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1. Statement of Problem

- Pharmacological methods are being éought to prevent or
reverse the effects of botulinum neurotoxin. During the
past year, emphasis has been placed on drugs that interact

with potassium channels. L;M\¢;f‘93 tfb\ééli}

2. STUDIES ON AMINOPYRIDINES
A ‘Background

Recent work by the Principal Investigétor ard by others,
has drawn attention to a number of anomalies. ,First, 4~AP
and its analogslar; pctaséiﬁm channel bldckérs, and ﬁhis
secoﬁdarily promotes calcium influx and acetylcholine
efflux. An aqtion like this would be predicted to
antagonize botulinum neurotoxin. However, 4-A§ and its.
analogé are strong antagonists of only serotypg A.

A second anomaly pertains to dendrotoxinl This
substance is also a potassium channel blocker, and thﬁ# it
too would be expected tb an;agonize toxins that block
'~ exocytosis. Indeed, when tested against beta-bungarotoxin
it did delay 6nse£ of paralysis (see below).. But when
tested‘against other-phospholipaée neurotoxins'(e.g.,
crotoxin); it did not.afford protection.

Finally, there is a "cfossed anomaly". 4-AP can
protect against at least one of the sefotypes of botulinum
neurotoxin, but it does not protect against any ot the
phospheclipase neurotoxins. ConverSely,'dendrotoxin can
protect against beta-bungarotoxin, but it does not protect

against any of the clostridial toxins (again,‘this report).




The present study provides data from a large scale
sc;eening process in which various putative antagonists were
tested against various neuromuscular blocking agents. These
data are a prelude *o trying to unravel the basis for the
numerous apparent anomalies.

B. 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 magnesium.

1. 4-~AP and PLA2 Neurotoxins.

Three snake neurotoxins were tested: beta-bungarctoxin
(obtéined commercially), crotoxin (isolated in the Principal
investigator‘s lab), and notexin (ébtained from a
collaborator). Each was titrated on‘the movse phrenic
nerve~hemidiaphragm preparation to produce an eventual
ﬁafalysis time of 100 to 120 minutes..

Two groups of tissues were then exposed to equiactive

concentrations of toxin. A control group was treated only



with toxin; an experimental group was titrated with 4-AP to

produce at least a 50% enhancement in muscle twitch

‘(conc.~ 10”4 M). The data (Table 1) show that

4-AF was not

an effective antagonist against any of the PLA2 neurotoxins.

2. Dendrotoxin and Clostridial Neurotox

ins.

Similarly to the previbus series of expe#iments, the

clostridial neurotoxins were added to tissues

concentrations that produced paralysis in 100

at

to 120

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

was activated with trypsin before édditicn to

.neuromuscular

pfeparations. As an internal control, experipents were also

done with dendrotoxin and beta-bungarotoxin.

As expected, dendroioxin (Table 2) was a

n antagonist of -

beta-bungarotoxin. When tissues (n=5) were exposed orly to

the PLA2 neurotoxir.,, the eventual paralysis t
117£14 min. (Table 2). This was in marked co
findings with the clostridial neurotoxins. I

case, dendrotoxin never afforded protection.

imes were
ntrast to the

n the latter

3. Potassium chanrel blockers and magneéium.

Magnesium is an effective neuromuscular blocking agent

whose mechanism of action is well known: it is a

competitive antagonist of calcium. When calcium levels in

physiological solution are lowered (1.0 mM), increases in

the levels of magnesium (10 ~15 mM) wiil‘paralyze

transmission.




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 islnot a major
action. It is not, for example, an action that is capable
of overcoming magnesium-induced block. Most probably, there
is some cther action that accounts for the ability 6f‘

' dendrétoxin to antagonize beta-bungarotoxin. One
possibility is competition for a common binding site.

The same may be true for 4~AP and its analogues. 1t
purportedly antagonizes type A botulinum toxin by virtue of
being a potassium channel blocker. However, this is an
hypothesis that has not been proved, and other explanations

are possible.




TABLE 1

The Interaction Between 4-AP
and PLA2 Neurotoxins

e e e ettt

Toxin ' Paralysis Time 1
Control 2 4-ap2
Beta-Bungarotoxin ." 1098 11112
Crotoxin 1019 10847
Notexin | 117413 10544

1 Minutes (Mean =+ SEM)

2 Group N=5 or more




TABLE 2

The Interaction Between Dendrotoxin
and Presynaptic Neurotoxins

Toxin Paralysis Time 1

control 2 ' Dendrotoxin 2
Beta-Bungarotoxin 117A13 161A143
Botulinum Toxin-A 121+s8 1163
Botulinum Toxin-B 1075 116+13
Botulinum Toxin~E 11249 120+14
l1ginutes

2Group N=5 or more

3significantly different from control (p<0.01)




TABLE 3

The Interaction Between 4-AP or
Dendrotoxin and Magnesiunm

Time 1 ' Treatment 2
None 4=AP Dendrotoxin

1 0 0 0

2 0 1 (o]

4 1 7 0

8 0 62 1

16 3 139 5

32 3 151 7

1 Minutes

2 pigsues wers paralyzed with magnesium, then treated as
indicated. The results are expressed as percent of contrel
twitch before addition of magnesium. :
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3. STUDIES ON DENDROTOXIN

A. Background

During the past year an effort has bheen made to
clarify the mechanism by which drugs that alter potassium
channel conductance can act as botulinum neurotoxin
antagonists. This work has t#o motives. Firstly, there has
been an assumption that the various seiotypes of botulinum

neurotoxin have essentially‘the same mechanisms of action.

However, this assumption has been challenged by a variety of

oxperimental tindings, including those on 4-aminopyridine
(4~AP) and its analogs.n These drugs act on po;assium
channels to increase conductance, secéndarily promoting
influx of calciumvand efflux of acetylcholine. 4-AP is a
very effective antagonist of botulinum neurotuxin type A,
But it is only weakly active or inactive against the othe;
serotypes.: Therefore, one motive for the work has been to
determine why dnly one of the serotypes is ;trongly
antagonized. |

" A second motive pertains to thcrapoutics. 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.




11

€. Results

4-AP is regarded as a broad spectrum inactivator
or potaésium channels.  There are other drugs that act more
narrowly. Thg gdal of the work during this quarter was to
‘identify a drug ﬁhat acted Sn potassium channels, that
promoted calcium influx and acetylcholine efflux, but which
- did not act as a botulinum neurotoxin type A antagonist.
This would allow for a kxind of pharmﬁcoloqic algebra. The
channels affected by 4-AP minus the channels affected by the
Idrug that is not an antagonist would include a pool of
~hannels that are of importance. |

A drug has been identified that satisfiea the
criteria above. 1In 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
foundlthat the venom has a dose dependent action. At low
concentrations (~ 1 ug/ml) the venom facilitated
transmission. This was manifested by a slowly increasing
elevation in the ﬁuscle twitch amplituds of nerve-evoked
responses (phrenic nerve-hemidiaphragm preparation). As the
concentration was incréased, so was the magnitude of the
enhanced response and the rate at which the éffect 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

oy
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response waned and eventually the neuromuscular preparation
failed.

The venom is known to contain a number of
neurotoxins that are referrsad to generically as .
dentrotoxins. Thess toxins are the presumed agents
‘mediating the facilitatory actions of the whole venom.
Througl. the assistance of a collaborator (Cr. R. Sorensen),
~cne of dindrotoxins (I) was isolated and purified to
homogeneity. This substance was tested on the isolated
rsuromuscular junction} and it produced the same spectrum of
results as‘thc‘crudo venon.
| Dendrotoxin'as wvell 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
neurotexin 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 isclated dendrotoxin nor the whole venom
possessed the ability to antagonizc botul inum nnufotoxin
type A. The paralysis times of control tissues and
pretreated tissues were essentially id‘ntical.

It has beer found that even amcng those drugs that
‘antaqonize‘typevh 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
alevated calcium (3.6 mM and 7.2mM). The results did not

change. Even in the prusence of elevated calcium, neither




dendrotoxin nor the whole venom significantly delayed the
onset of botulinum neurotoxin type A-induced paralysis.
Dendrotoxin appears to satisfy the étiteria |
discussed eariier. It inactivates pptasaiuh channcls,liq
promotes caicium influx and acetylcholine efflux, but it
does not antagonize botulinum ncurotoxihvtype A. This means
that the channels altered by dendrotoxin must not be the
ones through which 4-AP exerts its protective effact. |
Obviously it would be desirable io'identity a drug that acts

.selectively on thc'rclovant channels.

13
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4. STUDIES ON KIBIDIUM FLUX

A. Background

As explained in previous sections, there has been a
convergence of interust directed at potassium channeis in
nerve cells and especially in nerve ondinqs. There are at
least three reasons for this, two of which are important to
work conducted under this and an associated contract. To
beqgin with, there are neurotoxin componints from various
 venoms that exert their effects by virtue of interacting
with potassium channels. An excellent example of this is
dendrotoxin. A sscond reason, and one of importance to the
contract work, is that at least two presynaptically acting
neurotoxins are helieved 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-Amin6pyridine
and its analogues).

These various findings rightly focus attention on the
pbtassium 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 sdme extent these classés can be
subdivided. The four major classes are: 1i.) resting flux
of potassium, ii.) a voltage-dependent, rapid flux that is
inactivated, iii.) a voltage-dependent, slower flux thgt ;s
not inact;éated, and iv.) a calcium-dependent flux. In at
least one case there is avstrohq intefdependencc. The
voltage-dependent, rapid flux of potassium leads secondarily
to opengng of calcium channels. Calcium that reaches the
cytosbl then triggers the so-called calcium-dependent
potassium flux. |

An element of complexity enters the piéture beéause,
the major classes of ion channels can bc»fufthqr subdivided.
'for exaﬁple, slow pbtassium flux is very probably combosed
of at least ﬁwo‘components. As another example, the
channels that mediate a particular type of flux in one cell
' ' (e.g., voltage-dependent, rapid inactivating fiux) may not
be identical to the channéls_that-mediate this type of flux
in another 6e11. The common assumption among molecular |
biocologists studying these channels is that they have all
descended from a common ancestral gene, but ;here 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 complexitier inherent in potassium channels are
equaled by the seemingly anomalous findings that relate

these channels to the actjions of toxins ‘hat block.

s
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exocytosis. This peint was stressed during the last report,
and the three most glaring anomalies were cited.

¢ 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-buncarotoxin), but
it does not protect against other PLA2 neurotoxins (e.g.,
crotoxin).

) The data also reveal a crossed anomaly.
4-aminopyridihe and its analogues can protect against cne
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
guality 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 describnd below, the result is
absolutely dependent on the rate of nerve stimulation.

The results obtained by the Principal Investigator and

by others show that potassium 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, thé past reporting period has
been devoted to an effort to learn and master a new

technique for studying potassium channels in situ.

B. Methods

Over a number of years Blaustein and his colleagﬁes at
the Universiﬁy of Maryland lLave developed techniques for
studying the flow of ions.across the membranes of isolated
nerve endings. Their methods have involved the study of .
‘iéns ot interest (i.e., calcium), subgtitute ions that mimic
those ocdinarily associated with the action potential or
with exocytosis (i.e., rubidium), and the monitoring of dyes
that are indicators of cytoplasmic ion concenpratioh
(Blaustein and Goldring, 1975; Nachshen and Blausﬁein, 1982
Blartschat and Blaustein, 1985). During the past Quarter
investigators in fhis contract have collaborated with those
in another to build an apparatus th»t would allow them to
mimic the techniques used by Blaustein and his associates.

The procedure was to proceed through three steps.
Initially a commercially availablé, small scale apparatus
was purchased and modified. This apparatus was.used in
preliminary experiments to determine whether ion flux could

be 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 previoﬁaly reported results
could be obtained. Dendrotoxin was used asithe 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
buildiné and testing the apparatus for studying ion flux.
However, two other projects simultaneously went forward:

i.) the stﬁdy of toxihs 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 Experimenfs
The initial work with the commercially available
apparatus and with 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 ul to 1500 ul.
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
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presenﬁ case, 86zp has been used as a marker for potassium
. flux. After being loaded, the cells are placed in the
ch#mbers of the aébaratus 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 inﬁerval of
60 seéonds. in the absence of célcium or depolarizing
amounts of potassium, one can monitor resting efflux. The
existence of calcium-dependent potassium flux is méasured by
the differénce in gfflux in depolarizing medium with calcium
and the same medium w;thout'calcium. The distinction
between the rapid, in#ctivating flux and the slow, non-
inactivating flux is'detefmined graphically by measuring ion
flux over time; rapid flux inactivates within less than 10
seconds, but the slow flux continues thréughout 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 torvfhe

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 néurotoxins |

In the previous réport, data were provided that show
that 4-AP does not antagonize the onset of neuromuscular
blockade caused by beta-bungarotoxin. This tihding would
appear to be at odds with data reported by Chahg and Su
(1980) ., These authors did not find protection, hut they did
report a notable potentiation. When tested in the ringe of
10°5 to 1074 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 likelywto contribute to the
dissimilar results. Therefore, toxin concentratiocn and rate
of nerve stimulation were varied. The results (Table 1)
show that toxin concentration was a minor contributor: the
rate of nerve stimulation 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
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potentiation. The latter is a nerve activity-dependent

phenomenon.




Table 4

22

Latin-square aevaluatior of toxin concentration

and rate of nerve stimulation

Bcta-bungarotoxin‘

(1 x 10

Bota-buggarotoxiﬁ
(1x 10

Beta-byngarotoxip

(1x10
+ 4-AP (50 uM)

Beta—bungarotoxin
(1 x 10
+ 4=-AP (50 uu)

.1 Hz
220219

12229

174116

9515

1.0 Hz
191216

10816

18514

10117

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