-D-
thiogalactopyranoside (an analogue of galactose; a potent 
inhibitor of haemagglutinin (DasGupta and Sugiyama, 1977)) 
immobilised on CH-Sepharose 4B. Large scale purification of type A 
BoNT was thus achieved by a combination of affinity- and ion- 
exchange (using DEAE-Sephacel)- chromatography (Tse et al., 1982). 
A modification of this procedure (Tse et al., 1982) has allowed 
the large scale purification, to homogeneity, of the neurotaxic 
moiety from a culture of type B (Danish strain; Evans et al. , 
1986). Toxin purified from this strain typically yielded a much 
lower amount of 'nicked' toxic molecules compared with that 
observed for another strain (Okra) producing type B BoNT 
(Williams, 1984).

Using a modification of the radioiodination 
procedure described by Greenwood et al. (1963), previously shown 
to be successful for the iodination of type A (Williams et al. , 
1983), radiolabelling of BoNT B, using 12fr>I-iodine, to high
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specific activities was also accomplished (Evans et al. , 1986).
This radiolabelled BoNT was used to quantify the toxin acceptors 
present on rat synaptosomal membranes. Biochemical treatments of 
such membrane preparations allowed the nature of these acceptor 
moieties to be determined. The observed similarities and 
differences between these acceptors for BoUT B and those 
previously reported for BoNT A (Williams et al. , 1983) are
discussed.

2.2 MATERIALS AND METHODS

2.2.1 Large scale purification of BoNT A and B.
Cl. botulinum cultures producing type B neurotoxin 

(Danish strain) were grown in 20 litre incubation chambers for 48h 
before precipitation^ at pH 3-3.5, using 3N HsS&i. Acid- 
precipitated crude type B toxin (100-200g) was resuspended in 
sodium-phosphate buffer (300ml;0.2M,pH 6.0) using a Colworth 
Stomacher homogeniser (Seward laboratories) and the pH was 
adjusted to 6.0 by the addition of 1M MaOH. The suspension was 
stirred for lh at room temperature and the pH maintained at 6.0 
during this time. Solid matter was removed by centrifugation 
(30,000 x g,30min,4*C) and the sediment reextracted using the 
above procedure. Extracts containing the toxin solution were 
pooled and first treated with ribonuclease (lOOpg/ml, 60min, 34*0 
prior to the slow addition of solid ammonium sulphate to the 
stirred suspension (final concentration, 60% (w/v)). The toxin
solution was stirred for 20mLn prior to centrifugation (20,000 x 
g, 20min). The resulting precipitate was resuspended in 60ml of 
sodium phosphate buffer (0.1M, pH 5.8) and dialysed against 5 
litres of the same buffer overnight at 4*C. The dialysed toxin 
solution was centrifuged (30,000 x g, 30min), loaded onto a column 
of DEAE-Sephacel (10 x 2.5cm) equilibrated in sodium phosphate 
(0.1M, pH 5.8) and eluted with 30ml of the same buffer. This 
latter step removed low molecular weight, brown-pigmented
contaminants which interfered with the subsequent affinity
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chromatography of the toxin solution. The eluate of the latter 
column was allowed to run directly onto an affinity column (7 x 
1.0cm) of p-aminophenyl-0-D-thiogalactopyranoside covalently 
coupled to Sepharose 4B (Moberg and Sugiyama, 1978). After 
transfer of the toxin to the affinity column, the latter was 
disconnected from the DEAE-Sephacel column. Elution of unbound 
protein from the affinity column was accomplished using 60ml of 
sodium phosphate buffer (0.1M, pH 5.8) and neurotoxin bound to the 
column subsequently eluted with 0.15M Tris-HCl (pH 7.9) containing 
1M sodium chloride (an elution profile from these columns is 
shown; Fig. 2.1a). Fractions (2ml) of this eluate, having an 
absorbance at 280nm greater than 0.5, were pooled and dialysed 
overnight at 4*C against 2 x 2  litres of Tris-HCl (0. 1M, pH 7.9).

Neurotoxin, in Tris-HCl buffer (0. 1M, pH 7.9), 
was further purified by chromatography on a DEAE-Sephacel column 
(10 x 0.6cm) equilibrated in - and subsequently washed with 20ml 
of - the same solution. Neurotoxin was eluted in a step-wise 
manner with 30ml of Tris-HCl (0.15M, pH 7.9) containing lOmM NaCl 
(Fig. 2.lb) and a second protein peak, comprising both neurotoxin 
and other contaminating proteins, could be eluted using Tris-HCl 
(0.15M, pH 7.9) containing 0.5H NaCl. Those fractions containing 
purified neurotoxin,- with an absorbance at 280nm greater than 0.5, 
were pooled and dialysed overnight at 4*C against Tris-HCl (0.15M, 
pH 7.9).

The above purification procedure was found 
equally applicable to the purification of type A neurotoxin (from 
cultures of NCTC 2916) with the only modification being in the 
elution of the neurotoxin from the last DEAE-Sephacel column (Tse 
et al. , 1982: Williams et al. , 1983) ; elution of pure type A 
neurotoxin being by the stepwise addition of 0.14M Tris-HCl, pH 
7.9, to the ion-exchange column pre-equilibrated in the same 
buffer.

2.2.2 Analytical procedures. Purity of neurotoxin was determined 
at various steps in the purification procedure by sodium-dodecyl-
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sulphate (SDS) gel electrophoresis on gradient-pore slab gels (4- 
30%; PAA 4/30, Pharmacia). Gels were electrophoresed at 75V for lh 
prior to sample application and subsequently at 125V (at 4*0 
until migration of the tracking dye off the gel, after which the 
voltage was lowered to 100V for a further 2h. Samples were heated 
(60*C, lOmin) in lOmM Tris-HCl, pH 8.0/ ImM EDTA/ 2% SDS/ 10% 
glycerol in the presence (reducing conditions) or absence (non­
reducing conditions) of £-mercaptoethanol (5% v/v). The electrode 
buffer consisted of 40mM Tris, 20mM sodium acetate, pH 7.4, 
containing 2mM EDTA and 0.2% SDS. Following electrophoresis, gels 
were fixed (25% isopropanol/ 10% acetic acid), stained (0.1% 
Coomassie blue R250/ 25% methanol/ 10% acetic acid) and destained 
(25% methanol/ 10% acetic acid followed by 10% methanol/ 10% 
acetic acid). Molecular weights of protein samples were estimated 
by comparison of their mobilities with those of protein standards 
(thyroglobulin, 669000 and 330000; ferritin, 440000, 220000; 
catalase, 23200 or 60000; lactate dehydrogenase, 140000 or 36000; 
albumin, 67000; phosphorylase b, 94000; ovalbumin, 43000; carbonic 
anhydrase, 30000; trypsin inhibitor, 20100; a-lactalbumin, 14400) 
as detailed in the figure legends. Crossed immunoelectrophoresis 
was performed as detailed elsewhere (Weeke, 1973); the procedure 
is summarised in the legend to Fig. 2.4.

Samples for determination of toxicity were 
serially diluted into 70mM sodium phosphate buffer, pH 6.5, 
containing 0.2% gelatin. Aliquots (0.5ml) were injected 
intraperitoneally into groups of 4 mice (=*20g) and the amount 
which killed 50% of the mice after 4 days (mouse LDso) determined*

Protein concentrations were determined 
colourimetrically using the Folin-phenol reagent (Lowry et al., 
1951) or a Coomassie blue G-250 protein dye assay (Bradford, 
1976), using bovine serum albumin as a standard.

2.2.3 Preparation of rat cerebrocortical svnaptosomes. These were 
routinely purified from brains of female Sprague-Dawley rats 
(—200g) using discontinuous sucrose density-gradient 
centrifugation either a) as described by deBelleroche and
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Bradford (1977) or b) using a modification of this technique 
(Dodd et al, 1981). In the earlier method,after dissection of the 
brain and removal of the white matter, the cortex was homogenised 
in 0.32M sucrose and centrifuged (800x g,lOmin). The crude nuclear 
pellet (Pi)was discarded and the low speed supernatant (Si) 
centrifuged (20000x g, 20min) to sediment the crude synaptosomal 
fraction (Pz). The P2 was homogenised in 0.32M sucrose and layered 
(15ml per gradient) onto a discontinuous sucrose gradient 
consisting of 1.2M sucrose (20ml) and 0.8M sucrose (20ml).The 
gradients were centrifuged in a swing-out rotor (SW 25.2) for 
60min at 60000 x g. Purified synaptosomes were collected from the 
0.8-1.2M sucrose interface and diluted slowly to ==0.45M sucrose 
using ice-cold deionised water, before collection by 
centrifugation (54000 x g, 20min) and resuspension in Krebs- 
phosphate buffer, pH 7.4 (containing the fallowing concentrations 
of salts (mM), NaCl, 124; KC1, 5; ItesHPCU, 20; KH*PCU, 1.2; HgSCU, 
1.3; CaClz, 0.75 and glucose, 10. All procedures were performed at 
4 *C.

In the modification of the above method, described by 
Dodd et al (1981), the low speed supernatant (Si ;40ml) was 
layered directly onto 30ml of 1.2H sucrose and centrifuged 
(150,000 x g, 25min, type 45Ti rotor). The interface' was collected 
in =12ml, diluted to 40ml with 0.32M sucrose and layered onto 0.8M 
sucrose (30ml). This gradient was centrifuged as for the previous 
step and the pellet (representing the synaptosomal fraction) 
resuspended in Krebs-phosphate buffer, pH 7.4, as described above. 
Lysed synaptosomal preparations were obtained either by freeze­
thawing or treatment of synaptosomes with 50mM Tris-HCl buffer, pH 
8.0, for 30min at 4*C followed by recentrifugation and suspension 
in assay buffer.

2.2.4 Radiolabelling the BoNT. Type A was routinely radiolabelled 
with ’-^I-iodine to high specific radioactivities (as described 
by Williams et al., 1983) using a modification of the Chloramine-T 
method (Greenwood et al. , 1963). The same methodology was found 
to be equally effective in the radiolabelling of type B toxin to
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similar (if not higher) levels of specific radioactivity (Evans et 
al. , 1986). BoNT (A or B) (100-200pg) in a maximum volume of 200/jtl 
was added to 5mCi (50pl) carrier-free Na12GI (Amersham 
International, Amersham) and the reaction initiated by the 
addition of Chloramine-T (lOpl; final concentration, 0.22mM) in 
lOOmM sodium phosphate buffer, pH 7.4).The reaction was quenched 
after 40s by the addition of an excess of L-tyrosine (25pl; 2mg/ml 
in lOOmM sodium phosphate buffer, pH 7.4, containing 150mM HaCl). 
12>si_iabelled toxin types A or B [125I-BoHT (A) or (B)
respectively] were separated from tyrosine and free iodine by gel 
filtration on a column (5 x 1.5cm) of superfine Sephadex G-25, 
pre-equilibrated with lOOmM sodium phosphate buffer, pH 7.4, 
containing 150mM HaCl. To maximise stability of the radiolabelled 
toxins in dilute solution, they were diluted with 2.5% (w/v) 
gelatin to a final concentration of 0.25% (w/v), after removal of 
aliquots for determination of protein and radioactivity. The 
amount of free radiolabel present in a labelled toxin sample 
(lOpl) was determined by precipitation with trichloroacetic acid, 
10% (v/v), using bovine serum albumin (lOOpg) as a carrier
protein. Protein and toxicity determinations were performed as 
described previously (see Methods 2.2.2).

2.2.5 Characterisation of 12GI-BoNT (A and B). Electrophoretic 
mobility and distribution of radioactivity in the subunits of the 
toxin types was determined by discontinuous SDS-gel 
electrophoresis (Laemmli, 1970) on a 10% polyacrylamide gel run 
under non-reducing and reducing (5% 2-mercaptoethanol in the 
sample buffer) conditions (described in Methods 2.2.2). After 
fixing, staining and destaining, the gels were washed extensively 
in deionised water, followed by immersion in 10% glycerol/ 5% 
polyethylene glycol (PEG; 1500 av.Mr) for 12-18hr prior to being 
dried and submitted to autoradiography.
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2.2.6 Measurement of 12SI-BoNT (A and B) binding to synaptosomes. 
Purified synaptosomes were diluted into Krebs-phosphate buffer, pH 
7.4, containing lmg/ml bovine serum albumin (BSA) [binding 
buffer]. Synaptosomal suspensions (0.5-1.2 mg/ml) were incubated 
with increasing concentrations of 12SI-labelled BoNT (A or B) for 
•60min at 25*C followed by centrifugation (9000 x g, 2min). 
Aliquots were taken from the supernatants for determination of 
free toxin concentrations and the synaptosomal pellet was washed 
twice (within 20min) by sedimentation and resuspension in ice-cold 
binding buffer prior to ^-radiation counting. Non-specific binding 
was determined at various concentrations of 12BI-BoNT (A or B) as 
the amount remaining in the presence of a 100-fold molar excess of 
unlabelled native toxin over the highest concentration of 
radiolabelled toxin used. Subtraction of the non-specific binding 
from the total yielded the amount of toxin specifically bound.

2.2.7 Biochemical treatment of synaptosomal membranes; effect on 
12BI-BoNT binding. Synaptosomal membranes were assessed for their 
capacity to bind 12BI-BoNT (A or B) after a variety of treatments. 
Basically, two rationales were employed to determine a 
differential effect of these treatments on ■ the two acceptor 
populations previously identified by Scatchard analysis (Fig. 
2.6).

Membranes (2-6 mg/ml) were incubated with 
increasing concentrations of trypsin, neuraminidase or wheat-germ 
agglutinin in the presence or absence of their specific inhibitors 
or subjected to heat treatment (95*0 for various times (up to 
20min).
Treatments were as follows:
a) Trypsin: Aliquots of synaptosomal membrane suspensions (4- 
6mg/ml assay buffer) were incubated (40min, 37*C) with a series of 
trypsin concentrations (0-lmg/ml; final concentration). Control 
samples were incubated with the enzyme in the presence of a 5-fold 
molar excess of soybean trypsin inhibitor. At the end of the 
incubation period proteolysis was terminated by the addition of a
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5-fold molar excess of trypsin inhibitor to each sample. Membranes 
were then washed once in Krebs-phosphate, pH 7.4, containing 
lmg/ml trypsin inhibitor and lmg/ml BSA, before resuspension (=:2mg 
synaptosomal protein/ml) in this assay buffer.

b) Neuraminidase: Aliquots of synaptosomal membrane suspensions
(2-4mg/ml assay buffer) were incubated (40min, 37*0 with
increasing concentrations <0-0.5 units/ml) of neuraminidase. 
Control incubations also contained 20mM 2,3-dehydro-2-deoxy-N- 
acetylneuraminic acid (a specific inhibitor of neuraminidase). 
After treatment, membranes were washed once in binding buffer, 
centrifuged and resuspended in the same buffer containing the 
above inhibitor.

c) Vheat-germ agglutinin (VGA): Membrane suspensions (50-100/ig
protein) were preincubated (60min, 4’C) with increasing
concentrations (0-600pg/ml; final concentration) of VGA in the 
presence or absence of a 100-fold excess of its specific inhibitor 
N-acetylglucosamine. All incubations were diluted, sedimented and 
resuspended in assay buffer prior to determination of BoNT 
binding.

d) Heat treatment: Membrane suspensions (4-6mg/ml assay buffer)
were incubated for increasing times (0-20min) at 95*C. At the 
appropriate time, treated samples were immediately cooled on ice. 
Samples were washed twice in ice-cold binding buffer prior to 
determination of specific 125I-BoNT binding as detailed above.

BoNT binding was quantified by incubation of such 
treated membranes with either InM or lOnM 12SI-BoNT (final 
concentration) for 60min at 25*C fallowed by washing using the 
centrifugation assay described in section 2.2.6.

Saturation studies of 125I-BoNT B binding to such, 
treated membranes were also performed as described in section 
2.2.6. Using the optimal conditions from the concentration 
dependence of the above treatments the differential effects of
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trypsin (lmg/ml) and neuraminidase (lunit/ml) on binding of 125I- 
BoHT B to the two acceptor populations was further assessed by 
Scatchard analysis.

2.3. RESULTS,

2.3.1. BoflT purification and iodination.
Using a combination of ion-exchange- and 

affinity-chromatography, pure neurotoxin, with a molecular weight 
=155000 (Fig.2.2; track 5), could be separated from a mixture of 
non-toxic proteins (including haemagglutinin) in a protocol that 
resulted in a greater yield of neurotoxin (=15% recovery; Table 
2.1) and in a shorter time than previously reported (DasGupta and 
Sugiyama, 1976; Kozaki et al., 1977). The neurotoxin obtained in 
this way was essentially pure as determined by SDS-gel
electrophoresis on polyacrylamide gradient gels (Fig. 2.2, track 
5). Further analysis of neurotoxin purity was made using crossed 
immuno-electrophoresis (Fig. 2.3). A single peak was observed 
using this technique, indicating recognition by horse antiserum 
(raised against a crude preparation of type B toxin) of just a 
single proteinaceous component and further emphasizing the 
homogeneity of the neurotoxin. The neurotoxin existed mainly as 
the unnicked molecule (only =5% of the toxin was nicked; see Figs. 
2.2, track 8 and 2.4, track 2) as compared with BoNT A in which 
the extent of nicking was 60-80% (Williams et al., 1983). Upon 
treatment with trypsin the intact toxin molecules could be 
converted to the dichain form (Fig. 2.4, track 4) with a 
concomitant increase in the specific toxicity (from =2xl0'7 
MLDso/mg protein to =2xl0e MLDso/mg protein; Table 2.1). However, 
the trypsinisation conditions used to produce a significant 
increase in the amount of the dichain form and result in maximum 
toxicity also caused further proteolytic breakdown of the 
individual toxin chains (Fig.2.4). This could be minimised by 
reduction of the incubation temperature, for trypsinisation, from
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Fig, 2,1. Purification of BoUT B by affinity and ion-exchange 
chromatography.

(A) Chromatography of type B neurotoxin-
haemagglutinin complex on DEAE-Sephacel and p-aminophenyl-0-D- 
thiogalactopyranoside-Sepharose 4B. The sample was applied to the 
DEAE-Sephacel column in 0.1M sodium phosphate buffer, pH 5.8,
eluted directly onto the affinity column after which (arrow A) the 
former column was disconnected. Unbound material was washed from 
the affinity column with the above buffer and the neurotoxic
material was subsequently eluted (arrow B) with 0. 15H Tris/HCl
buffer, pH 7.9, containing 1M UaCl.

(B) Affinity-purified material was applied to the 
DEAE-Sephacel column in 0. lM Tris/HCl buffer, pH 7.9, and washed 
with the same buffer. The neurotoxin was then eluted with 0.15M 
Tris/HCl buffer, pH 7.9 containing lOmM NaCl. A second protein 
peak could be eluted by a stepwise addition of 0.15M Tris HC1, pH 
7.9, containing 0.5M HaCl (arrow A). In both A) and B); 1.5ml
fractions were collected.
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Fig, 2.2, Electrophoretic analysis of BoFT samples.

1 2 3 4  5 6 7 8 9

Gradient-pore gel electrophoresis was performed in 4-30% 
polyacrylamide gels containing SDS (as detailed in section 
2.2.2). Samples were denatured by heating at 60°C for 15min in 
sample buffer, with and without the inclusion of reducing agent; 
the amount of protein applied from samples at various stages of 
BoFT purification ranged over 10-30pg. After electrophoresis, the 
gels were fixed and stained with Coomassie G-250. Samples run in 
the absence of reducing agent; tracks: 1, redissolved acid- 
precipitated material; 2, material that remained soluble in 20% 
(HlU^SCLa.; 3, protein precipitated with 60% (ITH.â SCLt; 4, protein 
eluted from the affinity column; 5, pure BoFT (first peak) eluted 
from the DEAE-Sephacel column (Mr ^155000d); 6, material in the 
second peak from the DEAE-Sephacel column; 7, standard molecular 
weight marker proteins (Pharmacia): a-lactalbumin (Mr 14000), 
trypsin inhibitor (20100), carbonic anhydrase (30000), ovalbumin 
(43000), albumin (67000) and phosphorylase b (94000). 8, pure 
BoFT and 9, the above standards run under reducing conditions.
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neurotoxin.
Table 2.1. Purification of C lo s t r id iu m__botulinum type__E

Stage Volume 
(ml)

Toxicity* 
(mouse LD_n 
uni ts/mlj

Protein 
(mg/ml)

Speci fie 
toxici ty 

(LDgQ uni ts 
/mg protein)

Yield
(%)

Acid precipitated 
suspension

580 4 . 5  x lO 7 n.d. n.d. 100

Phosphate buffer 
(0.2M, pH6) extract

680 3 .5  x lO 7 2 5 . 0 1 . 4  x lO 6 92

20% ( N H -) -S 0 4 . 
s u p e r n a t a n t

550 4 . 0  x lO 7 1 1 .7 3 . 4  x lO 6 85

60% (NH4)2S04 
precipitate

130 1 .0  x lO 8 1 7 . 0 1 . 6  x lO 7 50

Affinity chromatography: 
Salt eluate 12 6 . 0  x lO 8 6.2 9 . 7  x lO 7 28

DEAE-Sepharose 
chromatography 
Peak I 13 3 . 0  x lO 8 

( 2 . 0  x lO 7 )* *
1 . 5 2 . 0  x lO 8 15

Peak II 6 6 . 0  x lO 7 5 . 0 1 . 2  x lO 7 n.d.

’•'Measured after trypsinisation (8pg/ml, 30min, 23’C), 
as described in section 2.2.2.

**Value observed prior to trypsinisation; although the 
equivalent values for three other preparations were in the range
3-5 x 107 mouse LDso units/mg, the maximum level of specific 
toxicity after trypsinisation did not exceed 2 x 10e LDso units/mg 
protein. n.d.= not determined.
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Fig. 2.3. Crossed immunoelectrophoresis of purified BoNT B

6

The sample (15pg) was run in the first dimension (right to left) 
in a 1% agarose gel at lOV/cm for 2h. The gel track was then 
superimposed on a 1% agarose gel containing horse antiserum (50 
units/ml) raised against a crude preparation of type B toxin and 
electrophoresis performed at 1.5 V/cm for 16h at 10 *C. After 
electrophoresis the gel was pressed, washed, dried, stained and 
destained as detailed elsewhere (Weeke, 1973).
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Fig. 2.4. Trypsin treatment of BoNT B.

1 2 3 4 5

Purified BoNT B (30/ig) was incubated (30min, 
34°C) in the presence or absence of trypsin (final concentration, 
8pg/ml). Proteolysis was inhibited by the addition of a 10-fold 
molar excess of soyabean trypsin inhibitor to the trypsinised 
samples. Aliquots (-10pg protein) were subjected to SDS gel 
electrophoresis on a 4-30% polyacrylamide gradient gel (Pharmacia 
PAA 4/30) in the presence (reducing conditions; tracks 2,4 and 5) 
or absence (non-reducing conditions; tracks 1 and 3) of j3- 
mercaptoethanol (5% v/v). Bands were stained and destained as 
detailed in section 2.2.2. Tracks 1 and 2, BoNT B incubated in 
the absence of trypsin; 3 and 4, BoNT B incubated in the presence 
of trypsin; 5, law molecular weight protein markers 
(phosphorylase b, 94000; bovine serum albumin, 67000; ovalbumin, 
43000; carbonic anhydrase, 30000; soybean trypsin inhibitor, 
20,100; a-lactalbumin, 14,400). The position of the trypsin 
inhibitor added to the treated samples is arrowed.
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34 *C to 23*C. Whilst the levels of toxicity expressed by BoNT B 
prior to trypsinisation typically varied between =lxlOr and ^lxlO3 
MLDso/mg protein, the maximal level observed after trypsin 
treatment was always around 3xl03 MLDso/mg protein.

A modification of the radioiodination procedure 
described by Greenwood et al. (1963), allowed labelling of BoNT A 
with 12sI-iodine to high specific activities (Williams et al., 
1983). Application of the same protocol to purified BoNT B 
resulted in similar,“if not higher, specific activities (500-3000 
Ci/mmol) to those observed for BoNT A. Such highly labelled 
neurotoxin retained an appreciable proportion 065%) of its
initial toxicity demonstrating that the labelling procedure did 
not significantly affect its biological activity. The
incorporation of the label into the subunits of type B neurotoxin 
was assessed by autoradiography after electrophoresis on an SDS- 
polyacrylamide gel. From Fig. 2.5 it can be seen that the
radioiodinated toxin is homogeneous (track 1) and very few of the 
toxin molecules are nicked in the absence of trypsin (track 5). In 
order to separate the chains and determine the distribution of the 
label between the two subunits, the toxin was 'nicked' by
incubation with trypsin (tracks 2 and 4) and the two chains 
separated by reduction of the interchain disulphide bond using £- 
mercaptoethanol (track 4). From the latter it can be seen that 
virtually all of the radiolabel is incorporated into the heavy 
chain with little/no incorporation into the light chain. Another 
interesting point to note is that the contaminant bands produced 
upon trypsinisation (c.f. Fig. 2.4, tracks 3 and 4) are not 
labelled.

2.3.2. BeacmstratiQn_of_distinct populations of acceptors for
1-5I~BoNT B on rat cerebrocortical synaptosomal membranes. Binding 
of increasing concentrations of 1:2SI-BoNT B (0.05-30nM) to rat 
cerebrocortical synaptosomal membranes, at room temperature for 
60min, showed that the extent of measurable specific binding 
reached a plateau at the highest concentrations used (Fig. 2.6, 
inset). Non-specific binding, determined as the binding remaining
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subunits of BoAT B (Danish strain).
Fig, 2.5. Autoradiographic distribution_of_radiolabel__in the.

1 2 3 4 5

#

#

Unlabelled BoFT B (30pg) together with aliquots of 
i25j-iabelled toxin of known specific activity were 'nicked' by 
incubation with trypsin (8/ig/ml final concentration, 30min, 23*0 
(Tracks 2 and 4). Proteolytic activation was inhibited by the
addition of a 20-fold molar excess of soyabean trypsin inhibitor 
to each of the samples. Tracks 1 and 5; toxin samples treated with 
trypsin inactivated by preincubation with trypsin inhibitor. 
Samples were diluted in SDS sample buffer and electrophoresed on a 
polyacrylamide slab gel (10%; Laemmli, 1970) in the presence 
(tracks 4 and 5) or absence (tracks 1,2 and 3) of 5% (v/v) J3-
mercaptoethanol. Fallowing electrophoresis, the gel was stained, 
with Coomassie R-250, destained, dried and exposed to 
autoradiographic film. Track 3, stained molecular weight protein 
markers: phosphorylase b (94000), albumin (67000) and ovalbumin
(43000). Arrows indicate the positions of the native neurotoxin 
together with its constituent polypeptides.
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Fig. 2,6. Equilibrium binding---of___12sI-BoNT___B___tfl___Eai
cerebrocortical synaptosomal membranes.

Aliquots of cerebrocortical membrane suspension 
(80-120/ig protein) in assay buffer (Krebs-phosphate buffer, pH 
7.4, containing lmg/ml BSA) were incubated at room temperature 
with increasing concentrations of 12sI-BoHT B (final volume 
lOOpl). ‘Binding was terminated after 60min by dilution with ice- 
cold assay buffer, and subsequent centrifugation. The sedimented 
pellets were washed once at 4*C before ^-radiation counting. Non­
specific binding was quantified, likewise, in control samples by 
inclusion of a 100-fold excess of native BoNT over the highest 
concentration of 12SI-Boirr B used. In each experiment measurements 
of total and non-specific binding were made in duplicate. Each of 
the points shown-• in the saturation curve (A) represent the 
averages of these determinations.

A) (Inset) The data is shown plotted as amount of 
toxin bound against the free toxin remaining in the supernatant at 
equilibrium. Specific binding (•> was calculated by subtracting 
non-specific binding (x), from the total binding (O).

B) The data in A) above is represented in a 
Scatchard plot. The plot of specific binding was non-linear and, 
on graphical analysis (Rosenthal, 1967), could be analysed as 
having high-affinity (Kd=0.25nM; Bm»x=45 fmol/mg) and low-affinity 
(Kd-20nM; BmaLX-7prnol/rng) sites. FuHfc\ec S<uxtcV\arck u/\treabd

ace^ t>V\ouvi \ a  Pias. <x*A 2 - U.

M M. . S
f a r S c tvbc t\oo -d
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in the presence of a 100-fold excess of unlabelled BoNT over the 
highest concentrations of 12SI-BoFr used, represented an 
acceptably low proportion of the total, indicating the suitability 
of this labelled preparation for such binding studies. A Scatchard 
plot (Scatchard, 1949), of the specific binding curve was found to 
be non-linear (Fig. 2.6) and, using the method of graphical 
analysis (described by Rosenthal, 1967), two distinct binding 
components could be resolved. A low content of high-affinity 
acceptor sites (Kd=0.3-0.5nM; Bm»x 30-60 fmol/mg protein) could be 
distinguished from a much larger number of sites exhibiting lower 
affinity (Kd >16-21nM; Bm»x *7pmol/mg protein; in many experiments 
the Bmax of the latter was sometimes as high as 10-12 pmol/mg 
protein). Similar heterogeneous populations of acceptor sites were 
found when using either intact synaptosomes or purified synaptic 
plasma membranes (data not shown).

2.3.3 The nature of synaptosomal acceptors for 12Sl-BoNT B.
Upon successful radioiodination of type B BoHT,

and the demonstration of two acceptors having similar affinities
to those for BoNT A (Williams et al. , 1983), it was necessary to
determine whether the acceptors for the two toxin types shared the
same structural moieties. To characterise the differential effects
of a variety of treatments (similar to those used for BoHT A;
Williams et al., 1983) on the two acceptor sites, direct
comparisons were made of the specific binding of 125I-BoNT B to
treated and untreated synaptosomal membranes using concentrations
of BoNT (InM and lOnM) which might distinguish the high- and low-

£affinity components. In order to quantitate these changes to each 
of the two sites, saturation curves of 125I-BoHT B binding were 
made using treated and untreated membranes in simultaneous, 
identical, binding assays. ______

* From the Scatchard plot for 125I-BoNT B binding, at InM i^sl- 
BoHT B the occupancy of the high-affinity binding site 
represented =9% of the total number of sites containing bound 
toxin at this total concentration.
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Elg__2.. 7. ■__Concentration dependence__Q1 — trypsin on synaptosomal
binding of iasI-BogT B. ' .

assay buffer) were incubated (37*C, 40min) with increasing trypsin 
concentrations <#,■), or with trypsin in the presence of a 5-fold 
molar excess of soyabean trypsin inhibitor (O, □). At the end of 
this incubation period, proteolysis of the test samples was halted 
by the addition of a 5-fold molar excess of trypsin inhibitor to 
each sample. Treated membranes were then washed once in Krebs- 
phosphate, pH 7.4, containing lmg/ml trypsin inhibitor, and lmg/ml 
BSA before resuspension («2mg/ml) in this assay buffer. Membrane 
samples (50-100pg) were then incubated (60min, 23*0 with either 1 
or lOnM 12SI-BoNT B and specific binding determined by subtraction 
of the non-specific binding from the total as described in section 
2.2.6. Specific binding of InM (circles) and lOnM (squares) 125I- 
BoNT B to such treated membranes is shown. ft whs ĵiVvC'-o a . 

cu/fcro^L cÛ (>U.GaJt«_ cWit ^
\ & 0 \ A k s  ok' W/gV
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The proteinaceous nature of the acceptors for iasI-BoFT B.

2.3.3.1. Trypsin treatment of synaptosomal membranes.
Proteolysis of synaptosomal membranes using 

increasing concentrations, of trypsin <0-1.0 mg/ml; Fig. 2.7) 
resulted in an extensive inactivation of the specific binding of 
125I-BoNT B. Whilst almost complete abolition of specific binding 
was observed using lOnM labelled toxin at the highest enzyme 
concentration, some specific binding (representing -50fmol/mg 
protein) could not be abolished when measured using InM 12sI-BoHT 
(even at the highest concentration of trypsin used). The 
specificity of the effect of trypsinisation is apparent from the 
ability of soybean trypsin inhibitor to prevent this inactivation 
(Fig. 2.7).

Using the concentration of trypsin (Img/ml) which 
produced the differential reduction in 12SI-BoNT B binding 
indicated above, equilibrium binding of increasing concentrations 
of 125I-BoNT B to treated and untreated membranes was performed in 
parallel and the data represented by Scatchard plots. This enabled 
the comparison between the affinity and contents of those acceptor 
sites remaining after proteolysis of the membranes to be compared 
to those sites in the absence of any treatment (Fig. 2.8). From 
such data it was found that, after enzymic digestion, two 
populations of acceptors for 12SI-BoNT B could still be 
distinguished [Fig. 2.8(A)]. However, whilst the content of those 
acceptors exhibiting low affinity for the toxin was reduced 
significantly (=80%) upon trypsin treatment (Bm»x =;2pmol/mg 
protein c.f. Bm»x-10pmol/mg protein in the control [Fig. 2.8(B)] 
the content of high-affinity sites (Kd-0.3nM) was apparently 
unaltered (Bm«x =60fmol/mg protein).

2.3.3.2. Heat treatment of synaptosomal membranes.
Membranes incubated at 95 *C showed a rapid 

decrease with time in specific toxin binding assayed at both 1 and 
lOnM toxin concentrations (Fig. 2.9). Maximal inhibition of 
binding (at both concentrations of toxin used) occurred
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Fig. 2.8. Equilibrium binding of 12SI-BqHT B to trypsin-treated 
synaptosomal membranes.

A suspension of synaptosomal membranes (4-6mg/ml Krebs 
assay buffer containing lmg/ml BSA) was incubated (40min, 37*0
with trypsin (Img/ml final concentration) prior to the addition of 
a 5-fold molar excess of trypsin inhibitor, centrifugation (9000 x 
g, 2min) and resuspension in assay buffer containing Img/ml 
trypsin inhibitor. Aliquots of treated membranes (50-100pg) were 
incubated with increasing concentrations (0.02-30nM) of 12SI-BoNT 
B and specific binding determined as in Fig. 2.6a. A) Saturation 
curve (inset) and Scatchard plot (see Fig. 2.6) of specific 
binding to such treated membranes is shown. In each experiment, 
binding to untreated membranes was also determined in parallel (B) 
so that quantitative analysis of the changes in each of the 
acceptor types could be made.

High affinity site Low affinity site
Brii a x Kd Bmax Kd

Trypsin treated 65fmol/mg 0.26nM 2pmol/mg 6.3nM

Untreated 80fmol/mg 0.3nM lOpmol/mg 16nM
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synaptosomal membranes.
Fig..__2.9. Specific__binding of 125I-BoffT B to heat treated

Aliquots of synaptosomal membrane suspensions (4- 
6mg/ml assay buffer) were incubated for varying times at 95°C. 
Treated samples were cooled on ice, washed twice in ice-cold 
Krebs-phosphate binding buffer (pH 7.4) containing lmg/ml BSA and 
resuspended (at *2mg/ml) in the same buffer. Binding of 12SI-BoHT 
B to such treated aliquots was determined by incubation of 
membrane samples (50-100jig) with 1 or lOnM labelled toxin 
(60min,23*C - as described in section 2.2.6). ffon-specific
binding, defined as that remaining upon incubation with a 100-fold 
molar excess of unlabelled toxin over that of the labelled toxin, 
was subtracted from the total to give the specific binding 
capacities of such membranes at InM (#) and lOnM (■) 12SI-BoNT B 
is shown. Values are expressed as a percentage of the control 
(100%) value- determined as the specific binding to untreated 
membranes at each concentration of toxin studied. ^cuiA
\&x> t X A X K r S °|- (o
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after incubation of the membranes for just 3min at 95 *C. However, 
unlike the results obtained with trypsin treatment of synaptosomal 
membranes (Fig. 2.7) complete abolition of specific binding using 
lOnM 125I-BoET B was not found. In fact, in membranes heated for 
>3min, the level of specific binding apparently increased due to a 
decrease in the non-specific binding determined at each time point 
(Fig. 2.9).

2.3.4. Sialic acid moieties in the acceptors for 12SI~BoET B.
Since the presence of E-acetylneuraminic acid 

residues on the acceptors far BoET-A had previously been 
implicated (Williams et al. , 1983), their involvement in the 
acceptor binding of 12eI-BoET B was also assessed by preincubation 
of synaptosomal membranes with increasing concentrations of 
neuraminidase (E.C.3.2.1.18) or VGA. Binding of 125I-BoET B to 
such treated membranes was carried out using concentrations of 
12SI-BoET which would distinguish the high- and low-affinity 
binding sites (see figure legends). Increasing neuraminidase 
concentrations caused a decrease in the observed specific binding 
of 125I-BoET B at both concentrations of toxin used and this 
reduction was maximal at 0.5 unit/ml neuraminidase (Fig. 2.10). 
This is a specific effect of the enzyme and not- due to protease 
contamination since incubation of membranes with neuraminidase in 
the presence of its specific inhibitor (2,3 dehydro-2-deoxy-E- 
acetylneuraminic acid) negated this effect (Fig. 2.10).

In order to further assess the nature of the 
effect of the neuraminidase on the two acceptor papulations for 
12SI-BoET B, synaptosomal membranes were incubated with the enzyme 
(1 unit/ml) for 40min at 37 *C and the reaction terminated by 
addition of 20mM 2,3-dehydro-2-deoxy-E-acetylneuraminic acid, 
centrifugation and resuspension of the membranes in assay buffer 
containing this inhibitor. Total and non-specific binding of 12SI- 
BoET were quantified as detailed earlier (see section 2.2.6) and a 
Scatchard plot of the specific binding was constructed [Fig. 
2.11(A)]. Graphical analysis of the data yielded Bm&* values of 15 
and 1850 fmol/mg of protein, respectively, for the two sets of
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Ei&___ 2,10. Concentration dependence___of__ neuraminidase an
synaptosomal binding of 12SI-BoflT B,

Aliquots of synaptosomal membrane suspensions (2-4mg/ml 
assay buffer) were incubated (37*C, 40min) with increasing 
concentrations of neuraminidase (Sigma; E.C.3.2.1. 18) in the 
presence (controls; squares) or absence (tests; circles) of 20mM 
2,3 dehydro-2-deoxy-ff-acetylneuraminic acid (a specific inhibitor 
of neuraminidase). Membranes were washed once, centrifuged (9000 x 
g, 2min) and resuspended (*2mg synaptosomal protein/ml) in assay 
buffer containing the above inhibitor. Aliquots of these treated 
membrane suspensions were then incubated (60min, 23*0 with 1 or 
lOnM 12SI-BoNT B and specific binding determined as detailed in 
section 2.2.6. using the standard centrifugation assay! The 
effects of neuraminidase on specific binding of InM (#, ■ ) and 
lOnM (O, □ ) 12SI-BoNT B are shown. Values are expressed as a
percentage of the specific binding observed on untreated 
membranes. PoJOns vepv-eo z ^ k  Vum, ksix/vs cW'rerH^cvWc as.

VcouAte 0 1 , 1 , 5  M  '^ X -B o M rS  ,
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ElS»_2.11. Equilibrium binding of 12SI-BoffT B to neuraminidase-
treated synaptosomal membranes.

After incubation of synaptosomal membranes with 
neuraminidase <1 unit/ml) for 40min at 37*C, the reaction was 
stopped by addition of 20mM 2,3-dehydro-2-deoxy-N-acetylneuraminic 
acid, centrifugation and resuspension of the membranes in assay 
buffer containing the inhibitor. Total and- non-specific binding of 
12sI-BoNT B were quantified, as detailed in section 2.2.6. and a 
Scatchard plot of the specific binding to treated membranes is 
shown (A). Graphical analysis of the data yielded Bwax values of 
15 and 1850 fmol/mg protein, respectively, for the two sets of 
sites compared with 60 and 6900 fmol/mg protein for binding of 
1 2 S I - B o E T  g to untreated membranes in this particular experiment 
(B). Apparently their Kd values were unaltered by the enzymic 
digestion.
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Fig. 2.12. Effect of wheat-germ agglutinin on ,2SI-BoNT B binding 
to synaptosomal acceptors.

Membrane suspensions (50-lOOpg of protein/incubation) in 
assay buffer (see section 2.2.6) were preincubated for 60min with 
varying concentrations of wheat-germ agglutinin at 4*C in the 
presence ( O * □  ) or absence (• , ■ ) of a 100-fold excess of its 
specific inhibitor F-acetylglucosamine. Control incubations were 
carried out in a similar manner but without any additions to the 
membranes. All the incubations were then diluted with assay 
buffer, sedimented and resuspended. Following addition of InM 
(O • # ) or 10nM ( □  , ■  ) 12sI-BoNT B and incubation at 37 *C for 
40min, the amount of specific toxin binding to treated and 
untreated samples were determined.
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sites, compared with 60 and 6900 fmol/mg protein for the untreated 
samples in this particular experiment [Fig. 2.11(B)]. Apparently, 
no significant changes in the Kd values of the remaining sites, 
after enzymic digestion, were observed. This result would seem to 
indicate that both the high- and the low-affinity binding 
components for BoITT B are equally susceptible to neuraminidase 
treatment and implies a significant role in toxin binding for N- 
acetylneuraminic acid in both receptor types.

VGA was found to compete effectively for toxin 
binding and, interestingly, the extent of this inhibition was more 
pronounced with InM rather than lOnM 12SI-BoNT (Fig. 2.12). The 
specificity of the lectin interaction with the acceptors was 
ascertained from its inhibition by N-acetylglucosamine (Fig. 
2.12). The observed inhibitory action of this lectin which binds a 
number of sugar molecules, including N-acetylglucosamine and N- 
acetylneuraminic acid (Monsigny et al., 1980), implicates such 
moieties in toxin binding by these acceptors. Other lectins tested 
(concanavalin A and soybean agglutinin) had no significant effect 
on toxin binding to membranes (Williams,R.S. Ph.D. thesis, London,
1984).

It would appear, from the above observations, that 
there exist two distinct papulations of acceptors for type B BoHT; 
a high-affinity component which is resistant to proteolytic 
digestion and heat treatment and a site (or sites) of lower 
affinity which is sensitive to such treatments. Both types of site 
are sensitive to removal of sialic acid moieties or blocking of 
sugar residues.

2.3.5 Scatchard analysis_of__1 ̂ 11-BqHT_binding_under_diffenant-
incubation conditions. In order to study further the molecular 
nature of the BoFT acceptors and their interactions with the 
toxin, a variety of treatments were used in which the pH and/or 
the ionic strength of the incubation media were changed. A 
comparison in the Bm*« and Kd values of the remaining sites with 
those observed in Krebs-phosphate, pH 7.4 (c.f. Fig. 2.6) was made

- 76 -



by analysis of Scatchard plots of the data. The following 
incubation conditions using labelled toxin on rat brain 
synaptosomal membranes have been studied (all buffers contained 
lmg/ml BSA);

(1) Low ionic strength Krebs buffer (in which 
the HaCl was omitted), pH 7.4

(2) Low pH buffer (25mM sodium acetate), pH 
6.0, containing 150mM HaCl.

(3) Low ionic strength, low pH buffer (25mM 
sodium acetate, pH 6.0)

Ho differences in the profiles of either BoflT 
A or BoHT B binding (expressed graphically on Scatchard plots) 
were observed between (1) and (2) above and that seen in normal 
ionic strength Krebs-phosphate buffer, pH 7.4, containing lmg/ml 
BSA (data not shown). This would that the apparent
affinities and contents of the high- and the low- affinity binding 
components for this toxin are not altered by such treatments. In 
contrast, however, a marked difference in the toxin-receptor 
binding was noted under the conditions of low pH and low ionic 
strength indicated in (3) above (c.f. that observed in Krebs- 
phosphate, pH 7.4).

Under these conditions, Scatchard analysis of 
the specific binding of increasing concentrations of 1=5I-BoHT B 
indicated the presence of a large content (Brn«,x-35 pmol/mg 
protein) of a single population of acceptors exhibiting a 
moderately high affinity for the toxin CKd=7nM; Fig. 2.13(B)]. 
These sites are apparently in far greater abundance than those 
observed under 'physiological' binding conditions where a low 
number of high-affinity sites (Bmax^SOfrnol/mg protein; Kd 0.3nM) 
and a larger population (Bm«x-7pmol/mg protein) of low-affinity 
acceptor sites can be resolved (Fig. 2.6; Evans et al. , 1986). 
Similarly, equilibrium binding studies using 12sI-BoNT A under 
these incubation conditions (low ionic strength, low pH) also 
revealed an apparent single population of acceptors (Kd2J4nM) 
present in large quantities (Bmax ^24pmol/mg protein) [Fig. 
2.13(A)] .
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Fig. 2.13. Equilibrium binding of 125I~BoNT under conditions of 
low ionic strength and low pH.

Aliquots (—lOOpg protein) of rat synaptosomal 
membranes were incubated (23*C, 60min) with increasing 
concentrations (0.02-30nM) of 125I-BoHT (A or B) in 25mM sodium 
acetate, pH 6.0, containing lmg/ml BSA (final volume lOO/il). Eon- 
specific binding was determined in control samples by inclusion of 
a 100-fold excess of native BoNT over the highest concentration of 
labelled toxin used. After incubation, the membranes were 
pelleted, aliquots removed from the supernatant to determine the 
amount of unbound toxin and subsequently washed (2 x 1ml) in the 
same buffer at 4*C using the centrifugation assay described 
(section 2.2.6). Specific binding was quantified by ¥-radiation 
counting as detailed in section 2.2.6.

The data is expressed graphically as a Scatchard
plot.

A) Equilibrium binding of 12SI-BoNT A under the above conditions. 
(B rvi sft x =:24pmol/mg protein; Kd=4.4nM)

B) Equilibrium binding of 12SI-BoFT B under the above conditions. 
(Bnioix — 35pmol/mg protein; Kd^7nM)
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Fig- 2-13.

- 79 -



2.4 Discussion,

2.4.1. Purification and radioiodination oi BoFT B.
A slight modification of a protocol, previously developed 

to purify type A BoFT to homogeneity (Tse et al., 1982), has 
proved to be equally applicable in the large scale purification of 
BoFT B from a culture of C l .  b o t u l l n u m  (Danish strain; Evans et 
al. , 1986). The neurotoxin obtained in this way was shown to be 
homogeneous by a number of criteria (including SDS-gel 
electrophoresis and crossed Immunoelectrophoresis) and could be 
obtained more rapidly (typically =72h) and in greater yield (=15%) 
than previously reported (DasGupta and Sugiyama, 1976; Kozaki et 
al., 1977). The purified neurotoxin was of similar molecular 
weight (=155000) to that published for other strains of type B 
(150000, Kozaki et al., 1974; 163000, Ohishi and Sakaguchi, 1977; 
167000, Beers and Reich, 1969; 170000, Kozaki and Sakaguchi, 
1975). Likewise, upon nicking (using trypsin) and reduction, the 
molecular weights of the toxin's two subunits (determined by 
polyacrylamide gel electrophoresis) were similar to those 
indicated by the latter authors. Since trypsin treatment of the 
native toxin produces the dichain form with a concomitant increase 
in specific neurotoxicity whilst also causing further proteolytic 
breakdown, it may be that, as seen with another strain of type B 
toxin (Okra; Ohishi and Sakaguchi, 1977), activation of type B 
from Danish strain may precede nicking of the molecule.

This species of neurotoxin could be radioiodinated to 
higher specific activities (up to 3000Ci/mmol) than previously 
reported for other toxins Ce.g. type A, 1750 Ci/mmol; Williams et 
al., 1983; type B (Okra), 300Ci/mmol; Kozaki, 1979; types C and D, 
600Ci/mmol; Murayama et al. , 1984 or type E, =100Ci/mmol; Kozaki 
and Sakaguchi, 19823. The specific activity of the labelled toxin 
was accurately determined to allow quantitative analysis of toxin 
binding to neuronal membranes. Such highly labelled toxin retained 
an appreciable proportion (65-90%) of the specific neurotoxicity 
of the native toxin implicating that the residues which are
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labelled are not essential for toxicity. The remaining toxicity of 
the labelled neurotoxin would not appear to be due to unlabelled 
toxin since appreciable toxicity of labelled BoNT was retained at 
specific activities »2000 Ci/mmol, representing an equimolar ratio 
of 12SI-iodine to protein. One might thus expect the majority of 
labelled toxin to be the mono-iodinated species with a much 
smaller number of molecules containing doubly or higher labelled 
species. Previous attempts to separate the various iodinated 
species of type A BoNT from the unlabelled toxin (using narrow 
range IEF, chromatofocussing and ion-exchange chromatography) 
proved unsuccessful (Williams R.S. , Ph.D. thesis, London 1984). 
Some inherent microheterogeneity may exist in the mono-iodinated 
toxin (since it was shown that either of the subunits of BoNT A 
may be labelled) and this may affect the toxin binding 
characteristics to neuronal membranes. However, in the case of 
type B BoNT, the problems associated with microheterogeneity of 
the iodinated species were not significant since labelling was 
found primarily in the heavy chain of the toxin. This difference 
in the distribution of 12GI-iodine label between the subunits of 
types A and B BoNT may be due to the fact that the light chain 
from type B BoNT contains fewer residues which are accessible to 
the 12SI substitution i.e. tyrosine and histidine residues. In 
fact amino acid compositional analysis of the light chains of the 
two toxin types shows that they both contain similar proportions 
of tyrosine residues (25 residues/mol; 5.2% of total residues for 
BoNT A compared with 22 residues/mol; 4.9% of total residues for 
BoNT B light chain; Williams, R.S., 1984). Thus, the lack of 
iodination in the light chain of BoNT B may be due to a 
conformational difference in the toxin structures such that those 
residues which would be labelled in the light chain of BoNT B are 
'protected' in some way whilst some of those in type A are 
exposed.
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2.4.2. BoNT acceptors.
Identification of the nature of the presynaptic acceptor 

sites for BoNT may prove of interest since, it is not known 
whether thesfl- moieties play a functional role in neuronal 
communication (e.g. possibly in cell-cell recognition during 
synapse formation or in maintaining synaptic contact). 
Furthermore, due to the inaccessibility of the peripheral nervous 
system (the primary site of toxin action) to biochemical analysis, 
it is important to use other model systems e.g. synaptosomes, in 
an attempt to elucidate the mechanism of toxin action. Hopefully 
the acceptors demonstrated in the CNS will be similar/identical to 
those shown to be responsible for binding and energy-dependent 
internalisation of the toxin in the PNS (Black and Dolly, 
1986a,b).

Saturation binding studies using BoNT A revealed biphasic 
Scatchard plots which could be resolved by graphical analysis 
(Rosenthal, 1967) to reveal the presence of at least two acceptor 
sites; a low content of acceptors exhibiting high affinity 
(Kd=0.6nM) and a much larger number of acceptors having lower 
affinity (Kd*25nM) for the toxin (Williams et al. , 1983). Studies, 
using radiolabelled BoNTs Ci and D have also revealed 
heterogeneous binding components for these toxins [a small pool 
of high-affinity sites (Kd 0.08nM and 0.023nM respectively) 
together with a much larger pool of acceptors of lower affinity 
(Kd-35nM; Agui et al. , 1983, 1985; Murayama et al., 1984)]. 
However, it is questionable whether specific binding of the low 
concentrations of toxin required to distinguish such high affinity 
components could be measured or these sites resolved from the 
large content of low-affinity acceptors. In contrast, a study of 
125I-BoNT E binding to mouse brain synaptosomes indicated that the 
latter recognised only a single component of very low affinity 
(Kd-100nM; Kozaki and Sakaguchi, 1982). However, the lowest 
concentration of labelled ligand used was *10nM and hence the 
latter authors may have failed to detect a site exhibiting higher 
affinity for this toxin type which may have been saturated at this 
relatively high concentration of toxin. Binding of BoNT A, B, Ci
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and D, appears to  be mediated by th e ir  respective  heavy chains  
(W illiam s e t a l. , 1983; Kozaki, 1979; Murayama e t a l . , 1984) s ince  
la rge  concen tra tions o f the la t t e r  e f fe c t iv e ly  in h ib i t  b ind ing  o f 
the in ta c t  to x in  to  synaptosomal membranes. The l ig h t  chain o f 
these p repara tions a lso  caused a small reduc tion  in  to x in  b ind ing  
but th is  was thought to  be due to  contam ination w ith  na tive  BoNT 
(W illiam s e t a l . ,  1983; Kozaki, 1979; Murayama e t a l. , 1984).

2 .4 .2 .1 . The nature o f the acceptors fo r  BoNT B,
In  th is  re p o rt and elsewhere (Evans e t a l.  , 1986) we have 

s im i la r ly  demonstrated the exis tence o f a t le a s t two popu la tions  
of acceptor s ite s  fo r  another botu linum  to x in  -  type B; a h igh -  
a f f i n i t y  component (Kd-0.3-0.5nM) present in  low numbers (Br„a.>c 60- 
lOOfmol/mg p ro te in ) toge the r w ith  a much la rg e r popu la tion  (Bmax 
*7pmol/mg p ro te in ) o f s ite s  e x h ib it in g  lower a f f i n i t y  fo r  the  
to x in  (Kd-16-20nM). In order to  t r y  and id e n t i f y  the chemical 
nature o f these acceptor s ite s  in  synaptosomal membranes, th e ir  
d i f f e r e n t ia l  s e n s i t iv i t ie s  were assessed by measuring the  
remaining to x in  b ind ing  a c t iv i t y  a f te r  a v a r ie ty  o f treatm ents; 
two concen tra tions o f to x in  were employed which would p r im a r ily  
d if fe re n t ia te  between the h igh - and the lo w -a f f in i t y  components. 
Furthe r s tud ies  were then made using the optimum incuba tion  
cond itio ns  fo r  synaptosomal membranes to  cause a s ig n if ic a n t  
reduc tion  in  the number o f b ind ing  s ite s . E qu ilib r ium  b ind ing  
s tud ies  were performed on such tre a ted  membranes using in c reas ing  
concen tra tions o f la b e lle d  BoUT and the re s u lts  expressed as 
Scatchard p lo ts  (Scatchard, 1949). G raphical ana lys is  o f such data  
(Rosenthal, 1967) a llowed the comparison between the a f f i n i t y  and 
content o f the remaining s ite s  w ith  those in  the c o n tro l sample 
(measured during  each experiment). Due to  the inhe ren t 
inaccurac ies in  such ana lys is  (see sec tion  2 .4 .3 ) these  
experiments were repeated two to  th ree times in  order to  a llow  a 
more accurate comparison between the d i f f e r e n t ia l  e ffe c ts  observed 
on the two s ite s .

The data obta ined in d ica te d  a p re fe re n t ia l s e n s i t iv i t y  o f 
the low a f f i n i t y  component to  heat and try p s in , w ith  such
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treatment o f synaptosomal membranes re s u lt in g  in  a decrease in  the  
content o f such s ite s  Cup to  80%) w ith  no apparent decrease in  the  
content o r a f f i n i t y  o f the remaining s ite s  fo r  125I-BoNT B. In  
con tra s t, both s ite s  appeared equa lly  s e n s itiv e  to  treatm ent w ith  
neuraminidase w ith  a reduc tion  o f 50% in  the numbers o f both  
acceptor papu la tions and no apparent changes in  th e ir  respec tive  
Kd values. As in  the case o f try p s in ; th is  was again due to  the  
s p e c if ic  a c tio n  • o f the neuraminidase and not contam inating  
protease since in c lu s io n  o f 2 ,3-dehydro-2-deoxy-N -acetylneuram inic  
acid  negated th is  e f fe c t .  VGA is  a p ro te in  w ith  a molecular weight 
o f 36000 composed o f two po lypep tide  chains each possessing two 
b ind ing  s ite s  fo r  sugar res idues (Nagata and Burger, 1974). Th is  
le c t in  shows a marked s p e c i f ic i t y  fo r  b ind ing  non-reducing  
te rm ina l N -acety lneuram in ic a c id  residues as w e ll as in te rn a l N- 
acetylglucosam ine res idues (Bhavanandan and K a t lic , 1979; Monsigny 
e t a l. , 1980). VGA produced a marked reduc tion  in  ls:GI-BaNT B 
b ind ing  when pre incubated w ith  synaptosomal membranes; N- 
acetylglucosam ine or N -acety lneuram in ic acid antagonised th is  
e ffe c t . Thus, i t  would appear from th is  c o lle c t iv e  data th a t the  
the two acceptor s ite s  fo r  BoNT B con ta in  s ia l ic  ac id  m o ie ties  
and, w h ils t the low a f f i n i t y  acceptor appears to  invo lve  a 
proteinaceous component, the h ig h - a f f in i t y  s ite  is  re s is ta n t to  
p ro te o ly t ic  d ig e s tio n  o r dena tu ra tion , suggesting th a t th is  
component may be a gang lios ide .

B inding o f 12SI-BoNT B under p h ys io lo g ica l cond itio ns  was 
p a r t ia l ly  in h ib ite d  (=40%) by h igh concen tra tions (=lj±M) o f BoNT A 
(Kozaki, 1979; Evans e t a l . ,  1986). Scatchard ana lys is  o f b ind ing  
o f 12SI-BoNT B in  the presence o f a la rge  concen tra tion  o f type A 
in  each incuba tion  revealed th a t th is  p a r t ia l in h ib i t io n  by BoNT A 
was not due to  com pe tition  w ith  the h ig h - a f f in i t y  acceptor fo r  
i:2GI-BoNT B but ra th e r w ith  an acceptor component e x h ib it in g  
extremely low a f f i n i t y  fo r  the la t t e r  (data not shown). Th is  
re s u lt suggests th a t the low a f f i n i t y  'a ccep to r' fo r  BoNT B may 
comprise a la rge  number o f d if fe re n t  components e x h ib it in g  a wide 
range o f a f f i n i t i e s  fo r  the to x in  which cannot be reso lved by the  
normal technique o f Scatchard ana lys is .
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2 .4 .3 . Scatchard ana lys is ; c r i t i c a l  app ra isa l.
Some o f the above im p lic a tio n s  are based on values 

obtained from g raph ica l a na lys is  o f Scatchard p lo ts  and, as such, 
must be tre a ted  w ith  some cau tion  since there are many problems 
inheren t w ith  th is  method. The p r in c ip le  source o f e rro rs  a rise s  
from incomplete sepa ra tion  o f bound from free  lig and  (K lo tz , 1982; 
Burg isser, 1984); fa i lu r e  to  do so re s u lts  in  an underestim ation  
o f s p e c if ic  b ind ing  and g ives r is e  to  e rro rs  in  the de te rm ina tion  
of the d is s o c ia t io n  e q u ilib r iu m  constants (Bonafacino and 
P a lad in i, 1981). Such e rro r  was minimised s ince , using the  
c e n tr ifu g a tio n  assay ind ica ted , an a liq u o t could be removed to  
determine the concen tra tion  o f fre e  to x in  w h ils t s t i l l  a t 
e q u ilib r iu m  and ra p id  washing a t 4*C allowed the remaining fre e  
la b e lle d  ligand  to  be removed e f fe c t iv e ly  w ith  minimal 
displacement o f any bound to x in . To determine a ccu ra te ly  the  
concen tra tions o f bound and fre e  to x in  and, hence, ga in accurate  
values fo r  the Kd and Bm«x o f a b ind ing  s ite ,  the s p e c if ic  
a c t iv i t y  o f the ra d io la b e lle d  lig and  must be a ccu ra te ly  determ ined  
(Munson, 1984). Th is was in  fa c t the case fo r  each batch o f 
iod ina ted  to x in . K lo tz  (1982) and Burg isser (1984) p o in t out th a t  
e rro rs  in  ob ta in ing  parameters from Scatchard ana lys is  a r is e  from  
a) too low a lig and  concen tra tion  range, or b) a r t i f a c t s  such as 
improper s u b tra c tio n  o f the background ra d io a c t iv ity  o r the non­
s p e c if ic  b ind ing . A s u ita b ly  la rge  to x in  concen tra tion  range 
(0.02-30nM) w ith in  the realms o f p ra c t ic a l i t y ,  was chosen and care 
was taken to  ensure th a t the background ra d io a c t iv ity  d id  not 
account fo r  a s ig n if ic a n t  p ro po rtio n  (>1%) o f the to ta l  counts 
even a t the lowest concen tra tions o f to x in  used. A 100 -fo ld  excess 
o f un labe lled  to x in  over the h ighest concen tra tion  o f iod ina ted  
l ig and  was used to  determ ine the non -spe c if ic  b ind ing . Increased 
le v e ls  o f un labe lled  lig and  were not used due to  the p o s s ib i l i t y  
th a t these h igh concen tra tions o f in h ib i to r  may s ta r t  competing 
fo r  s p e c if ic  to x in  b ind ing  to  components e x h ib it in g  low a f f i n i t y  
(Chamness and McGuire, 1975).

From sem i-log p lo ts  ([bound] vs logC free ]) i t  has been 
shown th a t, even a t the h ighest concen tra tions o f la b e lle d  to x in
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used (30nM), complete s a tu ra tio n  o f a l l  b ind ing  s ite s  on un trea ted  
synaptosomal membranes was not achieved. However, estim ates fo r  
the low a f f i n i t y  b ind ing  s ite s  fo r  BoFT B, from g raph ica l ana lys is  
o f Scatchard p lo ts , gave K.d values o f 16-25nM. In  order to  achieve 
90% occupancy o f recep to r s ite s , a ra d io lig a nd  concen tra tion  9-10 
fo ld  h igher than the K.n value is  requ ired  (Burg isser, 1984). This  
would re q ire  a concen tra tion  o f 1;2sI-BaHT o f a t le a s t 200nM. Vhat 
is  more, in  order to  determine the le v e l o f n on -spe c if ic  b ind ing , 
Chamness and McGuire (1975) suggest a f in a l  concen tra tion  o f 
un labe lled  lig and  o f 50 times th is  amount i . e. lOpM, a cond it io n  
which is  c le a r ly  im p ra c tic a l.

In  order to  minim ize the aforementioned e rro rs  a l l  
sa tu ra tio n  b ind ing  experiments were performed s im u ltaneously on 
both te s t and co n tro l membrane samples.

2 .4 .4 . Gangliosides as to x in  acceptors.
The im p lic a t io n , from the above observa tions, th a t a 

gang lios ide  moiety is  the h ig h - a f f in i t y  component fo r  BoNT B, is  
in  l in e  w ith  o ther experimental re s u lts  in d ic a t in g  th a t 
gang lios ides may be the b ind ing  components on the neuronal 
membrane fo r  o the r c lo s t r id ia l  .neurotoxins. Simpson and Rapport 
(1971) f i r s t  demonstrated th a t type A to x in  complex lo s t  t o x ic i t y  
when incubated w ith  s ia l ic - a c id  con ta in ing  m o ie ties w h ils t being  
unaffected by p re incuba tion  w ith  sph in g o lip id s , s te ro id s  or f a t t y  
acids. The a b i l i t y  o f these gang lios ides to  in a c t iv a te  the to x in  
was dependent on the number o f s ia l ic  ac id  res idues in  the l ip id ;  
a la rg e r number re s u lt in g  in  increased potency o f the gang lios ide  
molecule in  in h ib i t in g  t o x ic i t y  o f the complex, w h ils t removal o f 
s ia l ic  a c id  res idues abo lished any such e ffe c t .  A s im ila r  study  
using p u r i f ie d  type A neuro tox in  a lso  demonstrated th a t  
gang lios ides cou ld in h ib i t  the to x in 's  a c tio n , poss ib ly  by 
preventing i t  b ind ing  to  i t s  neuronal acceptor (Kitamura e t a l.  , 
1980). These re s u lts  in d ica ted  th a t the lo ca tio n , as w e ll as the  
number, o f s ia l ic  acids in  gang lios ide  molecules was im portan t, 
w ith  GTlb and GQlb being extremely e f fe c t iv e  a t d e to x if ic a t io n  o f
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BoNT A. S im ila r s tu d ie s  on the in a c t iv a t io n  o f a v a r ie ty  o f 
botu linum  to x in s  (A-F) by a gang lios ide  m ixture and p u r i f ie d  GTlb 
showed th a t w h ils t the t o x ic i t ie s  o f types A and B BoNTs were 
reduced by the m ix tu re , type D was una ffected (Kozaki e t a l. , 
1984). As expected, p u r i f ie d  GTlb was more e f fe c t iv e  than the 
crude m ixture and the e f fe c t  was on ly  observed i f  the incuba tions  
were made a t low io n ic  s treng th . Neuraminidase treatm ent o f the  
GTlb removed i t s  a b i l i t y  to  d e to x ify  BoNT B w h ils t having no 
e ffe c t on i t s  potency fo r  type A, concurring  w ith  the observa tions  
made here th a t BoNT B requ ire s  the s p e c if ic  presence o f NANA in  
i t s  b ind ing  moiety. Using immunostaining techniques (Takamizawa e t 
a l . ,  1986), the b ind ing  o f type A BoNT to  a v a r ie ty  o f 
gang lios ides run on TLC has been demonstrated to  be both pH- and 
io n ic  s tre ng th - dependent (w ith  maximal b ind ing observed a t pH 7.2 
and low io n ic  s tre ng th  to  gang lios ide  GQlb). Attempts to  provide  
fu r th e r  evidence fo r  the gang lios ide  nature o f the h ig h - a f f in i t y  
acceptor fo r  12GI-BoNT B by d ire c t  b ind ing  to  r a t  b ra in  
gang lios ides run on TLC d id  not prove successfu l using the b ind ing  
cond itio ns  under which th is  component was de tec tab le  on 
synaptosomal membranes. Th is may have been due to  the fa c t th a t  
the recep to r is  present in  such low numbers or th a t, under the 
cond itio ns  o f p h ys io lo g ica l pH and r e la t iv e ly  h igh io n ic  s tre ng th  
( 0 .15M) the to x in  no longer recognises these molecules, cas ting  
doubts on the a b i l i t y  o f gang lios ides p e r  se to  ac t as h igh  
a f f i n i t y  acceptors fo r  BoNT.

2 .4 .5 . BoNT b ind ing ; comparison w ith  te tanus to x in .
Gangliosides (GT1 and GDlb) s im ila r  to  those im p lica ted  in  

the b ind ing  o f BoNT have a lso been suggested as the b ind ing  
components fo r  another c lo s t r id ia l  to x in  s im ila r  to  BoNT -  Tetx 
(see General In tro d u c tio n  1.6 fo r  comparison)(Rogers and Snyder, 
1981; Goldberg e t a l.  , 1981; N o rr is  e t a l. , 1980). However, 
b ind ing  o f la b e lle d  Tetx was performed under cond it io n s  o f low  
io n ic  s treng th  (25-50mM T ris -a ce ta te  and low pH, 6 .0 ). These 
cond itio ns  were found to  be optimal fo r  Tetx b ind ing  to  r a t  b ra in  
membranes and, on Scatchard ana lys is , revealed a s in g le  popu la tion

- 87 -



□ f acceptor s ite s  having an apparent h igh a f f i n i t y  fo r  the  
tox in (Kc*-1 -2 .5nM). These acceptors were present in  la rge  numbers 
(Bmax-4nmoles/mg p ro te in )  and which were in s e n s it iv e  to  protease  
treatment w h ils t s e n s it iv e  to  neuraminidase (Rogers and Snyder,
1981). The apparent in a b i l i t y  o f o the r workers to  observe th is  
h ig h - a f f in i t y  b ind ing  component fo r  Tetx was a t t r ib u te d  to  the use 
o f h igher tis sue  concen tra tions , o r the ra d io io d in a tio n  procedure 
used (Rogers and Snyder, 1981). However, i t  has re c e n tly  been 
shown th a t the choice o f b ind ing  b u ffe r  p lays a v i t a l  ro le  in  the  
observed nature o f these acceptors (C r itc h le y  e t a l . ,  1986; P ierce  
e t a l . , 1986) and th a t th is  apparent b ind ing  o f to x in  to
gang lios ides may on ly  take place under non -phys io log ica l 
cond itio ns . Acceptors fo r  Tetx, analysed using low s a lt ,  low pH 
b u ffe r , appeared to  comprise a s in g le , h ig h - a f f in i t y ,  gang lios ide  
component (C r itc h le y  e t a l.  , 1986; P ierce e t a l.  , 1986), as
p rev ious ly  in d ica te d  by Rogers and Snyder (1981). However, under 
more p hys io log ica l cond itio n s , Tetx b ind ing  was g re a t ly  reduced 
and appeared to  be due to  two popu la tions o f s ite s ; a high  
a f f i n i t y  prote inaceous component (Kd 0.42nM; Bma>,-0.90pmol/mg) and 
a la rg e r popu la tion  o f lo w -a f f in i t y  s ite s  (Kdl46nM; 
Bmaxl79pmol/rng), thought to  be due to  b ind ing  to  gang lios ides  
(P ierce e t a l. , 1986). As. po in ted out by these la t t e r  authors,
BoNT A (and now type B) b ind ing  to  ra t b ra in  membranes in  
p hys io lo g ica l b u ffe rs  is  remarkably s im ila r  to  th a t observed fo r  
Tetx. I t  was th e re fo re  o f in te re s t to  determine whether BoNT would 
y ie ld  on ly a s in g le  b ind ing  s ite  under the cond it io n s  p re v iou s ly  
used fo r  Tetx (low  io n ic  s treng th , pH 6 .0 ). Indeed, b ind ing  o f 
125I-BoHT A in  th is  b u ffe r  revealed on ly a s in g le  se t o f b ind ing  
s ite s  e x h ib it in g  r e la t iv e ly  h ig h - a f f in i t y  (Kd *4nM) present in  
much la rg e r conten t (Bm***24pmol/mg) than the two b ind ing  
components observed in  p h ys io lo g ica l b u ffe r  CBmax-lOOfmol/rng fo r  
the h ig h - a f f in i t y  s i t e  (Kd^O.bnM) =2pmol/mg fo r  the low  
(Kd-25nM)] . However, i f  e ith e r  the pH was ra ised  to  7.4 on the  
io n ic  s treng th  increased (by a d d it io n  o f 0. 15M HaCl) a na lys is  o f 
the b ind ing  data revea led the reappearance o f two s ite s , each w ith  
s im ila r  Kd and Bmax values to  those observed under p h ys io lo g ica l
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cond itions . S im ila r ly , BoNT B b ind ing  under these cond it io n s  (low  
io n ic  s treng th , low pH) a lso  revealed an apparent s in g le  s ite  
(Bmi*x 35pmol/mg; Kd ^7nM). However, i t  must be noted th a t, under 
the cond itio ns  used, the extremely la rge  conten t o f s ite s  
e x h ib it in g  low a f f i n i t y  may be masking the re s o lu t io n  o f a small 
popu la tion  o f h igh a f f i n i t y  acceptors. Since under p h ys io lo g ica l 
cond itio ns  BoNT A recognizes components which are s e n s it iv e  to  
both p ro te o ly t ic  degradation and neuraminidase treatm ent (poss ib ly  
s ia log lycopep tides ) i t  m ight be proposed th a t, under the o ther 
b ind ing  b u ffe r , a combination o f both conform ationa l change o f the  
to x in  (and/or poss ib ly  the acceptor component) due to  the lowering  
in  the pH, toge the r w ith  increased in te ra c t io n  w ith  i t s  acceptor 
due to  the low io n ic  s treng th , a llow s the to x in  to  recognise a 
much la rg e r range o f s ia l ic - a c id  con ta in ing  m o ie ties (probably  
in c lu d in g  many gang lios ides) w ith  medium a f f in i t y .  Much work could  
s t i l l  be ca rr ie d  out in  determ in ing the nature , toge the r w ith  
pass ib le  in te ra c t io n s  o f the BoMT and Tetx w ith  these s ite s . In  
the meantime i t  can be seen th a t much care must be exerc ised in  
s ta t in g  the abso lu te q u a n tity  and a f f i n i t y  o f b ind ing  s ite s  fo r  
these to x in s  s ince a change in  the b ind ing  cond itio ns  can lead to  
such marked d iffe re n ce s  in  the apparent na tu re /con ten t o f these 
acceptors.
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C H A P T E R  3

le u rona l s p e c i f ic i t y  o f BaffT A and B.
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3.1. Introduction

I t  has long been estab lished  th a t in  the PUS BoET acts  
p r im a r ily  ( i f  not e x c lu s iv e ly ) a t c h o lin e rg ic  nerve te rm ina ls , 
producing in h ib i t io n  o f ACh re lease. Recent f in d in g s  show th a t  
s p e c i f ic i t y  o f the neuro tox in  fo r  pe riphe ra l c h o lin e rg ic  nerves 
is  due to  the presence, e x c lu s iv e ly  on the la t t e r ,  o f acceptors  
which s p e c if ic a l ly  b ind BoET. Using pure p repara tions o f 1:2SI -  
BoET (A and B ), acceptors have been demonstrated on these nerve 
te rm ina ls  (appearing to  be absent from adrenerg ic or o ther c e l l  
types (Black and D o lly , 1986a, b ) ). The to x in , bound to  these 
presynap tic acceptors, is  taken up in to  the nerve te rm ina l by a 
receptor-mediated process, poss ib ly  endocytosis (D o lly  e t a l . , 
1984; Black and D o lly , 1986a, b ). As ind ica ted  in  Chapter 2, the  
use o f h ig h ly  ra d io a c tiv e  to x in  has enabled the nature o f these 
acceptors in  the CHS to  be determined. Comparison o f the  
lo c a lis a t io n  o f 12SI-BoHT w ith  immunocytochemical s ta in in g  
(using an tibod ies  ra ised  aga inst ChAT; Houser e t a l. , 1983) o f
c h o lin e rg ic  nerve te rm in a ls  in  s im ila r  sec tions o f r a t  b ra in  
suggested th a t BoNT acceptors in  the CHS are apparen tly  
lo c a lis e d  in  c h o lin e rg ic - r ic h  reg ions (Black and D o lly , 1987) 
l ik e  th e ir  coun te rpa rts  in  the PES (Black and D o lly , 1986a., b ) . 
However, th is  au to rad iograph ic  lo c a lis a t io n  technique s u ffe rs  
from poor re s o lu t io n  and b ind ing  o f BoET to  o the r te rm ina l types  
(e sp e c ia lly  in  the cerebellum ) could not be excluded (B lack and 
D o lly , 1987). Furthermore, these techniques d id  not lend  
themselves to  b iochem ical ana lys is  and th e re fo re , in  order to  
c la r i f y  the neuronal s p e c i f ic i t y  o f the to x in s ' acceptors a 
p repara tion  would be requ ired  in  which c h o lin e rg ic  nerve 
te rm ina ls  could be is o la te d  and s tud ied  independently o f o ther 
t ra n s m it te r -s p e c if ic  types. W h ils t synaptosome p repara tions , 
homogeneous w ith  respect to  th e ir  tra n sm itte r con ten t, have been 
made from non-mammalian tis sues  (e.g. the c h o lin e rg ic  e le c t r ic  
organ o f Torpedo) these have proved unsu itab le  fo r  BoET b ind ing  
measurements due to  the unacceptably h igh p ro po rtio n  o f non­
s p e c if ic  b ind ing  (W illiam s, 1984). Moreover, e x tra p o la tio n  o f
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data from these tis sue s  to  mammals is  questionable and may on ly  
serve to  confuse ra th e r than c la r i f y  the issue. Recently, the  
p repa ra tion  o f an antiserum  aga inst the c h o lin e rg ic  synaptosacs 
of Torpedo has allowed the p u r i f ic a t io n  o f in ta c t c h o lin e rg ic  
nerve te rm ina ls  from a crude popu la tion  o f mammalian synaptosomes 
(Richardson and Luzio , 1983; Richardson, 1986). Th is antiserum  
was shown, upon complement-mediated ly s is ,  to  p re fe re n t ia l ly  
re lease ChAT from guinea p ig  b ra in  synaptosomes and, using  
immunofluorescence, to  la b e l c h o lin e rg ic  nerve te rm ina ls  in  both  
guinea p ig  and ra t  (Richardson, 1981). I t  has subsequently been 
demonstrated th a t th is  antiserum  recognizes a gang lios ide  (Chol- 
1) which is  present on the c h o lin e rg ic  nerve te rm ina ls  o f many 
mammalian species as w e ll as those o f the Elasmobranch 
(Richardson e t a l . ,  1982; Richardson, 1983 ).

In  order to  is o la te  small p a r t ic le s  such as s u b c e llu la r  
fra c t io n s  or nerve te rm in a ls  i t  is  best to  use in d ire c t  
im m unoaffin ity  techniques where a second (an ti-im m unog lobu lin ) 
antibody immunoadsorbent is  used to  is o la te  te rm ina ls  bearing a 
f i r s t  (s e n s it iz in g ) antibody. In th is  study, im m unoa ffin ity  
p u r i f ic a t io n  o f c h o lin e rg ic  nerve te rm ina ls  and subsequent 
ana lys is  o f BoNT b ind ing  to  the la t t e r  ind ica ted  th a t both the  
h igh - and the lo w -a f f in i t y  acceptors fo r  BoNT A and B appear to  
be present almost e x c lu s iv e ly  on these cen tra l c h o lin e rg ic  nerve 
te rm ina ls . Furthermore, s ince the Chol-1 gang lios ide  (Richardson 
e t a l . , 1982; F e r re t i and B orron i, 1984) is  a lso  present on both  
pe riphe ra l and ce n tra l c h o lin e rg ic  nerves, the poss ib le  
involvement o f th is  gang lios ide  in  the b ind ing  o f BoNT was 
assessed.
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3.2. Materials and methods.

3 .2 .1  Im m unoaffin ity p u r i f ic a t io n  o f c h o lin e rg ic  nerve .te rn la a la  
from a crude popu la tion  o f ra t  ce re b ro co rt ic a l synaptosomes.- 
In  th is  p ro toco l the fo llo w in g  b u ffe rs  were used:
1/ 0.32M Sucrose : con ta in ing  4mM HEPES, lmM EDTA, pH7.4
2 / EDTA so lu tio n : (mM) NaCl 145, KC1 3, EDTA 2, glucose 10, HEPES
10, pH7.4
3 / P e rco ll suspension: 45ml P e rco ll, 55ml above EDTA b u ffe r , BaCl 
70mM, pH7.4 (w ith  1M HEPES).

In  a l l  p repara tions described here, the c h o lin e rg ic  
te rm ina ls  were p u r i f ie d  as p re v iou s ly  described by Richardson 
(1984; 1986). C o rtices , d issected from the b ra ins  o f two female
Sprague-Dawley ra ts  (150-250g) were scraped to  remove any 
re s id ua l myelin, and homogenised in  20ml ic e -c o ld  bu ffe red  
sucrose so lu tio n . The re s u lt in g  homogenate (10% w/v) was 
cen tr ifu ged  (lOOOg, lOmin, 4 ’ C) in  a S o rva ll RC-5 ce n tr ifu g e  (SS- 
34 ro to r )  and the supernatant (rep resen ting  the Si f r a c t io n  o f 
Gray and W hittaker, 1962) incubated (40min, 4 * 0  w ith  a 1:80 
d ilu t io n  o f sheep a n t i- (C h o l-1 ) serum, prepared as p re v iou s ly  
described (Richardson e t a l. , 1984). The p e l le t  was washed 3
times, by c e n tr ifu g a t io n  (16000g, 14min) and resuspension in  
0.32M sucrose s o lu tio n , before resuspension in  2.5ml 45% P e rco ll 
suspension. The te rm ina ls  (rep resen ting  the h ig h ly  washed P2 
f r a c t io n  o f Gray and W hittaker (1962)) were then cen tr ifu ged  
(9000g, 2min) in  an Eppendorf benchtop cen tr ifu g e  and the in ta c t  
synaptosomes (found layered on the surface o f the P e rco ll 
suspension) were harvested and d ilu te d  3 times in to  EDTA b u ffe r  
p r io r  to  re c e n tr ifu g a tio n  (9000g, 2m in). The re s u lt in g  p e lle ts  
were resuspended in  5 .5 ml EDTA s o lu t io n  and th is  crude 
synaptosomal suspension d iv ided  in to  two equal a liq u o ts . Only one 
o f the above a liq u o ts  was sub jected to  the fa llo w in g  p u r i f ic a t io n  
steps, the remaining a liq u o t (rep resen ting  the to ta l te rm ina l 
popu la tion  p r io r  to  p u r i f ic a t io n )  was kept a t 4*C u n t i l  requ ired . 
Term inals, rep resen ting  5-20mg o f Jlf>rz>lr&nf were incubated w ith  1- 
4mg of a c e llu lo s e  immunoadsorbent bearing a mouse monoclonal
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an ti-(sheep  IgG) an tibody (prepared as described by Richardson 
and Luzio (1983); k in d ly  provided by Dr. R ichardson). A fte r  40min 
a t 4*C, w ith  occasional m ixing, 2.5ml 45% P e rco ll ( in  EDTA 
b u ffe r) was added to  each ce n tr ifu g e  tube and the bound te rm ina ls  
separated from the fre e  by c e n tr ifu g a t io n  a t 16000g fo r  12min. 
A fte r  a fu r th e r  two washes the immunoadsorbent-bound nerve 
te rm ina ls  were washed once w ith  Krebs-phosphate, pH7.4 , (described  
in  sec tion  2 .2 .3 . )  and, immediately p r io r  to  the 12SI-BoNT 
b ind ing  assay, resuspended in  1.2ml o f the same b u ffe r  con ta in ing  
0.01% (v /v ) f in a l  concen tra tion  T r ito n  X-100 (b ind ing  b u f fe r ) .
L ikew ise, the crude synaptosomal p repa ra tion  was p e lle te d , washed 
in  Krebs-phosphate, pH7.4, and resuspended in  2ml o f the above 
b ind ing b u ffe r  con ta in ing  0.01%(v/v) T r ito n  X-100.

3 .2 .2  Enzyme assays Choline a ce ty ltra ns fe ra se  (ChAT, E .C .2 .3 .1 .6 )  
was assayed as a c h o lin e rg ic  marker by the method o f Fonnum 
(1975) and la c ta te  dehydrogenase (LDH, E .C .1 .1 .1 .27 ) as a general 
cytoplasm ic marker by the methods o f Keid ing e t a l. (1974). In  the 
measurement o f ChAT a c t iv i t y ,  a known volume (max.50pl) was 
incubated (37*C, 30min) w ith  50pl o f ChAT c o c k ta il con ta in ing  the  
fo llo w in g  ( f in a l concn; mM): HaCl 300, HaHsPCU 50, pH7.4, cho line  
ch lo rid e  10, eserine sulphate 0.1, acetyl-CoA 0.1, 0.2% (v/v)
T r ito n  X-100 toge the r w ith  5.5/iC i (*22 /il) [ 3H1 - la b e lle d  a c e ty l-  
CoA (5.3Ci/mmol; Amersham, Bucks) per ml o f c o c k ta il.  ChAT 
cata lyses the conversion o f acetyl-CoA and cho line  in to  ACh and 
CoA in  the fo llo w in g  re a c tio n :

[3H3AcCoA + cho lin e  —M?H]Ac . cho line  + CoA

A fte r  incuba tion  ( in  a m icrotube) the sample was dropped d ir e c t ly  
in to  a s c in t i l l a t io n  v ia l  con ta in ing  5ml Krebs-phosphate, pH7.4. 
Tetraphenylboron (TPB; 2ml, 5 g . l'_1) in  a c e to n it r i le  was then  
added. The v ia l was shaken gen tly , fo llowed by the a d d it io n  o f 
10ml to luene s c in t i l l a n t  (5g PPO, 0.2g POPOP /litre ). The 
re s u lta n t m ixtu re was shaken l ig h t ly  fo r  lm in a llow ing  the  
p o s it iv e ly  charged ACh and cho line  to  be ex trac ted  in to  the
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organic s c in t i l l a n t  w ith  TPB, w h ils t any unconverted acetyl-CoA  
is  l e f t  in  the aqueous phase (Fonnum, 1975). The v ia l was placed  
in  a s c in t i l l a t io n  counter and the two laye rs allowed to  separate  
fo r  lOmin before coun ting . In  each experiment a se t o f blanks, 
con s is tin g  o f Krebs-phosphate, pH7.4, la ck ing  the ChAT enzyme, 
were a lso assayed in  the same manner to  determine the' amount o f 
non -spec ific  ca rry -o ve r between the aqueous and organic phases o f 
the unconverted [ 3H ]-acety l-CoA . The values obta ined fo r  the  
blanks were averaged and sub trac ted  from each o f the experimental 
determ ina tions and were ty p ic a l ly  found to  be less  than 5% of the  
to ta l  counts fo r  the crude synaptosomal popu la tion .

Measurement o f la c ta te  dehydrogenase was by a 
spectrophotometric assay, fo llo w in g  the decrease in  Asdoni w ith  
time. A known volume o f the sample (50/il max) was incubated w ith  
1ml assay c o c k ta il <mM); T r is  pH7.4, 20; EDTA , 1; MADH, 0 .18M; 
T r ito n  X-100 l% (v /v ). The re a c tio n  m ixture was cen tr ifu ged  
(9000g, 5min) to  remove the immunoadsorbent c e llu lo s e  beads 
(which in te r fe re  w ith  the assay) and the supernatant tra n s fe rre d  
to  a cuve tte . The re a c tio n  was s ta rte d  by the a d d it io n  o f 100/il 
(50mM) pyruv ic  a c id  to  the cuve tte  fo llowed by ra p id  m ixing and 
measurement o f the decrease in  A^donm w ith  time: LDH a c t iv i t y  was 
expressed as /imol/haur/mg tis sue .
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3 .2 .3  Ana lysis o f neu ro transm itte r content o f the c h o lin e rg ic -  
enriched synaptosomal f ra c t io n . Synaptosome samples, fo r  
measurement o f catecholamine and indoleamine le v e ls , were 
ex trac ted  and sub jected to  HPLC in  the same b u f fe r  <0.1M KH^PCU, 
186pM disodium EDTA, 387pM sodium ace ty l sulphonate, 14% 
methanol; pH 3 .5 : Docherty e t a l. , 1986). E x tra c tio n  by
homogenisation in  th is  b u ffe r  a t 4*C, con ta in ing  app rop ria te  
concentra tions o f 3 ,4-dihydroxybenzylam ine and 5 -hyd roxy indo le  as 
in te rn a l standards, was fo llow ed  by c e n tr ifu g a t io n  (100,000 x g, 
lOmin, 4°C). The re s u lt in g  supernatants were f i l t e r e d ,  using  
regenerated c e llu lo s e  m ic r o f i l te r s  (0.2pm, Anachem), p r io r  to  
separa tion by reverse phase HPLC. Measurement o f the tra n sm it te r  
le v e ls  was by e lec trochem ica l de tec tion  using an LCA 15 
e lectrochem ica l de te c to r (EDT Research). Determ ination of the  
amino ac id  tra n sm it te r  con ten t was by the method described by 
Young and Bradford (1986). Samples fo r  de te rm ina tion  o f the amino 
ac id  content o f the p u r i f ie d  c h o lin e rg ic  te rm ina ls  and comparison 
w ith  the crude synaptosomal popu la tion , were sedimented by 
ce n tr ifu g a tio n , a c id if ie d  by the a dd it io n  o f an equal volume o f 
t r ic h lo ro a c e t ic  a c id  [ f in a l  concen tra tion  5% (w /v )] and s to red  a t 
0-4*C pending ana lys is . A fte r  a c id if ic a t io n ,  by the a d d it io n  o f a 
10 -fo ld  excess o f 0 .025M HC1 con ta in ing  no rleuc ine  (500nM) as an 
in te rn a l standard, the sample was d ilu te d  tw o -fo ld , by the  
add it io n  o f methanol, mixed and cen tr ifu ged  a t 10,000 x g fo r  
5min. The supernatant was removed, f i l t e r e d  (us ing regenerated  
ce llu lo se  m ic ro f i l te r s ,  0.2pm, Anachem) and evaporated to  
dryness. A fte r  a fu r th e r  resuspension in  methanol, the sample was 
again d rie d  down and red isso lved  in  water p r io r  to  au toana lys is  
o f the amino ac id  conten ts by the method described by M orris  e t 
a l.(1 980 ). Peak areas were determ ined 'o n - l in e ' w ith  a D ig ico  
Micro 16V computer using Rank-H ilger rou tines . 3 separate runs 
were made from each o f 3 samples from 2 separate p u r i f ic a t io n  
procedures e x h ib it in g  d if fe re n t  exten ts o f p u r i f ic a t io n  as 
determined by the increased ChAT/LDH ra t io .
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3 .2 .4  B ind ing o f__l^ I -B o f fT  A and B to  crude and c h o lin e rg ic -
enriched nerve te rm ina ls  from ra t co rte x . S p e c if ic  b ind ing  o f 
125I-BoNT A and B (0.05-30nM) was assessed using the standardised  
c e n tr ifu g a tio n  assay p re v io u s ly  described (sec tion  2 .2 .6 . ) .  I t  
was found necessary, however, to  modify the Krebs-phosphate 
b ind ing  b u ffe r  by the a d d it io n  o f 0.01%(v/v) T r ito n  X-100 ( f in a l  
concen tra tion ) and 0.1% (w/v) BSA in  order to  reduce n on -spe c if ic  
adsorption o f the la b e lle d  to x in s  to  the c e llu lo s e  beads o f the 
immunoadsorbent. The incuba tions were s ta rte d  by the a d d it io n  o f 
a liq u o ts  o f the crude synaptosomal suspensions or the 
cho lin e rg ic -e n riche d  f ra c t io n  (im m unoa ffin ity  p u r i f ie d  and bound 
to  c e llu lo se  beads). A fte r  incuba tion  (60min, 23’ C) the
suspensions were cen tr ifu ged  (9000g, 2min) and an a liq u o t taken  
to  determine the fre e  to x in  concen tra tion . The p e l le t  was then 
washed tw ice  in  ic e -c o ld  b ind ing  b u ffe r  before being sub jected to  
Y -ra d ia tio n  coun ting to  determ ine the amount o f bound to x in . As 
i t  was inapp rop ria te  to  measure the amount o f synaptosomal 
p ro te in  bound to  the c e llu lo s e  beads, a liq u o ts  o f the samples 
were taken fo r  assay of LDH (and ChAT) a c t iv i t y .  Values fo r  the  
s p e c if ic  b ind ing  o f ra d io la b e lle d  to x in  to  crude te rm ina ls  and 
those enriched fo r  c h o lin e rg ic  nerve endings could then be 
ra t io n a lis e d  as "amount o f to x in  bound (fmols) per u n it LDH 
a c t iv i t y " .  Analyses o f th is  data were then made using Scatchard 
p lo ts  and g raph ica l ana lys is  (see Chapter 2 fo r  d e ta i ls  o f these  
procedures).
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3 .2 .5 . Immunolysis o f c h o lin e rg ic  nerve te rm ina ls  using a n t i-  
(Chol-1) an tibod ies : p ro te c tio n  by BoNT B. Using sheep a n t i-
(Chol-1) p o lyc lona l a n tis e ra  toge the r w ith  human complement i t  
has p re v iou s ly  been shown th a t i t  is  poss ib le  to  s e le c t iv e ly  lyse  
ch o lin e rg ic  te rm ina ls  by complement-mediated ly s is  (Richardson, 
1981).

a) C ho line rg ic  te rm ina l ly s is ;  antibody concen tra tion  
dependence.
In te ra c tio n  o f BoNT B w ith  the accep to r(s) fo r  a n t i- (C h o l-1 )  
antiserum , was assessed by measuring i t s  a b i l i t y  to  in h ib i t  
complement-mediated ly s is  o f c h o lin e rg ic  nerve te rm ina ls , using a 
range o f a n tise ra  concen tra tions (1:1600-1:10; f in a l  d i lu t io n s ) .  
In h ib it io n  o f antibody b ind ing  by lnM BoNT B was assessed by i t s  
a b i l i t y  to  reduce the le v e l o f complement-mediated ly s is  o f the  
ch o lin e rg ic  nerve te rm ina ls , as judged by the re lease o f ChAT 
in to  the supernatant. Synaptosomes ( fra c t io n  P^B-Gray and 
W h itta ke r,1962) prepared from lgm o f ce reb ra l co rtex  were 
resuspended in  ^20-40ml ; ic e -c o ld  Krebs-phosphate
b u ffe r , pH7.4, con ta in ing  lmg/ml BSA. A liq uo ts  (150/jlI) of th is  
synaptosomal suspension were added to  100pl o f the above b u ffe r  
con ta in ing  the app rop ria te  a n tis e ra  d ilu t io n s  in  the presence or 
absence o f BoNT B and incubated fo r  15min a t 4 ’ C. The te rm ina ls  
were p e lle te d  in  an Eppendorf c e n tr ifu g e  and resuspended in  1ml 
o f b ind ing  b u ffe r . A liq u o ts  were taken a t va rious times (see (b) 
below) fo r  de te rm ina tion  o f ChAT a c t iv i t y .

b) BoNT concen tra tion  dependent__in h ib i t io n  o f complement-
mediated ly s is .  Using the P^B f ra c t io n  o f synaptosomes d ilu te d  as 
above, 150pl a liq u o ts  were added to  lOOpl o f the b ind ing  b u f fe r  
con ta in ing  vary ing  concen tra tions o f BoNT (O-lOOnM;types A and B) 
and incubated fo r  30min a t room temperature. A n ti- (C ho l-1 )  
an tibod ies were added (1:100 f in a l  d i lu t io n )  and incuba tion  a t 
4*C continued fo r  another 40min. Synaptosomes were cen tr ifu ged  
(9000g, 2min) in  an Eppendorf benchtop cen tr ifu g e  and each o f the  
re s u lta n t p e lle ts  resuspended in  1ml assay b u ffe r . Immediately, 
two a liq u o ts  (200pl each) were removed; one was used fo r  
measuring the to ta l ChAT a c t iv i t y  and the o the r cen tr ifu ged , as
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above, and the supernatant assayed fo r  any re s id ua l ChAT a c t iv i t y  
(to  determine the i n i t i a l  p ro po rtio n  o f te rm ina ls  ly s e d ) . CCrude 
serum (as a source o f human complement) was prepared from blood  
given by donors who had not p re v iou s ly  been immunised aga ins t 
BoIT. Fresh blood was l e f t  a t 4*C fo r  *4hr before c e n tr ifu g a t io n  
a t lOOOg to  remove the c lo t te d  blood products. The serum was 
removed and sto red in  1ml a liq u o ts  a t -70*C3. 70pl o f th is  human 
serum was added to  the remaining te rm ina ls  and incuba tion , a t 
37*C, continued fo r  20-40min before another a liq u o t was removed, 
cen tr ifu ged  and i t s  supernatant assayed fo r  ChAT a c t iv i t y  to  
determine the amount o f ly s is  occu rring  in  the te rm ina ls  due to  
the complement rea c tion . Con tro l experiments (to  determine the  
amount o f n on -spe c if ic  ly s is )  inc luded incuba tion  w ith  complement 
in  the absence o f to x in  or antibody. The ly s is  o f the c h o lin e rg ic  
synaptosomes was eva luated as the percentage o f ChAT a c t iv i t y  
released according to  the formula:

ChAT released in  te s t -  ChAT released in  c o n tro l 
100 x To ta l amount o f ChAT in  the sample

ChAT a c t iv i t y  was assayed by the method o f Fonnum (1975).

3 .2 .6 . C ho line rg ic  le s io n in g  o f the ra t b ra in  and 12SI-Bo IT
binding.

U n ila te ra l le s io n in g  s tud ie s  were performed by Dr. Alan 
Fine as d e ta ile d  elsewhere (Fine e t a l . , 1985a,b). Female 
Sprague-Dawley ra ts  (^200g) were anaesthetised using equ ithes in  
(0.3m l/100g) and la rge  u n i la te ra l le s ions  o f the r ig h t  nucleus 
basa lis  m agnoce llu la ris  (IBM) were produced by 2 s te re o ta x ic  
in je c t io n s  o f 5pg o f ib o te n ic  ac id  (Sigma) in  0 .5p l 6 .1M
phosphate b u ffe r , pH 7.4 . The co -o rd ina tes fo r  the ro s t ra l  
in je c t io n  were A (to  bregma) = l .  0mm, L (to  m id line ) =2.6mm and V 
(below dura)=7.3mm w ith  the in c is o r  bar se t 5.0mm above the  
in te ra u ra l l in e , and fo r  the caudal in je c t io n  the co -o rd ina tes  
were A=0.2, L=3.4 and V=7.0 (the approximate p o s it io n  o f the IBM
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is  in d ica te d  in  the s a g i t ta l  sec tion  o f the ra t b ra in  shown in  
F ig .3 .1 ). Both in je c t io n s  were made in  a s in g le  session -  each 
made over 2min, w ith  the needle l e f t  in  place fo r  a fu r th e r  2min. 
Lesioned animals were k i l le d  a f te r  1,6 or 8 weeks by tra n s c a rd ia l 
pe rfus ion  under b a rb itu ra te  anaesthesia. Animals intended fo r  
biochem ical ana lys is  (o f ChAT le ve ls ) were perfused w ith  ic e -c o ld  
0.1M phosphate b u ffe r , pH 7 .4 , th e ir  b ra ins  removed ra p id ly  and 
s lic e d , as decribed (Fine e t a l . ,  1985a,b). ChAT a c t iv i t y  was 
determined by the micro-method o f Fonnum (1975). Animals intended  
on ly fo r  h is tochem ica l a na ly s is  were perfused w ith  heparin ised  
sa lin e  fa llow ed by 0 .08M phosphate b u ffe r , pH 7.4 , con ta in ing  
40g /l paraformaldehyde, 0.02M L - ly s in e  and 2.5mM sodium 
perioda te . Brains were removed in ta c t  and immersed in  the  
f ix a t iv e  fo r  4h a t 4*C fo llow ed  by 24h a t 4 ’ C in  0 .1M phosphate 
b u ffe r  con ta in ing  30% sucrose, pH 7.4. The b ra in s  were frozen (-  
20’ C) and sec tions cu t using a Reichert-Jung Cryocut E c ry o s ta t. 
S ta r t in g  a t the ro s t ra l po le , 10pm v e r t ic a l sec tions from a t 
le a s t 4 d if fe re n t  b ra in  le v e ls  were cu t and placed onto g e la t in  
coated microscope s lid e s  fo r  ana lys is  o f BoNT b ind ing . At each 
b ra in  le v e l, 25pm sec tions  were a lso  taken fo r  h is tochem ica l 
ana lys is  o f AChE by the method o f Schwarcz (1979) as d e ta ile d  by 
Fine e t a l.  (1985b). .B ra in  s lic e s  from les ioned animals were 
sto red  dessicated a t -2 0 *C u n t i l  requ ired . B ind ing o f 125I-BoNT 
was determ ined by a p p lic a t io n  to  each o f these s lic e s  o f InM 
la b e lle d  to x in  in  Krebs-phosphate b u ffe r , pH 7 .4 , con ta in ing  0.1% 
(w/v) BSA ( f in a l vo l. 200p l). Incubation was allowed to  continue  
fo r  60 min a t room temperature p r io r  to  extens ive washing (3x15 
min; 300ml b ind ing  b u ffe r  per wash). To in a c t iv a te  any re s id ua l 
to x in  bound to  these b ra in  s lic e s , they were washed b r ie f ly  in  
deion ised water p r io r  to  immersion in  3% paraformaldehyde fo r  15 
min a t room temperature. F in a lly ,  the s lid e s  were r in sed  w ith  
water and allowed to  a ir - d r y  before exposure to  au to rad iograph ic  
f i lm . N on -spec ific  b ind ing  was determined, on adjacent s lic e s  to  
those used to  measure the to ta l  b ind ing , by p re incuba tion  o f each 
s lic e  w ith  lpM un labe lled  neuro tox in  fo r  20 min p r io r  to  the  
a d d it io n  o f InM ( f in a l concn .) la b e lle d  BoNT and incuba tion  fo r  a
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fu r th e r  60 min a t 23 *C. At th is  stage the con tro l samples were 
washed and processed fo r  autorad iography as d e ta ile d  above. The 
re s u lta n t autoradiograms were sub jected to  2-dimensional la se r  
dens itom e tric  scanning using a Bio-Med 2-D la se r scanner and the  
data s to red  and processed on an Apple I I  microcomputer in te r fa ce d  
w ith  the scanner. Dens itom etric  readings were made in  the  
c o r t ic a l reg ions o f both the les ioned and the non-les ioned s ides  
o f each b ra in  s lic e .  9 read ings were made in  each o f 4 d is t in c t  
reg ions o f the co rte x  as shown in  F ig . 3.1b. The response o f 3H 
U lt r o f i lm  to  autorad iography and q u a n tita t io n  o f the  
dens itom e tric  readings was cha rac te rised  using b ra in  paste  
standards un ifo rm ly  la b e lle d  w ith  12SI as described elsewhere 
(Pelchen-Matthews and D o lly , 1987). Accurate de te rm ina tion  o f 
the s p e c if ic  a c t iv i t y  o f the la b e lle d  to x in  and exposure time fo r  
autoradiography a llowed comparisons to  be made w ith  dens ity  
readings o f these standards. Hence data was expressed in  terms o f 
to x in  bound. H an -spec ific  b ind ing  was sub tracted from the to ta l  
to  g ive values fo r  the s p e c i f ic a l ly  bound to x in  and comparisons 
made between the s p e c if ic  b ind ing  in  the unlesioned and les ioned  
sides o f the b ra in .

3 .3 . RESULTS.

3 .3 .1  P u r ity  o f c h o lin e rg ic  nerve te rm ina ls .
The recovery and p u r i f ic a t io n  o f these c h o lin e rg ic  nerve 

te rm ina ls  was assessed by comparison o f the ChAT to  LDH ra t io s  
between the p u r i f ie d  te rm ina ls  and the i n i t i a l ,  crude popu la tion . 
T yp ic a lly , the increase in  ChAT (a c h o lin e rg ic -s p e c if ic  enzyme 
marker) compared w ith  LDH (found in  a l l  te rm in a ls ), was between
6- and 15- fo ld  (F ig . 3 .4 ). The recovery o f such te rm ina ls  was 
between 1 and 8% o f the to ta l (decreasing w ith  an increase in  
the fo ld  p u r i f ic a t io n  obtained. In order to  assess whether any 
o ther n e u ro tra n sm itte r-s p e c if ic  te rm ina ls  were c o -p u r if ie d  w ith  
the c h o lin e rg ic  nerve endings, comparisons were made between the
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am ino-acid and catecholamine neu ro transm itte r p ro f i le s  o f the  
ch o lin e rg ic  nerve te rm ina ls  and the i n i t i a l  popu la tion  (as 
described in  the Methods: 3 .2 .3 ) . In  the values shown (Table
3 .1) fo r  c o -p u r i f ic a t io n  o f the amino acids the increase in  
ChAT/LDH i . e .  the p u r i f ic a t io n  o f c h o lin e rg ic  te rm ina ls , was 15- 
fo ld , w h ils t fo r  the catecholamines there was a 6 .3 - fo ld  
enrichment in  c h o lin e rg ic  te rm ina ls  over those in  the s ta r t in g  

. m a te ria l. From Table 3.1 i t  can be seen th a tjr th e re  is  l i t t l e  or 
no concomitant increase in  the p ropo rtions  o f

the catecholam ines in  such p u r if ie d  c h o lin e rg ic  nerve
2 ) OManO  CXClAs  >v&J^iiuXu (X

te rm in a ls ^  Enrichment in  these parameters.

3 .3 .2  Comparison o f the b ind ing  o f ''--T -B qNT (A and B) to  
ch o lin e rg ic a lly -e n r ic h e d  and untrea ted te rm ina ls . P u r if ie d  
c h o lin e rg ic  nerve te rm ina ls  ( s t i l l  attached to  the c e llu lo s e  
immunoadsorbent beads) were used in  the standard c e n tr ifu g a t io n  
assay described in  sec tio n  2 .2 .6 . Using the b ind ing  cond it io n s  
p re v iou s ly  used fo r  synaptosomal membranes a comparison o f the  
nature o f the b ind ing  s ite s  between the c h o lin e rg ic a lly -e n r ic h e d  
f ra c t io n  (abbrevia ted to  CT) and the crude te rm ina l popu la tion  
(TT) cou ld be made by determ in ing the b ind ing  parameters fo r  
12SI-BoUT (A and B) on these te rm ina ls . The le v e l o f n on -spe c if ic  
b ind ing  to  the c h o lin e rg ic  te rm ina ls  on the beads was too la rge  
(60-80%) to  a llow  accurate de term ina tions o f the s p e c if ic  b ind ing  
to  be made (presumably due to  in te ra c t io n  o f the la b e lle d  to x in  
w ith  the ce llu lo s e  beads). Th is h igh le ve l o f n on -spe c if ic  
b ind ing  cou ld be reduced to  an acceptable le v e l (<30%) by the  
add it io n , to  the above b ind ing  b u ffe r , o f T r ito n  X-100 (0.01% 
(v /v ) , f in a l  concen tra tio n ). Under these cond itio ns , b ind ing  o f 
in c reas ing  concen tra tions o f 12SI-BoHT A (F ig. 3 .2 )or B to  these  
te rm ina ls  was assessed and expressed in  terms o f the le v e ls  o f 
LDH present in  each o f the popu la tions (s ince , due to  the  
presence o f la rge  concen tra tions o f antibody on the c e llu lo s e
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F ig. 3 .1 Sag i t t a l  and coronal se c tio n a l diagrams o f ra t  b ra in  showing 
s ite  o f ibo tenate in je c t io n  and neuronal pathway toge the r w ith  
reg ions subjected to  dens itom e tr ic  ana lys is  o f 125I-BoNT b in d in g .

a) S a g it ta l sec tion  o f ra t  b ra in . The e x c ito to x in  ibo tena te  was 
in je c te d  in to  the nucleus b a sa lis  m agnoce liu la ris  (BM) whose, 
p r im a r ily  ch o lin e rg ic , neurones extend to  the co rte x  (Co). 
In je c t io n  o f the c e l l  bodies in  the BM causes d e s tru c tio n  o f the  
ch o lin e rg ic  axons invad ing the co rtex . OB, o lfa c to ry  bu lb ; Sp, 
septum; H i, hippocampus; Te, o p t ic  tectum; Cb, cerebellum ; HB, 
h indb ra in ; MO, medulla oblongata.

b) Coronal sec tio n  through m id -b ra in  reg ion  showing approximate  
areas in  which dens itom e tric  scans were made (marked 1 -4 ). 
Densitom etric readings in  the areas o f the co rtex  (Co) were made 
from 2-dimensional scans o f autoradiograms (see F igs. 3.7 and 3 .8) 
o f 12SI-BoNT (A and B) b ind ing  to  10pm coronal sec tions from  
les ioned ra t b ra ins as d e ta ile d  in  the Methods (3 .2 .6 ). cc, 
corpus callosum; bm, nucleus b a sa lis  m agnoce llu la ris ; Gp, globus  
p a llid u s ; VI, v e n tr ic le .
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Table 3.1 . Amino ac id  con ten ts in  crude and cho lin e rg ic -e n ric h e d  
nerve te rm ina ls ; comparison w ith  the fo ld  p u r i f ic a t io n .

C ho line rg ic  nerve te rm ina ls  were separated from a crude 
p repara tion  o f synaptosomes using the im m unoaffin ity  technique  
described in  sec tio n  3 .2 .1 . The degree o f enrichment was assessed 
by comparison o f the ChAT/LDH ra t io s  between the c h o lin e rg ic  
te rm ina ls  and the crude popu la tion  o f synaptosomes. A liq uo ts  o f 
each p repara tion  were processed and analysed fo r  th e ir  con ten ts  
o f a v a r ie ty  o f amino ac ids , catecholamines and indoleam ines by 
HPLC as d e ta ile d  in  sec tio n  3 .2 .3 . Comparison o f the peak areas 
obtained w ith  known concen tra tions o f standards, inc luded in  each 
HPLC run, allowed the q u a n tita t io n  o f the neu ro tran sm itte r  
contents in  both samples.

A) Amino ac id  con ten ts o f the crude, and c h o l in e rg ic a l ly -  
enriched, synaptosomal popu la tions . The apparent fo ld  
p u r i f ic a t io n  o f these tra n sm itte rs  is  shown. The degree o f 
enrichment o f c h o lin e rg ic  te rm ina ls  was *15 fo ld .

B) The fo ld  p u r i f ic a t io n  o f the catecholamines between the  
p u r if ie d  c h o lin e rg ic  te rm ina ls  and the crude synaptosomal 
prepara tion . The degree o f p u r i f ic a t io n  in  th is  experiment 
was *6 .3  fo ld . (n .d . = not d e tec ta b le ).

-104-



Table 3.1 Amino ac id  con ten ts In  crude and cho lin e rg lc -en riched^ne rve  
te rm ina ls : comparison w ith  the fo ld  p u r i f ic a t io n .

AHIIO ACID Crude c h o lin e rg ic - Fold
f ra c t io n  (TT> enriched P u r if ic a t io n

pm o l/un it LDH fra c t io n  (CT)

ChAT/LDH=15

♦ ASP 692±53 1777±201 2.57
♦ TYR 191±32 609±78 3.19
♦ GLU 1236±155 1810±219 1.46
♦ GLY 587±69 2549±243 4.34
♦ GLI 304±51 386±53 1.27
♦ GABA 239±40 298±32 1.24
♦ TAU 719±83 920±86 1.28
THR 255±31 798±82 3. 13
SER 792±83 2751±304 3.47
ALA 466±52 1462±131 3.14
VAL 165±19 588±32 3.14
ILE 128±15 462±51 3.61
LEU 135±16 458±30 3.39
PHE 142±16 470±52 3.31
HIS 138±17 517±40 3.75
ARG 209±35 911±82 4.36
MET n. d. 336±42 n. d.
TRP n. d. n. d. n. d.

Catecholamine (TO (CT) Fold
pmol/mg pmol/mg P u r if ic a t io n

ChAT/LDH*6.3

HA 440 37 0.08
DA 44 n. d. n. d.

5-HT 7.7 n. d. n. d.
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F ig .  3.2. E q u i l ib r iu m __b in d in g  a n a l y s i s __a t__BoNT a c c e p to r s  on

c h o l in e r g ic -e n r ic b e d  and crude p o p u la t io n s  o f  synaptosom es.

Rat c e re b ro co rt ic a l synaptosomes, is o la te d  by dens ity  
g rad ien t c e n tr ifu g a tio n , were a f f i n i t y  p u r if ie d  as described in  
Methods (3 .2 .1 ). S p e c if ic  b ind ing  o f 12SI-BoUT A to  the
ch o lin e rg ic  nerve te rm ina ls  bound to  the ce llu lo s e  beads was 
measured using the standard c e n tr ifu g a t io n  assay (see sec tion  
2 .2 .6 ) , except th a t the b u ffe r  used in  the incuba tion  and fo r  
washing the la b e lle d  membranes conta ined 0.01% (v /v ) T r ito n  X-100; 
t h is  reduced the le v e l o f n on -spe c if ic  BoNT b ind ing  which was 
q u a n tif ie d  in  the presence o f a 100 -fa ld  malar excess o f the  
app rop ria te  un labe lled  to x in . Scatchard p lo ts  o f 12SI-BoNT b ind ing  
to  C(a); in s e r t ]  u n fra c tio na ted  synaptosomes and (b) a f f i n i t y -  
p u r if ie d  c h o lin e rg ic  nerve te rm ina ls  are shown. The s t ra ig h t l in e s  
represent the h igh - and lo w -a f f in i t y  components, as determ ined by 
g raph ica l ana lys is  (Rosenthal, 1967). Mote th a t BoNT b ind ing  is  
expressed re la t iv e  to  LDH a c t iv i t y  s ince i t  is  inapp rop ria te  to  
measure p ro te in  concen tra tion . W- tfc-a- --e/\r.cUA VerM-vAcds / fescue

U iaL  - uicuj a  2. dxA  -fcji. a  aco VbYT'
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Fig. 3 .3 . Both h igh - and low- a f f in i t y  bind in g  components fo r  
125I-BoFT B e x is t on c h o lin e rg ic  nerve te rm ina ls .

C ho line rg ic  nerve te rm ina ls  were p u r if ie d , and s p e c if ic  125I-BoNT 
B b ind ing assessed, as d e ta ile d  in  the legend to  F ig. 3 .2 . The 
data obtained were expressed in  terms o f the r a t io  o f ChAT/LDH 
a c t iv i t ie s  fo r  each sample. In  th is  experiment, the increase in  
the ChAT/LDH r a t io  in  the cho lin e rg ic -e n riched  te rm ina ls  over 
th a t in  the crude p repa ra tion  was 14.3 fo ld . Expression o f the  
s p e c if ic  b ind ing  in  terms o f s im ila r  le v e ls  o f LDH a c t iv i t y  
demonstrates th a t the acceptor components fo r  BoNT are 
c h o lin e rg ic -s p e c if ic  s ince the Scatchard p lo t o f th is  data is  
d ir e c t ly  superimosable on th a t obtained fo r  the crude 
p repara tion . ( □ ) ,  s p e c if ic  b ind ing  to  im m unoa ffin ity  p u r i f ie d  
ch o lin e rg ic  nerve te rm in a ls  and C •  ), the crude synaptosomal 
p repara tion . S im ila r re s u lts  were obtained fo r  the s p e c if ic  
b ind ing  o f 125I-BoNT (A and B) in  experiments y ie ld in g  a v a r ie ty  
of p u r i f ic a t io n  ra t io s  (6-15 fo ld ; see Fig. 3 .4 )
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F ig .  3 .4  C o - p u r i f i c a t io n  o f  BoNT a c c e p to rs  w ith  c h o l in e r g ic  nerve.

in purified relative to crude synaptosomes
Rat c e re b ro co rt ic a l synaptosomes, is o la te d  by dens ity  

g rad ien t c e n tr ifu g a tio n , were a f f i n i t y  p u r i f ie d  as described, 
(sec tion  3 .2 .1 ) . The p u r i ty  o f the is o la te d  te rm ina ls  was 
assessed by measuring the % recoveries o f ChAT (as a c h o lin e rg ic  
marker), and LDH (as a general cytop lasm ic marker), and 
expressing them as a r a t io .  S pe c ific  b ind ing  o f 0.2nM (O , □  ) and 
0.5ntt ( • , ■ >  12GI-BoUT A (c irc le s )  and B (squares) to  impure and 
p u r if ie d  samples was determ ined from sa tu ra tio n  b ind ing  s tud ie s  
s im ila r  to  those used to  p lo t the Scatchards shown in  F igs. 3 .2  
and 3.3. The reg ress ion  l in e  shown fo r  the composite values fo r  
BoNT A and B acceptors g ives a c o r re la t io n  c o e f f ic ie n t o f 0.98.
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beads, p ro te in  de te rm ina tion  is  not v a l id ) .  Scatchard p lo ts  o f 
the b ind ing  data fo r  both the CT and the TT fra c t io n s  are non­
lin e a r . Graphical a na ly s is  (Rosenthal, 1967) o f the curves 
in d ica ted  the presence o f a small popu la tion  o f acceptor s ite s  
having h ig h - a f f in i t y  fo r  the to x in  and a much la rg e r popu la tion  
o f acceptors demonstra ting lower a f f i n i t y  (s im ila r  to  th a t 
observed in  ra t c e re b ro co rt ic a l synaptosomal membranes: c . f .  
F ig .2 .6 ). R a tio n a lis a t io n  o f the data fo r  b ind ing  to  c h o lin e rg ic  
te rm ina ls  ( c . f .  the crude popu la tion ) in  terms o f the same le v e ls  
o f LDH a c t iv i t y ,  re su lte d  in  the Scatchard p lo ts  fo r  both se ts o f 
data being d ir e c t ly  superimposable (F ig . 3 .3 ). S im ila r re s u lts  
were obtained w ith  125I-BoNT A (data not shown) in d ic a t in g  
fu r th e r  th a t both acceptor types ( fo r  both BoRT A and B) are 
present, almost e x c lu s iv e ly , on c h o lin e rg ic  nerve te rm ina ls . 
Furthe r evidence fo r  the neuronal s p e c i f ic i t y  o f the h igh -  
a f f i n i t y  acceptors fo r  BoRT A and B was obtained by ana lys is  o f 
the b ind ing  of la b e lle d  to x in  to  both CT and TT te rm ina ls  from a 
v a r ie ty  o f p repara tions having a broad range o f recoveries and 
p u r i f ic a t io n  fa c to rs  fo r  the c h o lin e rg ic  nerve te rm ina ls . 
Comparison between the abso lu te amounts o f b ind ing  a c t iv i t y  in  
p u r if ie d  and crude te rm in a ls  and the degree o f p u r i f ic a t io n  o f 
ch o lin e rg ic  te rm ina ls  showed a l in e a r  re la t io n s h ip  a t 0.2 and 
0.5nM BoRT (which ought to  d is t in g u is h  the h ig h - a f f in i t y  
component). Upon lin e a r-re g re s s io n , the data was shown to  f i t  
w e ll to  a s tra ig h t l in e ,  fo r  both type A and type B BoRT b ind ing , 
w ith  a c o rre la t io n  c o e f f ic ie n t o f 0.98 (F ig . 3 .4 ) suggesting th a t  
there is  a d ire c t re la t io n s h ip  between the increase in  to x in  
b ind ing  to  i t s  h ig h - a f f in i t y  acceptor and the degree o f 
ch o lin e rg ic  enrichment, p ro v id ing  fu r th e r  evidence th a t th is  
popu la tion  o f acceptors e x is t e x c lu s iv e ly  on c h o lin e rg ic  
te rm ina ls .
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3 .3 .3  Id e n t i f ic a t io n  o f the acceptor moiety fo r  BoNT B.
Since the in d ic a tio n s , from biochem ical a na lys is  o f 125I -  

BoBT B b ind ing  to  tre a te d  synaptosomal membranes were th a t the  
high a f f i n i t y  acceptor s i te  con ta in  s ia l ic  ac id  (see Chapter 2 ), 
and from the above evidence th a t these h ig h - a f f in i t y  acceptors  
fo r  BoNT A and B are present almost e x c lu s iv e ly  an c h o lin e rg ic  
nerve te rm ina ls , i t  was o f in te re s t to  te s t the p o s s ib i l i t y  th a t  
the c h o lin e rg ic -s p e c if ic  gang lios ide . marker (Chol-1) cou ld be 
associa ted w ith  the h ig h - a f f in i t y  acceptor component(s) fo r  
e ith e r  o f these to x in  types. The a v a i la b i l i t y  o f the sheep 
po lyc lo na l (A n t i- (C h o l-1 ) ; k in d ly  provided by Dr. Peter 
Richardson) a llowed th is  hypothesis to  be tes ted . I n i t i a l  
s tud ies , in  which the a b i l i t y  o f the antibody to  in h ib i t  the 
b ind ing  o f low concen tra tions o f 12SI-BoNT (InM) to  th e ir  
acceptors was assessed, were o f l im ite d  success. R e la t iv e ly  low  
le v e ls  o f in h ib i t io n  o f to x in  b ind ing  (=̂ 30%) was achieved on ly  
w ith  very high concen tra tions o f the antibody and, a lthough the 
e ffe c t was more marked w ith  12SI-BoNT B, some in h ib i t io n  o f 1:25I -  
BoNT A b ind ing  was a lso  observed but the s p e c i f ic i t y  o f any such 
in te ra c t io n  could not be determined. Th is e f fe c t may be- a re s u lt  
o f the antibody having lower a f f i n i t y  fo r  the acceptor than the 
to x in  (Kd-SxlO-*1 °M) a lthough th is  would be in co n s is te n t w ith  
a b i l i t y  o f the serum to  be used in  the immunoaf f  i n i t y  
p u r i f ic a t io n  procedure. However, the a b i l i t y  o f the to x in  types  
to  compete fo r  the an tibody acceptor s ite  (Chol-1) and thus 
prevent the immuno-specific complement-mediated ly s is  o f the  
ch o lin e rg ic  te rm ina ls  was in ve s tig a te d . Indeed, InM BoNT B was. 
very e f fe c t iv e  a t in h ib i t in g  the immunolysis a t a l l  antibody  
d ilu t io n s  s tud ied  (F ig .3 .5 ). Using the optimum an tibody d i lu t io n  
(1:100), producing maximal ly s is  in  the presence o f complement, 
ly s is  o f c h o lin e rg ic  te rm ina ls  (by measuring released ChAT 
a c t iv i t y ,  as d e ta ile d  in  Methods: 3 .2 .2 .)  was determ ined in  the 
presence o f inc reas ing  to x in  concen tra tions. Results from a 
number o f separate experiments are shown (F ig .3 .6 ) ( in  a l l  
experiments maximal ly s is  (100%) represented )50% o f the to ta l  
re leasab le  ChAT a c t iv i t y  and was o fte n  as high as 80%). I t  can be
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seen th a t BoNT B is  very e f fe c t iv e  a t in h ib i t in g  th is  an tibody-  
s p e c if ic  immunolysis, re s u lt in g  in  almost complete in h ib i t io n  o f 
ly s is  a t lOOnM. BoHT A had no e f fe c t on the l y t i c  re a c tio n  even 
a t the h ighest concen tra tion  used, fu r th e r  in d ic a t in g  the  
s p e c i f ic i t y  o f the com pe tition  between BoMT B and the antibody, 
suggesting th a t they may p oss ib ly  recognise the same component(s) 
-  the gang lios ide , Chol-1.

3 .3 .4 . B ind ing o f 1g5I-Bo3n‘ to __s i idea__fr.Qffl__c h o lin e rg ic a lly
les ioned ra t  b ra in . Rats were subjected to  le s io n in g  o f the  
cen tra l c h o lin e rg ic  t r a c ts  by u n ila te ra l in je c t io n  o f the  
e x c ito to x ic  amino ac id  -  Ibo tena te - in to  the c e l l  bodies o f the  
HBM as described in  Methods (3 .2 .6 . ) .  This procedure re s u lts  in  
the death o f the c h o lin e rg ic  axons g iv in g  r is e  to  e x t r in s ic  
in n e rva tio n  o f the neocortex and e s s e n tia lly  causes dennerva tion- 
l ik e  e ffe c ts  such as reduc tion  in  AChE le ve ls  and ChAT a c t iv i t y  
between the les ioned and non-les ioned halves o f the b ra in . The 
exten t o f le s io n in g  was dependent on the time a f te r  in je c t io n  o f 
the ib o te n ic  acid , w ith  a 40% decrease in  AChE or ChAT content in  
les ioned c . f .  in ta c t  c o n tra la te ra l le v e ls  1 week a f te r  surgery  
(Fine e t a l . ,  1985a, b). The le v e ls  o f these marker enzymes was 
fu r th e r  decreased (to  ^50%) in  animals k i l le d  6 weeks a f te r  
surgery. However, l i t t l e  decrease in  s ta in in g  fo r  the c h o lin e rg ic  
marker, Chol-1, was observed a t th is  time. B ind ing o f InM 12SI -  
BoNT (A o r B) to  such b ra in  s lic e s  was performed as described in  
Methods (3 .2 .6 ) and autoradiograms from such experiments were 
prepared and developed using the p ro toco l described (sec tion  
3 .2 .6 . ) .  A lthough the la b e l l in g  p a tte rn  was s im ila r  to  th a t  
p rev ious ly  reported  (B lack and D o lly , 1987), no v is u a l d iffe re n ce  
was obvious between the c o n tro l and les ioned s ides o f the co rtex  
(F ig. 3 .7 and 3 .8 ). However, q u a n tita t iv e  ana lys is  o f the  
autoradiograms by la se r densitom etry (Table 3 .2 ) showed th a t some 
reduc tion  in  to x in  b ind ing  occurred in  the les ioned re la t iv e  to  
the c o n tro l s ide . Although there  was a s ig n if ic a n t  reduc tion  
(^40%) in  enzyme parameters measured in  animals k i l le d  1 week
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F ig .  3 .5  In h ib i t io n  by BoflT B o f com plem ent-m ediated l y s i s ,  q f

synaptosom es u s in g  a n t i - ( C h o l - 1 )  a n t ib o d ie s .

Rat c e re b ro co rt ic a l synaptasomes (P* fra c t io n ; 50-150pg p ro te in )  
were incubated in  Krebs-phosphate, pH 7.4, con ta in ing  lmg/ml BSA 
w ith  <■  ) and w ithou t ( • )  InM BoNT B fo r  30min a t 20*C, and then  
w ith  various d ilu t io n s  o f p o lyc lona l a n t i- (C h o l-1 ) serum fo r  
15min a t 4*C. A fte r  washing, the p e lle ts  were resuspended in  a 
1:10 d i lu t io n  o f human serum as a source o f complement. Fo llow ing  
incuba tion  a t 37 *C fo r  15min, ly s is  was assessed by the re lease  
o f ChAT a c t iv i t y ,  measured by the method o f Fonnum (1975). Values 
obtained from samples tre a te d  w ith  non-immune sheep serum in  the  
presence o f complement were sub tracted from a l l  de term ina tions; 
exten ts o f ly s is  were then expressed re la t iv e  to  the to ta l ChAT 
a c t iv i t y  de tec tab le  p r io r  to  the a dd it io n  o f complement. E rro r  
bars (S .D .) are shown fo r  the mean o f fou r experiments.
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F ig .  3 .6  In h ib i t io n  by BoNT o f  com plem ent-m ediated im m une)lysis by
sheep a n t i - ( C h o l - 1 )  serum.

-  log [BoNT] (nM)

Rat c e re b ro co rt ic a l synaptosomes (P2 fra c t io n ; 80-150pg p ro te in )  
in  Krebs-phosphate, pH 7 .4 , con ta in ing  lmg/ml BSA were incubated (30min, 
2 3 *0  w ith  inc reas ing  concen tra tions (O-lOOnM) o f botu linum  neuro tox in . At 
th is  time the suspensions were cooled on ice , a n ti- (C h o l-1 )  serum added 
(1:100, f in a l  d i lu t io n )  and incuba tion  continued fo r  40min. Synaptosomes 
were p e lle te d  and resuspended in  1ml o f the above b u f fe r  and a liq u o ts  (2 x 
200pl) removed fo r  de te rm ina tion  o f i n i t i a l  le v e ls  o f ChAT a c t iv i t y .  70pl 
o f human serum (as a source o f complement) was added to  the remaining  
suspension and incuba tion  continued a t 37*C fo r  10-20min p r io r  to  
c e n tr ifu g a tio n  (9000 x g, lm in) and removal o f an a liq u o t o f the  
supernatant fo r  measurement o f re leased ChAT a c t iv i t y .  ChAT was assayed as 
d e ta ile d  in  the Methods. Values are expressed re la t iv e  to  the amount o f 
ly s is  in  the absence o f to x in  ( ty p ic a l ly  rep resen ting  50-80% o f the to ta l  
re leasab le  ChAT). The e f fe c t o f inc reas ing  concen tra tions o f BoNT A (■  ) 
or BoNT B ( •  ) on the immunolysis o f c h o lin e rg ic  te rm ina ls  is  shown.
(-----) represents the amount o f complement-mediated ly s is  in  the absence o f
e ith e r  antibody or to x in . E rro r bars (S .D .) are shown fo r  the means o f 
fo u r experiments.
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F ig . 3 .7  12SI-BQgT A b ind ing  to  b ra in  s lic e s  from les ioned animals. 
Rats were les ioned (as d e ta ile d  in  sec tio n  3 .2 .6 ) by u n ila te ra l  
in je c t io n  in to  the .nucleus b a sa lis  m agnoce llu la ris  (RBM) o f the  
e x c ito to x in  ibo tena te . S ix  weeks a f te r  surgery the ra ts  were 
k i l le d ,  the b ra ins  removed in ta c t ,  f ix e d  ( in  4%(w/v) 
paraformaldehyde) and frozen a t -20*C. Coronal sec tions (10pm) 
were cu t, using a Re ichert-Jung c ry o s ta t, and placed onto 
g e la t in is e d  microscope s lid e s . T o ta l b ind ing  o f 12SI-BoITT was 
determ ined by a p p lic a tio n  to  each o f these s lic e s  o f InM la b e lle d  
to x in  in  Krebs-phosphate b u ffe r , pH 7 .4 , con ta in ing  0.1% (w/v) BSA 
( f in a l  va l. 200p l). Incuba tion  (60 min, 2 3 *0  was fo llow ed  by 
extens ive  washing (3 x 15 min; 300ml per wash) in  the above 
b ind in g  b u ffe r . S lic e s  were then rin sed  b r ie f ly  in  deion ised water 
p r io r  to  immersion in  3% paraformaldehyde (15 min, 2 3 *0 . Sections  
were then r in sed  again in  water, a ir - d r ie d  and exposed to  
au to rad iog raph ic  f i lm .  R on -spec ific  b ind ing  was determined, on 
ad jacen t s lic e s  to  those used to  measure the to ta l b ind ing , by 
p re incuba tion  w ith  lpM un labe lle d  BoNT fo r  20 min p r io r  to  
in cuba tio n  fo r  a fu r th e r  60 min a t 23*C w ith  InM ( f in a l cone) o f 
la b e lle d  BoNT. The autoradiograms were developed and scanned using  
a 2-d imensional la se r densitom eter as d e ta ile d  in  Methods (3 .2 .6 ).

The l e f t  column o f the f ig u re  shows the re s u lta n t  
au to rad iog raph ic  d is t r ib u t io n  o f to x in  la b e l l in g  in ; (1) F ron ta l 
b ra in  sec tions ; (2) M id -b ra in  sec tions  and (3) Rear b ra in  sec tions  
o f les ioned animals. The les ioned s ide  is  shown on the r ig h t  hand 
s ide  o f these p ic tu re s . P ic tu re s  la b e lle d  (a) represent the to ta l  
b ind in g  w h ils t those la b e lle d  (b) represent the non -spe c if ic  
b ind in g  to  the corresponding b ra in  s l ic e .  Scale bar in  la  
rep resen ts 2mm on o r ig in a l b ra in  s l ic e .

The r ig h t  hand column shows the corresponding  
dens itom e tr ic  scans o f these autoradiograms and the amounts o f 
to x in  b ind ing  (ca lcu la te d  as d e ta ile d  e a r l ie r )  is  shown by contour 
shading as ind ica ted  in  the key below:

•Contour shading To ta l to x in  bound 
(fmol/mm2 )
0.000- 0.005  

0.005- 0 .010  

0.010- 0 .015  

0.015- 0.020  

0.020- 0.025  

0.025- 0.030
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F ig . 3 .8  12sI-BoFT B b ind ing  to  b ra in  s lic e s  from les ioned  
animals.
Rats were les ioned and 12SI-BoITT b ind ing  to  such tre a ted  b ra in  
s lic e s  was performed e xa c tly  as d e ta ile d  in  the legend to  F ig.
3 .7 . Autoradiograms were developed and dens itom e tric  scans a lso  
ma£e as in  F ig . 3 .7 .

The l e f t  column o f the  f ig u re  shows the re s u lta n t 
au to rad iog raph ic  d is t r ib u t io n  o f to x in  la b e ll in g  in  sec tions (1-3) 
from  areas o f the m id -b ra in  in  which a s ig n if ic a n t  decrease in  
b ind ing  o f 12SI-BoNT A was observed in  the les ioned c . f .  the non- 
les ioned  s ides. Lesioned s ide is  on the l e f t  s ide o f each o f these 
p ic tu re s . P ic tu re s  la b e lle d  (a) show to ta l  12SI-BoNT B b ind ing  
w h ils t  those la b e lle d  (b) rep resen t the non -spe c if ic  b ind ing  o f 
to x in  to  adjacent b ra in  s lic e s . Scale bar in  la  represents 2mm on 
o r ig in a l s lic e s .

The r ig h t  column shows the  corresponding dens itom e tric  
scans fo r  the s p e c if ic  b ind ing  o f the to x in  (ca lcu la ted  by 
s u b tra c tio n  o f the n o n -s p e c if ic a lly  bound values from the to ta ls ) .  
Contour shadings o f these dens itom e tr ic  scans are ind ica ted  in  the  
key below:

Contour shading S p e c if ic  to x in  bound
(fmol/mm2)
0.00- 0.02 
0 .02- 0.04 
0 .04- 0.06 
0.06- 0.08
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Table 3 .2 E ffe c t o f le s io n ln g  o f the nucleus b asa lis  
mag n o c e llu la r is  (NBM) on s p e c if ic  b ind ing  o f 125I-BoNT to., b ra in  
s lic e s .

S pe c ific  b in d in g  (fmol/mm2)

Toxin type Region Contro l s ide Lesioned side % o f co n tro l Average.
Rostra l 0. 029 0.029 100* 98

0. 029 0. 028 96b
BoFT A Medial 0.034 0.028 82- 77

0.020 0.014 70t*
Caudal 0. 028 0.018 64- 58

0. 027 0.014 52to
Rostra l 0. 061 0.055 90“ 95

0.040 0. 041 101b
BoFT B Medial 0. 077 0.077 100- 100

0.063 0.064 101b
Caudal 0. 086 0. 077 90“ 94

0.069 0.067 98b

Rats were sub jected to  le s io n in g  by u n i la te ra l in je c t io n  o f the  
e x c ito to x in  ibo tena te  in to  the BBM. Animals were k i l le d  6 weeks 
a f te r  surgery and the b ra ins  removed, f ix e d , frozen and s lic e d  
using a c ryo s ta t as d e ta ile d  elsewhere (see legend to  F ig. 3 .7 and 
3 .8 ). To ta l and n o n -spe c if ic  b ind ing  o f InM ( f in a l concn.) 125I -  
BoFT to  10/j/n b ra in  sec tions  was determ ined by 2-dimensional la se r  
dens itom e tric  scanning o f re s u lta n t autoradiograms and the  
s p e c if ic  b ind ing  in  the non-les ioned (c o n tro l)  and les ioned s ides  
o f the b ra in  ca lcu la ted . The ta b le  shows the data from the b ind ing  
o f both types A and B BoFT assayed on sec tions  from a t le a s t two 
les ioned animals ( - , *=■; experiments w ith  d if fe r e n t  les ioned animals 
and la b e lle d  to x in  p repa ra tion s ). The average reduc tion  in  the  
ch o lin e rg ic  enzyme markers ChAT and AChE in  the les ioned c . f .  the  
in ta c t  c o n tra la te ra l s ides in  each o f the above experiments was 
=55%.
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a f te r  surgery, no s ig n if ic a n t  decrease in  the s p e c if ic  b ind ing  
o f 125I-BoNT (A o r B) in  the co rte x  o f the les ioned /un trea ted  
s ides was observed (data not shown). However, 6 weeks a f te r  
le s io n in g , a s ig n if ic a n t  reduc tion  in  both AChE and ChAT a c t iv i t y  
(average*50-60% o f o r ig in a l;  A. F ine, personal communication) was 
observed in  the les ioned c . f .  the non-lesioned s ides. A s im ila r  
decrease in  the s p e c if ic  b ind ing  o f 12SI-BoITT A between the two 
s ides was a lso seen, but l i t t l e  o r no e f fe c t  however was observed 
on the s p e c if ic  b ind ing  o f 1:25I-BoNT B in  the les ioned /un les ioned  
reg ions o f adjacent sec tions  from the same experimental animals 
(Table 3 .2 ; values denoted * ) .  R epe titio n  o f th is  experiment 
gave s im ila r  re s u lts  (Table 3 .2 ; values denoted ■ =•).
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3.4 . D is c u s s io n .

3 .4 .1 . Is o la t io n  o f c h o lin e rg ic  nerve te rm ina ls  from the CNS.
Using the im m unoa ffin ity  p u r i f ic a t io n  procedure described  

(Section 3 .2 .1 ; Richardson, 1986), r e la t iv e ly  h igh le v e ls  o f 
p u r if ic a t io n  (=15-fo ld ) o f c h o lin e rg ic  nerve te rm ina ls  from a crude 
synaptosomal popu la tion  could be accomplished. Ana lysis o f the  
tra n sm itte r contents o f these p u r i f ie d  te rm ina ls  (Table 3.1) 
revealed th a t, w h ils t the re  was l i t t l e  or no c o -p u r if ic a t io n  in  the  
catecholamines stud ied, a s l ig h t  enrichment (( 4 - fo ld )  in  some of 
the amino acids was noted, however, th is  was not as h igh as the 
enrichment in  ChAT/LDH (^1 5 -fo ld ) . Th is would seem to  con firm  the  
ch o lin e rg ic  s p e c i f ic i t y  o f the antiserum  reported by Richardson 
(1983) in  which complement-mediated ly s is  o f guinea p ig  synaptosomes 
using a n ti-(C ho l-1 ) released ChAT, a small amount o f LDH and enolase 
but had no e ffe c t on the re lease o f se ro ton in , NA, DA, GABA, 
glutamate, asparta te or ta u rin e .

3 .4 .2 . Cho line rg ic s p e c i f ic i t y  o f BoNT in  the CNS.
Using the ra d io la b e lle d  to x in  p repara tions p re v ious ly  

described (section 2 .2 .4 ) i t  was pass ib le  to  measure the s p e c if ic  
to x in  b ind ing to  both the crude and the cho lin e rg ic -e n riched  
f ra c t io n  o f ra t b ra in  synaptosomes ( s t i l l  a ttached to  the  
immunoadsorbent). Scatchard p lo ts  o f the s p e c if ic  b ind ing  data 
revealed th a t the c h o lin e rg ic  nerve te rm ina ls  possessed a
heterogeneous popu la tion  o f acceptor s ite s  ( fo r  both BoNT A and B) 
s im ila r  to  th a t observed in  the crude synaptosomal papu la tion  i .e .  a 
small number o f s ite s  e x h ib it in g  h ig h - a f f in i t y  fo r  each o f the to x in  
types and a much la rg e r popu la tion  o f acceptors o f lower a f f in i t y .  
The b ind ing data is  expressed in  terms o f ChAT/LDH a c t iv i t ie s  since, 
due to  the presence o f the an tise ra , i t  is  inapp rop ria te  to  express 
these values in  terms o f p ro te in  conten t. R a tio n a lis a tio n  o f the 
b ind ing  data, fo r  both the crude popu la tion  and ch o lin e rg ic  f ra c t io n
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of the synaptosomes, in  terms o f the same le ve ls  o f LDH a c t iv i t y ,  
re su lted  in  the Scatchard p lo ts  fo r  both sets o f data being d ir e c t ly  
superimposable -  regard less o f the degree of c h o lin e rg ic  enrichment 
(F ig. 3 .3 ). Comparisons o f the amount o f p ro te in  and LDH a c t iv i t ie s  
in  the crude synaptosomal popu la tion  allowed the approximation o f 
the s p e c if ic  b ind ing  data in  terms o f p ro te in  conten t. This 
conversion re su lted  in  comparable values fo r  the a f f i n i t i e s  and 
contents o f the two s ite 's  in  the cho lin e rg ic -e n riched  f ra c t io n  w ith  
those observed in  the untreated membranes s tud ied in  Chapter 2 (see 
Fig. 2 .6 ). This would tend to  in d ica te  th a t both the h igh - and the  
low- a f f i n i t y  acceptor s ite s  demonstrable in  a crude synaptosomal 
prepara tion  are present, almost e xc lu s ive ly , on ch o lin e rg ic  nerve 
te rm ina ls . However, due to  the inaccurac ies in  Scatchard ana lys is  
(see D iscussion, Chapter 2 ), the absolute content o f lo w -a f f in i t y  
acceptors on such te rm ina ls  is  d i f f i c u l t  to  assess accu ra te ly  and, 
the re fo re , the presence o f these s ite s  on o ther, non -cho line rg ic  
te rm ina ls  cannot be excluded. Fu rthe r evidence fo r  the ch o lin e rg ic  
s p e c if ic i ty  o f the h ig h - a f f in i t y  acceptors fo r  BoNTs A and B was 
demonstrated by ana lys is  o f the b ind ing  o f 0.2 and 0.5nK la b e lle d  
to x in  to  both the crude popu la tion  and the cho lin e rg ic -e n riched  
te rm ina ls  from a v a r ie ty  o f p repara tions e x h ib it in g  a broad range of 
recoveries and p u r i f ic a t io n  fa c to rs  fo r  the c h o lin e rg ic  nerve 
te rm ina ls . Comparison between the absolute amounts o f b ind ing  
a c t iv i t y  in  p u r i f ie d  and crude te rm ina ls  and the degree of 
p u r if ic a t io n  o f c h o lin e rg ic  nerve te rm ina ls  showed a l in e a r  
re la t io n s h ip  a t th is  to x in  concen tra tion  (which should  
p re fe re n t ia lly  la be l the h ig h - a f f in i t y  component) suggesting a 
d ire c t re la t io n s h ip  between the increase in  to x in  b ind ing  to  i t s  
h ig h - a f f in i t y  acceptor and the degree o f c h o lin e rg ic  enrichment. In  
an attempt to  v e r i fy  the ch o lin e rg ic  s p e c i f ic i t y  o f the acceptors  
fo r  the BoNT in  the CBS, s p e c if ic  b ind ing  o f ra d io la b e lle d  to x in  to  
sections from ra t b ra in  subjected to  u n ila te ra l le s io n in g  o f the NBM 
(see Methods 3 .2 .6 ) was assessed and comparisons made between the
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les ioned and c o n tra la te ra l (c o n tro l)  sides (see Table 3 .2 ). Evidence 
th a t the e x t r in s ic  c h o lin e rg ic  inne rva tion  o f the mammalian 
neocortex is  derived mainly from the ven tra l fo re b ra in  NBM was f i r s t  
provided by Shute and Lewis (1967). The ch o lin e rg ic  nature o f the  
neurons p ro je c tin g  from the basal fo re b ra in  to  v i r t u a l ly  a l l  areas 
o f the co rtex has s ince been stud ied  using neurochemical 
measurements w ith in  the co rte x  fo llo w in g  les ions (Johnston e t a l.  , 
1979; Venk e t a l. , 1980) o r AChE h is tochem is try  combined w ith  
re trograde tra c in g  (Vainer e t a l . ,  1984). However, w ith  the advent 
of s p e c if ic  anti-ChAT an tibod ies , the id e n t ity  o f these c e l l  groups 
in  ra ts  have now been confirmed (Houser e t a l . , 1983). There appears 
to  be good c o r re la t io n  between these areas and those in  which 
s p e c if ic  12sI-BoNT b ind ing  was observed (Black and Do lly , 1986a,b; 
1987). The c e l l  groups o f the NBM form a continuum along the v e n tra l 
po rtio n  o f the te lencephalon and are responsib le fo r  the major 
component (80-90%) o f basal fo re b ra in  cho lin e rg ic  p ro je c tio n s  to  the  
m esoco rtica l-neoco rtica l mantle (Vainer e t a l. , 1984; Rye e t a l.  , 
1984). Lesions in  the basal fo re b ra in  have been shown to  produce a 
reduc tion  in  presynaptic c h o lin e rg ic  markers (e.g. AChE, ChAT, ACh 
and the h ig h -a f f in i t y ,  Na*--dependent cho line  uptake) w ith in  the  
neocortex (Johnston e t a l . , 1979; Lehman e t a l . ,  1980; Venk e t a l . , 
1980). V h ils t la rge  b i la te r a l le s ions  o f the NBM in  ra t produce 
profound d is ru p tio n  o f a p p e tit iv e  behaviour o ften  w ith  fa ta l  
consequences (Fine e t a l. , 1985a), la rge  u n ila te ra l NBM les ions  
leave one side in ta c t to  m ain ta in  normal ea ting  and d rin k in g , have 
no e ffe c t on spontaneous locomotor a c t iv i t y  and provide an in te rn a l 
con tro l fo r  biochem ical and h is tochem ica l ana lys is . Such le s ions  are  
performed by the s te re o ta x ic  in je c t io n  in to  the NBM o f the  
e x c ito to x in  ibo tena te . The s ite  o f th is  in je c t io n  is  shown (F ig . 
3.1; Fine, 1986) and 1 week a f te r  le s ion in g  a reduction  in  ChAT 
a c t iv i t y  le ve ls  to  *43% in  d o rso la te ra l f ro n ta l and p a r ie ta l co rte x  
compared w ith  in ta c t c o n tra la te ra l le v e ls  has been reported (Fine e t 
a l . , 1985a,b). The decrease in  observed AChE a c t iv i t y  due to  the NBM
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le s ions  pe rs is ted  6 months a f te r  surgery as d id  the le v e ls  o f ChAT 
a c t iv i t y  (Fine e t a l. , 1985a). In  animals k i l le d  6 weeks a f te r  
surgery there  appeared to  be a good c o rre la t io n  between the  
percentage decrease in  these c h o lin e rg ic -s p e c if ic  markers and the  
reduc tion  observed in  the s p e c if ic  b ind ing  o f 1:25I-BoNT A in  the  
les ioned compared w ith  the co n tro l (non -les ioned ), s ides (Table 
3 .2 ). Such les ions , as a lready ind ica ted , do not complete ly a bo lish  
a l l  c h o lin e rg ic  inne rva tion  in  the co rte x  and a res idua l amount o f 
ChAT a c t iv i t y  in  th is  reg ion  is  always seen (Johnston e t a l . , 1979; 
Lehman e t a l. , 1980). This would tend to  suggest th a t in t r in s ic  
c o r t ic a l cho lin e rg ic  neurons are present o r th a t the basal fo re b ra in  
le s ions have not been extensive enough to  complete ly abo lish  a l l  o f 
the p ro je c tin g  c h o lin e rg ic  c e l ls  (F ib ige r, 1982). C o r t ic a l 
undercu tting  ind ica ted  th a t 20-50% o f c o r t ic a l ChAT is  derived from  
these in t r in s ic  c o r t ic a l neurons (Emson and L in d v a ll, 1979) 
con firm ing  th a t the NBM les ion s  reported by Fine e t a l. (1985a) are 
nea rly  complete. The remaining s p e c if ic  b ind ing o f 12sI-Ba]ST A in  
the les ioned side o f the b ra in  sec tions is  the re fo re  probably due to  
these remaining in t r in s ic  c o r t ic a l neurons. In adjacent sec tions , 
from animals k i l le d  6 weeks a f te r  le s ion in g , no d iffe re n ce  in  the  
s p e c if ic  b ind ing  o f 125I-BoHT B was observed between the les ioned  
and c o n tra la te ra l sides (Table 3 .2 ). This may r e f le c t  a d iffe re n ce  
in  the nature o f the acceptors fo r  the two to x in  types ra th e r than  
one o f tra n sm itte r s p e c i f ic i t y  and w i l l  be discussed la te r .  G lio s is  
was seen in  some o f the sec tions (F ig . 3.7 (2a), F ig. 3.8 (3a)) in  
the reg ion  o f the in je c t io n  s ite  as p re v ious ly  observed in  s im ila r  
experiments where g lio s is  and neuronal degeneration associated w ith  
the HBM le s io n  were pronounced (Fine e t a l. , 1985b). This g l io s is  
was not responsib le  fo r  the observed decrease in  BoUT b ind ing  
however, since i t  was re s t r ic te d  to  areas o f the ven tra l globus 
p a llid u s , substan tia  innomLnata and la te ra l hypothalamus and d id  not 
extend to  the neocortex where dens ity  measurements o f to x in  b ind ing  
were made. Furthermore, the decreased b ind ing in  the les ioned s ide
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was not simply due to  the su rg ica l procedure used since animals 
subjected to  le s io n in g  surgery and k i l le d  a f te r  ju s t  one week showed 
no decrease in  s p e c if ic  to x in  b ind ing  w h ils t the le ve ls  o f AChE had 
decreased =40%. This would tend to  suggest th a t the acceptors fo r  
the botu linum  to x in s  are more s tab le  and more p e rs is te n t (ta k ing  
longer to  be degraded) than these ch o lin e rg ic  enzyme markers.

3 .4 .3  The acceptor fo r  BoNT B in  the CNS.
Since the acceptors fo r  BoNT A and B appeared to  res ide  

s o le ly  on c h o lin e rg ic  te rm ina ls  in  the ra t b ra in  and these acceptors  
appeared to  invo lve  s ia lic -a c id -c o n ta in in g  m oie ties (see D iscussion  
Chapter 2 ), the p o s s ib i l i t y  th a t the antigen Chol-1 could
s p e c if ic a l ly  bind these neuro tox in  molecules was in ves tiga ted . 
In h ib it io n  o f s p e c if ic  12SI-BoNT b ind ing  to  ra t synaptosomal 
membranes by sheep po lyc lona l a n ti- (C h o l-1 ) antiserum proved o f 
l im ite d  success -  re s u lt in g  in  in h ib i t io n  o f b ind ing o f InM 12SI -  
BoNT on ly a t very h igh antibody concentra tions. This suggested 
e ith e r  a n on -spec ific  in te ra c t io n  or th a t the an tibody-an tigen  
in te ra c t io n  was o f lower a f f i n i t y  than the to x in -accep to r b ind ing  
(Kd=3 x 10“ 1oM). I f  the la t t e r  were the case then i t  would not be 
re conc ilab le  w ith  the use o f the antiserum  in  the im m unoaffin ity  
procedure. However, low concentra tions (InM) o f BoNT B produced a 
s ig n if ic a n t decrease in  the a b i l i t y  o f the antiserum to  cause 
complement-mediated ly s is  o f c h o lin e rg ic  nerve te rm ina ls  (F ig. 3 .5) 
even a t r e la t iv e ly  low d ilu t io n s  o f the antiserum  (=50% reduc tion  a t 
1:50 f in a l  antibody d i lu t io n ) .  Moreover, a t a f ix e d  antibody  
concen tra tion  (1:100), low concen tra tions o f BoNT B caused a 
s ig n if ic a n t decrease in  the ly s is  (F ig . 3 .6 ) w h ils t BoNT A was 
w ithout e f fe c t a t the h ighest concen tra tion  used (lOOnM). The 
p o s s ib i l i t y  th a t th is  in h ib i t io n  was due to  an e ffe c t on the steps  
in  the complement pathway ra th e r than a s p e c if ic  in te ra c t io n  w ith  
the antigen was dism issed since the a b i l i t y  o f a general ra b b it  
a n t i- ( r a t  cerebrum) antiserum  (DAKO Immunoglobulins, Denmark) to
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produce s p e c if ic  complement-mediated release o f ChAT from these 
te rm ina ls  was unaffected even a t the h ighest to x in  concen tra tions  
s tud ied  (lOOnM; data not shown). However, the p o s s ib i l i t y  th a t the  
to x in  causes in h ib i t io n  o f antibody b ind ing simply by s te r ic  
hindrance cannot be ignored. I f  th is  were the case i t  would in fe r  a 
s im ila r  (co-) lo c a lis a t io n  o f acceptors fo r  BoFT B w ith  the Chol-1 
antigen.

I f  Chol-1 were to  p lay a ro le  in  b ind ing  BoNT then i t  
would be expected th a t immunofluorescent lo c a lis a t io n  o f th is  
ch o lin e rg ic  marker would agree w ith  the lo c a lis a t io n  o f s p e c if ic  
i z s i - boNT b ind ing. Immunofluorescent s tud ies in  Torpedo m arm orata  
are not conclusive however, and, w h ils t Jones e t a l.  (1981) ind ica te  
th a t Chol-1 is  present on ly  in  the synap tic  reg ion o f the neuron and 
absent from ch o lin e rg ic  c e l l  bodies and axons, F e r re t i and Borroni 
have observed immunochemical s ta in in g  fo r  the antigen on neuronal 
c e l l  bodies <p«irso«vx\co*nM.uAicafoo<\ ) § Thus, the observations th a t BoNT 
b ind ing  in  the CNS (Black and D o lly , 1986a,b; 1987) is  lo c a lis e d  in  
the presynaptic plasma membrane and is  not found on c e l l  bodies or 
myelinated tra c ts  would seem a t variance w ith  the p o s s ib i l i t y  th a t 
Chol-1 is  the sole acceptor fo r  BoUT. However, w h ils t le s io n in g  of 
the HBH (see e a r l ie r  in  D iscussion) re s u lts  in  a marked decrease 
(^50.%) in  the le ve ls  o f AChE and ChAT a c t iv i t ie s  in  ra t b ra ins 6
weeks a f te r  le s io n in g  surgery, l i t l e  or no change in  the
immunohistochemical s ta in in g  w ith  the a n ti- (C h o l-1 ) antiserum  was 
observed. S im ila r ly  no decrease in  s p e c if ic  b ind ing  o f 12SI-BoFT B 
to  such les ioned b ra in  sec tions was detected suggesting th a t the
acceptor fo r  th is  to x in  is  extremely s tab le .

Estimates fo r  the h a l f - l iv e s  of gang lios ides in  the
nervous system vary cons iderab ly and are sub ject to  e rro r  depending 
on the p ro toco l used fo r  th e ir  de tec tion . The h a l f - l iv e s  o f 
glycoconjugates are o fte n  determined by measuring the disappearance 
of saccharide m oie ties th a t have p re v ious ly  been' la b e lle d . Using 
such a technique, Ferwerda e t a l. (1981) estimated the tu rnover ra te
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o f lip id -bound  s ia l ic  ac id  to  be approximately 25 days. However 
re c yc lin g  o f la b e lle d  sugars may pro long the apparent tu rnove r time. 
C a lcu la tions by the same authors using another method based on
rad io la be l in co rpo ra tio n  ra te  y ie lded  sho rte r h a lf - l iv e s  fo r  the  
s ia l ic  ac id  residues o f gang lios ides o f 6-8 days. Studying the decay 
curves fo r  la b e lle d  gang lios ides in  o p tic  lobe, Rosner and Merz
(1982) demonstrated th a t the h a l f - l iv e s  o f gang lios ides increased in  
order o f increas ing  com plexity -  GDla ( GQlb ( GTlb ( GD3 and
averaged =36 days. Furthermore, neuraminidase (the p r in c ip le
degradative enzyme fo r  g ang lio s id e s ), a lthough detectab le  in  
synaptosomes in  assays c a rr ie d  out a t pH 3.9 (Yohe and Rosenberg, 
1977) under cond itions  o f more phys io log ica l pH (6.8) appreciab le  
endogenous neuraminidase a c t iv i t y  was not detectab le (Landa e t a l . ,  
1981). I t  is  the re fo re  h ig h ly  probable th a t the decrease in  
gang lios ide markers from les ioned neurons would not be as marked 6 
weeks p o s t- le s io n in g  as the disappearance o f the c h o lin e rg ic -  
s p e c if ic  enzyme markers, AChE and ChAT. What is  more, such
gang lios ides are able to  ra p id ly  exchange between membranes and have 
been shown to  to  be incorpora ted by whole c e l ls  and su b ce llu la r
fra c t io n s  (C a llie s  e t a l . , 1977; Fishman and Brady, 1976; Toffano e t
a l. , 1980) as w e ll as by syn th e tic  and synap tic plasma membranes 
(Masserini and F re ire , 1987). Th is tra n s fe r o f gang lios ides between 
membranes appears to  occur through the aqueous phase and not by 
micelle-membrane co llis io n -m ed ia te d  tra n s fe r (Masserini and F re ire , 
1987). I f  such a process were to  take place in  degenerating, 
les ioned, neurons then the c h o lin e rg ic -s p e c if ic  gang lios ide , Chol-1, 
may be inse rted  in to  the membranes which are s t i l l  in  the v ic in i t y  
o f the o r ig in a l c h o lin e rg ic  inne rva tion ; such a tra n s fe r would be 
undetectable by immunohistochemistry and l ig h t  microscopy, thereby  
re s u lt in g  in  no change in  the apparent dens ity  o f 12SI-BoNT B
b ind ing in  the cortex . I f  th is  were the case then Chol-1 would not 
be expected to  remain t is s u e -s p e c if ic . However, in te ra c t io n  of the  
la rge carbohydrate head groups o f gang lios ides w ith  membrane
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p ro te ins , o r o ther components, may regu la te  the ra te  o f gang lios ide  
exchange by promoting s p e c if ic  gang lios ide  in te ra c t io n s  a t the c e l l  
surface (Masserini and F re ire , 1987), thus preventing such exchange 
of Chol-1 in  hea lthy neurons but a llow ing  th is  tra n s fe r to  occur in  
degenerating neuronal membranes fo llo w in g  le s ion ing . Due to  the  
i n a b i l i t y  o f such gang lios ides to  f l ip - f l o p  in  these membranes 
(Feigner e t a l. , 1981), the h yd ro p h ilic  carbohydrate b ind ing  moiety 
would remain exposed to  the e x t ra c e llu la r  surface o f the membrane 
re s u lt in g  in  normal in te ra c t io n s  w ith  antibody or to x in  molecules.

3 .4 .4  Possible fu n c tio n (s ) o f Chol-1.
W h ils t the ro le  o f gang lios ides in  the nervous system is  

discussed in  more d e ta i l la te r  (See General D iscussion), i t  is  o f 
in te re s t to  note th a t these m o ie ties have been im p lica ted  in  a 
v a r ie ty  o f c e l lu la r  fu n c tio n s . B a c te r ia l to x in s  (e.g. Cholera 
to x in ) , antigens and Ca*- have a l l  been proposed to  bind to  
gang lios ides and induce sequen tia l a c t iv a tio n s  o f membrane- 
associated enzymic reac tions  and c e l lu la r  metabolism (Fishman and 
Brady, 1976; Hakamori, 1981; Ando, 1983). No d ire c t evidence has ye t 
been presented fo r  the fu n c tio n  o f Chol-1 in  the nervous system but 
the degree o f i t s  conservation in  many species suggests th a t i t  is  
of c ru c ia l importance in  the fu n c tio n  of ch o lin e rg ic  te rm ina ls . I t  
has been postu la ted  th a t i t  may p lay  a ro le  as a recep to r (e.g. fo r  
the h ig h - a f f in i t y  cho line  uptake mechanism; Richardson e t a l.  ,
1982), or poss ib ly  i t  is  respons ib le  fo r  the s p e c i f ic i t y  o f c e l l ­
c e l l  re cogn itio n  during neuronal development and synapse fo rm a tion  
or in  maintenance o f these synap tic  contacts once formed. Work by 
F e r re t t i and Borroni (1986) would tend to  support the la t t e r  o f 
these proposals since, in  the chicken b ra in , Chol-1 seems not to  be 
present during development and appears on ly a f te r  b ir th  suggesting a 
ro le  in  'cementing' a lready formed neuronal con tacts ra th e r than  
d ire c t in g  th e ir  growth.
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Ganglioside acceptors have been im p lica ted  in  the 
re g u la tio n  o f s p e c if ic  enzymes or c e l lu la r  processes e.g. 
gang lios ides have been shown to  a c tiv a te  adenylate cyclase  
(P a rting ton  and Daly, 1979), and may a c t iv a te  Mg^-ATPase, 
Ca^ATPase or (Na^, K"“ ) ATPase to  vary ing degrees (poss ib ly  by
m od ifica tio n  o f l ip id  environment; Caputto e t a l . , 1977; Leon e t
a l. , 1981). However, w h ils t the acceptors fa r  BoNT appear to  be
s p e c if ic  fo r  cho lin e rg ic  nerve te rm ina ls , the to x in  in h ib i t s  many 
neu ro transm itte rs  w ith  s im ila r  dose-response curves (D o lly  e t a l. , 
1987). This would tend to  in d ica te  th a t the to x in  a ffe c ts  a common 
component in  the release process and th a t in to x ic a t io n  requ ires  the 
in te rn a lis a t io n  o f the to x in  molecule (see General D iscussion). I t  
is  the re fo re  u n lik e ly  th a t BoNT has a d ire c t e ffe c t on release  
simply by th e ir  in te ra c t io n  w ith  such m oieties.

3.5. Conclusions.
In  conclusion i t  would appear th a t BoNT A and B p re fe re n t ia lly  bind  
to  ch o lin e rg ic  nerve te rm ina ls  in  the CNS as has p rev ious ly  been 
demonstrated in  the PNS (Black and D o lly , 1986a,b). This s p e c i f ic i ty  
is  con ferred by the presence, e xc lu s iv e ly  on these membranes, o f 
both popu la tions of acceptors fo r  these to x in  types. Evidence is  
presented here in  which would in d ica te  th a t the h ig h - a f f in i t y  
acceptor fo r  BoNT B may be associa ted w ith  the gang lios ide  antigen  
Chol-1. I f  th is  is  indeed the case then the question a rise s  as to  
whether th is  same moiety is  responsib le  fo r  the h ig h - a f f in i t y  
b ind ing o f the neurotox ins to  the c h o lin e rg ic  nerve te rm ina ls  
observed in  the periphery (B lack and D o lly , 1986a,b). This would not 
be unexpected since th is  molecule appears to  demonstrate a 
remarkable degree o f conserva tion and is  found, a t le a s t in  the CNS, 
in  many d if fe re n t species (Richardson e t a l . , 1982).
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C H A P T E R  4

Calcium homeostasis and neu ro transm itte r re lease in  
synaptosomes: e f fe c t o f BoNT A and B

-1 2 9 -



4.1. In t ro d u c t io n ,

As mentioned in  the previous chapter (sec tion  3 .4 ), the 
acceptors fo r  BoNT A and B appear to  res ide almost e x c lu s iv e ly  on 
cho lin e rg ic  nerve endings in  the CRS, poss ib ly  con fe rr in g  some 
s p e c i f ic i t y  o f the to x in  fo r  in h ib i t io n  o f ACh re lease from  
synaptosomes. However, recent work in  th is  labo ra to ry  has 
in d ica ted  th a t, a t very h igh concentra tions (200nM), the to x in  
a lso in h ib i ts  the re lease o f o ther neu ro transm itte rs  (e.g. 
dopamine, noradrenaline , GABA and glutamate) from these nerve 
te rm ina l p repara tions (D o lly  e t a l.  , 198^,; Sanchez-Priesto e t
a l . , 1987). Thus, i t  would appear to  act on a mechanism which is  
common to  the re lease o f many neu ro transm itte r types. Since the 
to x in s ' a c tio n  does not appear to  be on the synthes is or storage  
of tra n sm itte r, a t te n t io n  has been focussed on the events which 
occur p r io r  to  tra n sm it te r  re lease, i .e .  the Ca^-mediated  
re lease process. The a c tio n  p o te n tia l evoked in f lu x  o f Ca2-* in to  
nerve endings is  a key event in  the s tim u la tio n  o f tra n sm itte r  
re lease (Rubin, R.P., 1970) and is  common to  a l l  neu ro transm itte r  
types. BoRT could exe rt i t s  a c tion  a t any p o in t a t, or d is ta l to , 
th is  primary in f lu x  o f Ca2-" ions as fo llow s :

(1) BoRT could in h ib i t  the in f lu x  o f Ca2"* across the 
presynaptic nerve te rm ina l membrane during nerve s tim u la tio n , 
thereby dep riv ing  the re lease mechanism o f th is  v i t a l  t r ig g e r .

(2) The to x in s  cou ld act to  s tim u la te  the ou tflow  o f Ca2-"
from the cy toso l o f the nerve te rm ina l [e ith e r  by inc reas ing  i t s  
uptake in to  in t r a c e l lu la r  o rgane lles thought to  be responsible, 
fo r  b u ffe r in g  i t s  le v e ls  (R icho lls  , 1978b) or by some process
re s u lt in g  in  i t s  rap id  e x tru s ion  in to  the e x tra c e llu la r  space ]. 
E ith e r o f these processes would re s u lt in  a much reduced le v e l o f 
in t r a c e l lu la r  calc ium  (CCa2^ ] ! )  such th a t i t  never reaches the  
requ ired  th resho ld  le v e l fo r  tra n sm itte r re lease to  occur.

(3) L as tly , BoRT may have a d ire c t a c tio n  on the release  
mechanism i t s e l f  -  p oss ib ly  by lowering the a f f i n i t y  fo r  Ca2'” o f 
a process c ru c ia l to  neurotransm ission such th a t s tim u la ted  
tra n sm itte r release cannot take place.
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This la t t e r  proposal is  d i f f i c u l t  to  te s t b iochem ica lly  
since the substra te  fo r  the to x in 's  a c tio n  has ye t to  be 
determined. However, w ith  the advent o f the fluo rescen t in d ic a to r  
dyes such as Quin-2 (Tsien, R.Y., 1981; Tsien e t a l . f 1982) i t
has become poss ib le  to  accu ra te ly  measure the in t r a c e l lu la r  
(c y to so lic ) le ve ls  o f Ca2*  in  a v a r ie ty  o f tis sue  p repara tions  
(e .g . synaptosomes, R ichards e t a l. , 1984; lymphocytes, Tsien e t 
a l. , 1982; cloned neuronal c e lls ,  Meldolesi e t a l . ,  1984; and 
muscle c e lls , Ambler e t a l. , 1986). The use o f such a technique  
could a llow  the f i r s t  two o f the above hypotheses to  be tes ted . 
Rat ce re b ro co rtic a l synaptosomes were chosen as a model system 
fo r  such s tud ies  s ince s tim u la ted  re lease o f many
neu ro transm itte r types from these p repara tions has been we ll 
characte rised  and is  e f fe c t iv e ly  in h ib ite d  by BoHT (D o lly  e t a l . , 
1987b) Sanchez-Priesto e t a l . , 1987). In  th is  chapter, the e ffe c t  
o f BoNT A and B on Ca2"1" in f lu x  upon depo la risa tio n  or Ca2*  
d isposa l w ith in  ra t b ra in  synaptosomes were examined.

4.2 M ate ria ls  and Methods.

4 .2 .1 . Quin 2; Measurement o f [Caa-1 i.
Stock so lu tio n s  o f the acetoxymethylester o f quin 2 (quin  

2-AM, Sigma; fo r  s tru c tu re  see Fig. 4. la ) were made up as 
described (Tsien e t a l . ,  1982) by d is so lv in g  the s o lid  in  d ry  
dimethylsulphoxide (DMSO; f in a l  concen tra tion  6mM) and s to red  
desiccated a t -20*C u n t i l  use.

Synaptosomes were prepared from ra t co rtex  by the method 
o f Dodd e t a l. (1981), modified as described in  sec tion  2 .2 .3 . 
A liq uo ts  o f nerve te rm ina ls  to  be incubated immediately w ith  quin  
2-AM were loaded w ith  the dye by a m od if ica tio n  o f the procedure 
described by Sachsen (1985). Synaptosomes were resuspended (a t -
4-6 mg/ml) in  ic e -c o ld  Ha*- so lu tio n , unless otherw ise ind ica ted  
con ta in ing  (mM): SaCl, 145; KC1, 5; MgCl--, 1; CaCl2 , 0.02; 
glucose, 10; Na pyruvate, 0.1; d ie thy lene triam inepen taace tic  acid
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(DTPA) a heavy metal che la to r, 0.005; I-2 -hyd roxye thy l 
p iperaz ine -H '-2 -e thanesu lphon ic ac id  (HEPES), 10; pH 7.4 w ith  
flaOH. The d ilu te d  suspensions were cen trifu ged  b r ie f ly  in  an 
Eppendorf benchtop cen tr ifu g e  (9000 x g, 20s) and the re su lta n t 
p e lle ts  (4-6mgs p ro te in ) resuspended in  1ml o f the same b u ffe r  
con ta in ing  1.2mM ( f in a l concen tra tion ) CaCl* (Ca2*- assay b u ffe r ) .  
Quin 2-AM was added to  a f in a l  concen tra tion  o f - 50fiM). 
Incubation was continued fo r  a fu r th e r  30min a t 37*C under a 95% 
Ck-/5% C0-> atmosphere. The synaptosome suspensions were then 
d ilu te d  10 -fo ld  w ith  Ca2*- assay b u ffe r  and cen trifuged  (1500g, 
5min) in  an MSE Centaur ce n tr ifu ge . The re s u lta n t p e lle t  was 
resuspended in  400pl o f the same b u ffe r and subjected to  
fluo resecen t measurements as d e ta ile d  below.

4 .2 .2 . BoFT in to x ic a t io n  o f svnaptosomes and Quin 2 loading.
Synaptosomes were incubated (60min, 3 7 *0  w ith  200nM BoNT 

(A or B) in  Ca~v assay b u ffe r  p r io r  to  the a dd it io n  o f quin 2-AH 
(^50pH, f in a l concen tra tion ). Incubation was continued a t 37*C 
fo r  a fu r th e r 30min a t which time the synaptosomes were d ilu te d ,  
pe lle te d  and resuspended (^10mg p ro te in /m l) in  Ca1’-*' assay b u ffe r. 
A ll incubations were performed under an atmosphere of 95% Cb/5% 
CCb. Control samples were tre a ted  as above in  the absence of 
to x in  but preincubated (60min, 3 7 *0  w ith  the same volume of the  
b u ffe r in  which the to x in  is  prepared (0. 1411 T r is  HC1, pH 7.9; 
f in a l concentra tion  in  these incuba tions o f 3.6mM). Quin 2 loaded 
synaptosomes (50pl, =1 0 mg p ro te in /m l) were added to  2.5ml o f Ca'2-*- 
assay b u ffe r and flu o re scen t measurements made as described below 
(sec tion  4 .2 .3 ).

4 .2 .3 . Fluorescent measurements These were made using a Perk in - 
Elmer MPF-44B spe c tro flu o r im e te r in  r a t io  mode as described  
elsewhere (Tsien e t a l . ,  1982). Standard monochromator se ttin g s  
were 339-nm e x c ita t io n  w ith  4-nm s l i t s ;  490-500-nm emission, 10- 
nm s l i t s .  The resuspended synaptosomes were tra n s fe rre d  to  a 3ml 
quartz cuvette and the flu o r im e te r adjusted to  g ive a base line of 
—50% on the chart recorder. Serve te rm ina ls  were prevented from
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aggregation by occasional resuspension using a 1ml p ippe tte . Once 
a steady baseline was achieved, the synaptosomes were depo larised  
bv the a d d it io n  o f KC1 (50mX) and the increase in  fluorescence, 
due to  increased Ca-2* uptake, monitored u n t i l  the tra n s ie n t had 
declined s ig n if ic a n t ly .  C a lib ra t io n  o f fluorescence, in  terms of 
[Ca^-Ox, was made as d e ta ile d  in  the legend to  F ig. 4.2.

The e ffe c t o f 4-AP on [Ca:i‘* '] i was a lso  s tud ied  (see 
f ig u re  legends fo r  more d e ta ile d  methodology).

4 .2 .4 . Determ ination o f synaptosomal re s p ira t io n  ra tes .
Synaptosomes were prepared from the cereb ra l c o r t ic e s  o f 

Dunkin-Hartley s t ra in  guinea p igs by F ic o l l g rad ien t 
ce n tr ifu g a tio n  as described p re v iou s ly  (H icho lls , 1978<x) . The 
nerve te rm ina ls  (2.2mg o f p ro te in /m l o f incuba tion  m ixtu re) were 
suspended in  Ca-‘■ -free incuba tion  medium (con ta in ing  (mX); UaCl, 
122; KC1, 3.1 ; MgSCU, 1.2; NaHCCb, 5; Tes, 20; glucose, 10; pH
7.4, together w ith  16/iM-albumin) and d iv ided  equa lly  between two 
id e n t ic a l oxygen-electrode chambers. 1.3mM C a^ was added to  each 
sample together w ith  7mM T r is  HC1, pH 7.9 (co n tro l) and 400nM 
BoFT ( te s t) .  Incubation was continued fo r  90min a t 37‘ C a t which 
time the ra te  o f oxygen consumption of both samples had reached a 
steady s ta te . lOOpK-vera trid ine, 10pH-ouabain and lpM FCCP 
(fluo ro -ca rbony l cyanide phenylhydrazone) were added sequen tia lly  
to  each o f the samples and the changes in  oxygen consumption 
monitored on a cha rt recorder.
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4.3. RESULTS

4 .3 .1 . Quin 2: cha ra c te r is a tio n  o f fluo rescen t spectra.
Add ition  o f qu in 2-AM to  synaptosomes a llows a very rap id  

uptake o f the l ip id  permeable molecule in to  the cytoplasm of 
these prepara tions. H yd ro lys is  o f the quin 2-AM to  the impermeant 
parent compound, qu in 2 ( fo r  s tru c tu re s  see Fig. 4 .1a), is  
accomplished by endogenous c y to s o lic  esterases and produces the 
s h i f t  in  the emission spectrum shown in  F ig. 4.1b. From th is  
spectrum (e x c ita t io n  a t 339nm) i t  can be seen th a t the re  is  a 
marked s h i f t  from an emission wavelength maximum of 432nm fo r  
quin 2-AM to  490nm fo r  the free  ac id .

Using the monochromator s e tt in g s  ind ica ted , traces  
s im ila r  to  th a t shown in  F ig. 4 .2. could be obtained. C a lib ra t io n  
of such traces in  terms o f the le v e ls  o f CCai'-'*']i was performed as 
d e ta ile d  by Komulainen and Bondy (1987) and is  described in  more 
d e ta i l in  the legend to  F ig. 4.2.

4 .3 .2 . E ffe c t of p re -incuba tion  on CCaa-3 i.
From Fig. 4.3 i t  can be seen th a t both the basal le ve l o f 

[Ca:2+] i ,  together w ith  the increase upon K ^-depo la risa tion , were 
dependent on the time o f p re -incuba tion  o f these te rm ina ls . 
Synaptosomes, resuspended and incubated immediately w ith  quin 2- 
AM (30min, 3 7 *0 , demonstrated lower basal le ve ls  o f [CaJ2>] t  (212 
± lOnM; sem, n=13) than those preincubated (60min, 3 7 *0  p r io r  to  
fu r th e r  incuba tion w ith  the dye (C C a ^ ] i=266nM ± 22nM; sem, 
n=13). The d iffe re n ces  in  the maximal increase in  CCa'-2""] i upon 
depo la risa tio n  w ith  50mM KC1 between those synaptosomes incubated  
w ith  quin 2-AM fo r  ju s t  30min/37*C (461 ± 16nM) and those pre­
incubated fo r  60min/37*C p r io r  to  quin 2 loading (492 ± 33nM) 
were, however, less marked. I t  was the re fo re  f e l t  th a t the 60min 
pre incuba tion  of these te rm ina ls  (necessary to  produce maximal 
t o x ic i t y  when incubated in  the presence o f BoNT A or B) p r io r  to  
incuba tion  w ith  the es te r would not s ig n if ic a n t ly  a f fe c t the 
le ve ls  o f [C a -* ']l ' p e r  s s ' and would, thus, a llow  the use o f such
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F ig . 4.1. S truc tu re  and fluo re scen t em iss ion spectra o f quin 2 and 
i t s  e s te r (quin 2-AM).

400 440 480 520
Wavelength (nm)
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Fig. 4.1. S truc tu re  and fluo re scen t emission spectra o f quin 2 
and i t s  e s te r (quin 2-AM).

A) S truc tu re  o f the fluo rescen t Ca:2̂ - in d ic a to r  dye, 
quin 2, and quin 2-AM. H yd ro lys is  of the este r y ie ld s  the 
che la to r te tra -a n io n , 4 molecules each of acetate and 
formaldehyde, and 8 protons (from  Tsien e t a l . ,  1982; Tsien, 
1981).

B) F luorescent em ission spectra o f quin 2 and quin  
2-AM. Samples were incubated w ith  quin 2-AM (50pM) as d e ta ile d  in  
sec tion  4 .2 .1 . A liq uo ts  o f synaptosomes fo r  emission spectra  
(~0.5mg p ro te in ) were e ith e r  taken immediately or a f te r  30min a t 
37*C and resuspended in  2.5ml o f Ca2^ assay b u ffe r con ta in ing  
1.2mM Ca^'*. F luorescent measurements were made using a Perkin  
Elmer MPF 44B spe c tro flu o r im e te r in  r a t io  mode as described  
elsewhere (Section 4 .2 .3 ; Tsien e t a l . , 1982). The e x c ita t io n
wavelength used was 339nm ( s l i t  w idth 4nm) and the em itted  
fluorescence scanned between 380 and 520nm ( s l i t  w id th lOnm). 
From the re su lta n t curves i t  can be seen th a t an a liq u o t taken 
immediately (cons is tin g  p r im a r ily  o f the l ip o p h i l ic  quin 2-AM) 
e xh ib its  a s ing le  peak a t an em ission wavelength of 432nm w h ils t,  
a f te r  30min a t 37 *C the h yd ro ly s is  o f the es te r (by endogenous 
esterases in  the c e l ls  or synaptosomes) to  produce the fre e  acid , 
quin 2, has resu lted  in  a s h i f t  in  the emission peak to  ^490nm.
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Fig. 4.2. Typica l trace  from a s in g le  experiment showing method 
of c a lib ra t io n  of [Caa-*3i from fluo rescence ...

Synaptosomes, incubated w ith  qu in 2-AM as ind ica ted  in  
M ate ria ls  and Methods, were resuspended in  Cai "*' assay b u ffe r  
con ta in ing  1.2mM Ca2-*- and placed in  a quartz cuvette . Samples 
were maintained a t 30*C by pumping water from a therm osta tted  
water bath around the cuve tte  ho lder. A fte r ad jus ting  the s igna l 
gain and s e n s i t iv i ty  c o n tro ls  to  g ive a 50% reading on the cha rt 
recorder, the sample was resuspended severa l times using a 1ml 
p ip e tte  and measurements continued u n t i l  a steady s igna l 
(rep resen ting the basal le ve l o f [Ca--^]! (F )) had been achieved.
At th is  time the cha rt recorder was s ta rte d ; KC1 <50/il; 50mM,
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f in a l  concentra tion) was added a t po in t 'K ' re s u lt in g  in  a rap id  
increase in  the fluo re scen t s igna l to  a maximum (Fi<) as the c e l ls  
are depo larised and the le ve l o f CCa2* ] !  r is e s . A fte r  th is  
tra n s ie n t had declined s ig n if ic a n t ly ,  the fluorescence values 
were ca lib ra te d , in  terms o f [ Ca2'*] i , by the fo llow in g  add itio n s : 
MnCl^ (15pl; 0.5mM, f in a l  concen tra tion ) was added a t the po in t 
shown (Mn) and ra p id ly  caused a decrease in  the s igna l to  a po in t 
FMn as the Hn'2-*' d isp laced Ca2"*’ • from any leached or unreacted  
e x tra c e llu la r  quin 2. This decrease in  the s igna l represents the 
c o n tr ib u tio n , to  the o ve ra ll fluorescence, o f the e x t ra c e llu la r  
dye and th is  value (FMn) was sub tracted from the previous  
fluorescence values (F and Fk ) p r io r  to  c a lc u la t io n  of [Ca2'H] i .  
(N. B. i t  is  on ly the i n i t i a l ,  rap id  decrease in  the fluo rescen t 
s ig na l upon the a d d it io n  o f MnCls which is  used in  the 
c a lib ra t io n  procedure since a f te r  =̂ 20s the Hn2 *" causes a slower, 
but pronounced decrease in  the s igna l as i t  enters the c e lls  or 
synaptosomes and quenches any in t r a c e l lu la r  quin 2). At th is  
po in t T r ito n  X-100 ( lO /il; 0.05% ( v /v ) , f in a l  concen tra tion ) was 
added (Tx) to  lyse the samples and a llow  access of the Mn2 ‘‘ to  
the in t r a c e l lu la r  quin 2. This re s u lts  in  a marked decrease in  
fluoresecence as the amount o f quin 2~Ca:2+‘ complex is  reduced. 
This represents the minimum fluorescence (Fmin) .as the apparent 
CCa2" ] !  ( InM. A dd ition  o f the heavy metal che la to r agent, DTPA 
(50pl; l. lm tt f in a l concen tra tion ) to  the cuvette  produces the 
maximum fluo rescen t s igna l <Fma»>c) as the Mn2'" is  chelated and the  
quin 2 is  satura ted w ith  Ga2^. S im ila r traces were obtained from  
samples incubated in  DMSO in  the absence o f quin 2-AM in  order to  
determine the amount o f autofluorescence o f each sample. 
Auto fluo rescen t values were subtracted from the above p r io r  to  
c a lc u la t io n  o f the [Ca2^ ] i  using the fo llo w in g  equation:

CCa2- ] i  = K* CF-Fr, in ) / ( F m̂ - F )
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inFig. 4.3. Basal and K*-stimulated levels of CCa-'li
synaptosomes in the presence and absence of BoMT.

(PREINQJBATED 60min/37°C -Quin 2 -AM)

BASAL lCa2*]i

□  Increased (Ca^^li due to SOmM KCl

Synaptosomes from ra t co rtex  (see section  4 .2 .1 ) were 
e ith e r  loaded immediately w ith  qu in 2-AM (Con tro l*) or
preincubated (60min, 3 7 *0  in  the presence of 3.6mM T r is  HC1, pH 
7.9 (C on tro l1) or 200nM to x in  (BoNT A or BoNT B) p r io r  to  quin 2 
load ing. Fluorescence measurements were made and ca lib ra te d  in  
terms o f [Ca*'*']i as ind ica ted  in  the legend to  Fig. 4.2. Values 
fo r  the basal CCa*'*']±, toge the r w ith  those upon depo la risa tio n  
w ith  50mM KCl were determined fo r  each o f the above samples. Mean 
values are shown fo r  the basal CCa**-] !  fo r  each sample (shaded 
bars), together w ith  the maximal le v e l reached a f te r  K""- 
depo la risa tio n  (unshaded bars). E rro r bars represent ± sem fo r  
the number of re p lic a te s  shown in  brackets (n ) .
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a model system in  assessing the e ffe c ts  of these to x in s  on 
re s t in g  and K^-depo larised [Ca2'" ] i .

4 .3 .3 . E ffe c t o f BoNT A and B on basal and K*~-depolarised C C ar'll
Level s_-

The basal [Cai:'* ']i in  co n tro l synaptosomes, incubated in  
the absence of to x in , was found to  be 266±22nM (sem, n=13; Fig.
4 .3 )  , s im ila r  to  the va lues . observed in  samples in to x ica te d  w ith
BoNT A (262±8nM). P re incubation w ith  BoNT B gave a s l ig h t ly  
higher value fo r  the mean le v e l o f basal [Ca':+] i  (306±16nM,
represen ting a 15% increase over the mean value fo r  the 
co n tro ls ) . D epo la risa tion  w ith  50mM KC1 increased the CCa2'h] i in  
con tro ls  to  492±33nlt w h ils t in  samples in to x ica te d  w ith  BoNT i t  
was increased to  -450nM. Thus, BoNT A appears to  have no e ffe c t  
on re s t in g  le ve ls  o f [Ca:2'+' ] i  w h ils t causing a s l ig h t  decrease in  
the le ve l upon K ^ '-depo la risa tion , BoNT B a lso produces a s lig h t  
increase in  the basal CCa:£* '] i w ith  a subsequent decrease in  the 
maximal le ve l o f C Ca^-"] i upon depo la risa tio n . The e ffe c ts  of BoNT 
on these parameters are summarised in  Table 4.1.

4 .3 .4 . E ffe c t o f BoNT on re s p ira t io n  ra tes  in  synaptosomes.
Incubation (90min, 3 7 *0  w ith  h igh concentra tions of BoNT 

B (400nM) had no s ig n if ic a n t e f fe c t on the re s p ira t io n  ra tes o f 
synaptosomes tre a ted  w ith  v e ra tr id in e , ouabain and FCCP (Fig.
4 .4 )  . S im ila r re s u lts  were obtained w ith  synaptosomes in to x ica te d
w ith  400nM BoNT A (data not shown). Release o f the amino acid , 
glutamate (measured as described elsewhere (Sanchez-Priesto e t 
a l. , 1987)), was shown to  be e f fe c t iv e ly  in h ib ite d  in  p a ra lle l
samples incubated w ith  these high concentra tions o f BoNT. The 
re s p ira to ry  s tim u la tio n  observed upon the a dd it io n  o f v e ra tr id in e  
is  presumably due to  the enhanced demand fo r  ATP to  d rive  the 
cyc lin g  o f Na" between the (Na^ + IC*")-dependent ATPase and the 
voltage-dependent Na*- channel. Since BoNT had no e ffe c t on the 
ve ra tr id in e -s tim u la te d  re s p ira t io n  ra te , th is  suggests th a t the 
(Na*" + K^) ATPase, the Na^ channel, m itochondria l substra te
supply, the re s p ira to ry  chain, the ATP synthetase and the
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Fig. 4.^. BoNl;_affect on respiration rates in synaptosomes.

Synaptosomes were prepared and resuspended in  C a ^ - fre e  
incuba tion  medium ( f in a l p ro te in  concen tra tion  2 .2 .mg/ml) as 
described in  sec tion  4 .2 .6 . Iifcuba tion  (90min, 3 7 *0  in  the
presence ( te s t) or absence (c o n tro l) o f 400nM BoNT B was performed 
in  id e n t ic a l oxygen e lec trode chambers w h ils t the ra te  o f oxygen 
consumption was monitored. At the p a in ts  ind ica ted  (arrows) 100/iM 
v e ra tr id in e  (V t), 10/iM-ouabain (Oua) and lpM FCCP were added to
each chamber and the changes in  oxygen consumption monitored on a 
cha rt recorder. P a ra lle l incuba tions under the same cond itions as 
above were made p r io r  to  measurement o f s tim u la ted  glutamate  
re lease as de ta ile d  elsewhere (Sanchez-Priesto e t a l . ,  1987). BoNT 
re su lte d  in  ) 80% in h ib i t io n  of K^-dependent tra n sm itte r release  
observed in  these samples.

- 1 M -



Tab le  4.1. E f f e c t s  o f BoNT (A and B) on C C a ^ l i  in  synaptosom es.

Synaptosomes
Control BoNT A BoNT B
CCa2-] i CCa2-]i % control [Ca2-]i 7, control

BASAL 266±22nX
(n=13)

262±8nK
(n=20)

98 306±16nX
(n=f7)

115

<50mK> K- 
depolarised

492±33nM
<n=13)

456±10nM
<n=20)

93 442±30nK
(n=t7>

89

% increase 
in (Ca2-]i 
due to K~

184 174 144

Synaptosomes were p re -incuba ted (60min, 3 7 *0  in  the  
presence o f ( f in a l concen tra tions) 3.6mM T r is  HC1, pH 7.9  
(Contro ls) or 200nM BoHT (A or B) p r io r  to  incuba tion  fo r  a 
fu r th e r  30min a t 37*C w ith  qu in 2-Att. Synaptosomes were washed 
and resuspended a t =10mg/ml in  Ca-"" assay b u ffe r ; fluo rescen t 
measurements and c a lib ra t io n  o f [Ca^*-] !  were made as d e ta ile d  in  
Fig. 4.2. Values fo r  the basal and K^-s tim u la ted CCa^'*"]! are 
expressed as a percentage o f the mean con tro l values. S im ila r ly ,  
the % increase o f C Ca2_t] i upon K ^-depo la risa tion  is  a lso shown 
fo r  con tro ls  and in  the presence o f each of the to x in  types. 
Values are shown in  terms o f C C a ^ ] x <nM) ± sem (the number o f 
re p lic a te s  fo r  each set o f experiments (n) is  shown in  b ra cke ts ).
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m itochondria l aden ine-nucleotide tra n s lo ca to r are a l l  s t i l l  
a c tiv e  in  in to x ica te d  nerve te rm ina ls  QTicholls e t a l. , 1985).
A fte r  ouabain a dd it io n , the subsequent ra te  o f re s p ira t io n
represents the basal re s p ira t io n  o f the m itochondria, together 
w ith  th a t requ ired  to  m ain ta in  synaptosomal ATP requirements 
o the r than those due to  the fta* pump. FCCP acts as a
m itochondria l uncoupler by ca ta ly s in g  proton u n ipa rt across the 
m itochondria l membrane. The increased re s p ira t io n  ra te  observed 
in  the presence o f FCCP is  due to  removal o f re s p ira to ry  con tro l 
and reve rsa l o f the ATP synthetase, re s u lt in g  in  increased ATP 
hyd ro lys is  (U icho lls , 1982).

4 .3 .5 . E ffe c t o f 4-am inopyrid ine (4-AP) on [Ca2*~1 v .
A dd ition  o f 4-AP (10-lOOOpM) to  quin 2 loaded

synaptosomes was fa llowed by a p ro trac ted  increase in  the  
fluorescence s ig na l; reaching a maximum a f te r  *30s. The increase  
in  CCa--'+' ] i  produced by 4-AP was dose-dependent but appeared to  be 
reaching sa tu ra tio n  a t the h ighest concen tra tion  used (1000/iM; 
Table 4 .2 ). However, the percentage increase in  [Ca--*-] !  a t th is  
concen tra tion  o f 4-AP was not as la rge  as th a t produced upon 
depo la risa tio n  using 50mM KC1 (Table 4 .1 ).
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Tab le  4.2.

Concentration dependence o f 4-am inopyrid ine on [C a ^ K .
4-A m in o p y r id in e

l 4-AP) 
pH

BASAL 
t Ca2- ] i

4-AP 
[ Ca2~ ] i

% in c re a s e  
o v e r  b a sa l

10 278±16nH
<n=6 >

318± 16nH
<n=6 )

14

100 288±4nH
(n=7 )

370±9nM
<n=7 )

28

1000 300±23nX
<n=8 )

400±32nX
(n=8 )

33

Synaptosomes were prepared and loaded w ith  quin 2 as 
ind ica ted  in  sec tion  4 .2 .1 . A fte r  a steady fluo rescen t s igna l had 
been a tta ined  fo r  the re s t in g  le ve l o f [Ca^"]*., 4-am inopyrid ine  
(4-AP) a t the f in a l  concen tra tions shown (10 ,100,lOOOpK) was 
added to  the suspension and fluo rescen t measurements continued. 
The 4-AP produced a gradual increase in  fluorescence, reaching a 
maximum a f te r  ^30s. The s ig na ls  were c a lib ra te d  as ind ica ted  
e a r l ie r  (see legend to  F ig. 4 .2 ) and the mean values fo r  bath the 
re s t in g  [ Ca2<] i  and the maximal le ve l a f te r  4-AP a dd it io n  are 
shown together w ith  the % increase over basal le ve ls . Values are 
shown ± sem fo r  the number o f re p lic a te s  ind ica ted  in  brackets  
(n ) .
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4.4. D is c u s s io n .

4 .4 .1 . The ro le  o f in t r a c e l lu la r  calc ium  in  neu ro transm itte r  
re lease.

The regu la tio n  o f c y to s o lic  Ca2'* p lays an important ro le  
in  the modulation o f many c e l lu la r  processes. D epo la risa tion  o f 
the nerve membrane re s u lts  in  an increase in  the c y to so lic  Ca2* 
a c t iv i t y  which appears to  act as a t r ig g e r  fo r  the re lease o f 
neuro transm itte r. Due to  the maintenance o f a charge d is t r ib u t io n  
across neuronal membranes, a membrane p o te n tia l can be measured 
using ion d is t r ib u t io n  techniques (Akerman and H icho lls , 1981a). 
The main component o f th is  p o te n tia l is  a K*- e q u ilib r ium  
p o te n tia l. Depo la risa tion -induced Ca2H in f lu x  and subsequent 
increase in  [Ca2^],. occurs v ia  s p e c if ic  voltage-dependent Ca2^ 
channels and can be induced a r t i f i c i a l l y  by increas ing  the 
exte rna l KK concentra tion , (thus reducing the membrane p o te n t ia l)  
and can be s e le c t iv e ly  blocked by some organic compounds such as 
verapam il, D-600 and n ife d ip in e  (Baker, 1972; Akerman and 
N icho lls , 1981b). Since the e x t ra c e llu la r  Ca2 H concentra tion  
is  u sua lly  around 10~:::iM, a c tiv e  tra nspo rt o f Ca2f' is  requ ired  to  
mainta in the g rad ien t o f th is  ca tio n  (Ca;::+out/Ca2+in = 10-3—103) 
across the plasma membrane. In tra te rm in a l o rgane lles such as 
mitochondria and endoplasmic re tic u lum  can accumulate sub s ta n tia l 
amounts o f Ca2"" ' i n  v i t r o ' (B lauste in  e t a l . ,  1980), however, 
McGraw e t a l. (1982) showed th a t m itochondria were unable to  
sequester Ca2~ i f  the fre e  concen tra tion  is  < 5x l0 “ 7H. Thus, a t 
the le ve ls  of CCa2“" ] i  t y p ic a l ly  present in  nerve te rm ina ls  (- 10“  
2M) m itochondria are u n lik e ly  to  regu la te  the re s tin g  le v e l o f 
[Ca2" ^ ! .  However, upon d epo la r isa tio n , the increased [Ca2* ] i  
O10~f5M) is  probably bu ffe red  by these organe lles (Akerman 
and N icho lls , 1981c) which may serve to  re tu rn  the [Ca2"*’] i 
to  i t s  i n i t i a l  basal le ve l. The main regu la to r o f
c y to so lic  Ca~* in  non-depolarised neurons is
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thought to  be the H a ^/C a^* exchange mechanism (Uachsen, 1985; 
B lauste in , 1974) in  which Ca2- e f f lu x  occurs in  exchange fo r  3-4 
Na- ions. Ca2"" may a lso be extruded from the cy toso l by an 
enzymic mechanism lin ked  d ir e c t ly  w ith  ATP hyd ro lys is , ca ta lysed  
by a Ca2-/Mg2- ATPase (Sobue e t a l . ,  1979; G i l l  e t a l . ,  1981).

4 .4 .2 . Quin 2; measurement o f [Ca2- ] i ,
F luorescent Ca2- - in d ic a to r  dyes have a number o f use fu l 
p rope rtie s . These inc lude having a high a f f i n i t y  fo r  Ca2'", low  
a f f i n i t y  fo r  Mg2- and H-, la rge  absorbance and fluorescence  
changes re s u lt in g  from Ca2-  che la tio n  (approximately 5 - fo ld  
increase from Ca-^-free to  Ca2--sa tu ra te d  forms) and l i t t l e  or no 
b ind ing to  membranes (Tsien e t a l . , 1982b). However, quin 2 has a 
number o f drawbacks as an in t r a c e l lu la r  Ca2'" in d ic a to r , fo r  
example i t  is  r e la t iv e ly  in s e n s it iv e  to  Ca2 - concentra tions above 
micromolar le ve ls , i t s  e x t in c t io n  c o e f f ic ie n t and quantum y ie ld  
are not very h igh and i t s  absorp tion spectrum overlaps  
s u b s ta n t ia lly  w ith  th a t o f endogenous fluo rescen t chromophores. 
Thus, in  order to  overcome the c o n tr ib u tio n  due to  c e l lu la r  
autofluorescence, i t  is  necessary to  load the c e l ls  w ith  
m illim o la r concentra tions o f the dye. This may re s u lt in  the quin  
2 ac tin g  as a Ca2- b u ffe r and may slow [Ca2" ] i  tra n s ie n ts  upon 
depo la risa tion . For the types o f experiment described here in  any 
such e ffe c t is  n e g lig ib le  since we are only in te re s ted  in  making 
a comparison in  the le v e ls  o f fluorescence between two sets o f 
samples ( in  the presence and absence of to x in ) loaded w ith  the 
dye in  exac tly  the same way. Thus any c o n tr ib u tio n  by the dye to  
the b u ffe r in g  o f [Ca2- ] i  tra n s ie n ts  would be equal in  both the  
te s ts  ( in  the presence o f to x in ) and the con tro ls . Larger 
in t r a c e l lu la r  quin 2 concen tra tions create a number of problems: 
1) the products o f quin 2 -AM hyd ro lys is  (formaldehyde) are to x ic  
to  synaptosomes and 2) since quin 2 is  such a good b u ffe r o f 
Ca2~", the la rge r the in t r a c e l lu la r  concen tra tion  of the dye, the 
g rea te r the apparent [Ca2- ] i .  Another problem in  the use o f quin  
2 in  such measurements a rise s  from the overlap in  the emission 
spectra between the free  ac id  and i t s  precursor, quin 2-AM (Fig.
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4 .1b). In e f f ic ie n t h yd ro ly s is  o f the e s te r to  the free  ac id  can 
re s u lt in  spurious s ig na ls  as some c o n tr ib u tio n  from the quin 2- 
AM to  the o ve ra ll fluorescence occurs. This has p rev ious ly  been 
in d ica ted  to  be a problem in  synaptosomes due to  a lack of 
endogenous esterases (Meldo lesi e t a l . , 1984). However, extensive  
washing o f synaptosomes e f fe c t iv e ly  removed a l l  unreacted es te r  
and i t s  hyd ro lys is  to  the free  ac id  was ro u t in e ly  monitored as 
shown in  F ig. 4.1b.-

In  order to  a llow  fo r  the c o n tr ib u tio n  to  the s ig na l o f 
any quin 2 which had leached from the samples, c a lib ra t io n  was 
made by a m od ifica tion  o f th a t described by Komulainen and Bondy 
(1987) and Hesketh e t a l. (1983; see F ig . 4.2) in  which Ith2*- was 
used to  compete w ith  Ca2*- fo r  b ind ing by quin 2. The a f f i n i t y  o f 
quin 2 fo r  Mn2̂  is  lO2 -7 g rea te r than i t s  a f f i n i t y  fo r  Ca2-*- and 
Mn̂ '*' (0.5mM) quenches quin 2 fluorescence by >99% in  the presence 
o f ImM Ca21-  (Hesketh e t a l . ,  1983). The i n i t i a l  decrease in  
fluorescence upon Mn2-'"' a d d it io n  was rap id , presumably due to  
quenching o f e x t ra c e llu la r  quin 2. Thereafte r, the value of 
[Ca2̂ ] !  decreased more s low ly , perhaps due to  Mn2" en te ring  the 
samples (Komulainen and Bondy, 1987) and thus a l l  readings of 
e x tra c e llu la r  dye were made w ith in  20s o f the a dd it io n  o f the 
Mn2:+'.

I t  is  important to  note here th a t due to  th e ir  nature, 
synaptosomes are very s e n s it iv e  to  the time o f incuba tion  since  
they are unable to  m ain ta in  continued energy supp lies and, hence, 
ion  grad ien ts . Thus, as the le ve ls  o f ATP dec line  w ith  increased  
time o f incubation , the le ve ls  o f CCa2:'*']i r is e . This is  
p a r t ic u la r ly  evident in  F ig . 4.3 where i t  can be seen th a t those 
synaptosomes used immediately fo r  fluorescence measurements 
y ie lded  ty p ic a lly  lower le v e ls  o f basal [Ca2+] t  than those 
preincubated fo r  90min a t 37*C (=212nM c . f .  =*266nlf re sp e c tiv e ly ) . 
These values agree w e ll w ith  the observations made by Sachsen 
(1985) in  which he notes th a t the basal tCa2+] i  in  synaptosomes 
w ith in  lOOmin was ^218nM and, upon incuba tion  a t 30*C, g radua lly  
increased to  =̂ 292nM over the next 140min. Other authors have 
estimated the re s t in g  le v e ls  of intrasynaptosomal calcium  to  be
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around lOOnM (Meldo lesi e t a l. , 1984; Richards e t a l. , 1984;
Ashley e t a l. , 1984), 220nM (Hansford and Castro, 1985; Nachsen,
1985) or even as high as 370nM (Komulainen and Bondy, 1987). The 
methods to  determine these values appear to  vary in  the 
procedures employed fo r  synaptosome prepara tion , the le ve ls  o f 
quin 2 used in  load ing and the method o f c a lib ra t io n  o f the  
fluorescence in  terms o f CCa2- ] ! .  Dne exp lanation fo r  the
d iscrepancies in  these values may be th a t more rap id  synaptosomal 
prepara tions have h igher esterase a c t iv i t ie s  ( re s u lt in g  in  
e f f ic ie n t  cleavage o f the quin 2-AM) and h igher le ve ls  o f ATP 
(enabling more e f f ic ie n t  maintenance of io n ic  g rad ien ts ).
F in a lly , measurements o f changes in  [Ca2+]± le ve ls  would be 
ir re le v a n t i f  load ing w ith  h igh concentra tions o f quin 2 resu lted  
in  a marked reduc tion  in  the s tim u la ted  neu ro transm itte r re lease. 
However, although modulation o f [Ca;2'H] i  tra n s ie n ts  a t h igh
[q u in  2 ] i would be expected, th is  was shown to  have no e ffe c t on 
s tim u la ted  neu ro transm itte r release from synaptosomes (Meldolesi 
e t a l . , 1984; Richards e t a l . ,  1984).

4.4. . E ffe c t o f BoNT on CCaa- ] i .
Studies using the c y to so lic  fluo rescen t in d ic a to r dye, 

quin 2, have allowed a number o f the hypotheses o f BoNT a c tio n  on 
CCa:2'+' ] i  (see General In tro du c tio n ; 1 .4 .4 ) to  be tes ted . The basal 
le v e l o f c y to s o lic  Ca-2^, the maximal increase upon K'"-
d epo la risa tion  and the ra te  a t which th is  tra n s ie n t dec lined  
could a l l  be monitored d ir e c t ly  and comparisons made between the  
le v e ls  o f [Ca:=“' ] t  in  samples incubated in  the presence and 
absence o f BoNT.

From the re s u lts  obtained, i t  is  apparent th a t, w h ils t 
BoNT A has l i t t l e  e f fe c t on basal [Ca2"-3i i t  causes a small 
decrease in  K'v-s tim u la te d  le ve ls  o f C Ca'"-] t . BoNT B, under the  
same cond itions , produces a s l ig h t  increase in  the basal ECa-'*']i 
w ith  a concomitant decrease in  the respective  value observed upon 
K’"-d epo la risa tio n  (Fig. 4 .3 ; Table 4 .1 ). The increase in  tC a ^ I i  
upon K” -d e po la ris a tio n  was due to  in f lu x  o f Ca^-- v ia  the vo ltage -
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dependent Ca2*" channels s ince th is  was e f fe c t iv e ly  blocked in  the 
presence o f 10/iM verapamil (data not shown). These observations  
would appear to  con firm  those made p rev ious ly  fo r  EoNT A, i .e .  
th a t the to x in  does not in h ib i t  the depo la risa tion -induced  in f lu x  
o f Ca2-*" in to  the nerve te rm ina l and, s im ila r ly ,  does not increase  
the enzymic d isposa l mechanisms fo r  CCa2^ ] ! ,  s ince the basal 
le v e l o f CCa24-] !  is  s im ila r  to  th a t in  the con tro l. Likew ise, the 
ra te  of dec line  o f the depo la risa tion -induced  [C a ^ l i  maximum 
(due to  [Ca2^ ] !  d isposa l) was a lso not s ig n if ic a n t ly  a lte re d  in  
e ith e r  o f the systems tes ted . Furthermore, BoNT was shown to  
have no e ffe c t on synaptosomal re s p ira to ry  capac ity , re s p ira to ry  
con tro l (see Resu lts ), ATP syn thes is , plasma membrane p o te n tia l 
o r A5Ca2'*' uptake upon depo la r isa tio n  (Sanches-Priesto e t a l. , 
1987). Based on the above and the fu r th e r  observation th a t 
in to x ic a t io n  was not overcome by increased e x tra c e llu la r  Ca2+ but 
was reversed by the Ca^/BH^-exchange ionophore, ionomycin, i t  
was proposed th a t exocytosis is  tr ig g e re d  by the pene tra tion  of 
Ca2* in to  an in t r a c e l lu la r  hydrophobic m ilie u  and th a t th is  step  
is  blocked by the to x in  because ionomycin is  able to  bypass i t  
and d e liv e r Ca2+- to  the e xo cy to tic  apparatus (Sanchez-Priesta e t 
a l ., 1987). However, w h ils t 4-AP has p rev ious ly  been reported to  
overcome the blockade of tra n sm itte r  -release induced by BoNT in  
the PNS (Cull-Candy e t a l . ,  1976), presumably by ra is in g  [Ca-”' ] i ,  
recent observations have suggested th a t 4-AP is  unable to  
overcome . the in to x ic a t io n  produced by BoNT in  cen tra l 
prepara tions (Ashton and D o lly , 1988). This would seem to  be 
confirmed by the small increment in  CCa2^ ] !  observed in  s im ila r  
prepara tions (Table 4.2) and would suggest a d i f f e r e n t ia l  
s e n s i t iv i t y  o f the two systems to  th is  compound.

BoNT B caused a s l ig h t  decrease in  the maximal le ve l o f 
[Ca;2'+' ] i  upon K ^-depo la risa tion  o f synaptosomes, exaggerated by 
i t s  s l ig h t  increase in  basal [Ca2* ^  (Table 4.1 ). This was not 
considered to  be a s ig n if ic a n t change due to  an increased ra te  of 
c y to s o lic  Ca2"" d isposa l s ince , upon incuba tion  w ith  high  
concentra tions o f BoNT B (400nM) n e ith e r a change in  the ATP/ADP 
r a t io  of such trea ted  nerve te rm ina ls  (Sanchez-Priesto e t a l . ,
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1987) nor an increase in  energy metabolism was observed in  to x in -
tre a ted  c . f .  c on tro l p repara tions (F ig . 4 .4 ). This change in  the

h o u z & v g j rle v e l o f K'^-induced C a^ in f lu x  cannot be igno red / s ince, in  theScxacVo  ̂- f \ r W a S >re lease o f DA from synaptosomes, Nachsen^(i987) haste shown, using  
Fura 2, th a t tra n sm itte r  re lease increases s teep ly  in  a non­
lin e a r  re la tio n sh ip  w ith  increased CCa:::'* ] i .  This would imply th a t 
small changes in  the inward Ca^-*" cu rre n t, or in  the re s t in g  Ca-" 
le v e l in  the cy toso l o f the nerve te rm ina ls , ’ may have 
d isp ro p o rtio n a te ly  la rge  e ffe c ts  on tra n sm itte r re lease. One 
p o s s ib i l i t y  is  th a t BoNT may act by s e le c t iv e ly  b lack ing  a small 
popu la tion o f Ca-*- channels in  the immediate v ic in i t y  o f the 
a c tiv e  zones. This would cause a lo ca lis e d  decrease in  ECai * ']i 
which may re s u lt in  the Ca-^-dependent ' t r ig g e r 1 mechanism 
f a i l in g  to  produce tra n sm itte r  re lease.

In summary, w h ils t BoNT A or B, under cond itions  shown to  
produce s ig n if ic a n t in h ib i t io n  o f neu ro transm itte r release from  
synaptosomes, may exe rt th e ir  e ffe c ts  by s e le c t iv e ly  b lack ing  
the en try  of Ca*"* upon d epo la risa tio n , thus lowering the 
depo la risa tion -induced  maximal [ Ca '̂*"] i , they do not appear to  act 
by lowering the basal [C a - '- ] i by s tim u la tin g  energy-dependent 
disposa l systems. However, BoNT may have a d ire c t a c tio n  on the 
re lease mechanism i t s e l f  -  poss ib ly  by lowering the a f f i n i t y  fo r  
Ca-““ of an enzymic step c ru c ia l to  the e xocy to tic  process such 
th a t s tim u la ted  re lease cannot take place.
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C H A P T E R  5

GENERAL DISCUSSION
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5.1. Introduction.
From the observations presented here in  (see Chapters 2 

and 3) i t  would appear th a t, as p rev ious ly  reported fo r  BoNT A 
(W illiam s e t a l. , 1983), the acceptor fo r  BoNT B in  the CHS may 
in vo lve  s ia l ic  ac id  con ta in ing  m oieties. Indeed, the . evidence 
would appear to  suggest a poss ib le  assoc ia tion  o f gang lios iae  
m oieties w ith  the acceptor components e x h ib it in g  high a f f i n i t y  fo r  
the la t t e r  to x in  type. In  th is  chapter, the nature o f these 
m oieties, th e ir  pass ib le  fu n c tio n s  and the ways in  which these may 
be lin ked  w ith  the in to x ic a t io n  produced by BoHT are evaluated. 
Furthermore, p u ta tive  mechanisms o f the in t r a c e l lu la r  a c tio n  o f 
BoNT are discussed in  re la t io n  to  the experimental evidence.

5 .2 . The nature o f gang lios ide molecules.
Gangliosides, f i r s t  id e n t if ie d  in  b ra in  by Klenk (1935), 

comprise a fam ily  o f a c id ic  g ly c o lip id s  th a t are characterised by 
the presence of n ega tive ly  charged s ia l ic  acid  m oieties. They are  
amphipathic molecules i .e .  con ta in  both a h yd ro ph ilic  carbohydrate  
group and a hydrophobic ' t a i l '  reg ion . The carbohydrate p o rtio n  
cons is ts  o f s ia l ic  ac id  molecules, hexoses and N -acety la ted  
hexosamines. The hydrophobic (ceramide) moiety is  be lieved to  act 
as an anchor in  the plasma membrane and cons is ts  o f a long-chain ' 
f a t t y  acid  lin ked  to  the C-2 carbon atom of the amino a lcoho l 
sphingosine by an amide bond. O ligosaccharides are lin ked  v ia  a 
g ly co s id ic  bond to  C -l o f the sphingosine p o rtio n  o f ceramide. In  
the case o f mammalian b ra in  gang lios ides , s ia l ic  acids are loca ted  
a t the non-reducing and/or in te rn a l galactose residues of neu tra l 
saccharide chains. Although a lso present on non-neuronal tis sues  
as very minor con s titu en ts  (Viegandt, 1982; Ando, 1983), 
s ia lo g ly c o lip id  accounts fo r  an estimated 10% of the to ta l l ip id  
content o f the neuronal plasma membrane (Ledeen, 1978). The amount 
of lip id -bound  s ia l ic  ac id  is  approximate ly tw ice th a t observed 
fo r  prote in-bound s ia l ic  acid  in  the neuron, a s itu a t io n  reversed, 
in  o ther c e l l  types. These s tru c tu re s  show great d iv e rs ity  as a 
re s u lt o f the combination o f neu tra l o ligosaccharides o f various  
chain lengths and d if fe re n t numbers o f s ia l ic  acid  residues. The
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length o f the spacer neu tra l o ligosaccharides, together w ith  the 
degree o f branching, as w e ll as the number o f s ia l ic  ac id  
residues, may a ffe c t the dens ity  o f negative charge a t the 
membrane surface and regu la te  s p e c if ic  b ind ing  phenomena. Even the  
d is t r ib u t io n  o f gang lios ides on the c e l l  surface may be o f 
fu n c tio n a l importance, s ince i t  has been observed th a t they do not 
appear evenly d is tr ib u te d , but ra th e r e x is t in  c lu s te rs  
surrounding • membrane-bound p ro te in s  as fu n c tio n a l aggregates 
(Sharom and Grant, 1978; Yamakawa and Hagai, 1978; Lee and Grant, 
1980).

Gangliosides are norm ally c la s s if ie d  according to  th e ir  
backbone s tru c tu re  of n eu tra l o ligosaccharides (Svennerholm, 
1963). The s tru c tu re s  of the major gang lios ides are shown below 
(from Ando, 1983).

Gangliotetroose Ceramide

N
Sphingosine

H
o - c h 2 ;c '„ .£v

hX s \ ”2 ,
0* S 'S > toVnO<3

5 *  N «CH r>12C« 3  
H

.1

Ratty acid

5.1. Structures of mammalian gangliosides with a gangliotetraose (GgOseJ backbone.

The enzymes responsib le  fo r  gang lios ide  b iosyn thes is are 
present on the c e l l  surface membrane and may be associated as an 
enzyme complex (Roseman, 1970). Gangliosides in  a precursor pool 
and newly formed molecules are less accessib le  to  neuraminidase 
than o lde r molecules arranged in  membranes (Caputto e t a l . ,  1976). 
Soluble forms o f gang lios ides, even though a t very low  
concentra tions, have been demonstrated in  ra t b ra in  synaptosomes
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(Ledeen e t a l. , 1976) as in  bovine b ra in  co rtex  (where c y to s o lic
gang lios ides form so lub le  complexes w ith  p ro te in  in  a d e f in ite  
r a t io ;  Sonnino e t a l . ,  1979). Gangliosides are p r in c ip a l ly  
synthesized in  neuronal pe rika rya  and transpo rted  to  nerve endings 
toge the r w ith  macromolecules (Ledeen e t a l . ,  1976; Landa e t a l . ,  
1979) a lthough lo c a l syn thes is w ith in  the axon and nerve endings 
(Ledeen e t a l . ,  1976; Tettamanti e t a l . ,  1980) or a t the plasma 
membrane (P re ti e t a l . , 1980) cannot be excluded.

5 .3 . Poss ib le .-functions o f gang lios ides in  to x in  action .

5 .3 .1 . Gangliosides as acceptors fo r  b a c te r ia l tox ins .
Since the observa tion by van Heyningen (1971) th a t  

cho lera to x in  may bind to  c e l l  membranes through gang lios ides  
these moieties have been im p lica ted  in  the s p e c if ic  b ind ing o f 
other b a c te r ia l to x in s , in c lu d in g  Tetx (van Heyningen, 1974) and 
BoUT (Kitamura e t a l. , 1980; see a lso Chapters 2 and 3). The
b ind ing  o f cholera to x in  (con s is tin g  o f 1A and 5B subunits) to  the  
monosialoganglioside Gmi has been w e ll-cha rac te rised  (van 
Heyningen e t a l . ,  1971; Cuatrecasas, 1973; Holmgren e t a l . ,  1973) 
and appears to  be mediated by the f iv e  B subunits (Cuatrecasas, 
1973; Holmgren e t a l. , 1973; van Heyningen, 1974; DeVolf e t a l . ,
1981) w h ils t the A subun it, or pa rt o f i t ,  crosses the membrane 
and is  invo lved in  the a c t iv a t io n  of adenylate cyclase (G il l  e t 
a l . , 1975; Bennett e t a l . ,  1975). The conformational change
requ ired  fo r  the in s e r t io n  o f the A subunit may be as a re s u lt o f 
m u ltiv a le n t b ind ing of one to x in  molecule to  several gang lios ide  
acceptors and a re d is t r ib u t io n  o f surface components by la te ra l  
movement of the to x in -g a ng lio s id e  complex (patch ing and capping) 
in  the f lu id  phase since th is  has been demonstrated in  lymphocytes 
(Bennett e t a l. ,  1975; Revesz and Greaves, 1975).

Binding of Tetx to  i t s  gang lios ide  acceptor(s) appears 
to  be fo llowed (a t 3 7 *0  by the rap id  in te rn a lis a t io n  o f the  
to x in -accep to r complex as v isu a lis e d  by in s e n s it iv i ty  to  
neuraminidase in  cereb ra l neuron cu ltu re s  (Yavin e t a l. , 1983).
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However, as d e ta ile d  by these authors, th is  in s e n s i t iv i ty  to  the 
enzyme could be due to  a number o f p o s s ib i l i t ie s  in c lud in g ; (1) 
temperature-dependent tra n s fe r  o f the to x in  from i t s  gang lios ide  
acceptor to  another recep to r la ck in g  s ia l ic  acid ; (2) a chemical 
m od ifica tio n  of the s ia l ic  acid  moiety or s te r ic  hindrance by the 
to x in -re ce p to r complex p reventing  access o f the enzyme to  i t s  
substra te  or (3) the existence o f two classes o f acceptors fo r  the 
to x in , one o f which is  in s e n s it iv e  to  the enzyme. S im ila r work on 
primary cu ltu re s  o f mouse sp ina l cord neurons (C r itc h le y  e t a l. ,
1985) and on a neurob lastom a-re tina hyb rid  c e l l  l in e  (N18-RE-105;
Staub e t a l. , 1986) using antiserum  to  Tetx and 1 I - la b e lle d  
p ro te in  A chase experiments (toge ther w ith  in d ire c t
immunofluorescence) or pronase d ig e s tio n  o f 1:2GI- to x in  -acceptor 
complex has fu r th e r  ind ica ted  th is  rap id  (<15min/37’ C) 
in te rn a lis a t io n  o f Tetx. This in te rn a lis a t io n  process appears to  
be energy-dependent since mfittabolic in h ib ito rs  prevented uptake of 
the to x in  w ith  no apparent e f fe c t on i t s  b ind ing (Staub e t a l . ,
1986) . Thus, i t  would appear th a t a b ind ing step is  fo llowed by a
rap id , energy-dependent, in te rn a lis a t io n  process. However, in  
these as w ith  o ther s tud ies  (Schwab and Thoenen, 1978; Montesano 
e t a l . ,  1982), uptake of to x in  bound to  i t s  acceptor on the c e i l  
surface is  not complete and may con firm  the possib le  existence of 
'e f fe c t iv e  and in e f fe c t iv e ' recep to r components as proposed by 
Zimmerman and P i f f a r e t t i  (1977). Furthermore, the in te rn a lis e d
to x in  appears to  be associa ted p r im a r ily  w ith  non-lysosomal
s tru c tu re s  (smooth ves ic le s ) and not w ith  coated p its  (C r itc h le y  
e t a l . ,  1985; Montesano e t a l . ,  1982) which may exp la in  the
to x in s ' e xcep tio na lly  long h a l f - l i f e  (=6 days; C r itc h le y  e t a l . ,  
1985).

There appears to  be a remarkable degree of s im i la r i t y  
between Tetx and BoNT in  th e ir  s tru c tu re , b ind ing a c t iv i t y  and 
poss ib ly  th e ir  mode o f a c tion . Some of these are d e ta ile d
elsewhere (section 1.5; Habermann and Dreyer, 1986). 
Evidence, presented here in  (Chapters 2 and 3) would tend to  
in d ica te  tha t the acceptor fo r  BoHT B may be associated w ith  a 
gang lios ide  moiety. The nature of the acceptors fo r  the o ther
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botulinum  to x in  types, w h ils t a lso  seeming to  invo lve  s ia l ic  acid  
m oieties, poss ib ly  in  a ssoc ia tion  w ith  a proteinaceous  
component(s) (at le a s t fo r  BoMT A; W illiam s e t a l. , 1983) is  less  
w e ll defined but again im p lica tes  the poss ib le  fu n c tio n a l 
importance of the gang lios ides. In  the. case of BoUT these 
e x tra c e llu la r  acceptors appear to  confer s p e c i f ic i ty  on the  
to x in s ' in te ra c t io n  w ith  the presynap tic ch o lin e rg ic  nerve 
te rm ina l in  both the PNS (D o lly  e t' a l. , 1986a, b) and CMS (see
Chapter 3 ).

I f  the acceptor m o ie ties an presynaptic neurons in  the 
PNS, responsib le fo r  the tra n s lo c a tio n  o f BoMT from the  
e x tra c e llu la r  membrane to  an in t r a c e l lu la r  compartment (D o lly  et 
a l. , 1986a, b ) , and u lt im a te ly , to  th e ir  s ite ( s )  o f a c tio n  are
s im ila r / id e n t ic a l to  those observed in  the CHS then th is  would 
suggest a ro le  fo r  s ia l ic  a c id -con ta in in g  m oieties, and poss ib ly  
gang lios ides, in  receptor-m ediated endocytosis. This ra ises  a 
number o f questions however: What is  receptor-mediated
endocytosis? Can gang lios ides p a r t ic ip a te  in  th is  process? and 
does th is  play an important ro le  in  the pathology of in to x ica tio n ?

5 .3 .2 . Receptor-Mediated Endocytosis (RME): 
possib le  ro le  in  BoNT in te rn a lis a t io n .

This is  an energy-dependent mechanism whereby ligands  
bound to  h ig h -a f f in i t y  acceptors on the e x t ra c e llu la r  membrane are 
in te rn a lis e d . Many o f the s tud ies  o f th is  process have been made 
on f ib ro b la s ts  which possess recep to rs fo r  in s u lin , epidermal 
growth fa c to r  (EGF), low -dens ity  l ip o p ro te in  (LDL), d ip h the ria , 
s h ig e lla  and pseudomonas to x in s . These re cep to r- lig and  (R-L) 
complexes move to  spec ia lised  reg ions o f the membrane by random 
d if fu s io n  and form c lu s te rs  in  areas known as coated p its  -  f i r s t  
demonstrated by Roth and P o rte r (1964). These coated p its  provide  
an en try  route fo r  a v a r ie ty  of ligands in te ra c t in g  w ith  
p h y s io lo g ic a lly  important recep to rs as above and ca lc u la tio n s  
based on the m o b il i t ie s  o f f lu o re sce n tly  la b e lle d  l ip id s  or 
p ro te in s  have ind ica ted  th a t each recep to r w i l l  encounter a coated
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p i t  every 4-5 seconds (Schlessinger e t a l.  , 1978; M axfie ld  e t a l . ,  
1981), fa s t enough to  account fo r  the rap id  in te rn a lis a t io n  of 
some ligands. Phase-contrast microscopy revealed th a t the uncoated 
ves ic le s  con ta in ing  the ligands (receptosomes) are probably not 
lysosomes (which are 'phase-dense'; Pastan and W illingham, 1981b). 
These receptasomes (ranging in  s ize  from 2500-4000A in  diameter) 
are o fte n  seen near coated p i t s  (1500A in  diameter) and are 
believed to  be derived from these s tru c tu re s .

M ate ria ls  which do not bind to  s p e c if ic  receptors en te r 
c e l ls  v ia  non -spec ific  endocytosis in  another organe lle  termed a 
'pinosome' which fuses w ith  lysosomes and whose contents are then 
ra p id ly  degraded (W illingham e t a l . ,  1979).

Galloway e t a l. (1983) used the flu o re sce in  spectrum to  
demonstrate tha t is o la te d  endocy to tic  ves ic le s  became a c id if ie d  in  
the presence of ATP. This would appear to  con firm  the existence in  
these organe lles o f the ATP-driven proton pump described by 
Schneider (1981). Many ligands d is so c ia te  from th e ir  recep to rs a t 
low pH (in c lu d in g  LDL, lysosomal enzymes and a s ia log lycop ro te in s )  
and would thus a llow  the unoccupied recep to rs to  re tu rn  to  the  
c e l l surface. This e ffe c t o f pH on lig and -re cep to r uncoupling and 
re c yc lin g  is  most c le a r ly  demonstrated in  the s tud ies made on 
t r a n s fe r r in  (Dautry-Varsat e t a l . , 1983).

O ppo rtun is tic  ligands, in c lu d in g  to x in s , can a lso use 
the acid  pH of the endosome to  ga in en try  in to  the cytoplasm e.g. 
d ip h the ria , Tetx and BoNT are be lieved to  bind to  c e ll-s u r fa c e  
recep to rs and enter the endosome where the acid  pH induces a 
conformational change th a t a llow s an a c tiv e  po rtio n  of the to x in  
to  cross the membrane and enter the cytoplasm (Donovan e t a l . ,  
1981; Boquet and D u flo t, 1982; Shone e t a l. , 1987; Hoch e t a l . ,  
1985). In  the cases o f BoNT and Tetx the acid pH (<5) in  the  
endosome may a llow  a conform ationa l change in  the heavy chains 
th a t exposes a hydrophobic reg ion  which can in s e r t in to  the l ip id  
membrane and form pores. These pores are large enough to  a llow  the  
passage o f MAD"" as w e ll as ions. The process of pore fo rm ation  
appears to  be mediated by the 50000 NH- te rm ina l of the heavy 
chains of both to x in s  (the H  ̂ fragment of BoNT; Shone e t a l. ,
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1987) w h ils t the l ig h t  chains are in a c tiv e  a t any pH. Hoch e t a l.  
(1985) proposed th a t these to x in  fragments may act as 'tu n ne l 
p ro te in s ', a llow ing  the tra n spo rt o f a c tive  peptide fragments o f 
the to x in s  across the endosomal membrane o f a c id ic  ves ic le s . Thus, 
i t  would appear th a t the 3 d is t in c t  reg ions o f BoNT (namely H i, H  ̂
and l ig h t  chain; see Fig. 1.1) are each responsib le  fo r  one o f the  
steps in  the process o f in to x ic a t io n  (Shone e t a l . , 1987). B ind ing  
o f the to x in  to  the presynaptic nerve surface is  mediated by the  
Hi fragment (Shone e t a l . , 1985). The to x in , bound to  i t s  acceptor 
is  endocytosed, apparen tly by acceptor-mediated endocytosis (D o lly  
e t a l . , 1984) and the ves ic le  is  a c id if ie d  (Galloway e t a l . , 1983) 
re s u lt in g  in  a conform ationa l change in  the H  ̂ fragment a llow ing  
i t s  in s e r t io n  in to  the membrane and the poss ib le  tra n s lo ca tio n  
in to  the cytoso l o f an 'a c t iv e  fragment' which is  proposed to  be 
e ith e r  the l ig h t  subun it or the whole to x in  -  the la t t e r  
apparently being more l ik e ly  since in t r a c e l lu la r  in je c t io n  o f 
in ta c t BoNT A d ir e c t ly  in to  the ch o lin e rg ic  c e l l  bodies o f A p ly s ia  
in h ib ite d  tra n sm itte r re lease (D o lly  e t a l . ,  1987c). This  
proposed pathway o f RHE and subsequent processing o f BoNT has 
apparently been demonstrated in  the pe riphe ra l nervous system  
(D o lly  e t a l . ,  1984; Black and D o lly , 1986a,b, 1987) and i t  would 
appear th a t, i f  the. acceptors fo r  these to x in s  are s im ila r  in  the  
PNS to  those observed in  the CNS, th is  process is  mediated by 
s ia log lycopep tides ( fo r  BoNT A; W illiam s e t a l. , 1983) or 
gang lios ides (BoNT B; Evans e t a l . ,  1986).

In the cases o f BoNT A and B, b ind ing o f to x in  to  a 
s in g le  acceptor moiety may e x h ib it  lo w -a f f in i t y  w h ils t c ross- 
l in k in g  o f groups in  the membrane by a s in g le  to x in  molecule 
(s im ila r  to  the m u ltiv a le n t b ind ing  o f cholera to x in  to  Givn 
gang lios ides (DeVolf e t a l . ,  1981)) may re s u lt in  the apparent 
h ig h - a f f in i t y  s ite s  seen under Scatchard ana lys is . This poss ib le  
c ro s s - lin k in g  reac tion  has been shown to  be a p re re qu is ite  in  the  
endocytosis of some molecules and may a lso be important in  the  
rap id  in te rn a lis a t io n  o f the BoNT (although no evidence e x is ts  fo r  
th is  hypothesis). Furthermore, Gammon and Ledeen (1985) 
demonstrated the presence in  b ra in  o f a cytoplasm ic p ro te in
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capable of ganglioside transfer from membrane to membrane. If this 
transfer were to occur In the presence of bound toxin this protein 
may play a role in trans-synaptic transport of BoIT. The possible 
involvement of gangliosides per se in the binding and
internalisation of both Tetx and BoIT is complicated by the fact 
that these charged moieties may interact with one-another, with 
surrounding membrane components or with the toxin.

Thus, in answer to the questions proposed earlier, it
would appear that ganglioside moieties may well play a role in
some form of acceptor-mediated endocytosls since they can be•jftinternalised through several pathways. However, whether this 
mechanism is similar to the classical energy-dependent receptor- 
mediated endocytotic pathway is not clear from the literature. 
Furthermore, the importance of the internalisation process is 
questionable since injection of native toxin directly into the 
neurons of Aplysia also produces a blockade in release of 
neurotransmitter (Dolly et al., 1987c), suggesting that some form 
of toxin processing during RME is not essential for expression of 
toxicity.

5.3.3. The role of gangliosides in neurotransnitter release.
As indicated in the General Introduction (see section

1.3) there are several steps involved in neurotransmitter release.
Depolarisation of the neuronal membrane results in Ca*"' influx
into the presynaptic nerve terminal which causes evoked release of
neurotransmitter, possibly via fusion of synaptic vesicles with
the presynaptic membrane or cytosolic release via a direct gating
system (for review see Dunant, 1986). Ganglioside moieties may
play a direct/indirect role at any one of these steps and hence
modulate the neurotransmitter release process. Reports that an
antibody directed against the monoslaloganglioslde G m  can. enhance
the depolarisation-induced release of neurotransmitter GABA from
rat brain slices have been published (Frieder and Rapport, 1981, y

1987). Furthermore, this effect appears to implicate a role for
this ganglioside species in ion channels, producing Increased K'*'-
or veratridine- stimulated- GABA release whilst not affecting that
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observed in  the presence o f the Ca^'-ionophore A23187 (F riede r and 
Rapport, 1987). Since e lim in a t io n  o f the involvement o f Ha - 
channels d id  not a f fe c t the a c tio n  o f the an tibod ies , whereas 
e lim in a t io n  o f the involvement o f C a ^  channels abolished th e ir  
e ffe c t ,  i t  was suggested th a t the gang lios ide , Gm, may
p a r t ic ip a te  in  the fu n c tio n  o f Ca3^ channels invo lved in  GABA 
re lease . Antibod ies to  these gang lios ides  lo c a lis e  on the c e l l  
surface ra th e r than in t r a c e l lu la r ly  (Laev e t a l . , 1978) and these 
gang lios ide  m oie ties possess a h igh a f f i n i t y  fo r  Ca3 *' and Jig-” 
ions (Sharom and Grant, 1978). Furthermore, since b ind ing o f these 
d iv a le n t ca tions is  pos tu la ted  to  a l t e r  the e x c i t a b i l i t y  o f 
membranes (Rahman , 1983), gang lios ide  m oie ties may p lay a ro le  in  
Ca3"*" b ind ing  to  -  and tra n sp o rt through -  the membrane. The 
observa tion th a t these same an tib od ie s  were in e f fe c t iv e  on o ther 
neu ro transm itte r systems (se ro ton in  and noradrena line ; F riede r and 
Rapport, 1981) was expla ined by a topograph ica l d is t r ib u t io n  o f 
the gang lios ide  Gmi w ith  respect to  the ion channels which va rie s  
in  the d if fe re n t n e u ro tra n sm itte r-s p e c if ic  te rm ina l membranes. 
Furthe r evidence fo r  an in te ra c t io n  between glycoconjugates and a 
Ca2"*" channel has been obtained by s tudy ing  the e ffe c t o f the  
te tra v a le n t le c t in ,  Concanavalin A (Con A), on Kv-dependent uptake 
o f ^-'Ca-*- in  PC12 c e l ls  (Greenberg e t a l . , 1987). Contrary to  the  
e ffe c t observed in  lymphocytes (Tsien e t a l . ,  1982) Con A d id  not 
produce membrane d e po la r is a tio n  in  PC12 c e l ls  nor d id  i t  re s u lt in  
increased b ind ing  o f ASCai:+’ to  the c e l l  membrane but ra th e r  
appeared to  have a s p e c if ic  a c tio n  on the voltage-dependent Ca--” 
channel which, as assessed by 3H -la be lle d  an tagon is t b ind ing , 
appears to  be a g lycop ro te in  (C u rtis  and C a tte ra ll,  1984; Borso tto  
e t a l. , 1985). From these observa tions and those made in  the
d iscuss ion  to  Chapter 4, i t  is  pass ib le  th a t the e f fe c t o f BoHT on 
in h ib i t io n  o f neu ro transm itte r re lease may be as a d ire c t  
consequence o f b ind ing  to  s im ila r  g lycop ro te in s  in  the neuronal 
membrane which represent a subpopu la tion o f Ca3^ channels in  the  
v ic in i t y  o f the a c tiv e  re lease zones (see la te r  in  d iscuss ion fo r  
more d e ta i l) .
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In  con tra s t to  the observa tions th a t gang lios ides could  
mediate io n ic  events a t the membrane surface which modulate 
tra n s m it te r  re lease, the p o s s ib i l i t y  o f an in t r a c e l lu la r  ro le  fo r  
such m oie ties has a lso been proposed (Simmoneau e t a l . ,  1980). 
D ire c t in je c t io n  o f e ith e r  ruthenium  red or neuraminidase in to  
both c h o lin e rg ic  o r n on -cha lin e rg ic  neurons o f A p ly s ia , produced a 
blockade in  synap tic  transm iss ion  w ith  no apparent e f fe c t on 
membrane conductance, spike conductance o r Ca-'2'*- pe rm eab ility  in  
the presynap tic te rm in a l, and no e f fe c t  on postsynap tic ACh 
recep to rs . Based on these observa tions Simmoneau e t a l. (1980) 
proposed th a t s ia l ic  ac id  fragments o f gang lias ides and/or 
s ia lo g ly co p ro te in s , capable o f b ind ing  Ca24-, were located in  close  
p ro x im ity  to  the Ca2*- channels o f the te rm ina ls  and th a t, during  
the presynaptic d epo la r isa tio n , Ca2"4' en ters , binds to  the  
nega tive ly  charged s ia l ic  acids and causes conform ationa l changes 
o f the macromolecules invo lved  in  tra n s m it te r  re lease. Removal o f 
these in t r a c e l lu la r  s ia la te d  m o ie ties abo lishes these changes and 
hence prevents tra n sm it te r  re lease. Since gang lias ides are 
im portan t in  re g u la tin g  the negative charge o f the presynaptic  
membrane and the f l u i d i t y  o f membranes, a l l  o f the above 
observa tions could be dism issed as secondary e ffe c ts  or a r t i f a c ts  
due to  the decreased negative charge o f the membrane by the 
aforementioned treatments. However, i f  the above observations were 
co rre c t then the p o s s ib i l i t y  would e x is t th a t the  
gang lio s id e /g ly co p ro te in  acceptor m o ie ties fo r  BoHT could a lso be 
fu n c t io n a l components which, upon b ind ing  o f BoHT prevented  
tra n s m it te r  re lease. I f  the e x t ra c e llu la r  presynaptic s ia la te d  
acceptors fo r  BoNT were fu n c tio n a l then to x ic i t y  would be observed 
upon to x in  b ind ing  and th is  would be expected to  be reversed by 
removal o f the bound to x in  using an tibod ies . This does not appear 
to  be the case however, as Simpson (1981) proposed th a t there are 
a t le a s t 3 d is t in c t  phases o f to x in  a c tio n ; 1) b ind ing  2) 
in te rn a lis a t io n  and 3) expression o f t o x ic i t y  (w ith  both o f the  
f i r s t  two steps being requ ired  before the expression o f the la t t e r  
s ince , using a n t i- to x in  an tibod ies , bound to x in  could be removed
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from i t s  acceptors and i t s  e f fe c ts  on tra n sm itte r  release negated 
(Simpson, 1981)).

5 .4 . Possib le mechanism(s) o f a c tio n  of BoNT.
In a ttem pting to  e lu c id a te  the molecular mechanism(s) o f 

the a c tio n  o f BoNT, a v a r ie ty  o f tis su e  p repara tions have been 
s tud ied  in c lu d in g  the neuromuscular ju n c tio n , synaptosomes and 
neuronal hyb rid  c e l l  l in e s . Much data has accumulated from each o f 
these model systems and ye t con troversy in  these fin d in g s  has 
meant th a t the mechanism o f to x in  a c tio n  is  s t i l l  not f u l l y  
cha racte rised . Problems a ris e  in  th a t gross e x tra p o la tio n  o f data 
from one model system to  another, d if f e r in g  in to x ic a t io n  
cond itio ns  (e.g. incuba tion  time and temperature) and u t i l is a t io n  
o f d if fe re n t to x in  types (even d if fe re n t  s tra in s  of the same 
to x in )  has re su lted  in  many hypotheses from one system 
subsequently being disproved in  another. Furthermore, the  
p o s s ib i l i t y  e x is ts  th a t each of the to x in  types (A-G) may have a 
d if fe re n t s ite  of a c tio n  w ith in  the neuron.

Since, a t the neuromuscular ju n c tio n , nerve s tim u la tio n  
acce le ra tes the ra te  o f muscular p a ra ly s is  (Hughes and Vhaier, 
1962) and the in to x ic a t io n  produced is  dependent on the presence 
o f Ca-"" ions in  the incuba tion  f lu id  (Simpson, 1971, 1973), i t
would appear th a t in t r a c e l lu la r  Ca2+ or in i t i a t io n  o f tra n sm itte r  
re lease is  necessary before the to x in  can exe rt i t s  p a ra ly t ic  
e ffe c t .  However, i t  is  not known whether the process o f nerve 
s tim u la tio n  and/or the presence o f Ca^" p lay an important ro le  in  
the f in a l  stages o f in h ib i t io n  or whether they are invo lved in  the  
la t t e r  stages of in te rn a lis a t io n  in to  the nerve endings. From the  
observed a b i l i t y  o f the to x in  to  in h ib i t  the release of many 
t ra n sm it te r  types (see e a r l ie r )  i t  would appear th a t in to x ic a t io n  
was due to  the in h ib i t io n  o f a process in  the release mechanism 
which may be common to  many n e u ro tra n sm itte r-s p e c if ic  te rm ina ls .

In  order to  t r y  and e lu c id a te  the mechanism o f BoNT 
a c tio n  we stud ied  the e f fe c t o f BoNT A on the assembly and 
disassembly of d issoc ia ted  ch ick  m icro tubu les ' in  v i t r o ' and on
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fa s t axonal tra n spo rt ' i n  v iv o ' using excised ch ick  dorsa l roo t 
gang lia  in  primary c u ltu re  and phase-contrast microscopy. However, 
no e f fe c t on e ith e r  the ra te  o f m icro tubu le  assembly/disassembly, 
the maximal le ve l o f assembled m icro tubu les a t e qu ilib r ium , the  
ra te  o f fa s t axonal tra n sp o rt o r the numbers o f ves ic le s  and o ther 
o rgane lles being transpo rted  was detected (data not shown). Thus 
i t  appears th a t the to x in  does not prevent tra n sm itte r  re lease by 
re ta rd in g /p re ve n tin g  the d e liv e ry  o f e ssen tia l elements to  the  
presynap tic  membrane. This is  con s is ten t w ith  the observed a b i l i t y  
o f c e r ta in  pharmacological agents to  overcome th is  blockade (see 
General In tro d u c tio n ). Habermann and Dreyer (1986) have a lso  
in d ica ted  th a t they f in d  no e f fe c t  o f e ith e r  Tetx or BoHT on 
in te ra c t io n s  w ith  the aggregation o f m icro tubu les or Ca2'" uptake, 
nor on p ro te in  phosphory la tion , Ha"*, K'''-ATPase or on changes in  
adenylate or guanylate cyclase a c t iv i t y .  In  con tra s t to  the la t t e r  
observations, however, a re p o rt has been pub lished which in d ica te s  
th a t both BoUT and Tetx p a r t ia l l y  in h ib i t  (60%) both the so lub le  
and p a r t ic u la te  guanylate cyclase a c t iv i t y  in  both permeabilised  
guinea p ig  synaptosomes and cu ltu re d  nerve c e l ls  GTG108-15; Smith 
and Middlebrook, 1985); such an e f fe c t has yet to  be f u l l y  
characte rised . Another study has suggested th a t botu linum  to x in  
(types Ci and D) ADP-ribosyla te s p e c if ic  p ro te in s  (Hr-24Kd) in  
membrane p repara tions o f PC12 c e l ls  and in  neu ron -rich  c u ltu re s  o f 
fo e ta l ra t  b ra in  c e l ls  (Mr-25-26Kd) -  suggesting th a t th e ir
ta rg e ts  may be novel GTP-binding p ro te in s  lo c a lis e d  on c e l l  
membranes (Matsuoka e t a l . , 1987). S im ila r ly , a 21Kd membrane
p ro te in  o f bovine adrenal gland has a lso  been shown to  serve as 
the substra te  fo r  BoUT D -cata lysed ADP -ribosy la tion  (Ohashi and 
flarumiya, 1987). However, these re s u lts  have been questioned and 
are apparen tly not mediated by the 150Kd neuro tox in  molecule but 
by a contaminant p ro te in  (Mr=23Kd) present a t very low  
concen tra tions (<0. 1% of the to ta l p ro te in ) in  p repara tions o f 
types Ci and D to x in s . Thus, these apparen tly  ' homogeneous' 
p repara tions of neuro tox in  are contaminated w ith  a minute q u a n tity  
of a h ig h ly  a c tive  molecule (ca lle d  Cs) which is  in v is ib le  on
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Coomassie-stained polyacry lam ide ge ls ( f t .G i l l ,  unpublished  
obse rva tions ).

Of a l l  the hypotheses proposed to  date, those  
im p lic a t in g  the ro le  o f C a ^ , both in  tra n sm it te r  re lease and in  
the in to x ic a t io n  process, appear to  be favoured. The s p e c i f ic i t y  
o f BoNT A fo r  the in h ib i t io n  o f Ca'^-dependent re lease o f 
glutamate from synaptosomes is  extremely marked -  having no e f fe c t  
on Ca2̂ -independent re lease from the same te rm ina l p repara tions  
(Sanchez-Priesto e t a l . ,  1987). As in d ica ted  e a r l ie r ,  BoftT may 
have a small e f fe c t on K '-depo la rised  C a *" uptake in to  these  
te rm ina ls  v ia  the voltage-dependent Ca2"" channels w ith  l i t t l e  o r 
no e f fe c t on basal [C a ^ l i  (see Chapter 4; Sanchez-Priesto e t a l . , 
1987). Th is would seem a t variance w ith  the hypothesis th a t BolIT 
lowers [ Cai,+] t le v e ls  such th a t Ca-'" in f lu x  upon d e po la r is a tio n  
cannot reach the th resho ld  le v e l requ ired  to  s tim u la te  re lease. 
BoUT cannot be a c tin g  v ia  such an energy-dependent mechanism since  
i t  is  c le a r ly  shown (F ig . 4 .4 ) th a t i t  has no e ffe c t on 
synaptosomal re s p ira t io n  ra tes . Furthermore, the a b i l i t y  o f 
ionomycin (an e le c tro n e u tra l Ca--V2H ” exchange ionophore) to  
overcome almost complete blockade by BaFT o f KCl-induced re lease  
of glutamate cannot s im ply be due to  i t s  a b i l i t y  to  overcome a 
blockade in  Ca'-+ en try  (a lthough see d iscuss ion  Chapter 4 ). Thus 
the re s u lts  observed w ith  ionomycin are probably due to  the  
to x in s ' a c tio n  in  decreasing the s e n s i t iv i t y  o f the e xo cy to tic  
mechanism to  c y to s o lic  C a ^  such th a t normal e n try  o f th is  ca tio n  
through Ca2"- channels is  in s u f f ic ie n t  to  a c tiv a te  exocytos is  
w h ils t the gross e le va tio n  o f c y to s o lic  Ca^" by the ionophore is  
s u f f ic ie n t  to  overcame th is  in s e n s it iv i ty .  Therefore, the  
p o s s ib i l i t y  e x is ts  th a t the neuro tox in  acts  by decreasing the  
a f f i n i t y  fo r  Ca12* o f a molecule which synchronises re lease o f 
t ra n sm it te r  from a number o f 're le a s in g  s i t e s '.  This molecule 
could be s im ila r  to  th a t o f ' Calsynchronin ' proposed by Dunant 
(1986) in  which th is  molecule is  responsib le  fo r  synchron is ing the  
re lease o f tra n sm itte r  from a number o f ' meaiatophore' elements 
(see General In tro d u c tio n  fo r  more d e ta i l) .  The existence of such 
a d is t in c t  e n t ity  in  c lose p ro x im ity  to  the re leas ing  s ite s  has
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not been demonstrated but the p o s s ib i l i t y  e x is ts  th a t i t s  fu n c tio n  
i s  mediated by components o f the mediatophores. For example, the  
mediatophore elements are be lieved to  be g lycosy la ted  -  these  
carbohydrate chains poss ib ly  e x h ib it in g  lo w -a f f in i t y  fo r  C a ^  as 
proposed fo r  s im ila r  gang lios ide  m o ie ties (Sharom and Grant, 
1978). Upon d epo la r isa tio n , C a r a p i d l y  en te rs the cy to so l o f 
the neuron and increases i t s  in t r a c e l lu la r  concen tra tion  by as 
much as 10 -fo ld . Th is la rge  concen tra tion  o f [C a -” ] i  may b ind to  
the g lycosy la ted  m oie ties o f the ' mediatophares' or s im ila r  
re le as ing  s ite s  and cause a con fo rm ationa l change in  the m oie ties  
a llow ing  the release o f th e ir  bound tra n s m it te r . M od if ic a tio n  o f 
the s ia l ic  groups on these elements may thus reduce th e ir  
a f f i n i t i e s  fo r  Ca1'-*' such th a t, even under depo la risa tion -induced  
C a ^  in f lu x ,  the le v e ls  o f Ca^'" do not reach the th resho ld  le ve l 
requ ired  to  promote tra n sm it te r  re lease . A lte rn a t iv e ly , as 
proposed in  the d iscuss ion to  Chapter 4, a sub-popu la tion o f Ca^* 
channels se n s itiv e  to  BoMT blockade may e x is t in  the immediate 
v ic in i t y  o f these re leas ing  s ite s . Blockade o f a small number o f 
Ca-*’ channels by BoMT may thus prevent s u f f ic ie n t  increase in  
[Ca^*] a t the release s ite  to  a llow  a conform ationa l change and 
hence tra n sm itte r  re lease to  occur. Indeed, in  th is  con tex t, 
Simmoneau e t a l. (1980) have demonstrated th a t in je c t io n  o f the  
enzyme neuraminidase d ir e c t ly  in to  the presynap tic neuron o f 
A p ly s ia  causes in h ib i t io n  o f tra n s m it te r  re lease from the nerve 
te rm in a l, poss ib ly  by c leav ing  such s ia lic -a c id -c o n ta in in g  
m oie ties responsib le  fo r  b ind ing  Ca^*- and in i t ia t in g  the  
conform ationa l changes requ ired  fo r  re lease . Due to  th e ir  unique 
potency o f a c tio n  i t  has long been pos tu la ted  th a t BoNT act by 
m odify ing some enzymic process or even possess same inheren t 
enzymic a c t iv i t y .  I f  the above hypotheses are co rre c t then th is  
a c t iv i t y  could invo lve  m od if ic a tio n  o f the mediatophore elements 
themselves or, as pos tu la ted  by Dunant (1986) the molecules 
synchron is ing tra n sm itte r release from these elements. Thus, the  
p o s s ib i l i t y  th a t the to x in s  may act by c leav ing  or modify ing  
e ssen tia l s ia lic -a c id -c o n ta in in g  groups on the mediatophares has 
been in ve s tig a ted  to  determine whether BoMT possess neuraminidase-
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l ik e  a c t iv i t y .  To th is  end synaptosomes were in to x ic a te d  by 
in cuba tion  w ith  BoNT (A o r B) under cond itio n s  known to  produce 
maximal in h ib i t io n  o f tra n sm it te r  re lease . The synaptosomes were 
then lysed and s ia l ic - a c id  m o ie ties la b e lle d  w ith  °H by o x id a tio n  
w ith  periodate fo llow ed by re du c tio n  using t r i t iu m - la b e l le d  
borohydride. The la b e lle d  g lycop ro te in s  were separated on a 5-20% 
SDS polyacrylam ide gel and sub jected to  auto fluorography. 
Comparisons were made between the la b e l l in g  pa tte rns  observed in  
the presence and absence o f BoNT in  order to  determine whether 
cleavage o f the la b e lle d  groups had indeed taken p lace. No 
s ig n if ic a n t  d iffe re n ce  in  the la b e l l in g  pa tte rns  was observed. 
However, the fa c t th a t BoNT in h ib i t s  the re lease o f many 
neu ro transm itte r types from synaptosomes w ith  s im ila r  dose- 
response curves (D o lly  e t a l.  , 1987b), would suggest th a t, i f  i t
were a c tin g  to  modulate these mediatophore elements, s im ila r  
mechanisms must e x is t in  a i l  t ra n s m it te r -s p e c if ic  nerve te rm ina ls .

5 .5 . BoNT as a c l in ic a l  to o l.
To re ite ra te ,  BoNTs h ig h - a f f in i t y  b ind ing  to  

c h o lin e rg ic -s p e c if ic  membrane acceptors, both in  the periphe ry  
and in  the cen tra l nervous system (a t le a s t in  ra ts ) ,  is  be lieved  
to  be mediated by the heavy subun it w h ils t i t  is  proposed th a t the 
l ig h t  subun it possesses some enzymic a c tio n  and is  the 'a c t iv e  
component' responsib le  fo r  the in h ib i t io n  o f tra n sm itte r  re lease. 
The two subunits are lin k e d  by a d isu lph ide  bridge and can be 
separated from one another and p u r i f ie d  almost to  homogeneity (see 
Fig. 1.2) and n e ith e r expresses t o x ic i t y  on i t s  own. The unique 
patency, together w ith  th e ir  ta rg e t s p e c i f ic i t y  make BoNT a 
p o te n t ia l ly  use fu l pharmacological to o l in  the treatment o f some 
d iso rde rs . The in ta c t to x in  is  a lready undergoing c l in ic a l  t r i a l s  
in  the cure o f both strabismus (ocu la r squ in t; S co tt, 1980; E ls ton  
e t a l . ,  1985) and blepharospasm (which can cause almost permanent 
b lindness due to  the in a b i l i t y  o f the p a tie n t to  con tro l fa c ia l  
muscular spasms re s u lt in g  in  c losu re  o f the eyes fo r  long 
pe riods ). In je c t io n  o f the to x in  in to  d is c re te  fa c ia l muscles 
prevents th is  spasm and is  fa r  more e f fe c t iv e , less time-consuming
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and less traum atic  than the s u rg ic a l methods used p re v iou s ly  
(E ls ton  and Russell, 1985; E ls ton , 1986).

The observa tion th a t BoNT is  to x ic  when in je c te d  
in t r a c e i lu la r ly  (D o lly  e t a l . , 1987c; Penner e t a l . , 1986)
suggested th a t processing o f the to x in  by some mechanism during  
receptor-mediated endocytosis does not appear to  be essen tia l fo r  
the expression o f th is  to x ic i t y .  Therefore, upon separation o f the  
two chains o f BoNT, h ig h ly  use fu l molecular probes would be
generated. The p u r i f ie d  heavy subun it could act as a h ig h ly  
se le c tiv e  probe fo r  ta rg e t t in g  drugs o r an tibod ies  to  c h o lin e rg ic  
nerve endings. R ad io labe lled , th is  moiety may provide a use fu l
c h o lin e rg ic  te rm ina l marker fo r  h is to chem is try . As is  the case 
w ith  the l ig h t  subun it, the possession o f a t le a s t one free  
su lphyd ry l group would a llow  r e la t iv e ly  s tra ig h tfo rw a rd  coup ling  
o f the heavy chain to  the molecule o f in te re s t . Such 'c h im e ric ' 
molecules have a lready been manufactured by coup ling  the A-subunit 
o f d ip h th e r ia  to x in  or r i c in  w ith  le c t in s , o ther to x in  subun its  
and an tibod ies (Cumber e t a l . , 1985; Raso and Basala, 1984; 
Middlebrook and Kahn, 1981). The poss ib le  uses inc lude
p reven tion /recove ry from to x in  po ison ing s ince heavy chain, 
coupled to  e ith e r an an tibody aga inst the a c tiv e  l ig h t  chain, or 
poss ib ly  an in h ib ito r /p ro m o te r o f the enzyme m odified by the
to x in , may a llow  recovery o f the nerve te rm ina ls  from
in to x ic a t io n . Thus no quo ta tion  would appear to  be more apt fo r  
the fu tu re  a p p lic a tio n s  o f BoiTT than th a t made by Dr. Haven Emson 
(1874-1957)

"The poisons are our p r in c ip a l medicines, which k i l l  the  
disease, and save the l i f e . "
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