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1. Statement 2of P1roble

S. Pharmacological methods are being sought to prevent or

reverse the effects of botulinum neurotoxin. During the

past year, emphasis has been placed on drugs that interact

with potassium channels. -

2. STUDIES ON AMINOPYRIDINES

A. Background

Recent work by the Principal Investigator and by others.

has drawn attention to a number of anomalies. First, 4-AP

and its analogs are potassium channel blockers, and this

secondarily promotes calcium influx and acetylcholine

efflux. An action like this would be predicted to

antagonize botulinum neurotoxin. However, 4-AP and its

analogs are strong antagonists of only serotype A.

A second anomaly pertains to dendrotoxin. This

substance is also a potassium channel blocker, and thus it

too would be expected to antagonize toxins that block

exocytosis. Indeed, when tested against beta-bungarotoxin

it did delay onset of paralysis (see below). But when

tested against other phospholipase neurotoxins (e.g.,

crotoxin), it did not afford protection.

Finally, there is a "crossed anomaly". 4-AP can

protect against at least one of the serotypes of botulinum

neurotoxin, but it does not protect against any ot the

phospholipase neurotoxins. Conversely, dendrotoxin can

protect against beta-bungarotoxin, but it does not protect

against any of the clostridial toxins (again, this report).
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The present study provides data from a large scale

screening process in which various putative antagonists were

tested against various neuromuscular blocking agents. These

data are a prelude P*o trying to unravel the basis for the

numerous apparent anomalies.

S. Methods

The techniques used during the past year have been

described in previous reports.

C. Results

The interaction between 4-AP (and 3,4-DAP) and

clostridial neurotoxins has been adequately described in the

literature. The present report will focus on three types of

interaction: i.) 4-AP and phospholipase A2 neurotoxins, ii.)

dendrotoxin and clostridial neu.otoxins, and iii.) potassium

channel blockers and maqnesium.

1. 4-AP and PLA2 Neurotoxins.

Three snake neurotoxins were tested: beta-bungarctoxin

(obtained commercially), crotoxin (isolated in the Principal

Investigator's lab), and notexin (obtained from a

collaborator). Each was titrated on the motse phrenic

nerve-hemidiaphragm preparation to produce an eventual

paralysis time of 100 to 120 minutes.

Two groups of tissues were then exposed to equiactive

concentrations of toxin. A control group was treated only
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with toxin; an experimental group was titrate with 4-AP to

produce at least a 50% enhancement in muscle witch

(conc.- 10-4 M). The data (Table 1) show that 4-AF was not

an effective antagonist against any of tha P 2 neurotoxins.

2. Dendrotoxin and Clostridial Neurotoxins.

Similarly to the previous aeries of experiments, the

clostridial neurotoxins were added to tissues at

concentrations that produced paralysis in 100 to 120

minutes. Types A, B, and E neurotoxin were tested. Type E

was activated with trypsin before addition to neuromuscular

preparations. As an internal control, experiments were also

done with dendrotoxin and beta-bungarotoxin.

As expected, dendrotoxin (Table 2) was an antagonist of

beta-bungarotoxin. When tissues (n=5) were e posed only to

the PLA2 neurotoxin, the eventual paralysis t mes were

117±14 min. (Table 2). This was in marked contrast to the

findings with the clostridial neurotoxins. I the latter

case, dendrotoxin never afforded protection.

3. Potassium channel blockers and magnesium.

Magnesium. is an effective neuromuscular blocking agent

whose mechanism of action is well known: it is a

competitive antagonist of calcium. When calc um levels in

physiological solution are lowered (1.0 mM), ncreases in

the levels of magnesium (10 -15 mM) will para yze

transmission.



6

Individual tissues were paralyzed by lowering calcium

and increasing magnesium, Tissues were then treated with 4-

AP or with dendrotoxin. The results (Table 3) showed an

interesting outcome. 4-AP was able to completely overcome

Mg-induced blockade, but dendrotoxin was almost completely

ineffective.

Although additional experiments are needed, the results

with magnesium suggest that there may be a "mislabeling" in

the literature. Although dendrotoxin does block potassium

channels and does enhance calcium flux, this is not a major

action. It is not, for example, an aotion that is capable

of overcoming magnesium-induced block. Most probably, there

is some other action that accounts for the ability of

dendrotoxin to antagonize beta-bungarotoxin. One

possibility is competition for a common binding site.

The same may be true for 4-AP and its analogues. It

purportedly antagonizes type A botulinum toxin by virtue of

being a potassium channel blocker. However, this is an

h~pothesis that has not been proved, and other explanations

are possible.

e
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TABLE 1

The Interaction Between 4-AP
and PLA2 Neurotoxins

Toxin Paralysis Time 1

Control 2 4-AP2

Beta-Bungarotoxin 109k8 111k12

Crotoxin 101:k9 108k7

Notexin 117+13 105+4

1 Minutes (Mean , SEM)

2 Group N-5 or more
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TABLE 2

The Interaction Between Dendrotoxin
and Presynaptic Neurotoxins

Toxin Paralysis Time 1

Control 2 Dendrotoxin 2

Beta-Bungarotoxin 117A13 161A14 3

Botulinum Toxin-A 121•8 116+3

Botulinum Toxin-B 107k5 I16k13

Botulinum Toxin-E 112±9 120±14

1Minutes

2 Group N-5 or more
3 significantly different from control (p<O.01)

m I I I i illii l Iii
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TABLE 3

The Interaction Between 4-AP or
Dendrotoxin and Magnesium

Time 1 Treatment 2

None 4-AP Dendrotoxin

1 0 0 0

2 0 1 0

4 1 7 0

8 0 62 1

16 3 139 5

32 3 151 7

1 Minutes

2 Tissues were paralyzed with magnesium, then treated as
indicated. The results are expressed as percent of control
twitch before addition of magnesium.
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3. STUDIES ON DENDROTOXIN

A. Background

During the past year an effort has been made to

clarify the mechanism by which drugs that alter potassium

channel conductance can act as botulinum neurotoxin

antagonists. This work has tdo motives. Firstly, there has

been an assumption that the various selotypes ot botulinum

neurotoxin have essentially the same mechanisms of action.

However, this assumption has been challenged by a variety of

experimental findings, including those on 4-aminopyridine

(4-AP) and its analogs. These drugs act on potassium

channels to increase conductance, secondarily promoting

influx of calcium and efflux of acetylcholine. 4-AP is a

very effective antagonist of botulinum neurotoxin type A,

But it is onl.y weakly active or inactive against the other

serotypes. Therefore, one motive for the work has been to

determine why only one of the serotypes is strongly

antagonized.

A second motive pertains to therapeutics. If one

could determine the relationship between 4-AP and type A

toxin, that could serve to point the way toward identifying

drugs that would have similar relationships to the other

serotypes.

B. Methods

The techniques used during the past year have been

described in previous Reports.

jlI



C. Results

4-AP is regarded as a broad spectrum inactivator

or potassium channels. There are other drugs that act more

narrowly. The goal of the work during this quarter was to

identify a drug that acted on potassium channels, that

promoted calcium influx and acetylcholine efflux, but which

did not azt as a botulinum neurotoxin type A antagonist.

This would allow for a kind of pharmacologic algebra. The

channels affected by 4-AP minus the channels affected by the

drug that is not an antagonist would include a pool of

channels that are of importance.

A drug has been identified that satisfies the

criteria above. In the initial round of experiments, the

venom of Dendroaspis augustepsis was tested for its actions

on neuromuscular transmission. In agreement with previously

published findings by others, the principal investigator

found that the venom has a dose dependent action. At low

concentrations (- 1 pg/ml) the venom facilitated

transmission. This was manifested by a slowly increasing

elevation in the muscle twitch amplitude of nerve-evoked

responses (phrenic nierve-hemidiaphragm preparation). As the

concentration was increased, so was the magnitude of the

enhanced response and the rate at which the effect occurred.

At its peak, the muscle response was enhanced about two-

fold. With further increases in venom, there was still an

enhanced response, but it was not sustained. Instead, the
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response waned and eventually the neuromuscular preparation

failed.

The venom is known to contain a number of

neurotoxins that are referred to generically as

dentrotoxins. These toxins are the presumed agents

mediating the facilitatory actions of ihe whole venom.

ThrougL the assistance of a collaborator (Dr. R. Sorensen),

one of dendrotoxins (I) was isolated and purified to

homogeneity. This substance was tested on the isolated

reuromuscular junction, and it produced the same spectrum of

results as the crude venom.

Dendrotoxin as well as the whole venom were tested

for their abilities to antagonize botulinum neurotoxin type

A. Individual tissues were titrated with toxin or venom to

produce a 50% to 100% increase in response. Botulinum

neurotoxin type A (1 x 10-11 M) was then added, and the rate

of onset of paralysis was monitored. The results indicated

that neither the isolated dendrotoxin nor the whole venom

possessed the ability to antagonize botulinum neurotoxin

type A. The paralysis times of control tissues and

pretreated tissues were essentially identical.

It has been found that even amcng those drugs that

antagonize type A toxin, the effectiveness varies and tends

to be highly calcium dependent. Therefore, experiments

similar to those above were re-done, but in the presence of

elevnted calcium (3.6 mM and 7.2mM). The results did not

change. Even in thA presence of elevated calcium, neither



* 13

dendrotoxin nor the whole venom significantly delayed the

onset of botulinum neurotoxin type A-induced paralysis.

Dendrotoxin appears to satisfy the criteria

discussed earlier. It inactivates potassium channels, it

promotes calcium influx and acetylcholine efflux, but it

does not antagonize botulinum iteurotoxin type A. This means

that the channels altered by dendrotoxin must not be the

ones through which 4-AP exerts its protective effect.

Obviously it would be desirable to identify a drug that acts

selectively on the relevant channels.
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4. STUDIES ON RIBIDIUM FLUX

A. Background

As explained in previous sections, there has been a

convergence of interust directed at potassium channels in

nerve cells and especially in nerve endings. There are at

least three reasons for this, two of which are important to

work conducted under this and an associated contract. To

beqin with, there are neurotoxin components from various

venoms that exert their effects by virtue of interacting

with potassium channels. An excellent example of this is

dendrotoxin. A second reason, and one of importance to the

contract work, is that at least two presynaptically acting

neurotoxins are believed to bind wholly or in part to

potassium channels. These are beta-bungarotoxin and

crotoxin. And finally, a potent antagonist of one on the

serotypes of botulinum neurotoxin (type A) is a

broadspectrum potassium channel blocker (4-Aminopyridine

and its analogues).

These various findings rightly focus attention on the

potassium channel, but it must also be noted that the

situation appears to be quite complex. This is due to the

non-homogeneity of potassium channels, and it is also due to

a series of unexplained and apparently anomalous findings.

A consideration of both is essential to the ongoing

research.

Work on potassium channels has now revealed that there

are at least four major types of ion flow that can be
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identified, and to some extent these classes can be

subdivided. The four major classes are: i.) resting flux

of potassium, ii.) a voltage-dependent, rapid flux that is

inactivated, iii.) a voltage-dependent, slower flux that is

not inactivated, and iv.) a calcium-dependent flux. In at

least one case there is a strong interdependence. The

voltage-dependent, rapid.flux of potassium leads secondarily

to opening of calcium channels. Calcium that reaches the

cytosol then triggers the so-called calcium-dependent

potassium flux.

An element of complexity enters the picture because

the major classes of ion channels can be further subdivided.

For example, slow potassium flux is very probably composed

of at least two components. As another example, the

channels that mediate a particular type of flux in one cell

(e.g., voltage-dependent,, rapid inactivating flux) may not

be identical to the channels that mediate this type of flux

in another cell. The common assumption among molecular

biologists studying these channels is that they have &ll

descended from a common ancestral gene, but there has been

significant divergence-with time. Also, the characteristics

of individual potassium channels may be mcdified or even

governed by the type of membrane in which they reside.

The complexitie- inherent in' potassium channels are

equaled by the seemingly anomalous findings that relate

these channels to the actions of toxins that block
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exocytosis. This point was stressed during the last report,

and the three most glaring anomalies were cited.

0 4-Aminopyridine and its analogues, by virtue of being

potassium channel blockers, can antagonize botulinum

neurotoxin type A, but they have much lesser or no ability

to antagonize the other serotypes of botulinum toxin or

tetanus toxin.

* Dendrotoxin, purportedly by virtue of being a

potassium channel blocker, protects tissues against certain

phospholipase A2 neurotoxins (e.g., beta-bunqarotoxin), but

it does not protect against other PLA2 neurotoxins (e.g.,

crotoxin).

* The data also reveal a crossed anomaly.

4-aminopyridine and its analogues can protect against one

serotype of botulinum toxin, but it has not been shown to

protect against any of the PLA2 neurotoxins; conversely,

dendrotoxin protects against beta-bungarotoxin, but it

affords no protection against any of the clostridial

neurotoxins (last report).

It must now be reported that there is another unusual

quality to the data on interactions. As just discussed,

4-aminopyridine and its analogues do not protect against

PLA2 neurotoxins. However, they can potentiate the action

of these neurotoxins. As described below, the result is

absolutely dependent on the rate of nerve stimulation.

The result3 obtained by the Principal Investigator and

by others show that pot3ssium channels are central to the
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study of presynaptic toxins. Unfortunately, it is unclear

how channel function relates to toxin action. This is in

part due to the absence of a methodology that is designed to

characterize channels and to unravel the anomalies that have

been discussed. Therefore, the past reporting period has

been devoted to an effort to learn and master a new

technique for studying potassium channels in Ai=.

B. Methods

Over a number of years Blaustein and his colleagues at

the University of Maryland have developed techniques for

studying the flow of ions across the membranes of isolated

nerve endings. Their methods have involved the study of

ions of interest (i.e., calcium), substitute ions that mimic

those ozdinarily associated with the action potential or

with exocytosis (i.e., rubidium), and the monitoring of dyes

that are indicators of cytoplasmic ion concentration

(Blaustein and. Goldring, 1975; Nachshen and Blaustein, 1982;

Blartschat and Blaustein, 1985). During the past Quarter

investigators in this contract have collaborated with those

in another to build an apparatua that would allow them to

mimic the techniques used by Blaustein and his associates.

The procedure was to proceed through three steps.

Initially a comimercially availabl, small scale apparatus

was purchased and modified. This apparatus was used in

preliminary experiments to determine whether ion flux could

ba measured that was comparable to that previously reported.
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Next, a protein toxin was tested on the small scale

apparatus, again to ensure that previously reported results

could be obtained. Dendrotoxin was used as the test poison,

as described by Benishin et al. (1988). Finally, an

apparatus for large scale studies was designed and built at

Jefferson.

The majority of the reporting period was devoted to

building and testing the apparatus for studying ion flux.

However, two other projects simultaneously went forward:

i.) the study of toxins and channel blockers on phrenic

nerve-hemidiaphragm preparations, and ii.) the establishment

of a joint, international project (Madison, WI; London, GB;

and Philadelphia, PA) to resolve a disputed point in the

literature (see below).

C. ResUlts

1. Rubidium Flux Experiments

The initial work with the commercially available

apparatus and wich dendrotoxin went well. Therefore, the

results summarized here will deal with the apparatus that

was built at Jefferson and with the data obtained using it.

The apparatus possesses 24 wells (3x8), each of which

is capable of holding working volumes of 10 m1 to 1500 ml.

The apparatus can be used with any whole cell or re-sealed

cell (e.g., synaptosome) preparation.

The essence of the procedure is that cells are

preloaded with the isotope or dye of interest. In the

77-71 =7 *I-
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present case, 86Rb has been used as a marker for potassium

flux. After being loaded, the cells are placed in the

chambers of the apparatus and washed by filtration to remove

unbound ion. The cells are retained by filters at the base

of the top plate; the effluent can be directed either into

collection vials or into a dump tube.

Typical experiments are conducted over an interval of

60 seconds. In the absence of calcium or depolarizing

amounts of potassium, one can monitor resting efflux. The

existence of calcium-dependent potassium flux is measured by

the difference in efflux in depolarizing medium with calcium

and the same medium without calcium. The distinction

between the rapid, inactivating flux and the slow, non-

inactivating flux is determined graphically by measuring ion

flux over time; rapid flux inactivates within less than 10

seconds, but the slow flux continues throughout the

experiment.

Our results have shown that all four times of flux can

be monitored with 86Rb (rat brain synaptosomes) In

quantitative terms, the relative amounts of flux for the

four components were:

Resting -17%

Calcium-dependent -20%

Rapid, inactivating -23%

Slow, non-inactivating -40%

Dendrotoxin was examined for its effects on flux in

synaptosomal preparations. Within the concentration range
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of 10 to 1000 nM, it acted preferentially on the rapid,

inactivation flux. This is in keeping with previous work

done by electrophysiologists.

2. Aminopyridines and PLA2 neurotoxins

In the previous report, data were provided that show

that 4-AP does not antagonize the onset of neuromuscular

blockade caused by beta-bungarotoxin. This finding would

appear to be at odds with data reported by Chang and Su

(1980), These authors did not find protection, hut they did

report a notable potentiation. When tested in the r.nge of

10-5 to 10-4 M, 4-aminopyridine enhanced the rate of onset

of beta-bungarotoxin-induced neuromuscular blockade.

Chang and Su (1980) and the present investigator have

used similar concentrations of aminopyridine., However, the

two laboratories have employed at least three differing

techniques: physiological salt solution, rate of nerve

stimulation, and concentration of beta-bungarotoxin. The

salt solution was thought least likely.-to contribute to the

dissimilar results. Therefore, toxin concentration and rate

of nerve stimulation were varied. The results (Table 1)

show that toxin concentration was a minor contributor; the

rate of nerve 3timulation was the major factor.

It would appear that Chang and Su (1980) and the

author are both correct. Aminopyridines do not protect

against beta-bungarotoxin, but they can produce

III~ 7 7 III [ III
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potentiation. The latter is a nerve activity-dependent

phenomenon.
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Table 4

Latin-square evaluation of toxin concentration

and rate of nerve stimulation

Q. 1Hz 1.0 Hz

Beta-bunqarotoxin 220±19 191±16
(1, x 10- )

Beta-buggarotoxin 122±9 10806
(lx 10- N)

Beta-bngnarotoxin 174±16 185±14(lxlo- ") ,
+ 4-AP '(50 mM)

Beta-bun arotoxin 95±5 101±7
(1 x 10- M),
+ 4-AP (50 pX)

The data represent the mean±SEM of five preparations.
The values are expressed in minutes.
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