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What's your poison?

We understand how nerve cells communicate at the

any living organisms use the same
extremely effective means to avoid preda-
tion and kill their prey. They produce lethal
poisons which spell rapid death to those
who come too close. Obvious examples are the venoms
produced by snakes, spiders and scorpions, which are
injected into the hapless victim. Venoms are frequently
cocktails of different toxins, some acting on blood cells,
others on tissues, others on nerves. The toxic agent is

often a neurotoxin which exerts its effect by disrupting
the transmission of signals within the nervous system.
Many of the actions of these neurotoxins are highly
specilic (see Table 1). The toxin acts on a single protein
and prevents it from functioning normally. The effects
can be devastating. For example, tetrodotoxin from the
Australian blue-ringed octopus blocks sodium chan-
nels in the nerve cell plasma membrane of the victim.
This means that sodium ions are no longer able to enter

Toxin Source

Effect Action

Anatoxin-A Freshwater cyanobacteria

Paralysis Binds acetylcholine receptors

Batrachotoxin Poison-dart frog

Increased excitation
in nerve and muscle

Activates sodium channels

Botulinum toxin Bacterium: Clostridium botulinum | Paralysis Blocks acetylcholine release
a-Bungarotoxin Snake: banded krait Paralysis Binds acetylcholine receptors
w-Conotoxin Marine mollusc: cone shell Paralysis Blocks calcium channels
o-Latrotoxin Black widow spider Paralysis Massive acetylcholine release

and depletion

Physostigmine
(eserine)

Calabar bean

Excitation and Inhibits acetylcholinesterase

paralysis
Tetrodotoxin Blue-ringed octopus; Nerves and muscles Blocks sodium channels
puffer fish cease to function
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Synapse
Neurotransmitter
Neurotoxin
Action potential
Acetylcholine

Black widow
spider with its
paralysed snake
prey.

Table 1 Some
naturally derived
neurotoxins and
their actions.
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The bright
coloration of the
poison-dart frog
advertises its
toxicity.
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the cell to generate action potentials, so nerve and
muscle cells cease to function — the prey cannot move
and gets eaten!

The skin of the South American poison-dart frog
secretes a toxin called batrachotoxin. When a predator
attempts to eat one of these frogs, this poison again
targets the sodium channels. But this time the channels
become overactive, leading to massive excitation of
nerves and heart muscle and almost certain death. Less
than 0.0001g of this toxin can kill a man! Many poison-
dart frogs are beautifully coloured — blue, orange and
red. This coloration warns predators to leave them
alone. However, the South American Indians have
made use of the poison to coat the tips of their blow-
darts, used for hunting. The frogs too have ‘borrowed’
the toxin — they don’t make it themselves but acquire
it by eating insects, which have, in
turn, obtained it from
a plant.

Because the actions of neurotoxins are so specific,
they have been exploited in experiments on the opera-
tion of the synapse. Synapses provide the link between
neurones that allow action potentials to be transmitted
from one cell to another. It was first shown in the 1920s
that most synaptic transmission involves a chemical
substance — a neurotransmitter that is released by one
neurone and causes an electrical response in the next.

The neuromuscular synapse

Probably the best understood synapse is not a neurone-
to-neurone synapse but a neurone-to-muscle connec-

Motor nerve fibre Neuromuscular

junction

Muscle cell

Figure 1 Neuromuscular junctions are the synapses
between motor nerve fibres and muscle cells. A single
neurone may have several junctions with a muscle cell, or
just one, but the neurone will divide repeatedly to innervate
several different muscle cells.

tion (see Figure 1). These ‘neuromuscular junctions’
are attractive to researchers because they are much
more accessible for study than connections between
two nerve cells, which are usually embedded within
the brain. Since the cells in the skeletal muscles (those
that move our limbs) are ‘excitable’ — that is, they can
generate action potentials just like neurones — then
we can be fairly certain that neuromuscular synapses
operate in a similar way to neurone-neurone synapses.
Researchers used electrical recording techniques to
explore the relationship between an action potential in
a motor neurone supplying a muscle cell and the elec-
trical response in the muscle cell. Then they looked at
how the neurotransmitter was released and how it
caused its effects. All these experiments relied heavily on
the use of neurotoxins as tools to tease apart different
steps in the whole process of synaptic transmission.
These experiments were possible because each toxin
has a specific action on a single protein.

Synaptic transmission

Figure 2 summarises the process of synaptic transmission
from a ‘presynaptic’ motor neurone to a ‘postsynaptic’
muscle cell. Neurotransmitter is stored within the
swollen terminals or endings of the nerve cell. The
neurotransmitter in the neuromuscular synapse of verte-
brates is acetylcholine. This substance is made within
the terminals and packaged into membrane-bound
packets called vesicles (each about 50 nm across). The
neurone membrane is normally negatively charged on
the inside relative to the outside. This is called its resting
potential. The arrival of an action potential at the
terminal is the signal for acetylcholine to be released.
The voltage change caused by the action potential causes
the opening of ‘calcium channels’. These are pores in the
membrane of the terminal that allow calcium ions to go
across. However, these pores are voltage-dependent —
they only open when the membrane potential, or

Action
potential

Figure 2 The sequence of events at a neuromuscular junc-
tion. The arrival of an action potential at the nerve terminal
opens up calcium channels, causing an inflow of calcium
ions. The increased calcium concentration causes the migra-
tion of synaptic vesicles to the synaptic cleft, where each
one releases a few thousand molecules of acetylcholine. The
acetylcholine diffuses across the synaptic cleft and binds to
receptor proteins. This binding opens up sodium channels in
the postsynaptic membrane, generating a muscle action
potential. Later, the acetylcholine is removed by the enzyme
acetylcholinesterase.
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[image: image3.jpg]voltage, across the membrane becomes
more positive on the inside, as it does
during the action potential. When the
calcium channels open, calcium ions
flood into the cell. This happens
because the concentration of these ions
is normally kept much lower inside the
cell than outside, so they flow in by
diffusion down the concentration
gradient. During this process, the
calcium ion concentration inside the
terminal may increase a thousand-fold.
It is this elevated concentration of
calcium ions that triggers the release
of neurotransmitter. The acetylcholine
is released from the vesicles by a
process called exocytosis. The neuro-
transmitter-containing vesicles fuse
with the plasma membrane of the
terminal and then open to release their
contents into the synaptic cleft — the
gap between the nerve terminal and
the muscle cell.

Once released, acetylcholine
diffuses quickly across the cleft and
binds with special receptors on the
surface of the muscle cell. These recep-
tors are protein molecules embedded
in the muscle plasma membrane. Each different neuro-
transmitter has its own reeeptor, which is activated
when the neurotransmitter binds to a special site on
the protein. The receptor for acetylcholine is not just a
receptor. It is also an ion channel. These channels are
normally closed, but when they bind acetylcholine, the
receptor protein changes its shape so that a channel
opens through the muscle membrane. The acetyl-
choline-receptor channels allow sodium ions to flow
into the muscle cell and, because sodium ions are posi-
tively charged, this makes the voltage across the muscle
membrane more positive inside. The change in voltage
across the membrane triggers an action potential along
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the muscle cell, leading to contraction of the muscle.
Thus an action potential in the presynaptic motor
neurone is transformed into a chemical signal (acetyl-
choline), which is then transformed back into an elec-
trical signal (action potential) in the muscle cell. The
process of synaptic transmission is now complete.

All that remains is to remove the acetylcholine that
has been released into the synaptic cleft. This is neces-
sary in order to end transmission when the nerve cell’s
action potential has finished. Acetylcholine is removed
by an enzyme present in the cleft. This enzyme is acetyl-
cholinesterase; it breaks down the neurotransmitter so
that it can no longer bind to the receptors.

The process of synaptic transmission
would not be understood without the
help of lethal neurotoxins. There are
hundreds to choose from, but Table 1
on p. 33 summarises just a few of those
that have been particularly useful to
scientists studying the neuromuscular
junction. Disruption of transmission by
toxins with known effects on specific
proteins has given us the key to the
steps involved.

One such neurotoxin comes from
tropical marine snails called cone
shells. These molluscs have long been
collected for their beautiful shells.
However, they make a cocktail of

Marbled cone shell feeding on
paralysed prey.

False-colour
transmission
electron
micrograph of

a synapse in the
human cerebral

cortex. The

synaptic cleft
appears deep
red. (x75000)
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[image: image4.jpg]lethal poisons, one of which is omega-conotoxin (®-
conotoxin). This is injected into the cone shell’s prey —
fish and worms — via a fast-moving ‘harpoon’ on a
thread. ®-Conotoxin has been shown to bind to and
block the calcium channels in the presynaptic terminal
(see Figure 3A). This means that when an action poten-
tial arrives, the channels are blocked, calcium ions do
not enter, and acetylcholine release is prevented. The
prey becomes paralysed.

Some neurotoxins act by disrupting the exocytosis of
neurotransmitter from vesicles, so these neurotoxins
have been useful in studying this process. Botulism is a
form of food poisoning that results from ingestion of
botulinum toxin from a soil bacterium called Clostridium
botulinum. Symptoms include double vision and prob-
lems with swallowing and breathing. Death may result
from suffocation, and even those who recover may be
left with brain damage. The toxin in this case blocks
release of acetylcholine (see Figure 3B) so that muscle
contraction cannot occur. It is thought to do this by
targeting and destroying special proteins that normally
anchor neurotransmitter-containing vesicles to the inner
surface of the terminal membrane so that they are posi-
tioned correctly to release their contents. When these
proteins are destroyed, the vesicles cannot come into
close contact with the membrane and neurotransmitter
release does not occur.

One of the least understood steps in synaptic
transmission is the biochemical machinery
responsible for neurotransmitter release.
Scientists are using a toxin derived from
black widow spider venom to investi-
gate this. The toxin, o-latrotoxin,
causes massive release of neuro-
transmitter (see Figure 3C),
presumably by activating
proteins that trigger exocy-
tosis. Once again, this leads
to paralysis because the
motor nerve terminals
run out of acetylcholine.
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False-colour scanning
electron micrograph
of two Clostridium
botulinum bacteria.
(x21500)
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Figure 3 Natural neurotoxins have
helped us to unravel the different stages
in synaptic transmission. (A) Conotoxins
block calcium channels. (B) Botulinum
toxin blocks release of acetylcholine.

(C) Latrotoxin causes massive release of
acetylcholine. (D) Bungarotoxin binds

| onto the acetylcholine receptors.

(E) Physostigmine inhibits the enzyme
that removes acetylcholine from the

1 receptor sites.

Researchers are using biochemical techniques to find
out which proteins are targeted by o-latrotoxin.

A group of microorganisms called cyanobacteria, or
blue-green algae (see BIOLOGICAL SCIENCES ReviEW Vol. 15,
No. 3, pp. 33-36), produce a range of toxins, one of the
most powerful being anatoxin-A. The lethal effects of
these organisms were first described in the 1870s when
they were seen as a thick green scum in a river estuary
in Australia. Animals that drank the water rapidly
became ill and died. Anatoxin can be lethal within
minutes and has been termed ‘very fast death factor’!
Anatoxin binds irreversibly to the receptors for acetyl-
choline on the muscle membrane, so that acetylcholine
itself can no longer bind and neurotransmission is lost.
Suffocation is again the primary cause of death as the
muscles involved in breathing fail. This confirms that
binding of acetylcholine to receptors on the muscle _
membrane is an essential step in the process of synaptic
transmission.

Another toxin that binds to the receptors is o-
bungarotoxin (see Figure 3D). This is found in the
venom of a poisonous snake, the banded krait, from
northeast India. a-Bungarotoxin has become a valu-
able tool for neuroscientists to examine the location and
distribution of acetylcholine receptors on the muscle
membrane. A ‘label” is attached to the o-bungarotoxin
molecule so that it is easily visible under the micro-
scope. This might be a fluorescent dye. The labelled
toxin is applied to the membrane and the areas stained
are those which have the receptors. Scientists can then
look for differences in the distribution of the receptors
in normal compared with diseased muscle.

The last class of neurotoxins that disrupt neuro-
muscular transmission are those that interfere with
removal of acetylcholine from the synaptic cleft.
Physostigmine comes from the Calabar bean, native to
West Africa. These beans are highly poisonous and were
used in Africa as an ‘ordeal’. An accused criminal was
given the bean to eat. If he vomited he was declared
innocent, but if he succumbed to the poison he was
guilty! Investigations into the mode of action of
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Calabar beans in their pods. They contain phytostigmine
which can be used (with care!) as a muscle relaxant and has
been used to treat epilepsy and glaucoma.

physostigmine helped physiologists understand how
acetylcholine is removed from the synapse after it has
done its job. Physostigmine inhibits the enzyme acetyl-
cholinesterase (see Figure 3E). Acetylcholine is no
longer removed from the synaptic cleft and the victim
experiences over-excitation of muscles, leading to paral-
ysis and death.

Neurotoxins aren't always bad news

One of the toxic compounds in cone shell venom has
been found to be a painkiller 1000 times more effective
than morphine. Similarly, scientists have subtly altered
the botulinum toxin to make it specifically target nerve
cells that transmit pain signals in the spinal cord. Exper-
iments so far suggest that a single injection of the toxin
may block pain signals for days or even weeks. This could
change the lives of people suffering from chronic pain
caused by spinal injuries or cancer. Botulinum toxin also
has a cosmetic use as Botox®, used to remove wrinkles
around the eyes. The toxin is injected just below the
skin where it paralyses muscles that normally act to keep
the skin taut. The skin becomes less tight and wrinkles
disappear. After a few months, the damaged nerve
endings regrow and the procedure has to be repeated.

Woman receiving a Botox® injection.
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TE R M S explained

Innervate To provide synaptic input to a cell or tissue.

One of the characteristic features of a neurotoxin is
its specificity. It acts by targeting a single protein while
having no other effect elsewhere. This ability to target
specific cellular processes is exactly what medical
scientists aim for when developing new and better
drugs with minimal side effects. It is possible, therefore,
that active compounds taken from venoms and
other naturally occurring toxins could be exploited
(with care!) as medicines. This is already happening.
Alzheimer’s disease, the most common form of
dementia in elderly people, is known to involve a reduc-
tion in acetylcholine transmission in the brain. Since
physostigmine increases levels of acetylcholine by
inhibiting its breakdown, scientists are investigating the
use of physostigmine-related compounds to treat the
disease. An encouraging
finding is that low doses
of physostigmine improve
performance on memory
tasks in normal volunteers.

So, next time you come
across a venomous animal
or a poisonous plant, treat
it with respect. It could
kill you, but it could also
be carrying the secret of a
new treatment for a life-
threatening disease.

Points for discussion

» Why don’t poisonous animals poison themselves?

P Why might a plant make a neurotoxin?

P How do nicotine, caffeine and alcohol affect the
nervous system?

Further reading
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McCrohan, C. (2001) ‘Making the connec-
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KEY points

® Synapses link between nerve cells and from nerve cells to muscle cells,
allowing electrical signals to be transmitted between them.

® Synaptic transmission involves the release of a chemical neurotrans-
mitter (e.g. acetylcholine) by the presynaptic cell in response to electrical
excitation. The neurotransmitter binds to specific receptors on the post-
synaptic cell, leading to generation of an electrical signal.

® Many naturally derived poisons (e.g. snake and spider venom) act by
disrupting one of the critical steps in the process of synaptic transmis-
sion.

® Scientists have exploited these neurotoxins as experimental tools to
increase our understanding of synaptic function.

® The potential of neurotoxins as drugs to treat diseases of the nervous
system, such as Alzheimer’s disease, is under investigation.
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