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ABSTRACT

Whole cell recordings were made at the mouse neuromuscular junction
using sharp glass electrodes. Miniature end-plate potentials (minEPPs) and end-
plate potentials (EPPs) were' recorded from rrllus'cle fibores as measures ‘of
quantal neurotransmitter release from motor nerve terminals. Effects of élpha-,

latrotoxin application on such quantal release were assessed.

Alpha-latrotoxin is a toxin found in black and brown widow spider venoms.

" The toxin binds irreversibly to a receptor specific to nerve terminal membranes

and forms a channel or channels in the neuronal membrane. Latrotoxin channels
open to admit excitatory cations into the nerve terminal which causes the release

of multiple quanta, recorded as minEPPs, from the terminal.

In the presence of external Caz;', latrotoxin-evoked release was seen as
discrete bursts of quanta. Evidence from previous literature suggests that these
bursts originate from single release sites on the nerve terminal called active
zones. The incidence of bursts was proporti'onal to the concentration of external
Ca”. Burst intensity, measured as the number of recordéd minEPPs per second
(fm), varied in a stepwise fashion between 3.5 to 2100. Multimodal conductance
states of single latrotoxin chanhels, previously described in the literature, might

underlie the burst intensity sublevels now seen at the whole cell level. Indeed,



- single latrotoxin channel openings cooperate into bursts and vary with the

external Ca**, just like whole cell bursts do."

It was also discovered that Ba®* and Sr**, like Ca2', can support latrotoxin
bursts. However, when latrotoxin was applied in the presence of Mg'2+ and no

other divalent cations, a steady rise in fm was seen without bursts.

Release of quanta during.inténse and prolonged bursts was seen to
decline over time; this decline might reflect dyepletioh of “releasable” vesicles at

~ the single active zone responsible for the burst.

The: application of 6% DMSO increased baseiline fm 9.53 times, but burst
fm was increased only 1.73 times by 6% DMSO. Thus it is probably true that
release during the fastest bursts is not far removed from ‘the maximal rate of
rélease possible from a single active zone. This maximal rate of releaée might
reflect the fundamental rate at which vesicleg from the “releasable” pool can be -

induced to fuse with the subsynaptic membrane.

The m, which reflects synchronous release of quanta from multiple active
zones, is substantially increased when there is a burst. The burst-associated

increase in m can be multiplied by 4% DMSO application to the same extent that

baseline m can. Although release from other active zones is clearly increased




during a single active zone burst, the contribution to burst fm made by these
other activé zones is tfny in proportion to the contribution made by the bufsting
active zone itself. The response of other active zones to the Idca|ized latrotoxin
event is most probably due (a) to the entry of excitatory ions Iike Ca®*" and Na'

into the nerve terminal or (b) to the triggering of a second messenger cascade.
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INTRODUCTION

General Introduction

H. H. Dale and colleagues,‘ shoWed that motor neurons transfer excitatory
signals to muscle fibres by releasing a chemical stimulant from the nerve
ending'. The chemical stimulant, which has been identified as acetylcholine
(ACh), crosses the gap between nerve terminal and muscle fibre and binds to

receptors on the muscle fibre.

Once bound, the ACh causes an increase of cation permeability--mainly

to Na* and K', but also to Ca®*. As a result, Na* and Ca?* diffuse down both

electrical and concentration gradients into the muscle, and K* diffuses down its .

concentration gradient out of the muscle. The net entry of cations produces a
local depolarization of the muscle fibre, known as an “end-plate potential” (EPP).
Normally the reaction is so intense that the resulting end-plate potential rises at
a high rate and rapidly exceeds the excitation threshold at which an impulse is
initiated. Thus generated, the muscle fibre action potential travels along the
whole length of the muscle fibre and activates the contractile mechanism at

every point’.

Spontaneous Release



| If one penetrates a rhuscle fibre with a microelectrode, c')ne finds that the
4 inside is at a negative potential, about -80 mV with respect to the outside bath.
The same result is obtained whereVer one inserts the microelectrode, in the
~ vicinity of the nerve contacts as well as at all other points of the fibre. HAowever,
unlike the rest of the muscle fibre, the junctional region is in a state of
. subthreshold electric activity even when no stimulus has been applied and
when--to all outward appearance--the muscle fibre is completely at rest. bﬁe
observes a sequence of small, intermittent electric discharges, each of them
amounting to a brief depolarization of about 0.5 mV, rising rapidly and declining
more slowly, with a total duration of about 2' msec in the rat or mouse. The-
potential changes are very similar to EPPs, the main difference being their much
smaller amplitude (about 0.5 instead of over 40 mV) and their “spontaneous”
occurrence. Fatt and Katz called them “miniature end-plate potentials”

(minEPPs)’.

In general, in the absence of an applied stimulus, minEPPs occur at
random intervals, with a probability which remains constant over long periods of
time and is independent of previous occurrences'.l There is no refractory period

after the occurrence of a minEPP; in fact, two minEPPs can occur

simultaneously.




Fatt and Katz suspected that the minEPPs are caused by leakage of
.acetylcholine from the nerve ending®. Indeed, fhey were able to (sbmewhat
crudely) mimic the miniature potential by closely approaching the end-plate
fegion with a micro-pipette containing a solution of acetylcholine (ACh), and by
discharging a small quantity of ACh ionophoretically. Such }application produced
a local depolarization of the muscle fibre, analogous to a minEPP. Alsb, by using
an assembly of drug-filled micro-pipettes, Fatt and Katz were able to establish
that the artificially-induced depolarizations caused by ionophoretic ACh
discharge had the same pharmacological sensitivity to curare and anti-
cﬁolinesterases as spontaneous minEPPs--the response to the ACh was
suppressed by curare, and enhanced by cholinesterase inhib!tors such as

edrophonium®*.

MIinEPPs are discrete all-or-none events, of standard size and time
course. However, artificial ACh-potentials i}nduced by ACh ionophoresis can be
made bigger or smaller in a smoothly graded fashion by increasing or
decreasing the amount of ACh dispensed onto thé muscle fibre. The time course
can also be changed, for example by varying the distance between pipette and
end-plate or varying the duration of the ACh pulse. Thus it is clear that minEPPs

are not due to one or a few molecules of ACh released from the nerve ending,

but are due to the synchronous impact of large multi-molecular packéts of ACh%.




The contents of one ACh packet reach ‘the end-plate almost -
éynchronousiy (the ionic current rises to a peak Within a fraction of a millisecond)
which suggests that ACh release is from the nearby nerve ending®®. This
hypothesis is very likely, as nerve endings are a rich source of ACh®’, and
destrucﬁon of the nerve terminal stops ACh release without changing the local
sensitivity of the muscle fibre to ACh®. As well, botulinum toxin, which -interferes
with ACh release from motor neurons®, also neér]y abolishes minEPPs recorded
from muscle fibres'. Finally, it has been shown that changing the membrane
potential of the nerve terminal, but not muscle fibre, alters both the amount of

ACh released and the frequency of minEPPs (fm)"".

EPPs, which the nerve impulse produces in the muscle fibre, resemble
minEPPs, e.g., in sensitivity to curére, anticholinesterase poisons and botulinum
toxin. There is little doubt that both are due to local impacts of acetylcholine

upon postsynaptic membrané receptors.
Electrical Control of Release
Depolarization of nerve terminals is associated with an fm rise’®. By

increasing the current strength, the rate of discharge can be raised more than a

hundredfold until the minEPPs become so frequent that they can no longer be

counted individually.




Thus ACh release is electrically t_:ontrollable. Electrical control of release
is exerted physiologically when an action potential wave arrives at a motor nerve
terminal; the action potential provides a very- intense and very brief
depolarization which abrﬁptly and transiently increases release by 'fhe same
mechanism as direct depolarization!The nerve impulse accelerates the rate of
seg:retion of ACh paékets by a factor of a few hundred thousénd for a very brief
interval of time. As a result, instead of an intefmittent discharge at a mean rate of
about one per second, a few hundred 'pa‘ckets.are released within less than one
millisecond to produce an EPP big enough to initiate an impulse in the muscle

fibre.
End-plate Potentials

It is known that Ca’" is required for electrically evoked transmitter
release'®'®, and that Mg®* competes with Ca®* and acts as an inhibitor of Ca®*

entry and therefore release'*"®.

Depolarization in the presence of Ca* is normally required to elicit
release. Depolarizing pulses given after transient increases in ca*

concentration, with the ion no longer present, don’t cause release, nor do

depolarizing pulses cause release if Ca** is added only after the stimulus. Also,




ca* applfcation by itself only mildly increases release of quanta in physiological
K*, as reflected in a small increase in baseline fm. Under standard conditions,
both depolarization of the nerve terminal and the presence of Ca** in the bath
are required to evoke release’®. The depolarization does not have to be
delivered in the form of an action potential; aftér nerve impulses have been
eliminated by tetrodotoxin (TTX) at squid stellate ganglia, local depolarization of
the nerve terminal still evokes a postsynaptic potential change, provided Ca* is

present in the bath'"".

When Céz" is reduced to low levels or Mg added, the EPP declines in
amplitude, at which time it becomes obvious that responses to stimuli fluctuate in
a stepwise manner. Some stimuli produce no respdnse at all, some a response
of about 0.5 mV in amplitude (identical in size and shape to a minEPP), some
stimuli produce responses twice the s‘ize of a minEPP, some three times and so_
on. So random fluctuation of EPP size occurs in discrete steps that are muItipIés
of the minEPP amplitude. It looks as though EPPs are made up of a fluctuating

number of quantal components identical to minEPPs’,

Each unit packet of ACh (whose release produces a minEPP) is pre-
formed within a syhaptic vesicle in the nerve terminal. The vesicle actively

accumulates ACh and maintains it at a high concentration, much higher than

exists in the surrounding cytoplasm'®. Release results from a fusion of vesicular




and nerve terminal membranes, as suggested by electron micrographs™ of
vesicles caught in the act of fusing with the nerve terminal membrane. For
further evidence of exocytosis and the vesicular theory of transmitter release,

see |ater sections of this work.
Synaptic delay

When a stimulus is delivered to a motor neuron, the first miniature
potential comprising an E‘PP (measured postsynaptically) may be evoked és
early as 0.5 msec, or as late as 2.5 msec, after arrival of >the nerve spike at the
terminal; the EPP itself general‘ly spans about 2 milliseconds. So there is a delay
between the arrival of the presynaptic action potential, and the appearance of a
postsynaptic response.

‘

After its release from the te_rminél, ACh must diffuse across the synaptic
cleft and react with receptors on the muscle surface before a postsynaptic
depolarization is seen. Yet there is evidence that neither diffusion of ACh across
the synapse, nor its reaction with recéptors take up much time. With an
ionophoretic pulse épplication of ACh, depolarization of the junctional region of
~ the muscle fibre can be observed as early as 0.1 to 0.2 msec after the start of

the pulse®. Under natural conditions when ACh is secreted by the nerve terminal



itself, the delay due to local diffusion is presumably much shorter than this. So

the major part of the observed synaptic latency must occur presynaptically.

In fact, the opening of voltage sensitive Ca* channels in the subsynaptic
membrane is probably the slow step in the release reaction. Evidence for this
view comes from work on the giant synapses of squid stgllate ganglia. By
applying a large depolarizing current pulse, the researchers were ablé to abolish
the driving force for Ca®** entry and suppress release during the pulse. An
“eléctric potential barrier” was produced, barring the postive Ca** ions from
entering the depolarized cell even though the Ca®* channels were open.
However, a great deal of release could be seen as soon as the pulse was taken
away--the Ca®* channels remained open‘for‘ a brief instant after the driving force
for Ca** entry was restored so Ca** iohs were able to enter and cause release.
The latency of release upon removal of the pulse was much Ie'ss than the
latency of release upon initiation of the pulse, implying that a signi:ficant fraction
of the normal synapt‘ic delay is due to the time taken for acfivation of Ca™

channels by depolarization'®.
Quantal Release is Poisson Distributed

Each nerve terminal has a large population of vesicles beneath the

" subsynaptic membrane, queuing up for release by the next impulse. However,



1

the chance that a pérticular vesicle w.illl fuse at any given time is very low. In a
situation of this kind, Poisson’s statistical law should apply. To use Poisson’s
theorem, we must first know the average number (m) of quanta released by an
impulse (quantal content). Using the assumption that an EPP is made up of
quanta identical in size, variance and origin to minEPPs, we can get m using the

relationship:
m = (mean size of EPP)/(mean size of spontaneous minEPP)

Once we have m, we can use Poisson’s theorem to predict the probability of

evoking 0, 1, 2, 3 ... x packets with a stimulus:
px = €"'m"/x!

If m=2.33 (seen in low concentrations of Ca>* or raised concentrations of
Mg*"), there will be a certain proportion of failures (EPPs with a quantal content
of zero), and a certain proporﬁon of stimuli that yield 1 or more quanta. The
proportion of stimuli we’d expect to result in a failure if relea#e is Poisson

distributed is:

po = (Number of EPP failures)/(Number of impulses) = e ™ m¥x!




Since 2.33° and 0! are both =1, m*/x! cancels out, leaving:
po=em=e**=0.097.

So with an m of 2.33, there’s a 9.7% chance that a given stimulus will evoke no

release.

The equation for p, also gives us a way of testing the :assumption that
minEPP quanta are identical to EPP quanta via an alternative way of
determining m:

(Number of EPP failures)/(Number of impulses) = e™
can be rewritten as:
m = In[(Numb'er of impulses)l(Number of EPP failures)]
This method is easy to use--all one need do is count the number of EPP failures

(the m must be small so failures are present) and the number of stimuli

delivered. As predicted, m values derived from measurements of mean

amplitudes agree with those derived from response -and failure cdunts, so




minEPP and EPP quanta do seem to be identical. Furthermore, the variance in

size of mMINEPP quanta is the same as that for EPP quanta'**°?".

The proportion of étimuli that are likely to result in release of one quantum

if m=2.330 and if release is Poisson distributed is:
p1 =e2%2.33'/11=0.097 x2.33 = 0.23

or a 23% chance of a given stimulus evoking the release of one quantum; the
same equation can be used to determine the probability that 2, 3 or more quanta

will be released with a stimulus.

In fact, a whole distribution of quantal contents can be predicted from
Poisson’s theorem once m, the average number of quanta released per stimulus,
is known. And thé experimentally derived diétribution of EPP sizes, as plotted on
a histogram, agrees with theoretical size distributions that assume release
follows a Poisson distribution. Boyd and Martin, for exémple, compared EPP
amplitude histograms plotted from real data, with theoretical amplitude
histograms plotted With the assumption of a Poisson distribution. The value of m,
- determined by the method of failures, was 2.33 and 198 impulses were
delivered. Above, it was shown that with an m of 2.33, 9.7% of stimuli (19 out of

198 in this case) are expected to result in failures if Poisson’s theorem applies.

11




In fact, 18 failures were observed by Boyd and Martin, which is very close to
expected. Furthermore, the number of stimuli resulting in 1, 2, 3 or more quanta

was also close to that predicted from Poisson’s theorem®.

Lowering the temperature of the: bath can make assessments' of the
applicability of Poisson’s theorem easier. At low temperature, the release of
quanta after a stimulus is greatly dispversed in time; each evoked quantum
occurs after a more variable delay. This is convenient, as individual quanta
occurring séparately and consecutively are easier to identify and count. Katz
and Miledi performed such low temperature experifnents, bathing their

preparation in a low-Ca®* solution to keep m low and failures high®.

For one experiment, 674 nerve imbulses were 'elicited. The researchers
counted 440 failures, 195 single units, 37 “twins”, aﬁd 2 “triplets” for an m of
0.41. Applying this m va.Iue to Poisson’s theorem gave them an expected
distribution of. 448 failures, 183 singles, 37" “twins”, 5 “triplefs” Aand 1
“quadruplet’--very close to the experimentally observed distribution, once again

suggesting a Poisson distribution for quantal re]easezz. _

Since release of quanta follows a Poisson distribution, statistical
relationships applicable to Po’isson distributions also apply to quantal release. It
is known that, with a Poisson distribution, the ratio of the variance over the mean

is equal to one®. Not surprisingly, the variance to mean ratio of the number of .

12




minEPPs in nvon-overlapping time periods has also been consistently shown to
“be 1.0. This statistical relationship is useful, as it.gives us a sensitive way of
quantifying deviations from random--deviations such as bursts (see below).
When there are bursts (sudden brief volleys) of minEPPs, spontaneous release
occurs in a decidedly clustered, non-random fashion, and the variance ié higher
than the mean. Thus a variance to mean ratio well above . 1.0 denotes that
minEPPs are not occurring randomly, but rather in tight clusters, or bursts. The
variance to mean ratio of the number of minEPPs in non-overlapping time
periods is therefore a quahti_tative indicator of the amount of “burstiness” in the:

record.

Latrotoxin

Introduction and Overview

Alpha-latrotoxin is an acidic protein with a molecular weight of about 130
000 Daltons* found in black widow spider venom (BWSV) and brown widow
spider venom (BrwWSV). The black and brown wido>w spider venoms are
immunologically indistinguiéhable24 and have similar toxicological effects 2%, In
fact, BrWSV, BWSV and alpha-latrotoxin aré considered equivalent as far és

their actions on vertebrate neuromuscular junctions are concerned; although

there are at least seven different toxins in BWSV, only alpha-latrotoxin acts on

13




" vertebrate neuromuscular junctions®. However, the other toxins in BWSV act on -

various insect or crustacean nerve terminals in an analogous fashion %%

When the toxin is applied at vertebrate neuromuscular junctions, it
produces an increase in “spontaneous” release of quanta, electrophysiologically

seen as an increase in frequency of minEPPs. This release, which can be

~massive, eventually subsides and electron-microscopic examination then shows

depletion of the synaptic vesicle population. This stage is associated with block
of neuromuscular transmission. The time sequence of events depends on which
divalent cations are present, the.toxin concentration and the duration of
exposure’’. Latrotoxin also works at other kinds of synapses and seems
generally to cause the 4release of fast-ac‘tingv neurotransfnitter' (e.g., dopamine,
ACh)~- mostly via exocytosis, rather théﬁ Ieakagé ~of non-vesicular
neurotransmitter 'from the nerve terminal cytosol.* No }particular fast-acting
neurotransm'ittér is favoured;‘ latrotoxin makes dopamine-containing neurons
release dopamine, and ACh-containing neurons release ACh, etc. Peptide
release (via \Iarge dense core vesicles) is not promoted by latrotoxin

application®.
The toxin appears to stimulate release (1) by allowing the entry of

excitatory ions (see page 29) and (2) by directly stimulating the neuronal release

machinery (see page 40). It acts on all types of neurons so far studied, but does

14



not generally stimulate nonneuronal secretory cells to release transmitter

substance (the exception is cultured adrenal chromaffin cells).

Such cell selectivity is attributed to the presence of latrotoxin receptors
only on nerve terminal membranes. Since latrotoxin acts on all different types of
neurons so far studied, it no doubt targets release machinery that is common to

synapses of different types™.

The initial binding of alpha-latrotoxin to its membrane receptor is voltage-
independent. However, insertion of latrotoxin molecules into lipid bilayer to form
channels hapbens much more readily when a positive potential is applied to the'
bilayer on the same side as the latrotoxin®. Binding is influenced by pH
temperature and ionic composition of the medium. Virtually all divalent cations
(Ca®, Mn*, etc.) increase latrotoxin binding to its receptor except for Mg®* *>%.
The only known inhibitor of alpha-latrotoxin binding (and therefore alpha-
latrotoxin effect) is the plant lectin concanavalin A, which may bind to sugar
residues at or near the receptor causing block by steric hindrance *%*"* The

toxin is irreversible or is only slowly reversible; once bound to its membrane

receptor it stays boimd for many hours.

Latrotoxin as a Research Tool




Natural toxins are  valuable tools in" the study of 'neurotrénsmitter
secretion, and this is particularly true for alphé-latrdtoxin. Simply by using alpha-
latrotoxin as a secretagogue (a tool for causing release), key support has been
gaihed for (1) Ca2+-dependent endocytosis, Aand( (2) the vesicular theory of
neurotransmitter release®®*. The fbllqwing two sections review these important

latrotoxin-related discoveries. It should be added that latrotoxin experimehts

have also resulted in the discovery of key proteins in nerves that affect the |

release process. These proteins'are covered, in the last section entitled,

“Proposed Underlying Mechanism of Latrotoxin’s Non'-lonophore Action”.

The Study of Endocytosis

The secretory products of many secretory cells are released by

exocytosis from intracellular storage organelles after the membrane of the

organelle has become continuous with the plasmalemma. The factors that

control exocytosis have been well studied, and in many systems this process is
believed to be triggered by the influx of e>drace|lu|ar Ca** near the sites of

secretion*.

This exocytotic .event is usually followed by an endocytotic event that

recovers an equivalent area of membrane from the plasmalemma®*. At the

neuromuscular junction, endocytosis occurs rapidly enough to maintain the

16



population of secretory organelles, the synaptic vesicles, at near normal levels
during long periods of intense secretion”®. The factors that influence
endocytosis, on the other hand, have been less studied*. However, there is

evidence that endocytosis, like exocytosis, requires ca*.

When Ceccarelli and Hurlbut applied BWSV to frog muscles bathed in a
Ca*'-free solution containing' EGTA and 4 mM magnesium ions, massive release
of quanta occurred. Within 1 hour, neuromuscular transrﬁission was totally and
irreversibly blocked, and the nerve terminals were swollen and depleted of_
vesicles. Horseradish peroxidase (HRP) was tr‘1en added to the bath. Normally,
HRP is internalized whenever endocytosis occurs and is included inside any
new vesicles made. Since HRP catalyzes the formaﬁdn of an electron-dense
reaction product that is visible under an electron microscope, any new vesicles
made are also visible. That no HRP reaction product could be seen in the nerve
terminals after quantal depletion by latrotoxin implies that vesicle reformation did

not occur under these conditions (Mg”* present, no Ca*")*'.

Yet when BWSV was applied to other muscles bathed in a solution with
1.8 mM Ca** and 4 mM magnesium iohs, the rate of secretion roseto high levels
and then declined to intermediate levels thaf were sustained throughout the hour
of exposure. Neuromuscular transmission was blocked in fewer than 50% of

these fibres. The ultrastructure of these terminals was normal and they

17



~ contained large numbers of synaptic vesicles which were labeled with HRP
reactipn product, indicating that uptake of HRP had occurred via the formation of
new vesicles. These observations suggest that ca® is required for endocytosis

at the frog neuromuscular junction.*

Misler and Falke’s re;ults with Sr** -containing Ringer resemble those
with Ca®**-containing Ringer. Their results with Mn2* -containing Ringer with 1
mM EGTA and no added Ca® resemble those with Mg**-containing Ringer with 1
mM EGTA and no added Cé”. Thus stronti_um ions or calcium ions seem able to
support synaptic vesicle recycling, but not magnesium or manganése ions at the
frog neuromﬁscularjun;:tion. This is probably why latrotoxin-treated terminals
release a larger sum of minEPPs with delayed quaritél exhaustion if Ca’* or Sr**

versus Mn** or Mg®* are present.”’

The Vesicle vaothesis

Upon alpha-latrotoxin application, the total number of neurotransmitter
quanta released from a nerve terminal (about 4x1‘05 .'as measured
. electrophysiologically®) correlates with the ' number of synaptic vesicies
exocytosed (as mevasured using electron microscopy) in the cases of Mg** % and
Mn* *, suggesting that toxin-stimulated neurotransmitter release occurs via

exocytosis’®. Before BWSV, there was no known way of fully depléting synaptic
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vesicles--even intense stimulation would not cause depletion. In the cases of
Ca** and Sr*, quantal exhaustion less clearly translates morphologically into
vesicular depletion; this discrepancy probably exists because Ca®>* and Sr** both

support endocytosis--vesicular supplies being restocked as they are depleted®.

Electron micrographs taken after BWSV application in the pfese'nce or
absence of external Ca®’ reveal that the surface area of the subsynaptic
membrane has increased a great deal and that there are more infoldings. It is
also observed that large particles (presumably proteins) which once appeared
on vesicular membranes have moved to the subsynaptic membrane after BWSV
treatment. Both observatibns are consistent with the idea that vesicles have
fused with and thereby augmented‘the subsynaptic membrane, with exocytosis
happening rﬁore quickly than endocytosis'". It also suggests that latrotoxin acts

presynaptically.
Latrotoxin-Evoked Release Requires Divalent Cations

At the vertebrate neuromuscular junction micromolar concentrations of a
variety of divalent cations (Ca**, Sr**, Ba®, Mn**, Cd*", Zn**, and Mg’") have
been shown to support the increase in fm (to as much as 100-200 minEPPs

/second from 1 minEPP /second over several minutes) seen after latrotoxin

application. The rate of fm rise is proportional to external cation concentration




% At the frog cutaneous pectoris neuromuscular junction Ca®*, Sr** and Ba**

increase fm at less than or equal to 50 uM; and Mg®* at concentrations greater

than 1 mM..

Without divalent cations, no affect of alpha-latrotoxin on release is seén,
’though ‘the toxin can still bind*““*. Brain synaptosomes and clonal
pheochromocytoma (PC12) cells also require the presence of divalent cations
before they will respond to latrotoxin applic_atibn. Nonetheless, it is clear that the

divalent cations do not act by increasing latrotoxin binding to the cells**®.

Divalent Cations Other Than Ca”* Do Not Act by Releasing .Ca** from

Intracellular Stores

How divalent cations other than Ca’* cause release after latrotoxin
application is not known. It was hypothesized that these divalent cations are
transported across the plasmalemma via latrotoxin channels much like Ca*, and

48,39

that they support release directly™ ™.

It has also been suggested that latrotoxin-induced release in the absence
of external Ca** is due to release of Ca** from intracellular stores, not due to

direct effects of other divalent cations present (rises in intracellular Ca®* are

known to activate exocytosis, although the meéhanism/s are unknown). To check




for rises in intracellular Caizl+ after latrotoxin treatment, PC12 cells and brain
synaptosomes were loaded with the .Caz“‘ indicator, quin2. Cells loaded with
quin2 emit light whenever the intracellular concentration of free Ca’* increases.
One group of cells was bathed in Mg?*-containing, low-Ca®*-EGTA (10 ® M Ca*)
Ringer solution, the other group 'was ‘bathed in a regular Ringer solution
containing 1.8 mM Ca*" in addition to Mg®". When latrotoxin was added to both
groups of cells, the intracellular free Ca2+'. concentration increased in the Ca*'-
treated but not Cazf deficient/ EGTA cells, even though magnesium ions were:
present under both conditions®. Adam-Vizi et al. did equivalent experiments in
synaptosomes _using fura-2 fluorescence to estimate intracellular free [Ca*'] and
foﬁnd no increase in intracellular Ca®* as a result of applying latrotoxin to the
cells in a Ca®*-free medium, but a big increase in intracellular Ca** in a Ca*'-
contvaining medium plus latrotoxin®'. These studies indicate that alpha-latrotoxin
is unable to cause a redistribution of Ca®* from intracellular storés to the free

cytoplasm®, and implies that divalent cations like Mg do not cause release

indirectly by raising intracellular Ca*. .

Inhibitory lons Can Be Excitatory When Given Access to the Nerve

Terminal Cytoplasm

Many divalent cations other than Ca> can support release of quanta from

nerve terminals in the absence of latrotoxin; Ba®" and Sr** are classic examples
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of cations which enter through calcium channels and cause release®. However,
divalent cations that inhibit neurotransmitter release under normal
circumstances, such as Mg”, also have excitatory effects after latrotoxin
applicatibn.: The inhibitofy effects of Mg”, under standard condition_s; are
probably not due to any direct shppression of tHe intracellular release probess.
Rather, Mg®* inhibits release because it hinders the entry of ca* ihrough ,
calcium channels- whilev not itself penetrating very well. After latrotoxin
applbicatiqn, however, Mg®* can penetrate latrotoxin channels and thefeby gain
access to the nerve terminal cytoplasm. Having done so, it appears that Mg**
then works from within the nerve terminal®® to cause release by some

mechanism.

In order to supbort the above idea, it is necessary to show that alternative
rhethods of getting Mg** into the nerve terminal besides Iatrotoxin also promote
release in the absence of Ca. In fact, prolonged high frequency motor nerve
stimulation in Mg®*, Mn*, or Ni** alone causes a concentration-dependent

*% In a similar way, incubation of the muscle with cation-

increase in fm
selective ionophores in Ca®*, Sr**, Ba**, Mn** or Co** all enhance transmitter
release from secretory cells. Only micromolar-to-millimolar concentrations of the

test divalent cations are required for the release to be observed, as with

latrotoxin-treated preparations. We also know that in the virtual absence of

extracellular Ca2_+ and in the presence oflhigh extracellular Mg**, bursts of




minEPPs can occur through hyperpolarization of frog motor nérve terminals®’,
just as hyperpolarization of synaptosomes suspen'ded in media containing
various divalent cations sans Ca®* causes cation entry and transmitter release™.
' Overall, it seems likely that Mg®* and other ions cah themselves promote release

. under various conditions, not just after latrotoxin application.
Latrotoxin-Induced Bursts

Del Castillo and Pumplin discovered that BrWWSV application resulted in
the appearance of well-defined volleys of minEPPs--sudden bursts of elevated
minEPP frequency. These volleys, in normal Caz“‘-éontaining Ringer were
characterized by a sharp onset and sudden end. Within a volley, the frequency
of minEPPs was relatively constant, having a rate of 100-300/s. Thé occurrence
of volleys did not fit a Poisson distribution, so the volleys were not random, or
completely independent of one another. If one \)olley occurred, the probability
was above average that another would follow it soon after. The volleys observed
by del Castillo and Pumplin occurred at a mean rate of 0.98 pér minute. There -
were both long and short \)olleys. In normal Ca®* Ringer solution, the volleys
observed by del Castillo and Pumplin lasted from 3.6 to 30 seconds. Volley
durations were independent of the times at which they originated. The volleys

reappeared at intervals over a period of 1-4 hours after which the muscle fibres

became electrically silent™.




The sharply defined, intermittent bﬁréts of release observed after BrWSV
application in normal ca® Ringer>® contrést with the progressive, uniform
increase in fm evoked by BWSV in low Ca** EGTA Ringer in the presence of 4
mM Mg®*; intermittent bursts of release are not observed in the absence. of

external Ca**, only a sustained fm increase®.

MIinEPP volleys occurring .in 0.6 mM Ca*, 21.4 mM Mg** Ringer had a
~more gradual onset.and offset than volleys in normal Ca®* Ringer solution--the
rise and fall in fm were gradual and unabrupt. The volleys in high-Mg®* also
lasted much longer than the normal Ringer volleys did--in some cases the raised

fm was sustained until permanent electrical silence occurred®.

The binding of venom molecules to the membrane is not followed
immediately by the occurrence of volleys. Indeed, volleys of minEPPs are‘
observed at times up to 4 hr after thej addition of venom to the bath, and occur
even though the venom solution has been replaced by normal Ringer solution.
Since it is unlikely that such a delay could be due to diffusion, it is reasonable to
think that the initiation of é volley requires not only the presence of the venom,
but also the intervention of some ‘tfiggering event’ having a certain activation

energy™.
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ca® -Dependence of Bursting

Del Castillo and Pumplin stﬁdied bursts in 18 mM Ca** as well as normal
Ringer. The researchers found that in 18 versus 1.8 mM Ca*, the initial burst fm
was higher than normal but declined to intermediate levels within 5 seconds.
The burst fms tapered off, rather than abruptly returning to baséline as seen with

bursts in 1.8 mM Ca**®.
Bursts are Localized

Del Castillo and Pumplin raised tHe question of the spatial origin of the
minEPP bursts. Two extreme possibilities can be considered. Volleys may be
made up of quanta released from diverse parts of the motor nerve terminal _
membrane, or a volley may represent a localized event occurring at a small site
on the terminal membrane. Two lines of evidence suggest that bursts are
localized to single active zones. The first line of evidence is derived from
simultaneous intracellular and extracellular recordings of minEPPs. The second
line of evidence is derived from visualizing the nerve terminal using electron

microscopy.

Evidence From Simultaneous Intra- and Extracellular Record'inqs of Bursts
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Del Castillo and Pumplin took simultaneous intra- and extracellular -
recordings of bursts from frog muscle treated with brown widow spider venom.
The intracellular recordings were made using a sharp electrode penetrating an
individual muscle fibre millimetres from the insertion of the nerve into the muscle
fibre. The extracellular recordings, on the other hand, were mac_je using a blunter
electrode positioned in the vicinity of the synapse itself. The amplitude of the
extracellularly-recorded minEPPs provided a means of distinguiéhing near from
less near events, since the amplitude is inversely proportional to the distance
from the recording electrode. Because the amplitude of the extracellular evénts
quickly became inslignificant with distance, the extracellular electrode could

provide information only on release in the immediate vicinity (e.g., several

nearby active zones), while the intracellular electrode saw release events from

all areas of the nerve terminal membrane. It follows that all minEPPs that
appeared on the extracellular record also appeared on the intracellular record,

but not vice versa.

Dél Castillo and Pumplin saw minEPPs of diﬁeréht sizes and therefore
distances from the extracellular recording electrode. Yet the min>EPPs
comprising bursts all had the same extracellularly recorded “amplitude” and
therefore the distance from electrode to hicotinic acetylcholine receptors

(nAChRs) was the same. Since the same set of NAChRs was activated for each
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burst minEPP, it was reasonable to suppose a single, corresponding release site

. for the bursts as well.

Also, where extracellular and .intracellular recordings were taken
simultaneously from bursting cells, the burst was either visible in its entirety on
both electrodes or only on the intracellular record. Yet if bursts are diffuse
events, th'ey should be accompanied by an increase in the frequency of the
minEPPs recorded extérnally from any active spot within the end-plate. To the
contrary, a dramatic incréase in the external fm was only seen when the burst
happened to originate at, or in the immediate vicinity of, thé extracellular
electrode implying that bursts are highly localized discharges™.

‘ /

Similar éxperiménts had been performed by del Castillo & Katz, to
establish the diffuse nature of normal ACh release. Del Castillo and Katz
compared recordings obtained with intracellular- and extracellular micro-
electrodes and saw that the site of liberation of ACh packets changed
bontinuously within the nerve terminal and ohly occasionally was one of the
internally recorded minEPPs produced in the vicinity of the extracellular micro-
electrode®. Del Castillo and Pumplin themselves confirmed that normal release

occurs from diffuse areas of the nerve terminai®.
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Bursts do ﬁot occur iﬁ the absence of Cazﬂ as discussed on page 24,
even if Mg®* is present. Still, Mg** application will cause a‘ smooth rise in fm that
will continue until quantél ekhaustidn and vésicular depletion have occurred.
fl"his unabrupt increase in fm is the result of increased release from a broad
population of active zones, not a single active zone és with Ca®*. This was
established by Del Castillo and Pumplin using the above intra-/ extracellular
recording technique. Quite simply, BrWSV application in the presence pf Mg**
and the absence of Ca’* always caused an increase in 'both internally and
externélly récordéd fm, so the increased release occurred from diffuse active
zones®®. Why this occurs, given that the latrotoxin channel is probably IocaI‘ized,
is unclear--it may be that Mg** is able to. diffuse within the nerve terminal without
becoming bound by proteins which complex Ca*. In this way, Mg®* would be
able to spread to multiple active zones from a single entry point to increase

release globally.

Electron Micrograph Evidence

Visualizing nerve terminals which are only partially depleted by‘ BrwsSV in
Ca** Ringer shows that there is not a uniformly decreased density of vesiclles;
instead, adjacent regions céntain an appérently normal density of vesicles or no
vesicles at all®®. According to vCIark et al., the subsynaptic membrane near the

depleted regions had infoldings. Such infoldings suggest that a large number of
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vesicles fused to augment the subsynaptic membrane at those areas. The well-
defined vesicle-poor areas, which exactly correspond to the areas of infolded
subsynaptic membrane, are probably caused by depletion of single active zones

due to bursts. Nerve stimulation results in depletion from multiple active zones®™.
Other Ways to Cause Bursts

Bdrsts of minEPPs can also be caused by applying a direct
hyperpolarizing current to the nerve terminal membrane. By hyperpolarizing the
nerve terminal in this way, the baseline fm stays the same or decreases slightly
until,. uhexpectedly; a burst of minEPPs is seen. Early authors attributed this
‘effect to a “membrane dielectric breakdqwn”, but it is unknown why

hyperpolarization of the nerve terminal causes bursts®.

Various types of ionophores are reported to cause bursts; ionomycin and

X-537A (lasalocid) are examples®.
Mechanisms of Latrotoxin-Evoked Release

It has been suggested that alpha-latrotoxin has a dual action in triggering
exocytosis from nerve terminals. It generates a channel in the plasma membrane

that leads to an increase in intracellular excitatory cations, including Ca**, Mg®*




“intracellular Ca

and Na' (see below). Secondly, the toxin interacts with thg protein secretory
machinery of the cell to cause transmitter release. When cells are bathed in
physiological media, both mechanisms are active in triggering secretion. In the
absence of Ca®* or other stimulatory divalent cation, exocytosis is triggered
solely by the direct interaction of the toxin and the channel activity is redundant.
The next two sections_ éummarize evidence for both proposed méchanisms of

latrotoxin-induced secretion in turn.

lon Channel Formation

The simplest theory explaining the action of alpha-latrotoxin on nerves is
that the toxin works by forming divalent cation-permeable channels. The divalent
cations pass through alpha-latrotoxin channels and trigger exocytosis from

release sites directly beneath the subsynaptic membrane®.

Alpha-latrotoxin-induced secretion in Ca**-containing solutions i.s
accompanied by a very large, sustained increase in intracellular Ca® in both
synaptosomes® and PC12 cells* after a short delay (probably the time needed
for toxin binding). .This was evidenced by measuring 45Caz’“’influx'and "
2149508 The observed rises in intracellular Ca*" after latrotoxin |
application occurred even in the presence of calciurh channel blockers like

verapamil and D600**°**%. Nonetheless, an anti-latrotoxin antibody could prevent

the entry of Ca*; a monoclonal anti-alpha-latrofoxin antibody which impairs the
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toxin stimulatory action but!does not influence its binding to the receptor, also

inhibits toxin-induced channels in artificial membranes®.

Though alpha-latrotoxin causes relea.se' in the absence of Ca’*, no
release is seen if other divalent cations (e.g., Mg*) are also absent®*. Also,
latrotoxin’s activity can, in some caées, be blocked if the latrotoxin cha‘nnel is
blocked. In PC12 cells and synaptosomes, La* and Gd** do not interfere with
alpha-latrotoxin binding but block both Mn** influx and alpha-latrotoxin induced
secretion®. This provideé further support for the idea that latrotoxin acts as a
channel to cause an influx of divale»nt cations that is essential for latrotoxin to

trigger neurotransmitter release.

Increasing extracellular K" from 2 to 25-40 mM, which should depolarize
the resting nerve terminal® and hence decrease the electrical driving force for
cation entry, reduces the rate of rise in fm resulting from alpha-latrotoxin
application or produces an' absolute reduction in fm. Hence changes in fm
appear to parallel changes in the electrochemical gradient for passive
‘multivalent cation entry into the terminal. This is consistent with the idéa that
alpha-latrotoxin increases the passive permeability of the blasmalemma_to

cations.
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Since alpha-latrotoxin (and whole venom) appeared to be devoid of any
detectable enzymatic (phospholipase, proieinase) activities”, it was reasonable

- to propose an “ionophore” (channel forming) mechanism for its action.

Along with synaptic vesicle exocytosis, alpha-latrotoxin depolarizes the
p;'esynaptic membrahe, an observation consistent with cation entry®. The
depolarization is probably due to Na' influx in the absence of divalent cations,
and it still occurred in .the presence of the specific Na' channel blocker,

T-rx48 138,64

Large or prolonged Na* (or other cation) influx, by depolarizing the nerve
terminal can result in the inactivation of sodium channels. Without sodium
channels to conduct the axonal inward Na® current, nerve conduction fails and
stimuli never reach the nerve terminal to cause increased divalent cation entry
and release of neurotrénsmitter.. This is probably the mechanism whereby large
amounts of BWSV eventually cause neuromuscular‘blockade. Evidence for this
view comes from the work of Gorio and Mauro. Frog neuromuscular juhctions
were pretreated with BWSV in a solution containing no divalent cations, no
sodium and 1 mM EGTA. Then, cations were added back in addition to sodium
and an antivenin to block the latrotoxin channel. With the antivenin, action

potential failure was never seen unlike without the antivenin. Neuromuscular

failure that occurred without anti\)enin could be reversed with the addition of




antivenin. Thus block of neuromuscular transmission probably occurs due to
loss of presynaptic membrane potential due to buildup in the nerve terminal of

cations like Na*®°,

Surprisingly, there is no homology of aIpha-Iat{rotoxin with any known ion
channel protein; nonetheless it has large transmembrane domains and might
well represent a new class of channel-forming protein®. A low-molecular weight
protein which may be an ionophore has been found in -alpha-latrotoxin
preparations. It is fherefore poesible that this adhering protein, and not Iatretoxin

itself, forms channels®’.

Patch Clamp Studies

The ultimate evidence that latrotoxin forms channels that allow the entry

of excitatory ions comes from patch clamp studies.
XENOPUS OOCYTES

In one patch clamp study, mRNA from rat brain was expressed in
Xenopus laevis oocytes®. Whole and single-channel patch clamp recordings
were taken to check for the formation of latrotoxin ion channels. Noné were

found until alpha-latrotoxin was added to the injected oocytes. The channels that
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appeared had éingle-channel conductances varyiﬁg from 3 to 200 pS and
consistent conductance sublevels were observed. Currents reversed at 0 mV,
and the channels were permeable to Ca?", Na* and K' indicating that non-
selective catién channeis wefe produced by addition of the toxin (Mg®*"
conductances weren’'t measured). Channel openings came in groups of bursts.
Open probability increased slightly with hyperpolarizatidn.'Elevation of external
ca* o.r toxin concentration bromoted the vap'pearance of groups of burst
openings. The single-channel conductance, reversal potential énd channel open
probability Idid not depend on_Ca2+ or toxin concentration. This establishes that
the combination of Iétrotoxin, latrotoxin receptor and membrane can result in the

formation of novel ion channels®.
BILAYER

.. Finkelstein was the first to put forward the hypothesis that alpha-latrotoxin
create§ ion channels. He added alpha-latrotoxin to pure ﬁpid bilayer membranes
(i.e., membrane lacking the alpha¥latrotoxih receptor) and observed that long-
duration, nbnseleétive cation channels were formed that had highly dispersed
single channel conductances ranging from 100-400 pS. The channels were
permeant to Na*, K and Ca**®°. Similar experi'n'\'en'ts showed the channels would
conduct alkali earth metals (Ba®">Sr**>Ca**>Mg*")”°. Their conductance was

affected by the lipid composition of the bilayer, and the channels were not highly




voltage sensitive”". Presumably, these channels in artificial bilayer were formedl
by Iatrotokin alone, as no other proteins were present. However, the affinity of
alpha-latrotoxin fdr the bilayer was three orders of magnitude less than
latrotoxin’s known affinity for neuronal membrane (much more latrotoxin was
needed). Still, the experiment establishes that alpha-latrotoxin alone (plus an

adhering small peptide®’) has the ability to form ion channels in membrane.

In addition, the idea that Iatrotoxi'n can more easily form channels when
combined with its receptor neurexin was pursued in further experihents in which
latrotoxin, the receptor neurexin, and a c;omplex of the two proteiné were
prepared in separate liposomes and added to bilayer. AIpha-Iatrotoxfn, by itself,
gave a Jchannel with conductances of 60 and 240 pS. The réceptor neurexin
alone produced no channel activity, whereas the alpha-latrotoxin/ receptor
neurexin complex very rapidly produced channels of 65-70 pS™. This indicates
that the alpha-latrotoxin/ receptor neurexin complex also has channel-forming
properties in bilayer, but leaves great unce'rtainty as to the true conductance of
latrotoxin channels. Filippov et al. have suggested that the conductance
variability is genuine and due to clusters of cooperatively apting latrotoxin

subchannels® (see section after next).

PC12 CELLS
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Application of élpha-latrotoxin to cultured adrenal chromaffin (PC12) cells
also leads to formation of ion channels. Current-clamp and patch-clamp
experiments in PC12 cell lines, performed with aIpha-Iatrotoxih in the pipette,
have found a noninactivating channel conductance of 15 pS™. This conductance
is an order of magnitude lower than that seen in bilayers, but cation selectivity

for Na*, K*, Ca® ™ and Mn*" was the same™. The alpha-latrotoxin channels were

_insensitive to a broad mixture of native voltage-dependent and receptor-gated

—_—

channel blockers that were included in the patch pipette’. Thus it seems likely

that alpha-latrotoxin application results in the formation of non-physiological ion

channels.

Latrotoxin Subchannels

One idea that might explain the large variation in singlé channel
conductances is that the latrotoxin channels are clusters composed of a variable
number of subchannels. Measurement of nonelectrolyte permeability gives a
uniform 10 angstrom pore size irrespective of the size of the appareht unitary
conductance estimated from siﬁgle channe! events™. So it has been proposed
thaf aléha-latrotoxin channels are clusters of 10 A subchannels. These clusters
graft as a bunch to aﬁ active zone’'s neurexin protein (alias the latrotoxin
receptor--discussed later). Channel conductances will vary depending on how

many of these constituent subchannels are open at any one time. The -
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subchannels would have to open cooperatively as the conductance sublevels
observed in oocytes are not independent of one another, suggesting the
conductance states are functionally tied to one another in some way. ca® is

known to synchronize channel openings®.

The Role of Sodium lons in Latrotoxin-Evoked Release -

Na’, in addition to divalent cations can enter the nerve terminal via
latrotoxin channels. This has been affirmed using the fluorescent Na* indicator,

benzofuran isophthalate”.

It has been su.ggested that Na’ may play a role in promoting
neurotransmitter release. There are a number of lines of evidence to support
this. Ouabain, a Na‘'/K’ ATPase blocker, increases the concentration of
intracellular Na* over time77 by disabling the ability of cells to actively extrude.
Na® in exchange for K. This may be the mechanism whereby it stimulates the
release of neurotransmitter from the neuromuscular junction”, cortex slices™
and synaptosomes™. It is also true that disabling the Na'/K’ ATPase by
withdrawing external K* from the solution increases release, perhaps by

increasing internal Na**°.
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Secondly, veratridine, a compound acting on potential-dependent Na*
channels depolarizes nerve terminals. Veratridine, like ouabain increases
intracellular Na* concentration” and also promotes neurotransmitter release in

the absence of Ca®*®'.

Thus, it has been suggested that the divalent cation-indepehdent actions
of alpha-latrotoxin may partly be due to an increase in intracellular Na*. Along
those lines, Adam-Vizi et al have determined that there is a good quantitative

i

relationship between the increase in intracellular Na* and the release of ACh*'.

It was also reported recently that the‘effect of latrotoxin has both external
sodium-dependent and independent components®. Synaptosomes isolated from
guinea pig cortex were treated with iatrotoxin in Na*- containing or Na’“-free
(sucrose- or N-methylglucamine-containing) solution. Displacement of Naf in the
medium consjderably decreased but did not abolish the elevation }ofintracellular
Ca”* and (carbon-14 labeled) ACh release resulting from latrotoxin. Lack of Na®
also resulted in the inhibition of high-affinity (carbon-14 labeled) choline uptake.
Both Na'-dependent and -independent components of alpha-latrotoxin-evoked
C-ACh release partly required the presence of either Mg** or Ca**.® Likewise,
McMahon et al. fdund a greater alpha-latrotoxin-elicited glutamate release from

synaptosomes in Na*-containing versus Na‘-free medium®.
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Ultrastructural Theory

As an aside, it was initially suggested that the crucial Step in latrotoxin

action is a redistribution of the molecular components of the nerve terminal

membrane, modulated by a microtubular-microfilament array in the cytoplasm®.

Support for this theory comes from electron micrographs showing that, after

prolonged exposure to aggressive amounts of BWSV, vesicular clumping and

active zone disorgatnization occur. However, it is perfectly clear that active zone
disorganization and vesicular clumping are not due to latrotoxin per sé, they are
side effects of exbessive cation éntry. When latrotoxin is applied in the presence
of Mg2+ but absence of Na* and Ca®*, cathartic release of neurotransmitter still
occurs but with no ultrastructural rearrangement whatsoever®. As notgd by
Smith et al, “Only doses of concentrated venom can sufficiently elevate
intracellular Ca®* to a concentration at which synaptic‘vesicles clump together,

thus interrupting the transmitter release process.” This is clear from electron

micrographs. Vesicular clumping and other ultrastructural effects are not seen

with transient, low dose latrotoxin application and cannot eXpIain latrotoxin

effects such as bursts seen under these conditions®.

Latrotoxin Is More Than An lonophore
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The presence of divalent cations, under most conditions, .is necessary for
latrotoxin to cause release of neurotransmitter. But this is not simply because
divalent ca;tions‘ are needed to cause ‘reléase. Rather, divalent. cationsvare
required for the activation of the latrotoxin/ associated protein complex
(discussed later), with the opening of a channel beiné one effect. Thus not oﬁly
do divalent éations not enter through latrotoxin channels in the' absence of
extracellular divalent cations, but the chaﬁnels themselves do not open. If
latrotoxin channels opened perféctly'well without divalent cation, one would
expect latrotoxin to cause depolarizations in the absence of d‘ivalent cations duve'
to Na* entry. Yet no depolarization ofAIatrotoxin-treated synaptosomes is seen in
the absence versus presence of divalent cations, though Na’ is present and
latrotoxin binding preserved”®’. Aléo, raising the concentration of extracellular
divalent cations leads to more frequent or more prolonged channel openings.
Adding more. Ca® increases channel "open prdbébility“, and extra Mg** causes

more sustained fm increases probably for the same reason®.

Also, it is not true that the facilitation of divalent cation entry is the sole
mechanism whereby alpha-latrotoxin causes release. A few clever ways have
been devised to activate dramatic latrotoxin-induced release in the absence of
divalent cations. As will be discussed, there is clearly a mechanism other than

latrotoxin’s ionophore property by which it stimulates release.
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Evidehce for Non-lonophore Action

Latrotoxin Fusogenic to Liposomes

Alpha-latrotoxin was reported to induce the fusion of liposomes with
artificial lipid bilayer after the toxin was introduced into a solution bathing the
opposite side of the bilayer from which a solution of liposomes was applied88,
without any.ionic gradients present. This implies that latrotoxin can translocate
through membranes to directly indﬁce vesicles on the opposite side to merge
with the membrane. However, orders of magnitude higher concentrations of
Iatrofoxin are needed for liposomes to fuse with bilayer than are needed for

vesicles to fuse with neuronal membrane.

Hypertonicity Effects

Another set of experiments that support a channel-independent action of
alpha-latrotoxin looked at the effects of venom in ‘hypertonic solutions in the
| absence of external divale‘nt cations*®. Addition of hypertonic solution to
neuromuscular junction prepa~rations in the absence of divalent cations normally
increases the fm to a stable level; it has been speculated that this is due to an
increase in divalent cation concentration intracellularly. When BWSV was added

to the muscle in the hypertonic environment, a dramatic, progressive fm increase
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characteristic of the venom was seen though no divalent cations were present
(no bursts were seen without Ca®*, though). Thus, under these conditions,
BWSV can clearly cause release of neurotransmitter independent of the entry of

divalent ions.

Temperature Effects

When BWSV is applied, it causes a great deal of release if the
temperature of the medium is raised, even 'though the medium lacks divalent
cations and contains 1 mM EGTA®. Once again, latrotoxin’s action cannot here

be ascribed to its ionopho_ré property.

Latrotoxin Release Sans Electrochemical Gradient

Surkova did experiments on cultured bovine adrenal chromaffin cells.

909192 and have the

Such cells undergo exocytosis in response to various agents
advantage that solution ’qomposition can be controlled on both sides of the
plasma membrane. Permeabilization of the cells led to rapid abolition of all
electrochemical gradients for .ions and small molecules across the plasma
membrane. Without such electrochemical gradients, channels cannot facilitate

net transport of ions. Nonetheless, latrotoxin application still stimulated release

of catecholamines, once again showing that latrotoxin causes release not just by
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causing ion influx. However, the presence of Ca** was required for the latrotoxin

release®.

From the above four lines of evidence it is clear that latrotoxin can cause
release in ways other than causing increased cation influx. It is also true that at
least pért of latrotoxin’s effect can be activated in the absence of cations. When
latrotoxin’s effect to evoke quantal release is activated by whavtever means,
release occurs. However, it is probably important to distinguish between release
occurring in the presence and absenqe of divalent cations. When divalent.
cations are present, they activate latrotoxin which results in, (1) The opening of
an ion channel, so that ions diffuse into the nerve terminal and cause release
and, (2) direct stimulation of the secretory hachinery (covered in the last
section) and thereby further release of neurotransmitter: In the absence of |
extracellular divalent cations, only the second result is_ seen after latrotoxin
activation. The fact that release occurs but is less dramatic .without divalent
cations supports this idea. The “secretory machinery” alluded to will be covered

J
in the last section.

Mechanisms of Non-lonophore Action

Brief Introdubtion and Preview
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At this point, a discussion of neuronal “secrétory machinery” is required.
This is becéuse latrotoxin is believed to influence this biochemical machinery by

influencing the receptor protein it binds to.

The |atrotoxinlreceptor, which belongs to a class of proteins ﬁalled
neurexins, has a cytoplasmic corﬁponent which is capable of interacting with
infracellular proteins. In fact, it is known to bind (1) to the omega- conotoxin-
sensitive Ca**-channel, (2) to syntaxin, and (3) to synapt»otag.min, all of which are
proteins theoretically involved in exocytosis (discussed below). By interacting

with these proteins, the receptor neurexin may itself play a role in release.

In turn, by binding to the receptor neurexin, and presumably changing its
conformation and functioning, latrotoxin may influence release. It seems likely
that the toxin is changing interactions between the receptor neurexin and the

neurexin’s associated proteins, in favour of causing release.

The Receptor for Latrotoxin

Some authors suggest that the action of the toxin is due to its
spontaneous insertion across the membrane leading to formation of a
channel™™. This suggestion leaves unexplained the high potency and strict

tissue specificity of alpha-latrotoxin’s action®. Finkelstein was the first to
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propose the existence of discrete, high affinity binding sites, localized at the
outer surface of the presynaptic membrane. During the last few years this
hypothesis has been borﬁe out by experiments carried out by the use of
radiolabelled alpha-latrotoxin. Spécific alpha-latrotoxin recepfors Were detected
in dog, rat, guinea-pig, calf, pig and chicken brain cortex synaptosomes, in PC12
cells and more recently, ét the frog neuromuscular junction®*%_In contrast, no
receptors were found in preparations insénéitive to alpha-latrotoxin (e.g., glial

cells; fibroblasts; muscle cells)®*®

. The density (number/ unit of surface area) of
alpha-latrotoxin receptors varied considerably from preparation to preparation.
Receptor density was especially high (over 1000 per square micrometer) at the
neuromuscular junction. Also, the concentration dependence of latrotoxin
binding was found to correspond closely to the neurotransmitter rélease

effect®®¢%

An immunofluorescence study of the neuromuscular junction indicated
that the alpha-latrotoxin receptor is localized exclusively in the presynaptic
membrane®. There is also- ultrastructural evidence; Clark et al. showed that
latrotoxin application greatly increased the area and infoldings of the pfesynaptic
membrane, suggestive of presynaptic effects on exocytosis®. Also, it was earlier

discussed that latrotoxin promotes exo'cytovsis of vesicles, a presynaptic function.
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Meldolesi abolished latrotoxin binding by externally applying trypsin, a
proteolytic enzyme, to intact synaptdsomes; presumabiy, the trybsin cleaved
portions of the exposed receptor neurexin, making it unbindable; This provided
evidence that the latrotoxin receptor has an extracellular domain in addition to its

cytoplasmic component (mentioned earlier) *.

Physical Chemistry of the Receptor

The latrotoxin receptor has been svuc'cessfully purified from bO\)ine brain
membranes. Since it can be sélubilized only with detergents, it is probably an
integral (lipophilic) membrane protein®. The purified, solubilized latrotoxin
receptor binds latrotoxin with the same high affinity as it does when part of a

membrane.®’

The purified rgceptor is apparently made up of two structurally similar
toxin-binding glycoproteins of molecular weight 200 000 and 160 000 Daltons.
The two proteins form a conﬁplex with severall, much smaller proteins which do
not themselves bind the toxin. The two Iafge proteins are specific to nerves,
unlike most of the smaller ones. After the purified receptor is reconstituted in

liposomes, the addition of alpha-latrotoxin results in the formation of cation

channels™.




The alpha-latrotoxin receptor proteins (160 and 200 kDa) were the first
members of a novel class. of neuronal cell surface proteins now known as the
neurexins. Neurexin mRNAs are found only in nervous' tissue”, - perfectly
correlating with the distribution of the alpha-latrotoxin receptor®. Neurexins are
constructed from three genes by diﬁeréntial transcription and alternative
splicing, giving over 100 isoformé. Accordingbto their primary structure, they
consist of three domains: the short, conserved, cyfoplasmic C-terminal domain;
the extensive N-terminal domain that projects into the extracellular space; and
the 20-amino-acid transmembrane region which is too short to itself form a

channel.

Possible Receptor Function

Many neurexins are hypothesized to be involved in cell-cell contact,
adhesion and recognition. However it is believed that there is an additional role
for the alpha-latrotoxin receptor,vneurexin, av role in vesicular release. This be‘lief
is based on the observation that the cytoplasmic tail of the receptor binds a

protein specific to vesicle membranes called synaptotagmin®®.

Receptor Binds Synaptotagmin
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Synaptotagmin is a protéin that lies on the external surface of synaptic
vesicle membranes (65 000 Da). Synaptotagmin binds to the cytoplasmic tail of
the latrotoxin receptor neurexin--this interaction may be a fundamental step in
the merging of vesicles with subsynaptic membrane. In any event, neurexih tails |
have been little changed throughout evolution (as seen by comparing diﬁerent
organisms), which suggests that neurexin/ synaptotagmin binding is important to

98,99

the organism for something The synaptotagmin/ latrotoxin receptor

" interaction occurs physiologically, whether or not latrotoxin is present.

As well as the alpha-latrotoxin receptor, synaptotagmin binds calcium ions
and membrane phospholipids cooperatively with a concentration dependence
and specificity for Ca® resembling that of the neurotransmitter release

100

reaction . Thus it has been proposed that synaptotagmin is a Ca”>* sensor

handily situated on vesicular membranes which governs exocytosis.

Synaptotagmin is phosphorylated by casein kinase Il in vivo in a Ca**-
dependenf manner. It has been proposed that synaptotagmin prevents
ex_oéytosis, that is, it is a regulatory component of the secretory machinery'”’;
phosphorylation of syhaptotagmin decreases its ability (and thus the vesicle’s
ability) to bind lipids™'. Synaptotagmin phosphorylation is specifically inhibited

by the alpha-latrotoxin receptor in vitro®™, so it may be that the latrotoxin receptor
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(with Ca** present) disinhibits exocytosis by preventing synaptotagmin

phosphorylation.

Receptor Binds Syntaxin and Ca** Channels

The alpha-latrotoxin receptor also binds to the omega-conotoxin-sensitive
calcium channel, and to syntaxin'®, a presynaptic membrane protein implicated
in synapti'c vesicle docking in readiness for exocytosis'®. Both the Ca*" channel
protein and Syntaxin also bind synaptotagmin in additionA to the Iatrotoxiﬁ

receptor, paving the way for a host of putative biochemical interactions.

“Release Machinery” Effects Speculative

It is hypothesized that the latrotoxin receptor, and the latrotoxin molecules
that act on it, could be influencing (1) the do.cking of vesicles by acting on
syntaxin'®, (2) the Ca’* sensitivity of exocytosis by interacting with
'synaptotagmin“", and (3) the opening of Ca’* channels!"* However,- it is only
khown that latrotoxin binds to receptor proteins called neurexins, and that these
proteins in turn bind a complement of other proteins that seem fit to play a rgle in
various aspects of exocytosis. As a result, the biochemistry of latrotoxin’s non-

ionophore effects, as mediated by the Iatfotoxin receptor, are exceedingly

complex and at this time, highly subject to speculation.




Synthesis

A lot of research has been performed in the past on the electrophysiology

of neuromuscular synapses. However, very little of this research exploits the use

of alpha-latrotoxin or its whole venom sources as a tool for research. Though

many publications on latrotoxin exist, the gréat maijority of these papers are not
electrophysiological studies, but ones involving the use of neuronal imaging or
biochemical methods. Synaptic physiology studies that have been performed on
latrotoxin generally use thé toxin in large doses to perforate the nerve terminal
membrane, which‘facilitates the study of fhe effects of various intracellular ions.
It is surprising that the results of del Castillo and Pumplin, which report that low
dose BrWSV causes spectacular, punctuated minEPP bursts to occur, have
been almost entirely ignored by electrophysiologists. Yet the study of these
bursts might be used to deduce fundamental properties of neuronal release..
Thus the aim of this thesis is to‘use the phenc;menon of latrotoxin-evoked
minEPP bursts to (1) estimate the maximal rate of release from single active
zones (2) determine the participation of multiple active zones during latrotoxin
bursts using nerve stirﬁulation (3) explain the results of single latrotoxin channel -
recordings using observations from whole cells (4) evaluate changes in burst

intensity over the course of bursts, and to speculate as to their possible
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significance and (5) determine the effects and potency of different divalent

cations with regards to burst incidence.
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METHODS

All experiments were performed on mbuse hemidiaphragms,.mounted on
Sylgard and superperfused as previously described® at room temperature.
Standard bathing solution contained 145 mM Na®’, 5 mM K+ 24 mM HCOs, 129
mM CI', 1 mM H,PO,4, 11 mM glucose, and was bubbled with 95% 0./ 5% CO,, td '

which 1 mM Ca** and 1 mM Mg* were added, except as otherwise noted.

In all minEPP experiments, tetrodotoxin (Calbiochem 1x10” M) was used

to prevent muscle twitches which can dislodge the intracellular electrode.
Mu-Conotoxin

Before nerve stimulration experiments where m .was expected to be very
large, the preparation was soaked for aﬁ hour beforehand in a solution
containing 1 uM,mu-conotoxih (Sigma). Such a treatment prevented muscle
twitching without blocking the presynaptic stimulus or interfering with EPP
recording; mu-conotoxin at uM concentrations selectively blocks muscle but ncl)t

motoneuronal Na* channels'®*'%.

Latrotoxin
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Pure, lyophilized alpha-latrotoxi_n powder (Alomone labs) was used; 3 nM
alpha-latrotoxin was applied transiently at the beginning of each experiment day
and then washed away lafter the appearance of bursts (generally within 20
minutes). BWSV, obtained from ground venom sacs (Sigma) Was used for a few
" experiments; about one-tenth of a sac was added and washed away each time
after the appearance of bursts. The applications were transient in the hope that
only one or two active zones would bind latrotoxin molecules and. produce

bursts.
Nerve Stimulaiion

In all stimulafion experiments, the phrenic nerve was stimulated with a
suction electrode as previously described'®. Sharp glass electrodes were used
to impale the muscle cells and measure forthcoming electrical signals. Muscle
fiore signals were amplified and observed on an oscilloscope, and the
: oscilléscope signal was converted to a signal recbrded on standard VHS tape.
VHS tapes were later played back for analysis offline, and a number of computer

programmes were used to analyze the raw data.

All experiments involving nerve stimulation were carried -out using

stimulus frequvencies of around 10.4 Hz, to rule out synaptic potentiation, or the
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progressive increase in quantal release seen over the course of higher

frequency trains of stimuli.

Although efforts were made to reduce selection bias with regards to
sampling cells, this was difficult due to the necessity of obtaining a clear record. -
Also, sihce bursts of minEPPs were the focus of this work, it was necessary to
obtain cells with sufficiently frequent bursts to provide analyzable data. Thus
secondary applications of latrotoxin were occasionally necessary, when bursts
were not found. It was also necessary to obtain cells that were not over-exposed
to latrotoxin, as such over-exposure results in uninterpretably high incidences of

bursts, probably due to release from multiple active zones.
Analysis

All records were ahalyzed “off-line” using a computer programme which
obtained the time of occurrence and amplitude of every event (minEPP or
quantal component of EPP) within a data sequence'”. Other programmes used
the output of this to obtain minEPP frequencies and quantal contents (m) as they

varied in time.

Data Output Files;
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A programme called “meppseq.Itl” was used to analyze minEPP data.
| This programme produces an output file called “seg4” which is a list of fm values
derived from the wait time for 4 minEPPs. An adjacent column of numbers
denotes the time corresponding to each fm value. This output provided an
estimate of how fm varied in time, with far less variance than that that would be
obtained from individual wait times.

Analyzing m and fm together required a progra:nme writte'n‘ by Dr. Quastel
called “timeseq.itI”. This programme produces an output file called “groups”,
Which yields three columns of numbers: one for m values, one for fm values and

one for the time scale in seconds. Data points for m and fm are reported at 2

second intervals.
Different Populations of Quanta

Fesce et al. observed that, “Many relatively small and some ‘giant
minEPPs occur at the ends of the experiments, and fhe distribﬁtion of minEPP
amplitudes broadens”'”’. | have noticed abnormal variability in quantal size after
latrotoxin pretreatment in 9 out of 127 junctions--different minEPP_popuIations
ranging in size from 0.3 mV to 1.7 mV. Such variation in quantal size did not
cause analysis proble'ms, as all but two of the 9 junctions were excluded from

consideration. The two cells with abnormal quantal variation that were
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considered did not. cause analysis problems, as small minEPPs were

successfully counted by the computer programme used (see Bain and Quastel
1992)'® and giant minEPPs were not counted as multiple minEPPs, but were
excluded from consideration. Also, stimulation data referred to in this thesis is
accurate, as templates establishing quantal size were made from the aVérage of
many minEPPs occurring from the same stretch of record as the stimuli. The
cause and significance of latrotoxin-associated increased qﬁantal variability are

unknown.
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RESULTS
Intracellular records showing clearly defined minEPPs and EPPs were

obtained (see Fig. 1).
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Fig. 1. A short stretch of sample record is shown in the graph. Two

stimulus artifacts can be seen denoting the input of an intense, very brief"
pulse of current. Two EPPs, evoked by the stimuli, can be seen after brief
delays. Also, some spontaneous minEPPs can be seen between pulses.




Nerve Terminal Hyperpolarization Causes Bursts

Cooke and Quastel achieved spontaneous bursts of minEPPs®' by placing
a bldnt NaCl-agar extracellular electrod‘e with a tip of diameter 25 to 50 um in the
vicinity of the nerve terminal and passing a current through the extracellular
electrode in such a way that the nerve terminal was hyperpolarized. Using the
same methodology, | hyperpolarized 6 nerve terminals from 2 mice and_
confirmed the presence of minEPP bursts in all 6 cells. However, | found that
bursts caused by hyperpolarization, ohce initiated, often failed to die down for
many minutes, even upon removal of the hyperpolarizing field. Further study of
this form of bursting was not undertaken as a result, and will not be incl‘uded in

this thesis.
Baseline Versus Burst fm _ ¢

As discussed on page 13, quanfal release normally follows a Poisson
distribution, and thus the variance to mean ratio of the number of minEPPs in
non-ovérlapping time periods is equal to 1.0. However, when bursts of minEPPs
are observed, release is non-Poisson, and the variance is greater than the
mean. Thus, a burst is theoretically present if the variance to mean ratio of the

number of minEPPs in non-overlapping time bins is greater than 1.0. However,
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for purposes of analysié | defined a burst as having occurred in a 30 second
stretch of record when the variance to mean ratio of the humber of minEPPs in
non-O\)erIapping time. bins is greater than 1.3. This provided me with a
quantitative means for detecting the presence of bursts in record. Variance to
mean rafios can aléo provide a quantitative estimate of the incidénce of bursfs
occurring during the course of a treatment; a record with an overall_va’riance to
mean ratio of 9.6 is said to contain a higher incidence of bursts than a record
with a variance to mean ratio of 2.2. Burst intensity is measured as the highest
fm value occurring within the burst. Baseline fm refers to an average of all fm
values during stretches of record where the variance to mean ratios are less
than 1.3. Thus baseline fm reflects the average rate of release in the ab.sen_ce of

bursts.

However, the key difference between baseline and burst fm, laé discussed
in the introduction, is origin of release. Baseline fm results from releaée of
packets of neurotransmitter from many areas of the subsynaptic membrane,
analogous to drops of rain falling from scattered clouds. Burst fm, however, is
mostly (but not entirely, as discussed later) the result of a single active zone
suddenly releasing a large proportion of the vesicular pool immediately available

to it.

Incidence of Bursts
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Del Castillo and Pumplin were the first to observe that the application of
latrotoxin (in the form of BrWSV) causes rapid, sharply- defined volleys or
bursts of minEPPs to appear. The minEPP volleys they observed at the frog

neuromuscular junction occurred at a mean rate of 0.98 per minute®.

It should be noted that burst incidence is extremely low without alpha-
latrotoxin treatment; so low that it is essentialiy absent in the 1 mM Ca** sdlution
used to bathe thev hemidiaphragm preparation in the present series of
experiments. | have reviewed data from 57 junctions that were never exposed to
latrotoxin, hyperpolarization or ionophore chemicals and none evidenced bursts.
Bursts, such as the ones discussed in this thesis, do not occur without latrotoxin |

pretreatment with any significant incidence.
Burst Incidence is Dependent on Extracellular ca®

The effect of lowering the extracellular Ca”® (to 0.05 mM with 0.1 mM
" EDTA from 1 mM Ca*") on the incidence of bursts was measured quantitatively
by taking the variance to mean ratio of numbers of minEPPs in non-overlapping -
time periods from each treatment group. Remember from the introduction that a
variance to mean ratio équal to one is consistent with a Poisson distribution,

whereas a higher variance to mean ratio denotes clustering or burSts of release.




The experimental record was divided into 30-second substretches, and the
-variance to mean ratio for counts within 400 ms time periods within each
substretch was then derived, yielding a collection of variance to mean ratios ‘for
each treatment group. Variance to mean ratios from the 1 mM Ca”* group were.
compared with variance to'mean ratios from the low- Ca** EDTA group using a
two-tailed t-test assuming un’equal variances. The following table summarizes
the results of 8 junctions from 5 mice after latrotoxin;

Table 1

1 mM Ca®* Low Ca®’ EDTA

Mean variance to mean ratio 3.63 1.80
Standard Error - 0.35 0.26
Number of 30-second intervals 165 133
P 3.57 x10°

As you can see, there is a very significant difference in the overall
variance to ‘mean ratio between the two treatment groups. The low- Ca** EDTA
group.shows a variance to mean ratio lower (closer to one) than the 1 mM Ca**
group, rimplying that the reduction in Ca®* concentration led to a reduction in
burst incidence (p=0.000036). Furthermore, del Castillo and Pumplin have
reported that bursts are altogether abolished'when a solution containing Ca** is
replaced by one without Ca®" that contains 1 mM EGTA and 4 mM Mg*"™. |

Although they tested raising the external ca* concentration] from 1.8 to 18
mM, del Castillo and Pumplin id not mention any increase in_the incidence of

bursté due to the extra Ca’*, only that there tended to be a wider range of burst
(
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durations (more long, more short and less medium duration bursts). Also,
although they stress that bursts require external Ca**, they do not mention that
burst incidence is proportional to the external Ca®* concentration®. However, |
have observed that the incidence of bursts can be changed by changing the
external ca** concentratibn'. For éxample, burst in¢idénce after latrotoxin
pretreatment can be increased by raising the extracellular ca* concentration to
8 from 1 mM (p<0.05). This result was obtained by comparing the variance to
meah ratio of the number of minEPPs in non-overlapping time periods in 8 mM
Ca®, which was 7.93 +/- 1.23, with the equivalent ratio. in 1 mM Ca®*, 'which was
3.16 +/; 0.51 (n=4 junctions fromé mice). Both ratios are much greater than 1.3,
o) the incidénce of bursts was high generally, but it was higher for the 8 mM
Ca” treatment. Also, “Tavble 1 and Fig. 2 clearly show that bursfs are less

frequent in low Ca** solutions versus 1 mM Ca’* solutions. |
Other Divalent Cations and Bursts

Experiments were also performed vyith Ba®** and Sr** added to the external
bath in place of Ca®* after latrotoxin pretreatment. These. experimentsl
established for the first time fhat Ba®* and Srz‘;, like Ca®*, are able to support
- latrotoxin bursts. The yariance to mean ratio of the number of minEPPs in non-
overlapping time periods was 2.54 +/- 0.35 in 1 mM ca* 'solution, and 3.37 +/-

0.45in 1 mM Sr* solution..Thus the variance to mean ratios were still elevated,
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and bursts still prevalent, even when Ca®* was replaced by Sr** (n=8 junctions
from 1 mouse). Variance to mean ratios in 1 mM Ba** solutions lacking Ca®>* were
similarly high at 4.44 +/- 0.52 versus 3.90 +/- 0.28 in 1 mM Ca*’ (n=10 cells from

4 mice).

.Mgz“, in the absence of extracellular Ca®*, does not support bursts. This
result was described by del Castillo and Pumplin, who added BrWSV to frog
muscle bathed |n a solution containing no divalent cations and 1 mM EGTA. The
two researchers saw no bursts after 4 mM Mg®* were introduced; only a smooth

rise in fm similar to that observed by Longenecker et al”>*.

The above results would seem to support the suggestion that Ba>* and
Sr** tend to act more like Ca** than Mg*; only the first three can cause bursts
when added after latrotoxin. Also, only Ba®*, S¥* and Ca®, but not Mg**, can
support endocytosis as mentioned in the introduction, and they can penetrate

Ca”* channels unlike Mg*".
Mg* Causes Release After Latrotoxin-Application

Since Mg®* does not normally have access to the nerve terminal

cytoplasm (it does not penetrate Ca** channels well), it cannot cause release

under most conditions®>. However, Mg**, like Ba*", Sr** and Ca®" can cause




release after latrotoxin treatment®®®. Mg** causes release, however, in a manner
dissimilar to that of Ca>* Ba®* or Sr** (see previous page) in that no bursts
have been observed® . | have found that, after latrotoxin application, inci'easing
the external Mg* concentration from 1.1 mM to 2.1 mM caused 5 out of 12
junctions from 4 mice to exhibit a smooth, non-abrupt rise in baseline fm in
solutions with 0.1 mM EDTA and no external Caz‘”; Other authors have statéd
tﬁat such a progressive rise in baseline fm is accomplished at 1 mM Mg®* or
less***®, no doubt because they used much higher concentrations of venom for
longer time intervals. But what is important is that, in 5 out of 5 cases when 2.1
mM Mg?* was seen to cause a rise in the fm after latrotoxin, the rise was very
smooth, non-abrupt and lasting as illustrated in Fig. 3. As a result, the variance
to mean ratio, calculated over 30 second time intervals, Was 1.09 /- 6.05 when
only 1.1 mM Mg*, 0.1 mM EDTA and no ekternal Ca* were present, and was
still only 1.12 /- 0.15 when the Mg* concentration was raised to 2.‘1 mM even

though baseline fm increased (n=5 cells from 5 micei.
. The situati'on changes in the presence of Ca**, at which time bursts are

much more frequently seen® with corresponding increases in variance to mean

ratios (see Table 1 for Ca* -dependence of bursting and Fig. 3).
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Fig. 3. Effect of a series of treatments with 1.1, 2.1 and 4.1 mM Mg2+ in the
absence of extracellular Ca®* and presence of 0.1 mM EDTA is expressed as
natural log fm (black and white points). Raising the extracellular Mg** ,
concentration is associated with a smooth rise in In fm. The last treatment is
1 mM Ca**, 0 mM EDTA; the rise in In fm is more abrupt and transient with
the Ca®" addition versus the addition of extra Mg®*. A superimposed graph of
variance/ mean ratio values (untransformed) is also provided to show that
the variance to mean ratio is always about 1 in the absence of Ca**, even
when the In fm goes up due to raising the external Mg** concentration, yet
when 1 mM Ca”" is introduced, the variance to mean ratio increases

. substantially implying non-Poisson bursts of release not seen with any of the

Mg** treatments.
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Burst Intensity Varies

A truly enormous variation in burst intensity is observed; bursts fm varies

between 3.5 and 2100 minEPPs/ second. Clear variability in burst intensity was

" observed in virtually all cells exhibiting ‘bursts; data reviewed from 50 cells

exhibiting bursts ihdicated that 41 of the cells showed variation in burst intensity

~ greater than 20 minEPPs/ second. Those that did not show such variatioh

tended to have extfemely few bursts on which to make comparisons. Latrotoxin

bursts, therefore, are by no means all-or-none (see Fig. 4).

Del Castillo and Pumplin obs‘erv.ed that the frequency within a specific bu?st
is generally quite constant—-dnce a burst has begun a.t an intensity of 100
minEPPs/ second, it will tend to stay at 100 minEPPs/ second before abruptly
ending; it will not fluétuate randomly between 2 and 2000 minEPPs/ second, for
example®. Using the computer programmes provided by Dr. Quastel, | have
been able to add the observation that a burst of 100 minEPPs/ second, instead
of abruptly énding, can intensify to 227 minEPPs/ second, for éxémble, or
diminish to 20 minEPP/s just as abruptly. However, this is not genefally seen as
random fluctuation, but more often is seen as distihct steps 6r modes of burst
intensity. “Burst archetypes” can sometimes be observed, where several
commbn burst intensities will be repeatedly reached. The stepwise r;ature of

burst intensity fluctuations can make graphs of fm versus time resemble the
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single-channel current recordings of Filippov, et al., who studied latrotoxin |

channels in Xenopus oocytes using patch clamp methodology®.
Reduction of Fm During Bursts

The resemblance of burst records to latrotoxin single channel current
records®, though tempting, is not perfect. UnI}ike Iairotpxin single channél curreht
fecordséa, recordings of particularly intense and prolonged minEPP bursts often.
show a decline in fm ovér the course of the burst (n}=7 out of 25 junctions from
10 mice). In 4 out of 25 cells, decline in burst fm appeared to be carri:ad ovevr
from 6ne burst to the next; bursts occurring shortly after previous, declining
bursts began at the same diminished fm and continued to decline at the same
rateﬁ. At one junction, after decline had occurred for up to 95 seconds, the burst
fm stopped declining and leveled off at abc;ut 7 minEPPs per second (n=1 out of

25, see Fig. 5).
The Effect of DMSO on Burst Intensity
. Dimethyl sulphoxide (DMSO) is an agent that, when applied, multiplies

the amount of both spontaneous release (fm) and quantal content (m)'®. Thus if

6% DMSO multiplies rele}ase ten times, a baseline fm of 1 /s will be raised to 10

/s, and a baseline fm of 2 /s will be raised to 20 Is and the same for m.
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Fig. 5. Decline in the rate df release of quanta as part of a burst; burst fm
tapers with time. This phenomenon is only observed during more intense,
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As,mentioned‘, a tremendous variety of burst intensities we;e observed,
and the start and finish of these bursts was ambiguous due to their ability to
abruptly‘increase or decrease to different intensity levels, and due to the fm
decline seen over the course of more intense bursts. As a result, a simple and
reliable method of analysis was devised to evaluate burst intensity, without
attempting to define and‘-quantify each burst. Firstly, only the highest three fm
values (from seq4 output files) in each 10 minute treatment were chosen. These
three maximum fm values, being the highest fm values from 10 minute
treatments all of which had bursts (13 out of 13 junctions from 7 mice), could
unambiguously be called burst fm values. The baseline fm was determined
simply by averaging stretches of record where the variance to mean ratio of the
number of minEPPs in non-overlapping time periods was less than ‘1'.3. The
folldwing table illustrates the procedure, by showing raw data from an actual -
junction (fm values are in minEPPs per second):

Table 2

Top 3 fm values Baseline fm
6% DMSO 1931.40, 1286.91, 1123.27 4.26
No DMSO 1665.70, 1649.12, 1311.60 0.88
6% DMSO 1312.91, 1036.91, 73.55 425
No DMSO  1687.49, 207.26, 186.23 0.72

The first column lists each 10 minute treatment; as shown, this junction was
exposed to consecutive 10 minute treatments of 6% DMSO, No DMSO, 6%

DMSO, No DMSO. The second column gives the top three fm values from seq4,

71




for each of the 10 minute treatments. Burst frequencies are very high (over 1000
minEPPs/ second!) because of the seg4 output file’s high resolution of fm--shbrt
intense bursts are registered without being averaged down by slower record.
" The third column gives the baselihe fm, defived from averaging fm values of

substretches of record obviously'lacking bursts.

All six peak fm values pertaining to the two 6% DMSO groups were
averaged together, as were the six peak fm values pertaining to the two control
groups. This procedure yielded two bufst fm values to compare, one derived
from bursts in 6% DMSO, the other derived from bursts in the absence of DMSO.
Averaging of baseline fm va_lues also yielded two numbers, one for each
treatment. As an illustration, the following table is provided to summarize the
results of this one junction; for a bomplete analysis summarizing 13 junctions

(including standard error values) see the table after this one.

Table 3

Burst fm Baseline fm

No DMSO 1117.90 minEPPs/s  0.80 minEPPs/ s
6% DMSO  1127.49 minEPPs/s  4.26 minEPPs/ s




The next table is a summary of data from 13 junctions (7 mice):

Table 4

Burstfm  Std. Error  Baseline Fm  Std. Error

No DMSO 75450 159.35 0.70 0.08
6% DMSO 1307.27 181.05 6.67 0.97
Increase 1.73X 953X

It seems clear from the above table thét 6% DMSO mulfiplies the baseline fm far
more than the peak burst fm (9.53 times versus 1.73 times). To confirm this, a
two-tailed t-test aésuming unequal variances was performed, which compared
for each junction the increase in baseline fm due to DMSO with the increase in
burst fm due to DMSO. Once again, it was determined that the baseline fm was
increased by DMSO far more than the burst fm overaIIA(p=0.0007) (see Fig. 6 for
illustration).

AIthough release from a bursting active zone is only weakly enhanced by
DMSO, a small increase in burst fm due to DMSO is expécted. This is because a
burst does provoke some release from non-bursting active zones, as reflected 4
by a greater quantal content (m) during a burst (1.25-12x, see below). This
incfeased release from non-bursting active zones would contribute to what we
see as a burst. This would be true for both control and DMSO bursts, but in 6%
DMSO the increased release from other active zones would be multiplied almost
tenfold (see above table). That no great increase in burst fm is seen in 6%

DMSO versus control is likely because non-bursting active zones make a minor

contribution compared to the bursting active zone. A burst 6ccurring in 6%
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DMSO might reach 1050 mIinEPPs per second instead of 1000 minEPPs per

second, but certainly wouldn’t approach 10 000 minEPPs per second. The

following table illustrates the point, assuming that a burst increases fm from

other active zones 5x, and 6% DMSO increases release by a factor of ten (note:

data in this table are hypothetical).

Before Burst:

Table 5
CONTROL 6% DMSO
Release from bursty active zone O/s O/s
Release from all other active zones 1 /s 10 /s
Total fm 1ls 10 /s
Durihg Burst:
Table 6
. CONTROL 6% DMSO
Release from bursty active zone 1000 /s 1730 /s
Release from all other active zones 5/s 50 /s
Total fm ' 1005 /s 1780 /s

So the 6% DMSO would be expected to increase release from all non-

bursting active zones by only an additional 45 minEPPs/ second (discussed

below) which would be dwarfed by release from the bursting act.ive zone.

Quantal Content During Bursts Is Elevated




Corrected m (defined below) goes up dramatically when there is a burst of

minEPPs (see Fig. 7).

All m values discussed in this thesis are corrected m values. The m
requires correctidn because bursts cause an unusually high number of
spontaneous quanta to appear in the interval after each stimulus in which Dr.
Quastel’s computer programme looks for an EPP‘°7.l Thus there is a danger that
the m will falsely appear to go up during a burst due to burst quanta being
counted as EPP. The interval after each stimulus in which the .computer
programme registers EPPs is 0.0043 seconds, so the m correction was made by
n{ultiplying 0.0043 seconds by the corresponding fm value and subtracting the
product (in quanta) from each m value, thus: m - 0.0043 seconds X fn‘1 =
corrected m. Ev.en after the m colrrection was made, the rise in m during a burst
was .obvious in all 79 junctions from 34 mice anaIYzed, and the burst-associated

m rise was between 1.25 to over 12 times.

Also, it is clear that the m tracks the fm very closely in time; when a burst

occurs, the m i's very quick to rise with the fm (see Fig. 8).
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Fig. 7. m and fm values are plotted. Each point represents average release
over a 2 second interval. Note that there is a dramatic tendency for the
corrected m to rise whenever there is a burst.
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Fig. 8. Postsynaptic responses to each stimulus (as corrected number of
quanta liberated by each stimulus) are shown alongside the number of
minEPPs occurring between every two stimuli. Such optimally high
resolution, where the results of every stimulus are given, makes it clear
that there is an extremely tight temporal relationship between minEPP
bursts, and concomitant rises in evoked release.
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The possibility exists that the rise in m was due to the entry of ~Iarge
quantities of Mg** through the latrotoxin channel, which, as described by del
Castillo and Pumplin (see introduction) tends to cause release from multiple
active zones®. To eliminate this possibility, nerve stimulation was carried out in
the absence of external Mg®* and presence of 250 puM neomycin; since
neomycin, like Mg®*, blocks presynaptic Ca®* channels (and was found not to
itself cause release after latrotoxin), it was used to replace Mg®* in ofder to keep
the m low. A mu-conotoxin pretreatment was also used to prevent twitching (see
Methods). Fig‘. 9 demonstrates that the corrected m still rises during a burst even
in the absence of external Mg®, thus Mg entry through latrotoxin cha‘nnels.
cannot alone be responsible for the m rise (n=12 cells from 4 mice). To
.determine whether or not Mg entry made any contribution to burst-associated
m increases, burst-associated m increases in 0 mM Mg®/ 1 mM Ca*'/ 250 uM
neomycin solution were compared with burst-associated m increases in 6 mM
Mg>/ 1 mM Ca* solution. Two junctions from two mice were given three'
consecutive 10 minute treatments in'the following order: (1) zero l\ll'g2+ solution
(2) 6 mM Mg?* solution and (3) zero Mg®* solution. A total of 11 bursts were
measured in all four zero Mg®* treatments from both célls, and the ratio of burst/
baseline m Was 2.17 /- 0.27 for this} treatment. A total of 6 bursts were recorded
in both 6 mM Mg** treatments, and the ratio of burst/ baseline m was 2.19 /-
-0.05 for this treatment. Apparently, m is multiplied by the same extent in the

absence or presence of 6 mM Mg2+ (p=0.93).
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It should also be observed from Fig. 9 that the absolute burst-associated
increase in mis large (1.5 to 4.5 or so0). Examples from other junctions show the
m incréasing from55t0 11.5,4to 7, 7.4 to 11, and 5.5 to 9 during bursts. Thus,
substantial relative increases in m associated with bursts can be observed even
when the baseline m is high to start with. This makes less likely thé hypothesis
that the increase in m is caused by the bursting active zone alone. contributing
more quanta with each stimuli; the idea that one bursting active zone could
release up to six additional quanta each stimulus, within roughly a 1 msec.
interval, while sustaining its high spontaneous release seems an unlikely one. It
seems probable that non-bursti'n.g active zones are becoming excited during

bursts to release more quanta.
DMSO'’s Effect on Burst m

A good way of detérmining whether or not the non-bursting active zones
are responsible for release during a burst is to compare two additional variables
in the presence and absence of 4% DMSO. The variables are (1) the baseline m

(the m recorded in the absence of bursts) and (2) the m measured at the peak of

a burst.
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Fig.9. Large rises in the corrected m during bursts in the absence of external
Mg**, and presence of 250 pM neomycin, 1 mM Ca®".
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The baseline m was easily calculated by averaging stretches of record in
each treatment group where bursté were absent. The burst m calculation was
also simple. First, it was impoftant to identify, in each 10 minute treatment group,
the three consecutive fm points with the highest sum. These three consecutive
numbers were averaged to represent the fm at the peak of the largest burst. The
three corresponding m values, which refer to exabtly the same 6 second stretch
of record as the peak fm value, were then averaged as well to yield a burst m

value. .

Four variables to analyze emerge from the above procedure, burst m and
fm and Abaseline m and fm. The following table summarizes the data from five
junctions of four mice, each given multiple 10 minute treatments of 4% DMSO
alternating with no DMSO.

Table 7

Base S.E. Burst S.EE. Basem S.E. Burst S.E.
fm fm . m
No DMSO 0.51 0.08 16.11 2.87 0.74 0.08 1.43 0.23
4% DMSO 2.55 0.38 3742 9.80 3.10 0.58 5.77 1.28
Increase 4.98X '2.32X 4.18X 4.03X

It can be observed once agéin that the burst fm is increased less by DMSO
application than the baseline (or"‘base”) fm (p 0.05). However, this assertion
has already been supported earlier in the thesis by experiments with more
junctions (13 versus 5) and more DMSO (6% versus 4%), so the direction of the

results is what would be anticipated.
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What may seem surprising is the fact that burst intensity numbers for
these junctions are roughly 50 times lower than they were for the fm only (6%
DMSO) experiments. It's important to ‘realize that the dif‘ferénce is not
physiological, but methodological. The minEPP data, first of all, were analyzed
as “seq4’f output files, which are high resolution reports of fm from the wait time
for 4 minEPPs. “Groups” output files report mvand fm values each 2 sevcond‘
interval, thus very short and fast bursts of 4 or so minEPPs repfesent only a few
milliseconds of record out of 2 000 milliseconds considered for each data point
by “groups” and avre thus averaged down. Thus peak burst fms ére apparently
~much smaller in “groups” then “seq4”, merely due to differences in burst

resolution.

Frorh the above table, it can also be seen that DMSO ‘multiplies the burst
m by the same extent that it multiplies the baseline m (p=0.83). It seems that the
burst-associated m increase can be multiplied by DMSO to a much greater
extent than the burst fm can be. Since the burst-associated m increase responds
fully to DMSO applicatién, it cannot be supported éolély by releasé from the
bursting active zone, as the buréting active zone has been shown incapable of
providing a full response to DMSO application. The fact that burst m can be
elevated by DMSO to the same extent that baseline m can implies that the burst

m, like the baseline m and fm, is made up of release from multiple active zones--
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from a vesicular pool large enough to support the elevated release demands of

DMSO.

As a result, it can no Ionger be asserted that bursts of minEPPs are the
result of release from a single, hyperactivé release site; from the above
information other release sites are clearly involved as well. However, release
from non-bursting active zones is very small compared to release from the
single, bursting active zone. Even a tenfold increase in release from non-
bursting active zones does not compare to the increase in release seen at the
bursting active zone which suddenly increases its release from low levels (less

than 0.1 minEPPs per second) to extremély high levels (1000 minEPPs- per

second or more), an increase in the order of 10 000 times.
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DISCUSSION

Ca”* Dependence of Bursts

This work has revealed that latrotoxin burst incidence is Ca>* dependent,
burst incidence is greatly reduced when the external Ca** concentration is

lowered, significantly increased when it is raised.

It seems likely that the increased incidence of bursts seen in raised Ca*’
solution results from an increased incidence of latrotoxin channsl openings. The
latrotoxin single channel patch clamp experiments of Filippov et al. have shown
that the open probability of alpha-latrotoxin channels increases with the
extracellular calcium ion concentration, just like minEPP burst incidence does®.
More frequent latrotoxin channel openings in raised Ca®* would resuit in more
freqqent inward surgés of excitatory cations, and sﬁbsequently more freqtient
bursts of release from the underlying active zone. The tendency for the latrotoxin |
single-channel openings to cooperate into groups of burst-openings was also
increased when the e*ternal Ca** was increased. Thus there is correspondence
between latrotoxin single-channel currents and recordings of minEPPs from
whole cells--bursts of activity from both are positively correlated with external

/
calcium concentration.
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Bursts Have Intensiiy Sublevels and so do Latrotoxin Single-Channel

Conductances -

As pointed out in the introduction, Iatrqtoxin application is known to result
in the formation of channels in liposomes™, rat brain mRNA-injected oocytes®,
and PC12 celis™. In liposomes and oocytes, the channels show a broad range of -
- conductances, whereas in PC12 cells, a single, uniform conductance of 15 pS is

observed.

This has caused a minor COntroverSy among researchers.:On the one
hand, Filippov et al. postglates that the variability in latrotoxin single channel
conductances (3 to 200 pS) he obsérves in oocytes is due to a property of the
toxin to form cooperative clusters of mini-channeis in membréne--no_t only oocyte
membrane, but probably .nerve termirialv‘membrane as well®. ‘Irer'\a ’Surkova,
however, claims that the variability in latrotoxin channel conductances seéh in
oocytes. and liposomes occurs simply - because these preparations lack
‘membrane components present . in .“real” nerve terminals. S~he suggests that,
“...in a differentiated r‘1euronalv cell type, thé association of the alpha-latrotoxin
receptor with other prote‘i'ns in é membrane complex constrains the alpha—
'Iatrotoxin-induced channel to a single conductance state, whereas, in the frog
oocytes, thé relatively chaofic expression of many rat brain mémbrane proteins

from the injected mRNA leads to the absence or misassembly of the alpha-
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Iatfotoxin receptér protein éomplex, the constréint on ‘the channel thus being
‘absent. The implicétion of this idea is that steric con_stfaints in neurons produce
- a 15-pS alpha-lafrotoxin channei, whereas in bilayer, for example, the abéencé
of a specific protein framework leads to channels of very different

conductance.”"

The presenf results cqntain evidence that'would Aseem to contradict the
.idea that neuronalllatrotoxin channels have only one conductance state_. If, each
time a latrotoxin channel opens, cations stream in at the same rate one would
- expect all bursts to be similarly intense, without huge diversify of burst frﬁ. A
burst of 157 minEPPs/ second would be expected to be followed by a burst of
abouf 157 minEPPs/second. Yet what is observed is an incredibly diverse array
of burst intensities. This supports the idea that Iafrotoxin channels in real
neurdns show variable single channél conductances (Filippov's idea ve.rsﬁsA
Surkova’s) which give rise to variable burst intensities. It also hints that perﬁaps
latrotoxin’s | ionophore property plays an important role in promoting burst
release--whole cell behéviour seems related to single vchannel conductance'

behaviour.
It is fair to point out that the diversity of minEPP burst intensities does not

conclusively prove multiple conductances of latrotoxin channels in real nerves.

The diversity may occur due to variation in the so-called direct action of
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latrotoxin on the secretory machin‘ery,‘ discussed |n the introduction; in ‘the
.interest of rigour, such a possibilify cannot be Vruled out. Still, it is very tefnpting
to iﬁfer that variable sublevels (or steps) of burst intensity are caused by the
variable sublevels of Iatrofoxin single-channel conductances observed by

Filippov et al..

- The work of del Castillo and Pumplin is the only paper ever to discuss
bursts related to latrotoxin application®, though many other researchers have
studied other ‘aspects of latrotoxin-induced release (especially uItras'tructuraI
effects). So it should come as no surprise that the incredible variation in intensity

of latrotoxin bursts has been completely overlooked until now.
Vesicular Pools

Takashi and Enomoto write that there are different pools of vesicles within
nerve terminals. The pools are distinguished by their location within the terminal
and by how close they have come to releasing their contents. There are
vesicles that exist right beneath the subsynaptic membrane, attached to release
s‘ites at active zones; if Ca>* enters the nerve terminal and activates one of fhese
vesicles, it is released with little delay. .Vesit':les in this group are called

“releasable vesicles”''’. It is believed possible for an active zone to deplete its

“releasable vesicle” pool; nerve activity can cause a depression in EPP




amplitude that can be attributed t6 a reduction in the size of the “releasable pool”

due to depletion of quanta by release'"’.

In addition to the “releasable pbol”, it has been speculated that there is
also an “available pool” of vesicles. The “available pool”‘of vesicles does not lie
as close to the subsynaptic membrane as the “releasable pool’. As-a result,
vesicles in the “available pool” are.not in an immediate position to fuse With the
subsynaptic membrane and expél their contents in response to Céz+ entry.
Nonethéless they c;an soon be mobilized; as an active zone exhausts vesicles
from its “releasable pool”, more vesicles are brought in from the “available booi”
to replace them. This process of vesicular rﬁobilization (from the “available” to
the “releasable” pool) probably takes more- time than the time it takes for é

vesicle from the “releasable pool” to expel its contents in response to Ca”* entry.
The Observation of Burst Decline

As stated in the Results section, it seems to the eye as.though single
active zones cannot always sustain the high release demands of latrotoxin
bursts. During fast, prolonged bursts, burst fm steadily declines. Such decline in
burst fm probably reflects depletion of the “releasable” pool of vesicles supplying

the single, bursting active zone; the latrotoxin channel may remain open, and
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excitatory cations may continue to flood in, but there is a dearth of immediately

releasable vesicles.

Still, release continues at a redubed rate. Release at this point is probably
dominated by the rate at which quanta become available for release, rather than
the rate at which available quanta are released. Thus after the “releasable” pool
is depleted, the remaining rate of release might largely reflect the rate at which a
single active zone (under particular conditions!) is able to mobilize quanta»from

the “available” vesicular pool to the “releasable” pool.

The decline may alternatively reflect a progressive shift on the part of the
latrotoxin channel to a lower conductance state. Though this seems intuitively

less likely, it must be considered a valid alternative interpretation. |
Burst Release Cannot be Enhanced as Much as Baseline Release

It was hypothesized that the burst fm would not be increased by DMSO
application nearly as much as the baseline fm. This hypothesis can be
considered reasonable because the mechanism by which eéch activated vesicle

69,60

(defined below) fuses with the subsynaptic membréne presumably takes time™"",

and during a burst, release is already occurring at a very fast rate. Thus it was
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considered that perhaps the release of quanta from an active zone, even one

fully stocked with vesicles, has a maximum possible rate.

. Limitations in the size of the immediate yesicular pool probably does not
explain the observation that burst fm canﬁot be increased by DMSO as much as
baseline fm. Peak burst fms (reflecting pre-depletion ‘release) were whgt Were ’
analyzed in this work, and they more likely reflect the maximal rate at which -
releasable vesicles can be exocytotically discharged from a sihgle active zone.,
not the size of the releasable pool. Thus it is most likely that ;;eak burst fm can
little be increased because a single active zone’s vesicles can only go through
~ the stages of (1) activétion by Ca2+ 2) fusion with the subsynaptic membrane.

and (3) discharge of contents, at a certain maximum réte.

ThQs, it is not too unreasonable to surmise that the rate of release Aduring
a vlatr,oto'xi‘n burst can apbroach. the maximum rate of release possible for a
singlé active zone. We might speculate from the data that a single active zone
can release quantal packets at a rafe not exceeding about 2000 packets pér |

second.

Burst-Associated Increase In Multi- Active Zone Release




s

As discussed in the introduction, del. Céstillo and Pumplin uséd
extracellular recordings to show that BrWWSV bursts are the result of release from
a very small portion of the subsynaptic membrane. In general, extracellular
recordings from non-bursting parts of the terminal showed no increase in
release. So for the frog neuromuscular junc'tion’, little or no increase in release

from active zones other than the bursting one was found.*

However, at the mouse neuromuscular junction,,t_he present results
indicate that release from multiple active zones ié enha}nced during a burst.
Much of the evidence involves analysis of EPPs resulting from nerve stimulation
during latrotoxin-induced bursts. Quantal content (m) provides a method of
assessing release froh many active zones, since release of quanta is normally
derived from diverse sites®. Thus, a change in m during a burst implies a
change in release from other active zones, although the possibility that the
bursting active zone alone is causing the increase in evoked release must be

ruled out.

As covered in Results, the elevation in m assdciated with a burst of
minEPPs was fuIIy' sensitive to 4% DMSO, as sensitive as the baseline m. Thus
other active zones clearly contribute to release during a burst--the bursting

active zone could not itself be responsible for the increase in evoked release as

it cannot fully respond to DMSO. |




Theories Pertaining to the Burst-Associated Rise in m

There are twn obvious hypothesés to expla'in the burst associated m rise,
or why non-bu'rs‘ting active zones release more qu'anta‘ .during a burst. The
simplest explanation is that exé—itatory. ions like Ca’* and Na* are st'rearning‘ in
through the open latrotoxin channel and afe quickly spreading to distant release
sites. Although tnere are proteins vin the nérve terminal cytosol which bind free
Ca”, their action may be insuffici‘entvto maintain a Iow.con'centration of cytosolkic '
Ca?" in the face of such a Iérge i-nfllux of “C'az*'; spreading of Ca** to other active
zones in the relatively small mouse nerve terminal cannot be ruled out'. Also, it
was mentioned ivn the Introduction that Na* can play an excitafory role, and itvhas
been shown using intraéellular Na® imaging that Na‘f penetrates latrotoxin
channels"; the ion might be diffusing into the nerve terminél after open-ing of .

latrotoxin channels to increase release.

The result mignt also be analogous to‘ a recent “spatial facilitation”‘
| discovery by Dudel, Parnvas' and Parnas. They» placed two whole cell patch
~ electrodes 50 micrometers apart on t}he same (Iafge relative to mouse) frog
nerve terminal. They stimulat_ed and recorded from one and‘then the other
terminal in a “twin bulvs.e protocbl”. for facilitation, ‘the unique aspéct being the

strictly Incalized and separate nature of the stimuli. Facilitéti_on was indeed seen
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(a doubling of m), thus release from one discrete area (analogous to a burst)
-rapidly upregulates release from others some distance away. The researchers
ruled out both electrotonic input from the first electrode énd calcium diffusion.
The authors ag?eed with Bain & Quastel'” and said that a second messenger

113

was a likely cause for the m increase. ~ Along similar lines, an intense nerve '

terminal stimulus from a discrete site of the mouse nerve terminal in the form of

a burst could be facilitating to release from other active zones in a similar way.




CONCLUSION

There is good evidence from the literature that bursts are single active
zone events. Also, bursts require extracellular Ca®*, and the incidence of bursts
correlates well with the external Ca®* concentration. Interestingly enough, the
incidence of latrotoxin single channel openings also correlates well with the
external Ca> concentration. Ba®*, S** and Ca®* but not Mg> can support
latrotoxin bursts. Mg** applicétion after latrotoxin causes a smooth and
predictable rise in tHe baseline fm not associated with increased variance to

mean ratios.

~ The intensity of bursts varies greatly, and burst fm tends to increase and
decrease in a lstepwise fashion analogous to different conductance modes of
single latrotoxin channels. Mulitiple cqnductance states of latrotoxin channels
may give rise to the wide variations in burst intensity observed with whole cell

recordings.

Burst intensity, expressed as burst fm, declines during particularly intense

and prolonged bursts; this decline may reflect depletion of the “releasable” pool

of vesicles at the bursting active zone.




Since peak burst fm responds rélative{ly'weakl'y to 6% DMSO applicatidn,
it probably reflects a rate‘ of release not far removed from the maximal rate of
release possible for a single active zone. This maximal rate of release might
reflect the’ fundamental rate at which vesicles from the “releasable” pool can be

induced to fuse with the subsynaptic membrane.

The m, which normally reflects synchronous release of quanta from
multiple active 'zones, is substantially increased when there is a burst; m and fm

track each other closely in time.

The burst-associated increase in m can be multiplied by 4% DMSO
' 'application to the same extent that baseline m can, implying that active zones
other than the bursting active zone are releasing elevated amounts of quanta

during a burst.

Although release from other active zones is clearly increased during a
single active zone burst, the contribution to burst fm made by these other active
zones is tiny in proportion to the cohtributioh made by the bursting active zone

itself.

The response of other active zones to the localized latrotoxin event is

most probably due (a) to the entry of excitatory ions like Cca** and Na+ into the

96



nerve terminal or (b) to the triggering of a second messenger cascade in some
form analagous to the “spatial facilitation” discovéry of Dudel, Parnas and

Parnas.
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