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ABSTRACT

The distributions in the rat and chick central nervous
systems of specific neuronal acceptors for two potent snake venam
toxins, fB-bungarotoxin and dendratoxin, bhave been mapped using
radiciodinated derivatives af the toxins. These have been shown to
bind saturably and with high affinity to brain cryostat sectioms.

Quantitative sheet film autoradiography revealed a unique
distribution of '*°*I-B-bungarotoxin acceptors in cerebral cortex,
the basal ganglia, diencephalon and brainstem. In particular
synapse-rich areas such as the cerebellum molecular layer, the
strata oriens and radiatum of the hippocampus and the stratunm
moleculare of the dentate gyrus were strongly labelled.

128T-Dendrotoxin acceptors showed an overlapping but much
wider distributionm. The toxin labelled the same brain areas as
125s]-B-bungarotoxin but to a greater extent and, in additiom, bound
extensively to myelinated tracts such as the corpus callosun,
anterior commissure or the 'deep white matter bundles of the
cerebellum. Sheet film autoradiography also revealed heterogeneity
among the dendrotoxin acceptors. ¥hilst all '?%I-f-bungarotoxin
binding could be blocked by excess dendrotoxin, f$-bungarotoxin
reduced '2°I-dendrotoxin binding only in grey matter areas;
myelinated tracts remained prominently labelled by '*’I-dendrotoxin
even in the presence of a large excess of B-bungarotoxin.
Furthermore, when rat cerebellum sections were incubated in a range
of '?I-dendrotoxin concentrations high affinity toxin acceptors in
the granule cell layer could be distinguished from lower affinity
binding sites in the molecular layer and white matter laminae.

To define the distribution of the toxin acceptors further,
brain slices from chick or rat cerebellum and rat hippocampus were
incubated with '2°I-B-bungarotoxin or '*®I-dendrotoxin and processed
for electron microscope autoradiography. This revealed that both
f-bungarotoxin and dendrotoxin acceptors occur predominantly on
neuronal plasma membranes, particularly on synaptic bouton membra-
nes and presynaptic unmyelinated axons. In addition dendrotoxin
acceptors are located on myelinated axons and, possibly, also on
cell soma membranes.

These results are discussed with regard to recent reports
that both dendrotoxin and B-bungarotoxin attenuate certain rapidly

activating potassium currents in varicus neurones.
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CHAPTER 1

1.1, The Nervous System

This is the central control system in higher animals,
coordinating the functions of other tissues and organ systems so
that they act harmoniously as a unit. Thus, an organism is able to
react to changes in its environment, maintaining homeostasis and
responding to cutside stimuli by short term reflexes and long term
behavioural changes. In higher animals and in man the nervous
system furthermore mediates emotions, conscious thought, memory and
learning. Because of these complex functions, the nervous system
has long been a popular subject for physiclogical and biochemical

investigation.

1.1.1. The Brain

Most neurones are located together in the central organ of
the nervous system, the brain, as a highly ordered and frequently
inter-connected network of excitable cells., Structurally the brain
may be subdivided into an number of areas as illustrated in
Figure 1.1. Many of the connections between brain areas have been
traced, and some functions have been assigned to specific areas
(for details on neurcanatomy and general neuraobiology, see
Shepherd, 1983; and Nauta and Feirtag, 1986).

Among the brain areas, the neocortex is the most recently
developed evolutionarily. It has reached considerable complexity
in higher vertebrates and is most extensive in man, where it

- 17 -



Figure 1.1. i e i ie
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contains =70% of all central neurones. ©Specialized cortical areas
receive all sensory impulses from the peripheral nervous system or
the special sense organs. For example, somatic sensory impulses
from receptor cells in the skin, muscles or visceral organs enter
the central nervous system through the spinal cord and are trans-
mitted along ascending fibres through relay centres in the
brainstem reticular formation and in the thalamus (ventral nucleus)
to the somatic sensory cortex. Auditory stimuli from the imner ear
reach the auditory cortex via the cochlear nuclei, inferior
calliculi and medial geniculate nuclei. Visual information from
the retinae is transmitted along the optic nerve, crossing at the
optic chiasma and ascending along the optic tracts to integrating
centres in the superior colliculi and thalamus (lateroposterior
nucleus), or to the lateral geniculate bodies, before entering the
visual cortex. Fibres from the nasal mucosa reach the olfactory
cortex via the olfactory bulb. Sensory information is processed in
each of these relay centres, as well as in the cortical receptive
fields and in cortical association areas. It may also be further
transmitted to the hippocampus and amygdala, areas which have been
- 18 -



implicated in memory and learming.

In addition the neocartex controls both motor and visceral
responses. Voluntary movement is initiated from motor areas of the
cortex. Some fibres from this area pass directly to the motoneu-
rones in the spinal cord. Other motor stimuli are first processed
in the caudate putamen, which alsc receives an input from the
substantia nigra, and in the globus pallidus. A further infor-
mation channel connects the motor cortex to the pons and the cere-
bellum. Impulses then pass through the reticular formation to
synapse with motoneuranes in the spinal cord. Further signals from
the neocortex pass through the hippocampus and amygdala to the
hypothalamus. This area controls inputs to the ganglia of the
autonomic nervous system innervating the smooth muscles and glands
of visceral organs.

The above brief description serves to illustrate some of
the complex functions of the brain, although it is necessarily an
oversimplification. Feedback loops and branches from all major
fibre tracts cross-connect many areas. Integration is possible at
each relay station, thus enabling the fine-tuning of all nervous

praocesses.

1.1.2. Structure gf Nerve Cells

The excitable cells of the nervous system are the nerve
cells or neurones. These are suppaorted by a much larger number of
glial cells, which regulate the nutrient and ionic environment of
neurones, provide insulating myelin sheaths and may guide neuronal
development. Neurones exhibit a very wide variety of shapes and
sizes. However they all share a similar basic structure. The cell
body or soma contains the nucleus of the cell, the protein
synthetic apparatus (ribosomes and endoplasmic reticulum’ and Golgi
bodies. From the soma extend many imtricately branched dendrites,
which form the receptive field of the neurone. Usually a single
axon also emerges from the soma to tramsmit electrical impulses to
other cells. In its terminal fields the axon branches extensively,
forming many synapses with other neurones or effector cells (for a

detailed description of neurone structure, see Peters et al.,

1976).
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1.2. The Neuronal Membrane

The excitability of neurones, their capacity to fransmit
electrical sigmals and their ability to stimulate other cells
depend critically on the properties of the neuronal membrane. In
particular, the nature of the membrane proteins and their distri-
bution are important in neuronal function. These membrane proteins
may be transport proteins such as channels, which permit the diffu-
sion of ions down their concentration gradient, or pumps involved
in active transport. Other prateins have recognition functionms.
Thus receptors bind specific transmitter or neuromodulator mole-
cules and as a result cause ionic currents to flow or second
messenger systems to be activated. Membrane proteins may also be
involved in regulating cell growth and cell-cell recognition or
cell-cell adhesion fuctions (e.g. the neuronal cell adhesion mole-
cules, n-CAMs, reviewed by Edelman, 1984). Membrane-bound enzymes
facilitate chemical reactions at the cell surface, while structural

proteins are required to maintain subcellular organization.

The importance of membrane proteins in neurgnal function
may be illustrated by tracing an electrical signal along a neurone.
The following description 1s necessarily brief and simplified.
Further details may be found for example in Kuffler et al. (1984).

Nerve signalling depends on changes in the membrane poten-
tial as a result of movements of ions through channel proteins.
Ion flow is powered by an asymmetric distribution of ions on either
side of the plasma membrane (the cytoplasm is enriched in K*, but
relatively depleted of Na*, Ca? and Cl7). This distribution of
ions is created and maintained by the Na*/K* ATPase pump (Skou and
Nerby, 1979; see also Cantley, 1986). A slow and selective leakage
of K* out of the cell results in a depletion of positive charge,
creating a resting membrane paotential of about -70 mV.

Potential changes may be generated by ligand-gated ion
channels (receptors’) in the postsynaptic membrane of a dendrite or
soma. The neurotransmitter acetylcholine, for example, may bind to
receptors similar to the nicotinic receptors at the neuromuscular
junction. Ligand binding increases the probability of opening of
the receptor channels, which are permeable to both Na* and K* ioms.
The movement of these ions down their concentration gradients thus
leads to a local depolarization of the cell membrane. 1In a similar
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fashion the transmitters Y-aminobutyric acid <(GABA) and glycine
open Cl- channels, permitting Cl- to enter the neurone and cause a
local hyperpolarization. Because of the cable properties of the
neuronal membrane, such local postsynaptic potentials spread
passively along the dendrites, although ion leakage through the
membrane diminishes their amplitude with distance. The graded
potentials reach the cell soma, whose membrane potential, as a
result, will reflect the sum of the potential fluctuations arriving
there from the dendrites and the postsynaptic potentials created by
synapses directly onto the soma.

In contrast to most dendritic membranes, the cell soma
membrane near the axon hilleck is highly enriched in voltage-gated
Na* channels. These channels open in response to local depolari-
sations built up as a result of the graded potentials described
above. The resulting Na* influx further depolarizes the membrane
close to the reversal potential for Na* (40-50 =mV). Adjacent
voltage-sensitive Na* channels open, and an action potential is
transmitted along the axon. The cell membrane repolarizes as the
Na* channels inactivate and voltage-sensitive X' channels are
opened. Fine control of action potential firing frequency and cell
excitability is achieved by the presence of other channels such as
various voltage-sensitive Ca?' channels (see, e.g. Carbone and Lux,
1084; DNawycky et al., 1985), rapidly-activating K* channels
(mediating the A-current, Gustafsson et al., 1982; Rogawski, 1985)
or Ca?'-dependent K' channels (Meech, 1978; Petersen and Maruyama,
1984) on the cell somas (see also Crill and Schwindt, 1983).

¥hen the action potential reaches a synaptic bouton at the
end of the axon the depolarization opens voltage-sensitive Ca®*
channels 1lacated there. The resulting influx of Ca?* into the
nerve terminal releases neurotransmitter from synaptic vesicles
{reviewed by Augustine et al., 1987). The released neurotransmit-
ter may trigger postsynaptic potentials (as abave), before it is
eliminated by enzymic degradation or selective uptake into neurones
or glial cells,

This brief description demonstrates the importance of iomn
channels in neuronal excitability. At the molecular level, a large
number of channels may be present to fimely contral the ion fluxes
in the membrane. For example, seven different K* channel types
have been identified on the soma of mouse dorsal root ganglion
neurones (Simonneau et al., 1987). Furthermore, channel properties
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may be regulated by second messenger systems acting, for example,
through phosphorylation by cyclic-AMP dependent protein kinases
(e.g. Costa and Catterall, 1984; Armstrong and Eckert, 1987) or
protein kinase C (reviewed by Miller, 1986) or through interactions

with GTP-binding proteins (reviewed by Dumnlap et al., 1987),.

1.2.2. Study of Neuropnal Membrane Proteins

Ion fluxes can bhe studied by extracellular recording
techiques. The electrical properties of larger elements such as
somata may also be studied by voltage- or current clamp methods.
Recently the development of patch clamp analysis methods (Sigworth
and Neher, 1980) has made possible the study of the properties of
single channels.

Bigchemical studies of membrane proteins require their
solubilization, purification and structure determination. These
studies are not possible without specific probes for these
molecules so that they can be assayed in broken cell preparations.
Ligands, agonists, antagonists, channel blockers or other drugs may
be used for this purpose, or specific antibodies may be raised to
the protein to be studied. In addition the venoms of many animals
contain specific toxins, which bind with high specificity and
affinity to neuronal components. For example, postsynaptic neuro-
toxins like o-bungarotoxin, from the venom of Bungarus multicinc-
tus, specifically block the nicotinic acetylcheoline receptor (Lee,
1972, These toxins have been used to localize, purify and
determine the structure of the nicotinic acetylcholine receptor
(reviewed by Dolly and Barmnard, 1984). Similarly, a number of
toxins like tetrodotoxin from puffer fish and toxins from scorpion
venoms interact with the voltage-sensitive §a*' chamnel (Catterall,
1280> and have made ©possible the purification and structure
determination of this protein (Catterall, 1984; 12986). Teoxins have
also been used in the study of Ca?" channels (Fox et al., 1987) and
of one type of Ca?'-dependent K* channel (Romey et al., 1984).

Qther toxins from snake venoms alsg cause pronounced
electrophysiological responses vwhen applied to neurones, although
their site of action is not yet known precisely. In the present
work, two such toxins with potent effects on neurotransmitter
release, R-bungarotoxin and dendrotoxin, have been used to study

specific neuronal components.

|
N
[SV]
|



1.3. Beta-Bungarotoxin

B-Bungarotoxin (B-BuTX) is one of a group of presynaptic
neurotoxins exhibiting phospholipase Az activity (see reviews by
Lee and Ho, 1980; Howard and Gundersen, 1980; Chang, 1985).
Although these toxins vary widely in structure, containing either
an acidic, neutral or basic phospholipase enzyme subunit as a
monomer or polymer, or linked with other subunits (Chang, 1985),
they all block neurotransmitter release in a complex two- or three-
step sequence. f-BuTX appears to be one of the more potent of
these presynaptic toxins, and since it is also the most specific,
being totally devoid of the postsynaptic, myotoxic or haemolytic
activities expressed by other phospholipase A: toxins (Harris et

al., 1980; Ho et al., 1986), it has been the most widely studied.

The venom of the Formosan banded krait, Bungarus multi-

cinctus, can be separated by starch zone electrophoresis into four
components (Chang and Lee, 1963), three of which are neurotaxic.
a-Bungarotoxin acts postsynaptically, binding specifically to the
nicotinic acetylcholine receptor (see above), while B- and ¥-bun-
garctoxin block neurotransmitter release presynaptically. More
powerful ion exchange chromateography fractionation methods have
allowed the separation of the venom into 6-15 peaks (for details
see Appendix A4.1) containing postsynaptic neurotoxins, various
enzymes (Lee et al., 1972; Hanley et al., 19877), a cardiotoxin (Wu
et al., 1982, nerve growth factor (Furukawa and Hayashi, 1978) and
several species of presynaptic neurotoxins. In the classification
of these toxins the term Y-BuTX bhas now been abandoned, while
R-BuTX, the most abundant, has also been identified as $:—-BuTX by
Kondo et al. (1978a,b’) or Bs:-BuTX by Abe et al. (1977a). A single-
chain presynaptic neurotoxin of M. =11,000d, apparently similar to
notexin, has also been isolated from B, multicinctus venom (Taobias
et al., 1978; Livengood et al., 1978; cf. Hanley et al., 1977).
f-BuTX is a basic polypeptide of M. =21,000d, pI =@.9,
consisting of two covalently linked subunits (Kelly and Brown,
1974; Abe et al., 1977a; Hanley et al., 1977; Kondo et al., 1978a).
The larger A-chain (M. =13,500d) contains 120 amino acid residues
and is homologous to pancreatic or snake venom phospholipase A:
enzymes <(Kondo et al., 1978b; 1282b), while the smaller B-chain
(M. =7,000d)> of 60 amino acid residues resembles bovine pancreatic
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trypsin inhibitor (BPTI: Kondo et al., 1982a). The other pre-
synaptic toxins present in B, multicinctus venom share this
structure: Five isotoxins have been isolated and shawn to be
composed of ane of three possible A-chains (4:, Az or As) and one
of two B-chains (B: ar Bz; for details of the sequences, see Kondo
et al., 1982a,b). A large number of intrachain disulphide bridges
makes B-BuTlX resistant to non-reducing denaturants, heat and acid
treatment, and some proteases. However, the tftoxin is labile in
alkaline solution (Hanley et al., 1977; Howard and Truog, 1977;
Ikeda and Hayashi, 1933).

As predicted from the amino acid sequence of the A-chain
of RB-BuTX, the toxin exhibits weak phospholipase Az activity
(phosphatide acylhydrolase, EC 3.1.1.4., Kelly et al., 1975; Strong
et al., 1976; 1977; Abe et al., 1977a; Howard and Truog, 19877,
Kondg et al., 1978c). This enzyme activity is dependent on Ca?*,
which binds tog the toxin (Ka =0.1-0.2 mM, Abe et al., 1977a; Ikeda
and Hayashi, 1983). No other divalent cations (Sr?*, Mg?' or Ba®*")
can activate the phospholipase. The active site of the B-BuTX
phospholipase A: subunit is similar to that of pancreatic phospho-
lipase 42, and the essential catalytic residue (A-chain histidine-
48 in B-BuTX) can be blocked by modification with p-bromophenacyl-
bromide (pBPB, Abe et al., 1977a; Kondo et al., 1978c,d). B-BuTX
hydrolyses phospholipids such as phosphatidylcholine, phosphatidyl-
ethanolamine or phosphatidylserine containing fatty acids of
various chain lengths (Abe et al., 1977a; Strong and Kelly, 1977;
Howard and Truag, 1977; Fg and Howard, 1978), being most potent at
the phase fransition temperature of the lipid (Strong and Kelly,
1877). At other temperatures, the detergent deoxychalate is
required for phospholipolysis (Abe et al., 1977a; Howard and Truog,
1977; Kelly et al., 197%); the presence af proteins in natural
membranes or, for example, in high- or low-density lipoprotein
particles may also create phase boundaries, thus dispersing the
phospholipids inte a suitable physical state for hydrolysis <(cf.
the phospholipase assays of Howard and Truog, 1977; or Noél and
Strong, 1982). Cholesterol inhibits the rate of phospholipolysis
by R-BuTX (Strong and Kelly, 1977).

The phospholipase Az activity of B-BuTX appears to be
important in its toxicity: Agents which modify the toxin so as ta
reduce its enzyme activity also, and to a similar extent, reduce
its lethality (Strong et al., 1977; Abe et al., 1977a; Howard and
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Truog, 1977). Furthermore, the toxicities of the B-BuTX-isotoxins
appear to be related to the phospholipase activity of the different
A-chains present (Kondo et al., 1982b). However, other phaspho-
lipase enzymes which exhibit much greater phospholipase activity
(e.g. bee venom phospholipase A, or the fraction IV phospholipase A
of B, multicinctus, which is highly homologous and antigenically
similar to the A-chain of B~BuTX, Kondo et al., 1981), are not
toxic. The phospholipase activity can, therefore, only account for

one aspect of the actiomn of 8-BuTX.

§-BuTX is toxic to mice with an LDse (after intraperi-
toneal administration) of 0.01-0.02 pg/g body weight <(Abe et al.,
1977a; Spokes and Dolly, 1980; Konde et al., 1982a). After a
latent perioad of at least 60-30 min (Kelly and Brown, 1974;
Eterovic et al., 197%) the toxin causes hyperactivity amnd hyper-
excitability (Chang and Lee, 1963; Eterovic et al., 1978). Death
occurs oy respiratory failure as a result of neuromuscular blockade

(Chang and Lee, 1263).

1.3.2.1. Electrophysiological studies

8-BuTX irreversibly 1inhibits muscle contraction as a
result of nerve stimulation without affecting the responses
elicited either by application of acetylcholine or carbachol (Chang
and Lee, 1263; Dryden et al., 1974), ar by direct stimulation of
the muscle (Kelly and Brown, 1974). The resting membrane potential
and the action potential of the muscle, as well as the conduction
properties of the nerve, are not affected (Chang et al., 1973
Kelly and Brown, 1974; Abe et al., 1976), indicating that the
action of the toxin is confined to presynaptic nerve terminals.
Although BR-BuTX binds rapidly to its target sites, with the neuro-
muscular blockade proceeding even if the muscle is washed after
only 15-20 min of incubation, the action of the toxin on rocdent
phrenic nerve-diaphragm preparations is characterized by a delayed
onset of blockade, no matter how high the concentration of toxin
used (Chang and Lee, 1963; Chang et al., 1973; Kelly and Brown,
1974). The duration of the latent period is reduced when the nerve
is stimulated, being shorter at higher stimulation £frequencies
(Chang et al., 1973; Kelly and Brown, 1974).

B-BuTX exerts a triphasic effect on spontaneous neuro-
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transmitter release as demonstrated in studies of the frequency of
miniature endplate potentials (m.e.p.p.s; Abe et al., 1976; QOberg
and Kelly, 1976; Chang et al., 1977b; MacDermot et al., 1978;
Alderdice and Veolle, 1978; 1981): Shortly after application of the
toxin the m.e.p.p. frequency 1is reduced to very low levels
(phase 1). This inhibition is followed by a several-fold increase
in m.e.p.p. frequency, or a period during which bursts of m.e.p.p.s
may be agbserved (phase 2). M.e.p.p. frequency then slowly declines
(phase 3), until neurotransmitter release is completely blocked.
The amplitude of the m.e.p.p.s remains unchanged (Chang et al.,
1973; Alderdice and Volle, 1973). However, studies of the ampli-
tude distribution of the m.e.p.p.s have shown B-BuT{ to exert the
three phases af its action preferentially on the main population of
m.e.p.p.S, which are larger and show amn overall bell-shaped
frequency distribution, than on the smaller skew-distribution
m.e.p.p.s (Llados et al., 1980; see also MacDermot et al., 1878).

$-BuTX similarly has a triphasic effect on evoked release,
studied by measuring endplate potential (e.p.p.) amplitude, which
is also transiently depressed and then increased (spontanecus
twitching may be observed during phase 2, Abe et al., 1976; Abe and
Miledi, 1978) prior to blockade (Chang et al., 1973; Abe et al.,
1976; Alderdice and Volle, 1981). Since the m.e.p.p. amplitude is
not affected by B-BuT{ <(see abave), the quantal content of
neurotransmitter release also initially declines, prior to being
transiently increased by the toxin (Chang et al., 1973; Kelly et
al., 1975; Oberg and Kelly, 1976; Alderdice aad Volle, 1981).
Delayed release, the increase of m.e.p.p. frequency following an
e.p.p. and believed to be caused by the transiently raised Ca®
concentration in the nerve terminal, is similarly affected by
B-BuTX (Kelly et al., 1975; Oberg and Kelly, 1976)

These complex effects of B-BuTX are believed to be due
two distinct steps in its action (Kelly et al., 1975; 1972; Abe et
al., 1976; Abe and Miledi, 1978; Caratsch et al., 1981): The toxin
initially binds to specific acceptors on nerve terminals. The
phospholipase enzyme then attacks the phospholipids near the
acceptors, perturbing +the membrane properties and control of
neurotransmitter release and eventually causing blockade of trams-
mitter release.

Phase 1 of $-BuTX action, the initial decrease in m.e.p.p.
frequency or e.p.p. amplitude, appears to be due to toxin binding
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to the nerve terminal. This inhibition can still be observed under
conditions in which the toxin's phospholipase activify has been
inactivated, for example by (i) substituting the Caz* required for
enzyme activity (Section 1.3.1 above) with Sr?', which can support
neurotransmitter release (Abe and Miledi, 1978; Caratsch et al.,
1981; Chang et al., 1977a; Kelly et al., 1879); (ii) lowering the
temperature (Caratsch et al., 1981; Su and Chang, 1934); or (iii)
chemically modifying the toxin Qith pBPB (Abe et al., 1977b; Chang
and Su, 1280; 1982; Xelly et al., 1979). The toxin binding step
requires divalent cations, with an apparent potency of Ca?* > Mg?* >
Srz* = Co** > Mn®** (Caratsch et al., 1985), very different from the
potency of these ions in promoting phospholipase activity.
Furthermore, a non-specific phospholipase enzyme fram bee venam
does not mimic the initial depression of neurotransmitter release
by R-BuTX, although it is capable of stimulating and blocking
neurotransmitter release at high concentrations (Abe and Miledi,
1678,

The involvement of phospholipase activity in phase 2 of
f-BuTX action is not clear. Under conditions where the phospho-
lipase activity 1is inhibited (experiments in Sr?* buffer, at
reduced temperature, or using pBPB-modified fB-BuTX) a fLransient
initial decrease in e.p.p. amplitude may be observed, implying that
path phases 1 and 2 still occur (Kelly et al., 1979; Chang =t al.,
1977a; Chang and Su, 1982; Su and Chang, 1984). However, the slow
recaovery {(phase 2) reported could be due to residual phospholipass
activity under +the conditions citad, since ncne o0f the medifi-
cations described above reduce phospholipase activity by more than
xQ0-95%. Furthermore, bee venom phaospholipase A2 at high doses
also facilitates and eventually blocks neurotransmitter release
(Abe and Miledi, 1978). Early work by Kelly et al. (1975) sug-
gested that the time courses of the actions of B-BuTX on spontane-
ous, evokad and delayed release wers similar. However, while the
initial depression (phase 1) of both m.e.p.p. frequency and e.p.p.
amplitude occur simultanecusly, other authors report that the
toxin's effects on e.p.p. amplitude (phases 2 and 3) are consider-
ably faster than those on m.e.p.p. frequency (Alderdice and Volle,
1981), with m.e.p.p.s still being recorded at a time when e.p.p.s
are completely blocked (Chang and Lee, 1963; Chang et al., 1873;
Abe et al., 1976). Furthermore Chang ot al. (1977b) find that for
evoked release the first two phases, depression and facilitationm,
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ars possible without 1latency, and suggest therefore that these
effects are not due fto the enzyme activity. It is possible that
the facilitation of evoked release differs from the increase in
spontaneous release in its dependence on the toxin's phaspholipase
activity. It is clear that at the time when m.e.p.p. frequencies
are increased, the terminal membrane becomes permeable to a variety
of inorganic cations (Masukawa and Livengood, 1982). This effect
on membrane permeability may be responsible for the interference of
3~BuTX with intraterminal Ca?* metabolism: f-BuTX has been
suggested to cause an accumulation of Ca?" inside nerve terminals
(Kelly and Brown, 1274; QOberg and Kelly, 1976; Abe et al., 1976),
possibly by inhibiting Ca?" uptake by mitochondria (Wernicke et
al., 19795; Howard, 1975; see also Section 1.3.4).

The final irreversible ©blockade of neurotransmitter
release is due to the enzyme activity of the toxin (Abe and Miledi,
1978; Caratsch et al., 1981; Chang and Su, 1982; Su and Chang,
1984). Phosphaolipolysis can alter membrane properties, such as the
ability of synaptic vesicles to fuse with the plasma membrane, or
the properties of ion channels (cf. Okamoto, 1980; Reed, 1981;
Hinzen and Tauc, 1977). ¥g and Howard (1980) and Howard (1982)
have suggested that RB-BuTX may affect synaptic 1ion channels,
possibly by binding directly to a channel protein and then hydro-
lysing the nearby annular phospholipids which may be essential for
channel activity (see also Strong and Kelly, 1977). The final
blockade does not appear fo be due to depletion of available neuro-
transmitter stores, as suggested by Chen and Lse (1970)., In fact
Chang et al. (1973) repcrted that the acetylchecline content of the
muscle was unchanged at a time when transmitter release was
completely blocked, while Gundersen and Jenden <1981) found that
the acetylcholine content of rat diaphragm was temporarily
increased after B-BuTX treatment. The final cessation of neuro-
transmitter release could, alternatively, be due fo a depletion of

nerve terminal energy stores (see Section 1.3.4).

1.8.2.2. Ultrastructural changes

Electron microscapy studies of B-BuTX-intoxicated neuro-
muscular junctions confirm the presynaptic specificity of the
toxin: Nerve terminals are progressively damaged, while muscle
fibres, fibrocytes, endothelial cells and perineural Schwann cells
appear normal (Chen and Lee, 1970; Abe et al., 1976; Strong et al.,
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1977, B-BuTX initially causes a decrease in the number of
synaptic vesicles and an increase in the number of coated vesicles
and of Q-shaped profiles of open vesicles fused with the plasma-
lemma (Chen and Lee, 1970; Strong et al., 19277; Landon et al.,
1980>. The synaptic vesicle paopulation appears to recover to near
normal levels follawing presynaptic blockade (Landon et al., 1980).
Severe intoxication (exposure to 20-100 pg/ml B-BuTX for several
hours) causes clumping of synaptic vesicles and swelling and
vacuolization of mitochondria (Chen and Lee, 1970; Abe et al.,
1976; Strong et al., 1977), until eventually nperve terminals
disintegrate completely and are engulfed by Schwann cells (Abe et
al., 1976; Strong et al., 1977). In fact, B-BuTX camn be used as a
selective denervating agent, producing effects similar to surgical
denervation (Hofman and Thesleff, 1972; Chang et al., 1875). Other
presynaptic phospholipase neurotoxins have been shown to cause
similar ultrastructural changes at peripheral nerve terminals (cf.
Cull-Candy et al., 1976; Gopalakrishnakone and Hawgoaod, 1984; Lee
et al., 1984),

Despite the similar ultrastructural effects of the pre-
synaptic neurctoxins, and their similar +triphasic actions at
peripheral neuromuscular junctions (cf. Chang, 1985), vwhich suggest
that they all act by binding to nerve terminals and then alter the
presynaptic plasma membrane by phospholipid hydrolysis, it should
be noted that thess toxins do not share a presynaptic target site.
4t high concentrations pBPB-modified S-BuT{ can protect nerve
terminals against the effects of $-BuTX (Abe et al., 1977a; Chang
and Su, 1980; Kelly et al., 197%), while it enhances the potencies
of taipoxin, crotoxin and notexin (Chang and Su, 1280). Horeover,
simultaneous application of any two toxins (from B-BuTX, crotoxin
and taipoxin) results in a mutual facilitation of their presynaptic
effects (Chang and Su, 1980). The phospholipase neurotoxins also
differ in their interaction with the facilitatory neurotoxins (see
Section 1.5 below). It is likely, therefore, that these toxins
bind to different molecular sites on the nerve terminal membrane
and hydrolyse phaspholipids at discrete but close sites, resulting

in more rapid impairment of the transmitter release mechanism.



v yst

Although B-BuTX blocks neuromuscular transmission in am-
phibians, birds and mammals, its potency, like that of all phospho-
lipase neurotoxins, differs widely in different species (Chang et
al., 1977b; Chang, 1985). Birds are very sensitive to S-BuTX,
which is much more potent on the chick biventer cervicis nerve-
muscle preparation than on rodent diaphragms (Lee and Tseng, 1969;
Chang et al., 1973, 1977w). Ultrastructural studies have shaown
that the action of B-BuTX is more rapid, and denervation is mare
complete at frog neuromuscular junctions than on rat muscle {(Abe et
al., 1976). Among mammals, guinea-pigs are mare sensifive to
$-BuTX than mice and rats, respectively (Miura et al., 1981), while
neonatal rats appear less sensitive than adults (Gundersemn, 1%981).

In addition to its effects on skeletal muscle neuromuscu-
lar transmission, B-BuTX blocks nicotinic cholinergic transmission
from preganglionic nerves in both the parasympathetic and sympa-
thetic autonomic nervous system, while pastganglionic (muscarinic
or adrenergic) respaonses are not affected (cf. Kato =¢ al., 1977).
Again, the potency of the toxin varies with the species examined.
Thus R-BuTX{ blocks transmission in the avian ciliary ganglion
(Chiappinelli et al., 1981), and the response to vagal stimulation
in the guinea-pig stomach (Miura et al., 1981) and guinea-pig
atrium (Muramatsu et al., 1980), while mouse, rat and rabbit atria
are not affected by the toxin Miura et al., 1981). Transmitter
release from the postganglionic nerves to the guinea-pig or rat
ileum (Chang and Lee, 1963; fato =t al., 1977; HMiura et al., 1981)
or from the nerve supply to the smooth muscle of canine airways
(Hyatt and Russel, 1931) is not affected by the toxin., Likewise in
the sympathetic nervous system, the preganglionic transmission
across cat superior cervical ganglion is blocked by B-BulX (Kato et
al., 1977), while the release of noradrenaline from t%he nerve
terminals in the cat nictitating membrane preparation, and the
adrenergic responses of the atrial preparation, are not affected
(Kato et al., 1977; Muramatsu =t al., 1280).

Chronic application of fB-BuTX to avian, rat or amphibian
embryos retards their development (Olek, 1980; Creazzo and Sohal,
1981; Timmers et al., 1986). The nicotinic cholinergic innervation
to skeletal muscle is selectively killed, and the motoneurone cell
bodies disappear from the ventral horn of {he spinal cord
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(Hirokawa, 12783; Pittman et al., 1978; Olek, 1980; Harris, 1281).
As a result muscle fibres become disaorganized in structure, while a
major amount of the muscle tissue is replaced by fat depasits or
connective tissue (Mao Chen et al., 1978; Hirokawa, 1978; Harris,
1981L). The innervation to the heart and the structure of heart
muscle appear normal (Hirokawa, 1973). Similarly, the innervation
to the adrenal glands is removed (Timmers et al., 1986), but the
chromaffin cells develop normally (Hirokawa, 1978; Timmers et al.,
1986?. The autonomic fibres around blood vesssls, and Auerbach's
and Meissper's ganglia, are not affected by the toxin (Harris,
1981; Hirokawa, 1%78). Howeaver, there is a gresat depletion of
neurcgnes in the sensory ganglia (e.g. spinal ganglia, spiral
ganglia and olfactory epithelium innervation; Hirokawa, 1977; 1978;
Pittman =t al., 1978).

In invertebrates, [B-BuTX blocks transmission to the bady
wall muscle of the earthworm, Lumbricus terrestris (Hassoni et al.,
1985), while the glutamatergic transmission in locust muscles (see
Abe et al., 1977a; Tse et al., 1280) and the motor nunerve

nctions of Drosophila larvae (Antonov et al., 1979)

fost

neuromuscular j
are resistant to the toxin. Likewise, B~BuTX does not block trans-

e squid giant synapse (Abe et al., 1977a).
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sa2ng, 1966), its toxicity is

% when administered
prain (Hanley and Emson, 1972; Othman et
TX has besn shown to block synaptic transmission

in rat olfactory cortex and hippocampus slices (Dolly =© al., 18280;
a

[

lliwell et al., 1882; Halliwell and Dolly, 1982). The primary
gfiect of the toxin is an irreversible inhibition of neurotrans-
mitter release; thus B-BuTX blocks synaptically evoksed transmission
at a time when axonal conduction, or the cell's responses to direct
current injections or bath applied glutamate or aspartate are un-
affected (Halliwell and Dolly, 1982). On prolonged exposure ta the
toxin presynaptic action potentials are decreased and cells become
iess excitable. While BS-BuTX binds when applied in Ca*'-iree Sr¥
buffer, the presence of Ca?*, and hence the toxin's phaspholipase
A2, 1is required for full activity. This was also confirmed in
studies using pBPB-modified B-BuT{ (Halliwell et al., 1982)., Thus,
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again the toxin appears to act by initially binding to specific
acceptors on the presynaptic membrane, and then causing generalised
membrane damage through phospholipase Az activity.

B-BuTX affects a large number of neurones in the central
nervous system. In embryos treated with the toxin the brains,
cerebella and spinal cords are reduced in size, while neuronal cell
groups are destroyed or disorganized (Hirckawa, 1978; 197%2; Cresazza
and Sohal, 1981; Zilles =t al., 1981). In the retina, the ganglion
cells and some neurones in the inner nuclear layer are killed
(Hirckawa, 1978; s=e also Rehm et &al., 1982); +this selective
toxicity of B-BuTX has been exploited in the preparaticn of pure
photoreceptor cell cultures (Politi and Adler, 1986). Toxicity
again appears %o require the phosphalipase activity (cf. Creazzo
and Sohal, 19281>. In adult animals intracerebral injections of
sublethal doses of R-BuTX cause pronounced focal degeneration of
the nervous tissue and widespread neuronal cell death (Hanley and
., 1984),

In contrast to the peripheral nervous system, where f~BuTlX

-+

Emson, 1979%; Gulya et al
is only active at nicotinic cholinergic synapses (Section 1.3.3),
there is an apparent lack of neurotransmitter specificity in the
toxin's central action. Intracerebral injections of B-BuTX produce
both short- and long-term changes in the acetylcholine and cholins
content of various brain areas (Newfton et al., 1983, Gulya =t al.

1984). ‘ In the chick retina, treatment with Rg-BuTX causes a

after intracerebral injections of the toxin (Hanley and Emson,
1879; Gulya et al., 1984) The electrophysiological studies of

Halliwell =%t al. (1282) and Halliw2ll znd Dolly (1282) have shown
that transmissicn fo glutamate- and aspartate-sensitive neurones is
blocked by B-BuTX. Furthermore, B-BuTX inhibits the uptake and
increases the basal release of acetylcholine (Vernicke &t al.,
1674; Sen et al., 1976; Dolly et al., 1980; Fletcher and Middle-
brock, 1986, glutamate (Tse et al., 1980; Smith et al., 1280,
aspartate (Smith et al., 1980), GABA (Vernicke =t al., 1274; Ng and
Howard, 1978; Tse et al., 1980; Smith et al., 1980), serotonin
(Wernicke et al., 1874) and catecholamines (Wernicke et al., 1974,
Filetcher and Middlebrook, 1986) from brairn minces, homogenates,
synaptosomes or synaptosome-enriched brain fractions. The release

_32_



of neurotransmitters is accompanied by an efflux of the cytoplasmic
marker enzyme lactate dehydrogenase (Wernicke st al., 1974; Tse et
al., 1980; Halliwell et al., 1982); this efflux is strictly Ca®-
dependent and does not occur in Sr*'-containing buffers (Vernicke
et al., 1975; Dolly et al., 1980; Tse et al., 1980; Rugolo et al.,
1986). Modification of B-BuTX with pBPB also reduces the releasing
potency of the toxin (Halliwell et al., 1982). Thus, it appears
that the phospholipase Az enzyme activity of B-BuTX makes synapto-
somes permeable or leaky to these compounds. in accordance with
this suggestion, a number of non-toxic phospholipase A: enzymes
from various sources have been shown to mimic the neurotransmitter
releasing activity of B-BuTX, although thess enzymes are less
potent than the presynaptic foxin (Wernicke et al., 1274; Ng and
Howard, 1978; Sen and Cooper, 1978; Dolly et al., 1980; Fletcher
and Middlebrook, 1986). Even fatty acids can release some neurg-
transmitters from synaptosomes (Wernicke et al., 1275; Sen and
Cooper, 1978). However, low concentrations of B-BuTX (up to 1pi)
do not cause any gross damage %o synaptosomes as revealed by
electron microscopy (Wernicke et al., 1974; Sen et al., 1976; Tse
et al., 1980),

Other studies on synaptosome and brain slice preparaticns
have revealed that B-BuTX depolarizes synaptosomes (Sen and Cooper,
1978; Ng and Haoward, 1978; Nicholls et al., 1285; Rugolo et al.
18848>, thereby causing an increase in synaptosomal respiration
rates (Wernicke et al1., 1975; Smith ot al., 1280; Tse et al.,
1880), a decrease in ATP and creatine phosphate levels (Wernicke =t
al., 1275; Swanson, 1977) and K* content (Swanson, 1977; Smith e%
., 1980), and an uncoupling of mitochondria, thus interfering
with their ability to buffer synaptosomal Ca®** levels (Wagner et
al., 1974; Kelly =t al., 1975; Vernicke et al., 1973; Howard, 1975;
Ng and Howard, 1980>. All these effects appear to be due to two
distinct phospholipase Az-dependent actions of the toxin (for
datails, see RNicholls et al., 12985; Rugolo et al., 1986):

Y Upon binding to acceptors on synaptosomes (see below),
f-BuTX initially depolarizes synaptosomes by directly permeabi-
lizing the plasma membrane. As specific binding is a pre-requi-
site for this step it is oanly weakly mimicked by non-toxic
phospholipase enzymes.

2) Continued phospholipase activity produces fatiy acids,
which uncouple mitochondria, thus interfering with synaptosomal
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respiration, ATP stores, Ca?" metabolism and neurotransmitier
uptake. This step is common to B-BuTX and non-toxic phospholi-
pase enzymes, and 1is prevented when bovine serum albumin (BSA),
which binds the fatiy acids released, 1is 1included 1imn the
incubation media. A similar indirect action via fatty acids
probably accounts for the reported uncoupling of sarcoplasmic
reticulum membranes <(Lau et al., 1974) and purified synaptic

vesicles (Anderson and Parsons, 1986) by B-BuTX.

1.3.5.

It is clear from the studies described above that B-BuTX
exerts its effects on neurcones by binding to specific acceptor
sites and subsequently hydrolysing nearby membrane phospholipids
(see Sections 1.3.2 and 1.3.4). Direct evidence for the existence
of toxin acceptors has been obtained from binding studies using
both °H- and '?*I-labelled biologically active derivatives of the
toxin (Cthman =t al., 1982; Rehm and Betz, 1982; Dolly et al.,
1987>. Specific high affinity acceptors for $-BuTX have thus been
identified on synaptosomes from both chick and rat brain (Ks = 0.2-
0.6 nM, Baax =50 and 300 fmol/mg protein in synaptosomes from chick
and rat brains, respectively, Rehm and Betz, 1982; Dally et al.,
1987). Under certain condition <(e.g. incubations in imidazole
buffer), a second, lower affinity binding site for '**I-8§-BuTX can
also sometimes be detected (Dolly et al., 1287; Section 1.35).
Protease treatment of synaptosomes substantially decreases the
specific toxin binding, indicating that the acceptors are protein-
acecus (Othman et al., 1982). The binding is dependent on divalent
cations (Ca?' or Sr?", Rehm and Betz, 1982). 0Only unlabelled B-BuTX
can potently displace the binding of radiolabelled B-BuTX, while
other phospholipase enzymes and presynaptic phospholipase Az toxins
cause only a weak inhibition, possibly by interfering with specific
phospholipids required for the binding (Othman et al., 1982; Rehm
and Betz, 1982).

WVhen radiolabelled B-BuTX is cross-linked to synaptosomes
prior to analysis of the synaptosomal proteins by sodium dodecyl
sulphate polyacrylamide gel electrophoresis and autoradiography, a
polypeptide of M. =95,000d4 is specifically labelled (Rehm and Betz,
1983)>. The R-BuTX acceptor protein has been successiully solubi-
lized in an active form using Triton X-100 (Rehm and Betz, 1984);
it has an estimated molecular weight of =%430,000d and, thus, would
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obviously include the 95,000d peptide identified by cross-linking.
One of the most important findings from the studies with
radiolabelled R-BuTX was the aobservation that the binding of the
toxin could be specifically inhibited by the mamba venom polypep-
tides toxin I (Othman et al., 1982) and dendrotoxin (Othman 1983).
These facilitatory foxins also have potent effects on neurotrans-
mission, but are devoid of phospholipase activity (see belaow), and
have therefore proved very useful in the study of nervous

mechanisms and the action of 8~BuTX (see alsao Section 1.5).

1.4, Dendrotoxin and Facilitatory Neurotoxins
1.4.1. ; 1 g C e

The venom of the Eastern green mamba, Dendroaspis angusti-
ceps, has been shown to facilitate neuromuscular transmission
(Barret and Harvey, 1579). A protein which appears to be
responsible for most of this facilitatory action has been isolated
(Harvey and Karlsson, 1980) and called dendrotoxin, DTX.

DTX is a highly basic, single chain polypeptide of 59
amino acid residues (formula molecular weight =7,0953d) cross-linked
internally by three disulphide bridges (Harvey and Karlsson, 1280).
Its amino acid sequence (Ci3520s, Joubert and Taljaard, 1980) is
very similar to that of BPTI (Figure 1.2a). In fact, DIX is a mem~
ber of a family of BPTI homologues found in various mamba venoms.
This includes CisS:Cs which is also found in D. angusticeps venom
(Joubert and Taljaard, 1980) and four polypeptides from the black
mamba, D. polylepis (proteins B and E, and toxins I and K, see
legend to Figure 1,20, A further toxin, DV-14, is found in the
venom of the Western green mamba, D. viridis (R. Shipolini, unpub-
lished; sequence cited in Mehraban et al., 1986). Despite the
sequence homologies, only protein E has measurable antiprotease
activity (Strydom, 1976; Dufton, 198%5). Five of the homologous
proteins (DTX and Cis5:Cs, toxins I and K, and DV-14), out of a
large number of protease inhibitors and homolegues tested, havé
been shown to potentiate neuromuscular transmission (Harvey, 1982;
Harvey and Karlsson, 1%982; Harvey et al., 1884a). Figure 1.2a
shows that these presynaptically active proteins share four
conserved lysine residues at positions 5, 19, 28 and 30 (Harvey and
Anderson, 1985; for further comparisons of the sequences, see

Dufton, 1985). Protein B exhibits neither anti-protease nor pre-
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Figure 1.2, Sftruc

1 10 X 20
a DX ZPRRL‘EILHRNP@REYD%IMFYYNQ
Dpl ZPLRQLIC|ILHRNPGRIC|YREIPAFYYNQ
DpK AAGOYICIKLPLRIGPICIKREIPSFY YKV
Ci55:Cs AAQY|ClKLPYVRYGPICIKKEIPSFYYKY
DV-14 AAQY(ClkLPVRYGPIC[xKAIPSFY YKV
DpB RPYA[CIELIVAAGPICIMFFISAFYYSK
DpE LAHRTF|C[KLPAEPGP|ClKASIPAFYYNY
BPTI RPOFICILEPPYTGEP|CIKARITIRYFYNA
3-BuTf,8: RAQRHROD|C[DKPPDKGN[CI-GPRVRAFYYDT
BTGB RKRHPOLIDKPPOTKICI-RTVRAFYYKP
T\3/5-/—-s.~e‘,
A_O/ 50 _ j 60
DTX QCIERFODUYSG[CIGGNSNRFKTIEE|CRRTIC|I @
Dpl GICIEGFTUSGICIGEENSNRFETIEE|CRRTICIIRK
DpK QICILPFDYSGICIEGNANRFKTIEE|CRRTICIVE
CisSiCs QICILPFODYSGIC|GGNANRFKTIEE|CIRRTIC|vVE
DV-14 RICILYFODYSGICIEGNANRFETIEE|CRRTICIVE
DpB KICIYPFTYSGICIRGNANRFKTIEE|CRRTIC|V VY
DpE KICIRLFHYGGICIKGNANRFSTIEK|CIRHAIC|VE
BPTI LICIR TFVYYGGICIRAKRNNFESAED|CMATIC|GE A
B-8uTX,B:  TIC|K &FQYRGICIDGOHGNFKTETLICIRCE[C|ILVYP
JBuTfBz RICIVAFRYGGICIDGOHGNFXKSOHL|CIRCECIEL YR

(a) The amino acid sequences of DTX
and its homologues. The ssquences
are taken from: DT (=C:1sS:Cs) and
C138:Cs, Joubert and Taljaard (1280).
Toxins I and X from D. polylepis
(DpI and DpK), Strydom (1673) and
Strydem (1977). DV-i4 from D. viri-
dis, cf. Mehrabvan et al. (1986).
Proteins B and E from D. polylepis
(DpB and DpE), Strydam and Joubert
(1981) and Joubert and Strydom
(1978), respectively. BPTI, Kassel
et al. (1965). R-BuTX B-chains (B
and Bz), Kondo et al. (1978b;

1882a). Disulphide bridges are
indicated, and the conserved

lysine residues (K) in the neuroactive homologues are circled. The
one-letter code for amino acids has been used (see Eur. J.
Biochem., 5, 151-153); Z represents pyroglutamic acid.

(b> The proposed « carbon skeleton of DTX, adapted from Dufton
(1985). The conserved lysine residues are shown as @, nile
lysine-29 in DTX and teoxin I is shown as(:).

_36_



synaptic facilitatory activity (Harvey et al., 1984a).

In agreement with the sequence hdmologies, the disulphide
bridge structure and the protein folding/unfolding pathways are
conserved between BPTI and the protease inhibitor homologues
(Hollecker and Creighton, 1983). Furthermore, the structures of
various DTX homologues in solution have been shown to be similar to
that of BPTI using both nuclear magnetic resonance (Arseniev et
al., 1982; Keller et al., 1983; Pardi et al., 1983) and circular
dichroism (Hollecker et al., 1981) techniques. The conformation of
DTX may, therefore, be assumed to be similar to the three-
dimensional structure of BPTI as determined by X-ray crystallo-
graphy <(Huber et al., 1971; Deisenhofer and Steigemann, 19735; see
Figure 1.2b). On this basis DTX would appear to be a stable pear-
shaped molecule, with two short o-helical regions at the N- and C-
termini, separated by two loops of the peptide backbone, which form
an extended anti-parallel double-stranded f-pleated sheet. The
amino acid residues unique tao the facilitatory toxins (see above)
are highlighted in Figure 1.2b. Three of these (lysines 3, 28 and
30) are located in the same region of the molecule, forming (toge-
ther with lysine 22 in DTX and toxin I) a highly charged domain.
It has been suggested that this region of the molecule may be
involved in the binding of DIX to its target sites (Harvey et al.,

1984a,b).

DTX (Harvey and Karlsson, 1980), toxins [ (Harvey, 1982;
Harvey and Karlsson, 1982) and X (Harvey and Karlsson, 1982), and
toxin CiwsSiCs; from D, angusticeps (Harvey et al., 1984a) facilitate
neurcotransmitter release at motor nerve endplates. In the chick
biventer cervicis preparation DTX increases the response of the
muscle o indirect stimulaticn by 200-250%, without affecting its
sensitivity to exogemous acetylcholine, carbachol, or high external
K* concentrations (Harvey and Karlsson, 1280); thus the toxin must
be exerting its effect presynaptically. Toxins I and K show
similar activity (Harvey and Karlsson, 1982). Although the binding
of the toxins is rapid (i.e. within 15 min), and independent of the
presence of Ca?®* in the incubation medium, nerve stimulation
(Harvey et al., 1984a) or temperature (Harvey and Andersan, 1985),
their effect on neuromuscular transmission is slow to develop,
apparently irreversible, and suppressed at low temperatures (e.g.
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at room temperature compared to 37°C, Harvey and Anderson, 1985).
In the mouse phrenic nerve-hemidiaphragm, DTX and toxin I increase
the quantal content of acetylcholine release, while, on praolonged
exposure, the toxins cause stimulation by single pulses to result
in multiple e.p.p.s; spontaneously oaccurring e.p.p.s are alsa
observed (Anderson and Harvey, 1983). Similar effects have been
described in studies with DTX on toad sciatic nerve-sartorius mus-
cle (Harvey and Gage, 1981) and when using toxin I on frog cutane-
ous pectoris nerve muscle preparations (Anderson et al., 1987).

The toxins alsc potentiate neurotransmitter release in the
autonomic nervous system (Harvey et al., 1984a; Anderson, 198%),
where the onset of foxin action is apparently faster than at neuro-
muscular junctions, and the effects are readily reversed by washing
(Harvey et al., 1%984a). In the predominantly sympathetically
innervated rodent vas deferens preparation, both toxin I and DTX
immediately increase the amplitude of neurally evoked twitches
(Anderson, 198%). In chick oesophagus, which is largely parasympa-
thetically innervated, toxin I (Harvey et al., 1984a) and DTX pro-
duce a gradual increase in the amplitude of neurally evoked
twitches and, on prolonged exposure, induce multiple contractures
or rhythmic contractions {(Anderson, 1985). When the mechanism of
augmentation of the neurally evoked responses was investigated
using a variety of drugs, it could be inferred that the toxins act
directly on the presynaptic nerves in these preparations (Anderson,
1985).

Although DIX is not very toxic when administered peri-
pherally (LDso in mice =23 pg/g body weight, Joubert and Taljaard,
1980), its lethality is increased 10,000x an intra-cerebroveantri-
cular injection into rats: DTX causes severe convulsions within
minutes of administration {(Mehraban =t al., 1986); the minimal
lethal doses of DIZ and toxin I are 2.5 and 0.5 ng/g body weight,
respectively (Othman, 1983; Mehraban et al., 198%). Electrophysio-
logical studies using transverse hippocampal slices from rat or
guinea-pig have shown that DTX causes a general potentiation of
neurcotransmitter release and an increase in cell excitability
(Docherty et al., 1983). Spontaneous or regenerative synaptic
activity is common, individual neurones frequently showing bursts
of action potentials (Dolly et al., 1984). The level of inhibitaory
activity is also increased, apparently by DTX facilitating the ex-
citatory input to inhibitory neurones, or potentiating the output

_38_



sf an inhibitory neurctransmitter, most praobably GABA (Dolly et
al., 1984; 1986).

In order to pinpoint the primary action of DIX in hippo-
campal slices (see Section 1.4.2 above) cells were synaptically
uncaupled by blocking Na® currents with tetrodotoxin and examined
by current- and voltage-clamp techniques (Dolly et al., 1984; 1986;
Halliwell et al., 1986). These studies revealed for the first time
that DTX reduces a variant of the rapidly activating transient out-
ward K* current known as I (the A-current, Gustafsson et al.,
1982; Raogawski, 198%5), without any effect on Ca?* currents or aother
K* currents present in this preparation (Dolly et al., 1984; Halli-
well et al., 1986). In this respect the toxin's action is similar
to that of 4-aminopyridine (4-AP); however DTX is far more specific
in its action and =2,000x more potent, 50-300 nM DTX reducing Ia by
80-75% after 1 hr of incubation. Taxin I, at a concentration as
low as 10 nM, reduces Ia by 40% in only 30 min (Halliwell et al.,
1986).

Another DTX-semsitive K' current can be detected in the A-
cells of rat nodose ganglia (Stansfeld et al., 1986; Doally et al.,
1887). Although the fast activation time of this current is
similar to that of Ia., it differs from Ia in shawing only slow and
incomplete inactivation (s of current decay at 30°C =15-24 s,
compared with 50-100 ms for the hippocampal 1., Dolly et al.,
1987>, and in being much more sensitive than Ia to blockade by both
4-AP (1-30 uM) and DTX (3-10 nM, EDsc =2.1 nM; Dally et al., 1987).
Inhibition of this slowly inactivating current by DIX and 4-AP
suppresses spike adaptation and leads to repetitive firing in the
normally quiescent A-cells (Stansfeld =t al., 1886). A similar
fast activating, non-inactivating current which is highly sensitive
to DTX <0.14-1.4 nM) exists in guinea-pig dorsal root ganglion
neurones (Penner et al., 1986). The transient and very rapidly
inactivating variant of I. found in other cells in the nodose or
dorsal root ganglia, however, is insensitive to DIX at concenfra-
tions up to 800 nM, and even 1-5 mM 4-AP produces only a sub-total
blockade (Penner et al., 1886; Stansfeld et al., 1987)

DIX and toxin I also affect K* currents on motor nerves.
At the frog node of Ranvier, DTX (0.1-30 nM) reduces the amplitude
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and prolongs the duration of action potentials (Weller et al.,
1985). Voltage-clamp studies have revealed that this is due to the
-specific blockade of a proportibn of the K* current by DIX. 1In the
same preparation toxin I similarly reduces the global K* current,
blocking with high efficacy (EDse =0.4 nM) only one of the three
characteristic components aof the nodal K* current <(Benoit and
Dubois, 1986; cf. Dubois, 1981). This current, Ik, inactivates
very slawly and is sensitive to externally applied 4-AP (=10 uH,
Dubois, 1981). Presumably a current similar to Ixn also occurs at
the frog neuromuscular junction, where recordings from extracellu-
lar 2lectrodes placed on the perimeural sheath have revealed that a
proportion of the wave corresponding to the K* current is reduced
by toxin I (Anderson et al., 1987).

Thus DTX and toxin I appear to be able to inhibit a family
of defined rapidly activating and 4-AF sensitive K* conductances,
being apparently most potent on the slowly inactivating currents
and least effective toward the rapidly inactivating K* conductance
variants (Dolly et al., 19287). The blockade of certain K* currents
by DIX and toxin I can explain their effects on neurotransmission
(Section 1.4.2). The toxins increase the excitability of the
target cells and frequently evcke spontanecus or repetitive firing,
indicating that the K* channels blocked are important in control-

ling repolarization and excitation thresholds of neurones.

1.4.4. i a cept, t

DTX can be radioiodinated to high specific activities
(200-400 Ci/mmol) without loss of biological activity (Black et
al,, 1986). The '25I-labelled DTX ('2°I-DTX) binds saturably and
with high affinity (K4 =0.3-0.4 nM) to acceptors on rat cerebro-
cortical or hippocampal synaptosomes (Beax =1-1.2 pmol/mg protein;
Mehraban et al., 1834; Black et al., 1986), or synaptic plasma
membranes <(Bwax =1.4-1.7 pmol/mg of protein; Black et al., 1986).
This binding is highly sensitive to treatment of the synaptosomes
with trypsin or chymotrypsin, and abolished by their acidification
or heating, indicating that the acceptors are praoteinaceous (Black
et al,, 1986). The specificity of the '28I-DTX-acceptor inter-
action is evident from the lack of its inhibition by a number of
other neurotoxins (crotoxin or its subunits, apamin, and, in Ca?'-
free media, taipoxin), Ca?" channel antagonists (D600, nifedipinme,
nimodipine) or selective K* channel blockers (tetraethylammonium
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chloride, 4-4P, thienylcyclopiperidine; Black et al., 1936). In
Ca?*-containing buffers, taipoxin and bee venom phaospholipase A4,
but not the phospholipase from Naja melanocleuca, inhibit '?°I-DTX
bindig with low potency, suggesting that the interaction of the
toxin with its acceptors may depend on conformational stabilization
by certain membrane phospholipids. Only the facilitatory mamba
neurotoxins efficiently inhibit '?I-DTX binding to synaptosomes,
their relative potencies (toxin I > DIX = DV-14 > protein E >>
protein B) being related fto their foxicities on intra-cerebroven-
tricular injection into rat brain (Mehraban et al., 1285; Black et
al., 1986); thus it appears that the DTX acceptors mediate fthe con-
vulsive symptoms (Mehraban et al., 1986) and toxicity of DIX inm
vivo.

In contrast to these observations on rat brain synaptic
membranes, both equilibrium and kinetic measurements of '2°I-DTX
binding on chick brain synaptic membranes demonstrate the existence
of two populations of membranecus acceptors with different affini-
ties for the toxin (Ks 0.5 and 15 nM; Baax 290 and 400 fmol/mg
protein, respectively; Black and Dolly, 1986a). The facilitatory
homologues of DTX antagonise '2°I-DTX binding to both acceptor sub-
types in proportion to their central neuratoxicities, while na
inhibition of '25I-DTX binding can be observed with various other
toxins (e.g. crotoxin or apamin), trypsin inhibitors and lectins
(Black and Dolly, 1986a).

WVhen bound '2%I-DTX is cross—-linked to its acceptors an
rat brain synaptosomes using dimethylsuberimidate or dimethylpimil-
imidate prior to solubilization and analysis by sodium dodecyl
sulphate polyacrylamide gel electrophoresis, exposure of the gel to
X-ray film identifies a single labelled polypeptide of M. =65,0004
(Mehraban et al., 19584). Likewise cross-linking of the radio-
labelled toxin to chick synaptic membranes reveals a polypeptide
with M. =75,000d, together with a minor component of 69,0004 (Black
and Dolly, 1986a). These polypeptides are likely to be part of a
larger cligomeric praotein{(s), as radiation inactivation of the DTX
binding component in rat synaptosomal membranes reveals an apparent
acceptor size of >200,000d (Dolly et &al., 1984; Black, 19386).
Successful solubilization of this component in active form has been
achieved using detergents such as Triton X-100, deoxycholate or
lubrol (Mehraban et al., 1985; Black et al., 1988). The solubi-
lized protein binds '2%I-DTX with high affinity, is sensitive to
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trypsin treatment or heating and has an estimated M. =405,000-
465, 0004.

1.5. Interactions Between the Facilitatory Neurotoxins and

B-Bungarotoxin

The amino acid sequence of the B-chain of B-BuTX (Kondao et
al., 1978b) shows considerable homology to that of Kunitz-type
protease inhibitors such as BPTI and the facilitatory neurotoxins
(Kondo =t al., 1982a; see Section 1.3.1 aad Figure 1.2).
Accardingly, both DTX and toxin I prolong the survival time of mice
injected intra-peritoneally with B-BuTX (Othman, 1983). In the
indirectly stimulated chick biventer cervicis preparation, pre-
incubation with DTX, toxin I or K significantly reduces the
presynaptic blecking activity of B-BuTX (Harvey, 1982; Harvey and
Karlsson, 1982). [Likewise, DIX does not cause any twitch augmen-
tation in muscles pre-incubated in 50 nM $-BuTX (in Sr**-containing
buffer to inhibit the phospholipase activity; the action of DTX is
not changed in this buffer). On returning the preparation to Ca®-
containing medium, a slow blaockade of neurotransmission, charac-
teristic of B-BuTX, 1s observed, indicating that this toxin remains
bound to its target sites. No similar antagonism has been observed
between DTX and other phospholipase neurotoxins (crotoxim, notexin
or taipoxin), although crotoxin and notexin can augment the actions
of DTX (Harvey and Karlsson, 1982). These results indicate that
B~BuTX and the facilitatory neurotoxins may interact at a common or
related site in the presynaptic terminal membrane. The toxins may
have a similar mechanism for their facilitatory actions as B-BuTX,
like DTX and toxin I, has recently been shown to reduce a non-
inactivating K* current in guinea-pig dorsal root ganglion neurones
(Petersen et al., 1986), and to decrease the K' current wave
observed in extracellular recording at the frog neuromuscular
junction (Andersomn et al., 1987).

Similarly B-BuTX and DTX appear to interact at their
target sites in the central nervous system. Thus DTX blocks the
$-BuTX-induced depolarization of guinea-pig synaptoscmes (Nichells
et al., 1985; Rugolo et al. , 1986). Furthermore both toxin I and
DTX completely inhibit the high affinity binding of 3H-$~BuTX or
125]7-3-BuTX to rat or chick brain synaptosomes/synaptosomal membra-
nes or to the solubilized $-BuTlX acceptor from chick brain {(Othman
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et al., 1982; Othman, 1983; Dolly et al., 1987; Rehm and Betz,
1984). In agreement with this interaction, B-BuTX has been shawn
to inhibit completely and with high efficacy the '?°I-DTX binding
at the high affinity DTX acceptor sub-type in chick brain membranes
(Black and Dolly, 1986a), while '?I-DTX binding at the other site
remains unaffected.

The interaction of the two toxins omn rat brain synapto-
somes or synaptic plasma membranes is more complicated. As indi-
cated in Sections 1.3.5 and 1.4.4, both '2°I-f-BuTX and '2*°I-DTX
bind saturably and with high affinity to synaptosomes suspended in
Krebs Ringer or Tris/HCl buffer; however, the acceptor site content
of '?°I-DTX binding is much higher than that of '25I-8-BuTX (the
ratio of Bwax for '2%I-DTX + Bwax far '?5I-§-BuTX =3). Consistent
with this disparate stoichiometry, B-BuTX competes with '?°I-DTX
binding with low efficacy (K: >400 nM), and the inhibition is in-
complete even when high concentrations (pM) of B-BuTX are used
(Dolly et al., 1984; 1987; Black et al., 1986). Furthermore, while
the binding of radiolabelled B-BuTX is always dependent on Ca?' or
Sr2* (as is the inhibition by B-BuTX of '2°*I-DTX binding in chick
membranes, see above), the weak competition of B-BuTX with '*SI-DTX
binding on rat brain synaptosomes appears tao be independent of the
divalent cation concentration (Black et al., 1986; Dolly et al.,
1987). In similar binding studies, when an imidazole buffer is
used instead of Krebs Ringer, the praperties of '?°I-DTX binding omn
synaptosomes/synaptosomal plasma membranes remain unchanged, while
the 1levels of non-specific binding observed with the '2°I-f-BulX
preparations are reduced. In addition, two '?*I-f$-BuTX binding
sites with different affinities may be distinguished, although the
low affinity site is not yet well characterized (Dolly et al.,
19877 . $-BuTX also shows an improved efficacy in irhibiting
'25]1-DTX binding in this buffer, and its competition with '2°I-DTX
becomes Ca?* dependent (A.L. Breeze, personal communication).
Thus, the change in the buffer used unmasks a second Ca?* dependent
lower affinity binding site for B-BuTX, which can be detected both
in direct binding studies with fthis toxin and in‘its competition
with '23I-DTX. B-BuTX alsa competes with '25I-DTX binding to
salubilized DTX acceptors. When the assay conditions are optimi-
zed, B-BuTX can completely inhibit the binding of '?*°I-DTX with an
average K: =2 nM (Black et al., 1988). Thus, while the rat brain
DTX acceptors appear homogeneous with regard to their interaction
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with '2°I-DTX and their solubilized molecular weight, they show

some heterogeneity in their interactions with B-BuTX.

1.6. Conclusions

This introduction has demonstrated the importance of
membrane proteins in neuronal function. Furthermore two potent
neurotoxins have been identified: $-BuTX and DTX perturb neuronal
processes by interacting with specific membrane-bound acceptor
proteins. Electrophysiological studies have indicated that the
primary effect of these toxins is an attenuation of certain rapidly
activating K* currents. K* Channels are very important in action
potential conduction, the regulation of neuronal excitability and
the control of neuratransmitter release. These channels have been
extensively studied electrophysiclagically but have not Dbeen
characterized biochemically, unlike Na® or Ca?" channels, because
until now no specific ligands, which could be used as probes in
their isolation, have been available. Only recently have probes
for K* channels been discovered. For example, noxiustoxin from
Centruroides noxius has been shown to block the rectifying K*
current, Ik, in squid neurones (Carbone et al., 1982), and the red
pepper toxin capsaicin has been demonstrated to affect part of the
fast K* curreant, Ikez, of the frog node of Ranvier (Dubois, 1982).
DTX, however, appears to be more potent and specific for a distinct
family of K* currents than either of these other toxins, suggesting
that it interacts directly with K* channel proteins.

In the present study, autoradiography methods have been
used to study the distribution of the acceptors for $-BuTX and DIX
in the central nervous system. In Chapter 2 the binding properties
of radiciodinated derivatives of the toxins omn cryostat sections
will be described. These studies defined optimal labelling con-
ditions for the quantitative sheet film autoradiography studies
with 28I-8-BuTX and '?°I-DTX, detailed in Chapters 3 and 4, respec-
tively. High resolution localizatiorn of the acceptors by electron

micraoscope autoradiography has also been attempted (Chapter 5).
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CHAPTER =

2.1, Intraduction

The potent actions in the central nervous system of B-BuTX
(Section 1.3.4) and DTX (Section 1.4.2), and the demonstration that
both toxins bind specifically and with high affinity to rat brain
synaptosomes (Sections 1.3.5 and 1.4.4) raise the question of where
precisely the toxin acceptors are located. Details of the anatomi-
cal distribution of these acceptors in various brain regions would
be particularly interesting in view of the demonstrated blockade of
rapidly activating K* currents by these toxins, and may clarify the
relationship between the acceptars for $~-BuTX and DIX (see Section
1.8), With the availability of biologically active radiclabelled
derivatives of B-BuTX and DTX, autoradiographic localization stu-
dies have become feasible. Cryostat sections from various areas of
rat brain can be incubated with the radiolabelled toxins, which may
then be visualized by exposure to photographic film or emulsion.

To ensure that relevant acceptors are being lacalized,
autoradiography should be preceeded by binding studies on cryostat
sections. Such sections represent a whole-brain preparation, con-
taining synapses, axons, cell bodies and dendrites of various types
of neurones, together with glial cells and myelin, and occasiocnal
blood vessels. A mixture of anatomical areas may also be present.
Thus binding studies with whole brain cryostat sections are equiva-
lent to experiments on crude brain homogsnates, and may usefully

_4_5_



complement the information already available for the toxin accep-
tors on purified cerebrocortical synaptosomes. Furthermore, since
the anatomical structure of the tissue remains intact, the
localization of bound toxins in various brain areas should be
possible,

In this Chapter, the binding of '?*I-labelled DTX and
B-BuTX to lightly-fixed cryostat sections has been studied by Y-
counting and compared to the binding of the toxins on synaptosomes
and synaptosomal plasma membranes. These studies were also used to
define optimal incubation protocols for use in acceptor mapping by

autoradiography (see Chapters 3 and 4).

2.2. Haterials

DTX was purified, and '?°I-DTX (specific radioactivity of
200-400 Ci/mmol) prepared in this laboratory as described by Black
et al., (1986). B-BuTX was purified as described in Appendix A.1l
and radioiodinated by 4. Breeze to specific activities of 400-
800 Ci/mmol using chloramine-T <(cf. Appendix A.1) or the lacto-
peroxidase method (Rehm and Betz, 1©82). Bovine serum albumin
(BSA) grade V was purchased from Sigma, Poale, Darset, and para-
formaldehyde, dinonyl phthalate and Daw-Corning MS-550 silicone
fluid from BDH, Poole, Dorset. All ather chemicals and reagents

were of analytical grade.

2.3. Methods
2.3.1. =) ti § tosome

Rat cerebrocortical synaptosomes were prepared by a modi-
fication of the method of Gray and Whittaker (1962), as described
by de Belleroche and Bradford <(1977). Briefly, dissected rat
cerebral cortices were homogenized in 0.32 M sucrase. Nuclei and
cell debris were removed from the homogenates by centrifugation at
1,000 g for 10 min prior to collection of a crude synaptosamal and
mitochondrial pellet at 20,000 g for 20 min. This pellet was
fractionated on a discontinuous sucrose gradient by centrifugation
at 76,000 g for 1 hr. The synaptic fraction was collected from the
0.8 M/1.2 ¥ sucrose interface, sedimented at 54,000 g for 20 min,
resuspended in 10 mM sodium phosphate buffer, pH 7.3. containing
0.9% NaCl, and stored frozen at -20°C.
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2.3.2. Fixation of Synaptosomes in Formaldehyde

A 20% formaldehyde stock solution was freshly prepared by
heating solid para-formaldehyde in distilled water to =60°C and
clearing the mixture by dropwise addition of concentrated sodium
hydroxide solution.

Synaptosomes were thawed, and 0.5 ml of synaptosome
suspension were added to 0.5 ml of formaldehyde fixative in 10 mM
sodium phosphate buffer, 0.9% NaCl, pH 7.3, giving final formalde-
hyde concentrations of 0.1-1%. A control sample of synaptosomes
was treated with phosphate buffer alone. After incubation at =22°C
for 30 min the synaptaosomes were collected by centrifugation for
5 min in an Eppendorf microcentrifuge. The pellets were washed
twice by resuspension in phosphate/NaCl buffer <(abave) and re-
centrifugation, and finally suspended in 1 ml Krebs phosphate
medium (124 n¥ NaCl, 5 mM KCl, 20 mM NazHPQs:, 1.2 mM KH-PO., 1.3 mM
MgS0a, 0.75 mlM CaClz and 10 mM D-glucose, pH 7.4). Aliquots of the
synaptosome suspensions were withdrawn, pelleted, dissolved in
0.45 ¥ NaOH and assaysd for protein by the method of Lowry et al.

(1951), using BSA as a standard.

2,3.3. e inding of '2SI- i L

Aliquots of synaptosomes, equivalent to ~0.2 mg protein,
and fixed as abave, were incubated at =22°C in a final volume of
250 pl of 0.2, 0.5, 1 or 2.5 nM '*SI-DTX in Krebs phosphate medium
(see Section 2.3.2) containing 1 mg/ml BSA; for determination of
the non—specific"binding 200 nM unlabelled DTX was included 1in
control samples. After 30 min, 200 ul of each incubate was layered
onto 200 ul of a2 1:1 mixture of dinonyl phthalate and Dow-Corning
MS-550 silicone fluid in a centrifuge tube and centrifuged for
2 min in an Eppendorf microcentrifuge, thus separating the bound
toxin on the pelleted synaptosomes from the free radiolabel in the
incubation buffer which remained above the qgil (Black et al.,
1986>. Aliquats of the aqueocus supernatant were removed before the
0il surface and walls of the tube were washed with 1 ml of 1 ¥
NaCl. The amount of '25I-DTX in the pellets and aliquots of the

aqueous phase was determined by ¥-counting.

2.3.4. DPreparation of Cryostat Sections
Adult Sprague-Dawley rats (200-250 g) were stunned and
killed by cervical dislocation or, more often, anaesthetized with
— 4_7 -



1 ml of Sagatal (60 mg sodium pentobarbitone) administered intra-
peritoneally, and perfused intra-cardially over 20-25 min with 200-
250 ml 0.1% formaldehyde in 10 mM sodium phosphate buffer, pH 7.3,
caontaining 0.9% NaCl. This gentle fixation improves the cutting
properties and preservation of the tissue. Slabs of brain tissue
were dissected as required, frozen in iso-pentane cooled with solid
COz to =2-60°C and mounted on_microtome chucks. Cryostat sections
(usually 10 pm thick) were cut at -20°C on a Bright Cryostat micro-
tome or on a Reichert-Jung Cryocut E, thaw-mounted onto subbed
slides (dipped in a soclution of 0.5% gelatine and 0.05% chromic
potassium sulphate) and dried at room temperature for at least
1 hr. The sections were stored over silica gel at -20°C for up to
three months. In most binding experiments coronal forebrain cryo-
stat sections cut at the level of the caudate putamen (bregma 1.7
to 0.3mm; interaural 10.7 to 8.7 mm according to Paxinos and
Vatson, 1982) or at the hippocampus (bregma -2.3 to ~4.8 mm, inter-
aural 6.7 to 4.2 mm) were used. Cryostat sections (10 um) were
similarly cut from the cerebellum of 1-day-old leghorn chicks

killed by decapitation.

2.3.5. I [ inding i belle X in Sec

Cryostat sections were routinely incubated by placing 50-
200 pl of incubation solution (Krebs phasphate medium, see Section
2.3.2, containing 1 mg/ml BSA and '2%I-DTX or '?°I-B-BuTX taogether
with unlabelled toxins as required) over each section on the
slides, which were kept in sealed boxes at constant humidity.
Occasionally this incubatior was preceeded by a pre-incubation for
5-30 min in Krebs phosphate/BSA medium or in buffer containing
0.01% Triton X-100. Affer incubating for 30-45 min at 22°C, the
solution was drained from the slides and the sections were washed
by immersion in three changes (5 min each) of a large volume
(40 ml/3 slides) of Krebs phosphate medium at 4°C, rinsed briefly
in distilled water and dried quickly in a stream of cold air.

For examination of the concentraticn dependence of bin-
ding, 0.05-10 nM '*8I-DTX or 0.1-10 nM '?°I-B-BuTX were used as
above. Non-specific binding was determined in the presence of
0.5 or 1 pM unlabelled toxin. After 40 min of incubatiom, aliquots
from the solution over the sections were withdrawn for determina-
tion of the "free" toxin concentration by Y-counting. In the kine-
tic studies, 2.5 nM '?%I-DTX was used. The association of '?*SI-DTX
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with its acceptor in cryostat sections was measured by incubating
sections for 15 s to 60 min as above and washing in three changes
(2 s each) of Krebs medium at 4°C. Dissociation of the '?®%I-DTX-
acceptor camplex was studied by labelling the sections with
'2s7-DTX for 30 min, and then either washing in a single volume of
Krebs medium containing 1 mg/ml BSA for 5 s to 5 hr, or rinsing the
sections once for 2 s in Krebs medium and then incubating in 500 ul
Krebs medium containing 1 mg/ml BESA and 0.5pM unlabelled DTX (per
slide) for 9 s to 2 bhr. For competition assays, 1 or 3 nl
12sT-DTX, or 2.5 nM '25I-B3-BuTX were used in the presence of 1 n¥ to
10 pM unlabelled toxin. In studies on the divalent cation depen-
dence of the binding of B-BuTX or '*°I-B-BuTX a Ringer devoid of
CaCl: but containing 5 mM EDTA was used, or CaCl: was substituted
with 2.5 mM SrCl: in the presence of 1 mM EGTA to chelate any

residual Ca?*.

2.3.6. Quantitation of Radioiodinated Toxins Bound to Brain

Secti

Dried, toxin-labelled, cryostat sections were wiped from
the slides using damped 2.5 cm ¥hatman GF/C glass microfibre filter
discs. The discs were dried under an infra-red heat lamp and the
caontent of '2%I-DTX or '*I-f~BuTX was measured using a Y-caounter.
After dissolving the sections from each disc in 0.45 M sodium
hydroxide for at least 24 hr, glass fibre material was sedimented
by briefly centrifuging in an Eppendorf microcentrifuge, and the
supernatants were assayed for protein by the method of Lowry et al.
(1951). The amounts of '25I-DTX or '?°]-f-BuTX bound ta the

cryostat sections were calculated in pmoles per mg of protein.

2.4. Results
2.4.1, 1257 inding cifi o
2.4.1.1. Effect of formaldehyde fixation on '*I-DTX acceptors

in rat brain synaptosomes and cryostat sectigns

Vhen rat brain tissue is lightly fixed in situ by intra-
cardiac perfusion with 0.1% formaldehyde, its sectioning properties
are greatly improved, and the resulting cryostat sections show
superior preservation. Such gentle fixation is, therefore, widely
used when preparing tissue for in vitro labelling autoradiography
experiments (e.g. Young and Kubhar, 1979; Palacios et al., 1980).
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it is important to show, however, that the fixation deoces not affect
the properties of the receptors or binding sites of interest.

The effect of formaldehyde fixation on DTX acceptors was
studied on rat ©brain synaptosomes (Figure 2.1, Table 2.1).
128]-DTX bound saturably to unfixed synaptosomes, with an affinity
(Ks) =0.64 nM and site content (Buax)? =0.94 pmol/mg protein; these
values are in reasonable agreement with those reported previously
(Mehraban et al., 1984; Black et al., 1286), although only four
toxin concentrations were used in the measurements. Identical
binding curves and similar binding constants were observed for
'28T-DTX binding to synaptosomes treated with 0.1 or 0.2% formalde-
hyde. Vhen synaptosomes were fixed at higher concentrations of
formaldehyde, the Ka values did not vary significantly, but the
acceptor cantent (Bsax) declined rapidly. Synaptosomes fixed in
0.3 and 0.4% formaldehyde contained only =80% and =42%, respective-
ly, of the acceptor sites criginally present on unfixed synapto-
somes. All specific binding was destroyed by Zfixation in 1%
formaldehyde.

As B-BuTX is known to block '2°I-DTX binding to a pro-
portion of its acceptor sites (Dally et al., 1984, 1987; Black et
al.,, 1986), the effect of formaldehyde fixation on the ability of
B-BuTX to block '?°I-DTX binding to synaptosomes was examined as
shown in Figure 2.2, '2sT-DTX binding in the presence af 1 uM
8-BuTX declined in parallel to the total '*I-DTX binding, its
level remaining unchanged in synaptosomes fixed in up to 0.2% form-
aldehyde, but decreasing at higher concentrations. Figure 2.2 also
shows that the non-specific binding was higher on the more strongly
fixed samples.

12]-DTX binding to cryostat sections from fresh or
perfusion-fixed (0.1% formaldehyde) tissue was also studied. No
difference was observed in the concentration dependence of '*°I-DTX
binding (see Section 2.4.1.2, Table 2.2) or in a competition bin-
ding experiment (Section 2.4.1.4), identical binding curves being
obtained for fixed or unfixed cryostat sectioms. Autoradiograms
from unfixed sections showed inferior preservation, but the
observed '?2°I-DTX acceptor distribution was identical for both
fixed and unfixed sections <(data not shown). Thus the gentle
fixation in 0.1% formaldehyde does not affect the properties of the
'23I-DTX acceptors, and consequently cryostat secticns from
perfusion-fixed tissue were used in all remaining experiments,
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Specific binding of '?I-DTX to unfixed synaptaosomes (A), or
synaptosomes fixed imn 0.1% (@), 0.2% (O), 0.3% (W, 0.4% <,
0.7% (‘), or 1% (Q) formaldehyde. For all the values shown, non-
specific binding, determined in the presence of 200 nM unlabelled
DTX, has been subtracted from the total binding of '**I-DTX alone.
All points are averages from duplicate samples which differed by
¢{5%. For further details see Section 2.3.1-2.3.3.

Table 2.1

Concentration of Apparent

fDrmaldEhyde Xa Baax
(%) (niD (pmol/mg praotein)
0 0.64 0.94
0.1 ¢.%2 0.92
0.2 .70 1.10
0.3 0.39 0.7%
0.4 0.38 0.39
0.7 1.52 0.14
1.0 0.88 0.04

Unfixed rat brain synaptosomes, or synaptosomes fixed in 0.1-1%
formaldehyde were incubated in 0.2, 0.5, 1 or 2.5 n¥ '**I-DTX; non-
specific binding was measured in the presence of 200 nM unlabelled
DTY (see Section 2.3.3. for details of the binding assay).
Approximate Ks and Bmax values were determined from Scatchard graphs
(Appendix A.2).
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except whers stated.

2.4.1.2. Equilibrium binding of '**I-DIX to cryostat sections

1251-DTX bound saturably fto rat brain cryostat sections.
Results from a typical concentration dependent binding experiment
are shown in Figure 2,3a. Non-specific binding to the sectiaons was
always low, usually comprising less than 10% of the total binding
with 2-2.95 nM '?*I-DTX, concentrations at which the specific
binding was reaching saturation. A BScatchard plot of the data
(Figure 2.3b) fitted to a straight line, suggesting that '*°I-DIX
bound to an apparently homogsneous and non-interacting set of
acceptor sites with a Ks =1.1nM and Buwax =0.51 pmol/mg protein.
These values were based on protein contents of the sections assayed
after the incubation. Approximately 40% of the section protein
(compared to freshly cut cryostat sections) was lost during the
incubation and washes; hence the true Bmax was 0.31 pmol/mg of
total (initial) section protein. The binding of '?3I-DTX to cryo-
stat sections was not affected by pre-incubation for up to 30 min
in Krebs phosphate medium containing 1 mg/mi BSA or 0.01% Triton
X-100: In most experiments, therefore, sections were not pre-
incubated for convenience.

The resulis from several saturation binding sexperimentis
are summarised in Table 2.2. Throughout rat forebrain, '2%I-DTX
bound to .its acceptors in the sections with X4 =1.2 nM. '2I-DTX
binding to cersebellum sections had a somewhat lower affinity (Ks
=2.3 nM for sagital sectiomns, or 1.7 nM in coronal sections inclu-
ding medulla), but the Scatchard plots could still be fitted to
straight lines. Howevar, autoradiography of such sections (see
Chaptar 4) suggested that there are at least two populations of
'251-DTX binding sites with different affinities for the toxin in
the cerebellum. Such multiple sites may not be resolved in Scat-
chard analysis unless their relative affinities differ substantial-
ly and their site contents are near equal (Burgisser, 1984); thus
the linear Scatchard graphs do not exclude the possible existence
of several acceptor sites. The differences in the overall Ka
observed in sagital and coronal sections were presumably due to
different proportions of these accepitor sites in cerebellum, or in
cerebellum and medulla. The acceptor content (Bsax? in rat brain
cryastat sections increased caudally; this was also apparent from
the autoradiography studies (Chapter 4). Hill plaots of all
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(a) Cryostat sections (10 pm) from rat forebrain at the level of
the caudate putamen were incubated for 45 min at 22°C in
variogus concentrations of '**I-DTX in Krebs phosphate medium.
Concentrations of free and bound '*°I-DTX were determined as
described (see Sectioms 2.3.5 and 2.3.6)., Specific binding
(@) was calculated by subtracting non-specific binding,
determined in the presence of 0.5 pM unlabelled DTX <([J), from
the total binding ( A ). Error bars indicate standard errors
for triplicate samples.

(b) A Scatchard plot of the specific binding in (a). The best
straight line was fifted by linear regression. From this line,
Ka =1.1 n¥ and Bwax =0.51 pmol/mg protein.
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Table 2.2. e
i chick brai
Kd Bmax
(pmol bound per mg

Cryostat sectians (n¥D total section protein)
Rat forebrain (coronal) at

level of caudate putamsn 1.1 0.31

Rat forebrain at level of

hippocampus and thalamus 1.2 (x0.2)>2 0.58 (x0.06>2
Unfixed sections 1.2 0.52

Rat cerebellum (sagittal) 2.3 (£0.4)® 0.42 (x0.02)®
Rat cerebellum and medulla

(caronal) 1.7 0.71

1-day old chick cerebellum

(sagital) 1.4 0.16

Cryostat sections (10 um) from various regions of rat or chick
brain, fixed by perfusion with 0.1% formaldehyde except where
stated, were labelled with '?°*I-DTX and assayed as in Figure 2.3.
Binding parameters were derived from Scatchard plots.
a: Mean (x5.E.M ) of three experimeats.
b: Mean (£S.E.NM ) of two experiments.
Other voailues wire -ﬁom c simale &X’OM}»»:M
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saturation binding experiments gave estimates of aw close to 1.
Saturable ©binding of '*°I-DTX was also observed on
cryostat sections of 1-day-old chick cerebellum, with X4 =1.4 nM

and Baax =0.19 pmol/mg tatal section protein.

V)

.4.1.3. Kinetics of the binding orf '*I-DTX to rat brain
cryostat sections
The time course of '*SI-DTX binding to rat brain cryostat
sections is shaown in Figure 2.4a. Using 2.5 aM '2°I-DTX, the
specific binding reached saturation after =30 min. A second order
analysis of the binding (see A4ppendix 4.2.3, equation (7), Figure
2.4b) gave an association rate constant ki =2.97 x 10°% X's™' (mean
of two experiments). A similar value for ki, 2.92 x 10° M's™', was
derived from the <first order approximation (Appendix 4.2.3,
equation (8) ).
The dissociation of '*°*I-DTX binding during washing in
Krebs phosphate medium at 4°C, the condition used in all equili-
brium binding and autoradiography experiments, was studied as shawn
in Figure 2.5. “"Non-specific binding", measured as the binding of
'25]-DTX in the presence of 0.5 pM unlabelled DTX, decreased very
rapidly as the unbcound '23I-DT{ in the depths of the sections
diffused out into the wash buffer; half of this "trapped" '*°I-DTX
was removed within 3.5 min. The wash-out of unbound '**I-DTX sub-
sequently slowed down, wuntil a constant 1level, the <true non-
specific binding, was reached after 15-30 min (see also the first
order plot, Figure 2.5Bb). The initial rapid wash-out of unbound
'25T-DTX was also reflected in the levels of tatal '*5I-DTX bound.
Specific binding, calculated as the difference of the total and
"non-specific binding", remained essentially constant within the
arror of the experiment. The first order plot (Figure 2.5b) showed
a linear rate of dissociation for the specifically bound '*I-DTX
after =15 min; the dissaociation rate constants, k-: from two
experiments were 1.1 x 10°% s7' and 2.4 x 10°® s7', corresponding ta
dissociation half-lives (tw) at 4°C of 8-17 hrs. In one experi;
ment, »80% of the specific binding remained after washing the
labelled sections for § hr.
The equilibrium dissociation constant, Ks, derived from
Ka = -—%%L— (equation (3), Appendix A.2) was 0.04-0.08 nkK,
compared with the Ks =1.2 nM from saturation binding experiments on
similar sections (Section 2.4.1.2). Furthermore, the k-1 values
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The rate of binding of 2.5 nM '2%I-DTX to rat forebrain

cryostat sections (10 pm) from the level of the hippocampus at
22°C was measured as described (see Sections 2.3.5 and 2.3.6).
Specific binding ( @) was calculated by subtracting non-
specific binding, determined in the presence of 0.5 pM
unlabelled DTX (<>), from the total binding ( A ). Error bars
indicate standard errors for duplicate samples.

The data in (a) plotted according to the integrated form of the
second order rate equation (see Appendix A.2.3, equation (7) ).
[Lir, the total concentration of ligand, was 2.5 nl;

[Alr = Buax wWas 0.86 pmol/mg protein (after washing) for the
sections used; [LAl.q, the concentration of ligand-acceptor
camplex at equilibrium was 0.5 pmol/mg protein.
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Cryostat sections (10 um) from rat forebrain at the level of the hippocampus were labelled
with 2.5 nM '25I-DTX at 22°C for 30 min. The sectiaons were drained, rinsed for 2 s and then
washed for 15 5 to 60 min at 4°C (see Sections 2.3.5 and 2.3.6). Non-specific binding was
measured in the presence of 0.5 pM DTX. The specific binding (@ ) was calculated by
subtracting the non-specific binding (<>) from the total binding ( A ). Error bars
indicate the standard deviation for duplicate samples.
A first-order plot of the data in (a). B is the amount of '?°*I-DTX bound (pmol/mg praotein)

at various times. Bo, the maximum '2°I-DTX bound in this experiment was (pmol/mg protein
after incubation) 0.63 for the total ( A ), 0.145 for the non-specific (<>> and 0.5 for the
specific binding ( @).



differed from that reported by Black et al. (1986) for rat brain
synaptosome suspensions (k-1 =1,083 x 10°® s7', carrespanding to tie
*11 min) when dissociation was measured at 22°C by incubating
'2s]-DTX-labelled synaptosomes in 0.2 uM DTX. The dissociation of
1251-DTX from cryostat sections was therefore studied further, both
by washing in buffer at 22°C rather than at 4°C, and by displacing
bound '?5I-DTX with unlabelled DTX (see Figure 2.6) The wash-out
of "non-specific binding" was identical under all caonditions (see
above). Dissociation of specifically bound '25I-DTX measured by
dilution was similar at 22°C and at 4°C. In contrast, dissaociation
undar "chase" conditions was significantly faster, and the first
order plots (Figure 2.6) showed definite curvature. Linear
approximation of the initial dissociation rate (up to €0 min) after
5 min, when fthe bulk of the trapped "non-specific" '25I-DTX{ had
been removed, gave a k-: =4.8 x 107* s57' (corresponding tw. =24 min)
at 22°C or 5.8 x107% s7' (tw =200 min) at 4°C. The K« calculated
using k-1 =4.8 x 10™* 57! was 1.6 nM.

The binding of '?°I-DTX on cryostat sections of different
thicknesses was studied as shown in Figure 2.7a. The specific bin-
ding appeared proportional to section thickness up to 10 um, but
relatively less '2°I-DTX was bound to thicker sections. As
expected, non-specific binding increased linearly with section
thickness, indicating that there was no steric hindrance to the
diffusion of the toxin into the sections. The loss of proportio-
nality of the specific binding above 10 pm was therefore probably
due to a significant reduction in the '?*I-DTX <concentration
remaining "free" within the sections (300 ul of 2.5 n¥ '*°I-DTX was
used per slide; &, 12, and 20% of this was found to be bound to 3,
10 and 30 pm sections, respectively), especially as diffusion of
the toxin into the sections could not be enhanced by agitation
during the incubation. The protein content of the sections was
found to be linear with section thickness (Figure 2.7b). From this
experiment it is clear that 10 pm sections (the thickness routinely

used) were fully labelled under the standard incubation conditions.

2.4.1.4, Iphibition of the binding of '?*I-DIX to cryostat sections
by unlabelled DTX and S-BuTX
Competition experiments in which various concentrations of
unlabelled DTX or RB-BuTX were used to inhibit '?%I-DTX binding were
performed as described in Figure 2.8. The results from all such
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Rat forebrain cryostat sections at the level of the caudate nucleus
or hippocampus were labellad with 2.5 nM '2°I-DTX at 22°C for

30 min. The slides were drained, rinsed 2 s in Krebs phosphate
medium, and then either washed in Krebs phosphate medium containing
1 mg/ml of BSA at 22°C (O) or at 4°C (@), or incubated in

0.5 uM unlabelled DT{ in Krebs/BSA medium at 22°C ([]) or at 4°C
(M)>. First order plots of the dissociation of the specific
binding are shown. B is the amount of '?*I-DTX bound (pmol/mg
protein) at various times. Bo (pmol/mg of section pratein after
incubation) was 0.5 ¢ (), 0.45 (@>, 0.5 () or 0.78 (M.
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Rat forebrain cryostat sections, 5-30 um, cut at the level of
the caudate and septal nuclei were labelled in 2.5 nM '?2SI-DTX
for 45 min at 22°, and washed and processed as usual (see
Sections 2.3.5 and 2.3.6). Specific binding (@) was
calculated by subtracting the non-specific binding in the
presence of 0.5 uM DTX () from the total binding ( A ).
Error bars indicate standared errors for triplicate samples.
The sections from (a) were dissolved in 0.45 M NaOH and assayed
for protein by the method of Lowry et al. (1859; see also
Section 2.3.6). The linear relationship of protein cantent
with section thickness demonstrates the accuracy of sectioning
of the cryostat.
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Cryostat sections (10 um) were incubated for 45 min at 22°C in
Krebs phosphate medium containing 3 nM (a) or 2.8 nM (b) '°I-DTX
and various concentrations of unlabelled DTX (@ ) or B-BuTX <[1).
Total binding of '?°I-DTX was determined in the absence of
competing toxins. Sections were washed and processed as described
(see Sections 2.3.95 and 2.3.6). Erraor bars indicate standard
errors for duplicate samples. B is the amount of '?SI-DTX bound
(pmol/mg protein) at varicus times.
{(a) A competition experiment on rat hippocampus—-level sections.
The total binding, Bo, was 0.7 pmol/mg protein (after
incubation).
(b) A similar experiment on chick cerebellum cryostat sections (cut
sagitally). The total binding was 0.27 pmol/mg protein.
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axperiments are summarized in Table 2.3, DIX displaced 90-95% of
the total '?°I-DTX binding. The ratio of the DTX concentrations
required to inhibit 90% and 10% of the displaceable binding of
'231-DTX was usually 68-91. Thus, DTX interacted with '**I-DTX at
an apparently homogeneous set of sites (the theoretical ratio of
ICs0/ICio for such a situation is 81), with an average equilibrium
binding constant (K:?> in rat brain of 1.7 £ 0.4 nM (see Table 2.3);
this concurs with the Ka determined by direct binding studies.

3-BuTX, however, was much less effective in inhibiting
'251-DTX binding to rat brain cryostat sections, and the resulis
from several experiments with $-BuTX were very variable, in
contrast to the reproducible inhibition constants which were always
obtained with unlabelled DTX. The competition binding curves with
B-BuTX were always extended as in Figure 2.8a, giving ICse/ICi0
ratios between 170 and 2,000, and the apparent K: ranged from 12 ta
170 n¥ (Table 2.3).

The divalent cation dependence of the binding of '2°I-DTX,
and of the competition by DTX and B-BuTlX, was studied in the
experiment shown in Figure 2.9. Similar levels of '?°I-DTX binding
were found in all three buffers, and unlabelled DTX always blocked
~05% of this binding; thus DTX binding was not affected by the di-
valent cation concentration. However, the effectiveness of J-BuTX
in blocking '?°I-DTX was reduced significantly in the absence of
divalent catiomns, although some inhibition did persist. Sr? re-
stored the ability of f-BuTlX tc block '*SI-DTX binding.

In contrast to these results on rat brain sections, B-BuTX
appearsd almost as potent as DTX in blocking '?%I-DTX binding on
chick cerebellum cryostat sections (Figure 2.,8b), displacing nearly
all of the specific '?°I-DTX binding with an apparent K: =1.Z2 nk,
and ICso/ICie =71. This agrses with the gbservation of Black and
Dolly (1986a) that B-BuTlX can efficiently inhibit '*SI-DTX binding
at the high affinity DTX acceptor population in chick brain, but is
ineffective in competing with '?°I-DTX binding at the low affinity
site (see also Sections 1.4.4 and 1.5). The inhibition by B—BuTk
was dependent on Ca?* (or Sr?**) as in the case of rat brain cryostat
sections, with only a slight competition (14% with 1 p¥ B-BuTX)

persisting in the absence of divalent cations (data not shown).

2.4.2. 1287 -3~ inding * ific Acc
Cryostat sections contain acceptors for $-BuTX, as has
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Table 2.3. Iphibition of the binding of '**I-DTX to cryostat sections by unlabelled DTX and

B=BuTX
Competition with unlabelled DTX Compatition with unlabelled B-BuTX
Concentration
Sflof '2eI-DTX N.5.B,° ICso  App, Ki Ifs0 | N,§,B,2 ICso  App, ta ICs0
Cryostat sections used (i) (%) (ni) (i) ICio 9] (ni) (nif) ICio
Rat: Forebrain sections e 3 5 k 1.9 63 30 138 44 1900
(caronal at thes level 2) 3 7 5 1,6 73 32 100 32 £30
of the hippocanipus 3) 3 5 5.3 1,7 91 31 50 15,5 1000
4) 2.8 5 3.k 1,1 41 19 40 12,3 540
5) 1 7 4,2 2.3 23 20 302 159 170
Rat; Cereballum sections
(sagittal) 2.3 5 3.5 1,5 79 15 &8 29 1000
Chick: Cerebellum sections
(sagittal)® 2,8 10 2 0.7 79 15 3,6 12 A

Cryostat sections (10 pm) from various regions of rat or chick brain were incubated in '?*I-DTX
in the presence of unlabelled DTX or B-BuTX as detailed in Figure 2.8. The results of all
campetition experiments are summarized here,

a: The level of total '?*I-DTX binding not displaced by the unlabelled toxin (i.e. the non-
specific binding determined with DTX, or the B-BuTX-resistant binding determined with
$-BuTX).

b: Unfixed tissue was used to prepare the cryostat sections used in these experiments.
[Cs0/1Cio 1is the ratio of the amount of unlabelled ligand required to block 90% and 10%,
respectively, of the specific binding.
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Rat forebrain cryostat sections (10 pm) were labelled with 2.8 nM
l2SI—DTZ{ alone, or in the presence of unlabelled DT (0.1 or

5 uM) or B-BuTX (0.1 or 1 uM), as described in Figure 2.8. The
numbers in brackets above the hlftocram bars indicate binding as a
percentage of the total blndlngAln that buffer. The buffers used
were:

(a) Ca®*': Krebs phosphate medium, as in Section 2.3.2Z2.

() Ho divalent catiomns: Krebs phosphats medium prepared
without CaClz; EDTA (O mM) was added to sequesier any
divalent cations (Mg®*, and residual Ca?" present in the
sections).

(c) Sr2*: Xrebs phaosphate medlum prepared with 2.5 =M SrCl:
instead of CaCl:; EGTA (1 =M) was added fto sequester any
Ca® present in the sections.
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been shown by Othman et al. (1983) using °H-propionylated B-BuTX.
A Dbiologically active preparation of '*%I-8-BuTX alsoc ©Dbound
saturably and with high affinity to rat brain cryostat sectioms.
The results of one concentration dependent binding experiment are
shown in Figure 2.10. A& Scatchard plot of the data (Figure 2.10W
revealed high affinity binding ((Ks =1.9 nM> to a low number of
sites: Buax =0.27 pmol/mg protein. Again =40% of the protein was
lost from the sections during the incubation. The true content of
'251-8-BuTX acceptor sites in rat forebrain was, thereiore,
~0.16 pmol/mg total section protein. 12571-3-BuTX binding did not
differ in quantity or distribution when tested on 0.1% formalde-
hyde-fixed or unfixed sections. Neither was the binding affected
by pre-incubation of the sections in Krebs/BSA buffer containing
Triton X-100 at 22°C for up *to 30 min.

The results from all concentration dependent saturation
binding studies with '?SI-8-BuTX are summarized in Table 2.4. Only
five of the seven batches of '*I-$-BuTX were suitable for these
cxperiments, as some preparations exhibited very high non-specific
binding, which rapidly increased towards 100% of the total binding
within a few days of the radioiodination; this was particularly
obvigus with batches of '?®*I-8-BuTlX prepared by the lactaoperoxidase
method (Rehm and Betz, 1982). Relatively high levels of non-
specific binding (30-50% of the total at 2-2.3 nf '=SI-3-3uTiD
were, however, found with all the toxin preparations. The results

obtained with '¥%I1-3-BuT{ prepared using chloramine-T were in

The binding of '*SI-f-BuTX was dependent on the presence
of divalent cations, particularly on Ca* or Sr?*, as shown in
Figure 2.11. Very low levels of specific binding were observed in
Ca?*~free Krebs medium (3, 0 and 3% in three experiments relative
to the specific binding in normal Krebs phosphate medium.
However, in buifer containing Sr?* the specific binding was as high
as or higher than in standard Krebs phosphate buffer. This was due
mainly to a significant reduction in the non-specific Dbinding
obsarved in this buffer (in Figure 2.11; non-specific binding was
49 and 32% of the total binding in standard Xrebs and Sr2?*-Krebs
phosphate medium, respectively), indicating that a propaortion of
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(a) Cryostat sections (10 pm) from rat forebrain at the level of
the hippocampus were incubated for 45 min at 22°C in various
concentrations of '?°I-8-BuTX in Krebs phosphate medium. .
Concentrations of free and bound '2°I-f-BuTX were determined as
described (see Sections 2.3.5 and 2.3.86). Specific binding
(@) was calculated by subtracting the non-specific binding,
determined in the presence of 1 puM unlabelled B-BuTX ¢ (),
from the total binding ( A ). Error bars indicate standard
errors for duplicate samples.

(b) A Scatchard plot of the specific binding in (a). The best
straight line through the points gave a Ka =1.9 nM and Baax
=0.27 pmol/mg protein.
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Table 2.4. g 1257-8- e
. | chick brai
125T-3-BuTX Ka Buax
prepared by Cryostat sections (ni) (pmol/mg protein)
A, Lactoperoxidase®| Forebrain, hippo-
(3 preparations) campus level 4.7 0.48
B, Chloramine-T Forebrain, hippo-
(2 preparations) campus level 1.9 0.16
C. Chloramine-T Forebrain, hippo-
(2 preparations) campus level 1.6 0.17
Cerebellum,
sagitktal sectiomns 2.1 0.17
Chick cerebellum 0.8 0.04

a: These values are not very reliable because these preparations
of '?°1-f-BuTY{ showed very high levels of non-specific binding, and

ware very unstable.

The binding of all '?°I-B-BuTX preparations was Ca?*-dependent.
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Rat forebrain cryostat sectioms cut at the level of the hippocampus
were labelled with 2.7 nlf '*8I-5-BuTX alene (total, T) or in the
presence of 1 u¥ unlabelled B-BuTlX (non-specific, FS), and
processed as described (Sections 2.3.5 and 2.3.8). The difference
between T and ¥S is the specific binding (SB). The buifers used
were:

@ Ca®*: H£rebs phosphate medium, as in Section 2.3.2.

(bl Ho divalent cations: Krebs phosphate medium prepared
without CaClz; EDTA (5 mlM) was added to sequester any
divalent cations (¥g?**, and residual Ca®*' present in the
sections).

(c) Sr2*: Krebs phosphate medium prepared with 2.5 mM SrCl:
instead of CaClz; EGTA (1 mM) was added to sequester any
Ca** present in the sections.
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the (rather high) non-specific binding may be due to interactions
of the Ca?'-dependent phospholipase Az active site with membranes.
Both B-BuTX and DTX inhibited '?°I-B-BuTX binding with
similar potency. In one experiment, using 2.3 nM '28I-8-BuTZ, an
ICso =1 nM was observed with either of the unlabelled toxins,
giving a K: 0.5 nM. The non-specific binding in this experiment
was rather high, representing =~40% of +the total Dbinding;
nonetheless 95% of the specific binding of '2SI-B-BuTX was blocked

by either of the unlabelied toxins at 30 nM.

2.5. Discussion

Saturable high affinity binding of both '2°I-DTX and
125]-8-BuTX toc rat brain cryostat sections has been demonstrated.
The gentle fixation of the tissue in 0.1% formaldehyde did not
affect the binding of '?°I-DTX to synaptosomes, or its inhibition
by $-BuTX, indicating that the acceptors for both toxins are
resistant to this fixative. Kinetic studies of '?°I-DTX binding
showed that the association of the toxin was rapid at 22°C and com-
plete within fthe 30-45 min incubation routinely used, while the
dissociation studies confirmed that the washing protocol employed
(3 x 5 min at 4°C) produced the highest levels of specific binding.
In competition studies '2SI-DTX binding was blocked by DTX with
high affinity (the XK; of DTX was approximately equal to the Ks of
'21-DTX %binding), while B-BuTX inhibited '2°I-DTX binding with
lower efficacy; this interaction of the toxins is similar to that
observed on synaptosomes (Black et al.,, 1986; Dolly et al., 1987;
see also Section 1.5). While '?**I-DTX binding was independent of
divalent cation concentration, the binding of '*°I-3-BuTX showed a
requirement for Ca®** or 5r* as reported for synaptosomes from baoth
chick (Rehm and Betz, 1982) and rat brain (Dolly et al., 1987).
Such a divalent cation requirement for foxin binding was also
observed in electrophysiological studies in both the peripheral and
central nervous systiems (Caratsch =2t al., 1985; Dclly et al., 1960;
cf. Section 1.3), 1indicating that the acceptors labelled are
physiolaogically relevant.

It appears, therefore, that functional toxin acceptors
similar to those identified on synaptosomes (Othman et al., 1982,
Black et al., 1986; Dolly et al., 1987) can be labelled gn crycstat
sections. The labelling conditions derived here (incubation with
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2-2.5 nM radiclabelled toxin for 30-45 min, followed by three 5 min
washes) have therefore been used in the autoradiography studies

(Chapters 3 and 4).

2.5.1, Rinding ig Crynstat Se

The apparent Xs determined for the binding to cryostat
sections of both '**I-DTX and '2I-8-BuTX was higher than that found
on synaptosomes or synaptosomal plasma membranes, while the kinetic
studies demonstratsd that '?°I-DTX bound to and dissociated more
slowly from its acceptors on the sections (Table 2.3). Similar
discrepancies have Deen observed faor opiate ligands (Simatov et
al., 1978; Young and Xubar, 1979), kainic acid <(Faster et al.,
1981; Monaghan and Cotman, 1982) or muscarinic cholinergic ligands
(Yamamura et al., 1979; WVamsley =t al., 1981). Dohanich et al.
(1986) and Nonaka and Moroji (1984) have shown that the apparent Ka
of [°HIN-methyl scopolamine and ([°Hlquinuclidinyl benzilate,
respectively, increased with increasing section thickness, while
the Bwax values, when corrected for the higher protein caontent on
thicker sections, were constant. Both groups also observed slower
association rates for ligand binding on cryostat sections. This is
probably due to delayed diffusion of the radicligand into the
sactions.

The essential difference between ligand binding studies on
particulate preparations (e.g. brain homogenates, synaptosomes, or
synaptic plasma membranses) and cryostat sections is that the former
can be suspended in the incubation solution, and are thus in direct
contact with a constant ligand concentration. Sections, on the
other hand, are coverad with a drop of the solution, from where the
ligand diffuses into them. O0On entering the tissue, it is likely to
be immediately removed by binding %o its acceptors, which are
highly cocncentrated f%here. Hence a gradient of ligand concen-
tration is established, with unbound ligand being more dilute in
deeper layers of the solution (within the secticns) than in the
drop of overlying incubation solution, from where an aliquot is
removed to determine the "“free" toxin concentration, F. Thus an
error is introduced into estimates of F, and especially into the
B/F ratio at low values of F on the Scatchard plet. JNonaka and
Moroji (1985) abserved a decrease in the apparent K« when the incu-
bation times were increased to allow equilibrium to be reached, but
this was not confirmed by Dohanich et al. (1886), or in this study,
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Forebrain Cerebrocortical|Cerebraocortical
cryostat synaptosomes |synaptic plasma
sections membranes

B—BuTX
-<_n1 i b indine:
Ka (nlD 1.8 0.6 @ -
0.2 ¢®
Baax (pmol/
ng protein) 0.16 - 0.17 0.3 ¢® -
DTX
= 1 1 1 °H
Ka (alD 1.2 0.43 = 0.3 ¢
0.3 »®
Buax (mel/
mg protein) 0.58 1-1.2c¢ 1.7 ¢
i.1°®
V +ic tudiasg d
Association: T 7 min. - 1.5 min.
at 22°C ) 3 x 10% M'g™? - ~3 x 10% s
Dissociation: tie 24 min. - 11 min.
at 22°C Jo 4,8 x 107* s - 1,03 x 1078 g
Ka (= /ky, nMD 1.6 - 0.13
a: Data from COthman et ai., (1832).
b: From Dolly et al. (1987).
c: From Mehraban et al. (1%984).
d: From Black et al. (1836).
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where the apparent Ks for '?°I-DTX binding to forebrain sections was
unaffected by incubation for 30 or 45 min.

The existence of diffusion restrictions to toxin binding
was also apparent when '2%I-DTY was used to label cryostat sections
of different thicknesses (Section 2.4.1.3, Figure 2.7a): Even at F
=2.5 nM, insufficient '?8I-DTX penetrated deep enough <o fully
label sections thicker than 10 pym. A further indication that the
Ks discrepancies observed (Table 2.5) may bve due to limited
diffusion of the toxins is the fact that the effect was somewhat
greater for the larger toxin B-BuTX M, =21,000d; ratio of the X
on sections to K« on synaptosomes ~4.5) than for DTX (M. =7,0004;
Ks on sections + X4 on synaptosomes =3-4), while the 18-amino acid
bee venom poalypeptide apamin showed a Ksa only =1.5x higher omn
sactions (15 pm; Ksa =25 pM, Mourre et al., 1986) than on synapto-
somes (Ksa =15-20 pM, Romey et al., 1284).

Diffusion restrictions in the sections are also suggested
by the observation that fthe rate of dissociation of '2°I-DTX from
cryostat sectlions varied with tThe method by which it was measured,
being more rapid when bound '*°I-DTX was displaced by excess un-
labelled DTX. Furthermore the first order dissociation plots for
the "chase" experiments showed definite curvature. These effects
usually suggest the existence of negative coaoperativity of binding.
However, restricted diffusion of the dissociating '2°I-DTX from
stationary layers of solution deep in the section may allaw
significant re-binding of <the tfoxin; under "chase" conditions
unlabelled DTX -immediately ©binds to the vacated acceptors,
preventing re-binding of the labelled toxin. As the dissociation
of '#5I-DIX from synaptosaomes has only btesen measured by chasing
with an excess of unlabelled toxin, it 1is not clear whether a
similar discrepancy exists there; however, linear <Zfirst arder
dissociation plots were obtainad in all such experiments on synap-
tosomes (Black et al., 1986). Nonetheless it appears that the
discrepancies in the dissociation rates cannat be solely due to the
cryostat section assay system, as similar differences have been
observed for the binding of the iodinated peptides insulin, thyro-
tropin and nerve grawth factor (Olefsky et al., 1978; Fowell-Jones
et al.,, 1980; Tait et al., 1981; respectively) tg cell prepara-
tions, and for '?°I-8-BuTX binding to <chick brain synaptic
membranes (Rehm and Betz, 1282). ©None of these authars considered
negative cooperativity of binding an adequate explanation for the
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differing dissociation rates.

The above discussion has highlighted some of the difficul-
ties in the interpretation of the results of binding experiments on
cryostat sections. Nonetheless, when these difficulties are borne
in mind, such binding studies can give useful information an the
properties of the acceptor sites ccmpared to those on broken cell
preparatians. Furthermore they can help to identify relevant
binding sites and thus validate further autoradiographic localiza-

tion studies of the acceptors.

8]
8]}
[4¥]

Toxin binding studies on chick brain synaptic membranes
(see Sections 1.4.4 and 1.5) have identified a common high affinity
acceptor for bvoth '?°I-$-BuTX and '?*8I-DTX, while, in additiom, DTX
and the facilitatory neurotoxins bind to a lower affinity acceptor
variant. Thus B-BuTX can distinguish twa classes of DTX acceptors
in this tissue.

The binding of $-BuTX and DTX to chick brain cryostat
sections has also besn studied here. Since preliminary autoradio-
graphy studies with both toxins (see Chapters 3 and 4) suggested

that high demsities of toxin acceptors are found in the cerebellum

molecular layer, sections from the cerebellum have been used for

these experiments. As on the synaptosomal membrane preparations,
both toxins bound with high affinity to the sactioms. 1281-DTX

labelled an apparently homogeneous population of acceptors with Ka
=1.4 nM and Bax =190 fmoi/mg protein; this binding was inhibited
almost totally and with high affinity by B-BuTX (X: =1.2 nM, Figure
2.8). Similarly, '#°I-3-BuTX bovound to chick cerebellum sections
with Xa 20.8 nM and Bsax =40 fmol/mg fotal section protein, ail-
tfhough, due to the high levels of non-specific binding observed,
this Besax value 1is only tentative. The low affinity acceptors on
synaptosomes, which bind  only DTX (Black and Dolly, 1986a), have
not been detected directly under fthe conditions used here, probably
because the highest '**I-DTX concentraticons used were insufficient
to saturate these binding sites. The presence of these sites is
indicated by the small proportion of the specific '?5I-DTX binding
which could not be inhibited by excess unlabelled J-BuTX (cf.

Figure 2.8).



2.5.3. C terizati the ceptor: - Y
t; i g i »}

The present experiments on rat brain crycstat sections
have revealed a single Ca?* dependent '?°I-§-BuTX binding site, the
affinity of which was only slightly lower than that of the toxin
binding on synaptosomes under the same conditions (Dolly et al.,
1987; Table 2.5). Likewise a population of high affinity acceptors
for '?5I-DTX has been observed on rat forebrain sections. Cne
possible cause for the slightly reduced affinity of toxin binding
on cryostat sections has already been discussed (Section 2.5.1).
Alternatively this could be due to the presence of additional toxin
binding sites with a lower affinity in the sections. All Scatchard
plots of '2°I-DTX or '?°I-8-BuT{ binding optimally fitted straight
lines, and thus suggested that =2ach of the toxins bound to a homo-
geneous and non-interacting population of acceptors. However, the
likelihood of resolving two or more binding sites on a Scatchard
plot depends on the ratio of their Xs values and on the proportion
of high and low affinity acceptors (Birgisser, 1984); additionally,
high levels of non-specific binding <(as aobserved with <the
1251-3-BuTX preparations) may mask the presence of low affinity
sites. Mareover, in contrast to purified nerve terminals, cryostat
sections of whole brain allow the simultaneous study of acceptors
on a variety of tissue components such as synapses, neuronal cell
bodies, axons and dendrites, as well as glial elements; the affini-
ty of acceptors in these locatiaons, if present, may vary somewhat.
It is unlikely that the lower affinity on the sectiomns is due to
competition for the <toxin accepiors by some endogenous 1ligand,
since pre-incubation for up fto 30 min in Krebs Ringer or Krebs
Ringer ccntaining 0.01% Triton X-100 did not affect the binding
properties of either '**I-DTX or '*I-8-BuTX.

In accordance with the variety of tissues elements present
in cryostat sections, it is interesting to compare the acceptor
contents on sections and synaptosomes (Table 2.5). The Bmax of
both DTX and B-BuTX binding, when expressed relative to the totai
protein content in the samples, is ~1.8x and 1.8x greater, respec-
tively, 1in the synaptosomes. This represents a substantial
enrichment of the acceptors in the synaptic preparation, being only
slightly laower than that observed for the synaptic marker protain
synapsin 1 in synaptosomes compared to crude brain homogenates
(Ueda et al., 1979). The data in Table 2.5 also shows that DTX the
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azoeptors are further enriched on synaptic plasma membranes.

As indicated in Section 1.5, the interaction of the two
toxins in rat brain preparations is complicated. In particular,
the properties of R-BuTX binding show some dependence on the buffer
system used in the experiments. The binding studies on rat brain
cryostat sections described here exclusively used Krebs phasphate
buffers, All of the specific '25I-8-BuTX binding to acceptors omn
the sections could he blacked by unlabelled DTX with high affinity.
The inhibition of '2°I-DTX binding by B-BuTX was Ca?* dependent and
had a greater efficacy (X: =12-170 nM) than observed on synapto-
somes in Krebs Ringer (cf. Section 1.5). This suggests that the
low affinity B-BuTX binding site detectable in synaptosome binding
assays using imidazole buffer or on the solubilized DTX acceptors
iz also present and accessible to B-BuTX on the sections. On
synaptosomes, it appears that the change in buffer unmasks a second
Ca#* dependent lower affinity binding site for B-BuTX, passibly by
inducing a conformational change in the acceptors for B-BuTX (and
DTX, though not detected with this toxin). Such variability in the
conformation of the acceptors may also explain the range of inhibi-
tion constants obtained in several competition experiments with
p-BuT{ (ci. Table 2.3). In view of the improved competition of
$-BuTX on cryaostat secticns, it is surprising that the low affinity
R-BuTX acceptor site found on synaptosomes in imidazole buffer was
not detected directly in the binding experiments with '25I-f$-BuTX
described here. It is possible that this site was masked by the
rather high levels aof non-specific binding observed with most of
the '23I-3-BuTX preparations testad.

The interaction of B-BuTX with '25I-DTX binding suggests
that there is some heterogeneity among the DTX acceptors on
cryastat sections. Firstly, even high concentrations (5-10 uM) of
f-BuTX could not displace =25% of the specific '3*°I-DTX binding.
This apparently B-BuTX-resistant '*®I-DTX binding is reminiscent of
the B-BuTX-resistant low affinity acceptor population in chick
brain (see above), although it does not appear to have a reduced
affinity in the rat tissue. The B-BuTX-resistant '25I-DTX binding
appeared to be laocalized specifically in white matter regions on
autoradiography (see Chapter 4). Secondly, the high affinity (K4
=1.2 nM> binding of '?%I-3-BuTX, compared to the lower affinity
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competition of R-BuTX with '2%I-DTX binding suggests further
heterogeneity (acceptor variants, sub-types or conformations) in
the affinity of B-BuTX on the <(common) DTX acceptors. Additional
indications of DTX acceptor heterogeneity come from the abservation
that the overall affinity of '2%I-DTX binding was reduced on
sections from cerebellum and brainstem (Table 2.2; see Section
2.4,1.2). Thus there may exist higher and lower affinity acceptars
whose relative distribution may vary in different brain regions.
The possible heterogeneity of DTX acceptors is particu-
larly interesting in view of the existence of several types of
rapidly-activating voltage-dependent K'-currents which can be

blocked by DTX with different potency (see Section 1.4.3).
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CHAPTER 3

3.1. Introduction

The presence oI specif

2

¢ high affinity acceptors for
B~BuTX has been demonstrated in synaptic membranes from both rat
and chick brain (see Chapter 1, Section 1.3.32), Similar high
affinity acceptors were identified when rat brain cryostat sections
were incubated with a radioiodinated derivative of this toxin, as
described in Chapter 2. It should, therefore, be possible to study
the distribution of these B-BuTX acceptors by Im vitro labelling
autoradiography.

This method has become very popular in neurabiology. it

has been used toc map the disiribution of the receptors/receptor

3

sub-types of many nsurotransmitiers and neuropeptides, and of
neurotransmitter uptake sites and central nervous sysiem enzymes
(reviewed by Kuhar et al., 1986). Recently the binding sites of

the neurotoxins ietrodotoxin (Mourre 2%t al., 1284), bpatrachofoxin

(Worley and Baraban, 1987) and apamin (Mourre et al., 1986) have

[}
h

also been localized. he method involves the labelling of crygstat
sections with the ligand of interest, followed by exposure to
photographic emulsions. This in vitro labelling of cryostat

-

sections allows precise contragl of the incubation conditions tao
optimize ligand binding, after which the sections can easily be
rinsed to reduce the non-specific binding. Compared ta in vivo

intravenous or intra-cerebroventricular administration of the
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ligand, an aven access to its binding sites in all brain areas can
be ensured (e.g. restrictions due to the blood brain barrier are
removed), and metabolic degradation of the ligand can be minimized.
The reversibly bound water-soluble ligands are then localized by
"dry" autoradiography, using either emulsion-coated coverslips
a7

film (Palacios =t al., 1981; Penney et al., 1981la).

[
>

(Roth =t al,, Young and Xuhar, 1979) or °®H-sensitive sheet

oq

*H-sensitive Ultrofilm (LKB) has a very high sensitivity
for °E and other low-energy radiation emitters ©because the
gelatine/silver bromide ratioc of the emulsion layer has been
reduced and the anti-scratch supercoating present in traditional
films, which would normally absorb low energy electrons, has been
omitted. When the film is applied there is thus direct contact
between the emulsion and the radiolabelled sample, making high
resolution autoradiography paossible (Ehn and Larsson, 1279). The
absence of the anti-scratch coating also minimizes artifacts from
bremsstrahlung. Most importantly, Ultrofilm autoradiography images
can be analysed by densitometry (Palacios et al., 1981): A number

of computerized analysis systems have been described <(see e.g.
Goochee et al., 19280; Altar =t al., 1984; or Baskin st al., 1986).
When the densities of the image ars compared to images from
radioactive standards (Unnerstall e=¢ ai., 1982) gquantitative data
is obtained on the radicligand distribution.

In this Chapter, iIn vitro sheet film autoradiography of
'1281-83-8BuTX-1labelled cryocstat sectilions was smployed fo study fhe
distribution c¢f B-BuTX acceptors. In ordar to obtain quantitative
data, '**I-labelled standards were prepared and used to charac-

4

fterize the response 0f Ultrofilm to the radicactive emissions of
iodine-125. It was thsn possible to datermine the distribution of

i251-3-BuTX acceptors in various parts of the rat central nervous

3.2. Materials

$~BuTX was purified, and '#®I-8-BuTX (specific activity
400-800 Ci/mmol) and °H-B-BuTX (140 Ci/mmol) were prepared as
described in Appendix A, 1. *H-sensitive Ultrofilm was purchased
from LKB, Croydon, Surrey, D19 developer from Kodak, Hertfordshire,
and Hypam photographic fixer from Ilford Ltd, Cheshire. All gther
materials were as in Section 2.2.
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3.3. Hethaods
3.3.1.

Cryostat sections (10 um) from rat brain or spinal cord
were cut from tissue Dblocks lightly fixed by intra-cardiac
perfusion with 0.1% formaldehyde (see Section 2.3.4 for details).
Cryostat sections were also prepared from perfusion-fixed or Iresh
brains of 1l-day-old leghorn chicks. The sections from this
immature tissue ware very fragile; fragments of material were often
lost during the incubation and washes. Chick brain sections were
therefore routinely stabilized by dipping the slides for 2 s in a
solution of 0.2% gelatine and air drying.

Cryostat sections were labelled with 2-2.5 nM '2°I-8-BuTX

or SH-R-BuTX as described in Section 2.3.5.

h

3.3.2, I il t iog

Autoradiograms were produced with *H-sensitive Ultrofilm.

Slides containing the dried, toxin-labelled sesctions were mounted
on cardbcard using double-sided Sellatape and placed in an X-ray
cassette. Under photographic safe-light a sheet of Ultrofilm was
positioned over the sectiomns. The film was exposed at 4°C for
24 bhr to 10 days for '*°I-8-BuTX, or 25 days for °*H-R-BuTX-labelled
sections. After exposure, the film was developed for 5 min at 18°C
in undiluted D19 developer, washed thaoroughly, and fixed in Hypam
(diluted 1+4), Enlarged photographic darkiield images were
r

produced by printing directly from these autoradicgrams. Brain

areas were identified using the brain atlas of Paxinos and Watson
(1982) and "Craigie's neurcanatomy of the rat" (Zeman and Innes,
1963) for rat, and the atlas by van Tienhoven and Juhasz (1962) for

hick brain secitions. To facilitate identifiication of these brain

0O

arsas, some sections were stained in 1% pyronin Y in 20 mM sodium
acetate buffer, pH 4.8, or 0.7% Sudan black B in ethanol, or 2%

aqueous safranin.

3.3.3. 12871 lle i §

These were prepared using a method similar to that
described by Unnerstall et al. (1982). Rat brain tissue was ground
to a paste and placed in wells formed around 12 mm cork blocks
using pressure-sensitive silver tape. Known amounts of '?%I-
labelled DTX (~104-107 d.p.m /well) were thoroughly mixed into the
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paste. The standards were repeatedly degassed in a vacuum dessi-
cator and remixed, before being frozen over solid CO-. Cryostat
sections (10 pm) were cut from these standards and thaw-mounted
onto subbed microscape slides. Six sets of sections from 8
standards containing different amounts of iodine-125 were prepared.

All standard sections were expased to °H-sensitive Ultro-
fiilm for 4 days <(see Section 3.2.3), standards cut from the same
blocks producing identical images. Sections from two -sets of

standards were then wiped from the slides onto damped Whatman GF/C

glass microfibre filter discs, dried and counted in a Y-counter.
After digesting ths sections from each disc in 0,45 ¥ sodium

hydrozide, the protein contents were measured by the method of
Lowry et al. (1951; see Section 2.3.6 for details)., The areas of
the standard sections were determined by weighing excised enlarged
printed images of autoradiograms therecf. All standards contained
=2 ung of protein per mm? or 350-160 000 d,p.m /mg protein on the
day when the standards were prepared (the reference date).

The remaining 4 sets of standards were then exposed to
Ultrofilm for 4 hr-50 days to produce a series of images; sometimes
standards were also exposed alongside experimental crygstat
sections labelled with '?°I-8-BuT¥ cr '?°I-DTX. The radiation dose
which produced each image, D, could then be determined in units of
d.p.m x days x mm?. Due to the decay aof iodine-12% over the
exposure period, the radiation dose had to be calculated by

integrating the radiocactive decay equation

A = AO X e—)t.
where & is the activity at time = %, A¢ is the activity on the
. s s . 1n2
reference date, and x is the decay constant, X =-—;r—
Vo

(for '?°I, %iw = 60 days and thus x = 0.01155 days™
with respect to T over the exposure periocd. Thus:

D = .__.*_A‘; (e~ - g-)a)

where a and b are the start and end of fhe =xposure, respectively,

in days aftsr the reference date. i

3.3.4,

Tltrofilm autoradiograms were analysed using a BIOMED
Instruments 1D,2D soft laser scanning densitometer controlled by an
Apple Ile microcomputer with two disc drives and connected to a

black and white monitor and a dot matrix printer (Figure 3.l1a). An
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(a) Diagram of +the Apple Ile-controlled scanning densitometry

system,.
(b) An example of a relief picture of a scan of an autoradiogram.

(¢) An example of a contour map of a scan of an autoradiogram.



autoradiogram was scanned while passing between a 3 um diameter
ruby laser source and a photodiode which measured the density
(blackening) of the image on an arbitrary scale of 255 grey levels.
The scanner was calibrated to give grey level readings of 18-20 for
unexposed clear film, and 245-250 for totally blackened (light-
exposed) Ultrofilm. A rectangular image area was digitized as
256 x 192 pixels, and the data obtained stored on 5-inch floppy
discs at a capacity of one scanned image per disc. The smallest
image area which could be scanned was 0.2 x 0.13 cm (step size
between readings of 10 um), while the largest brain section
autoradiogram fitted into an area of 1.8 x 1.28 cm (step size of
70 pm. Depending on the chosen image size, scanning required
15 min-1 hr per image.

The digitized data was analysed using the "2D/1D PCI V"
program {(© BIOMED Instruments). This allowed pictorial represen-
tations of the data, either as relief images (Figure 3.1b, front or
back views) with -a base set at any grey level, or as “contour
maps", where bands of chosen grey levels were differentiated in up
to six black-and-white shadings (Figure 3.1c). Most impartantly,
the grey level value of any individual pixel, as identified with a
cursor, could be read out directly. For routine analysis of
images, relief pictures were used to ensure the image was optimally
exposed (all optical densities above grey level 30, but below 200;
see Results, Section 3.4.2 below). Then a series of contours was
designed which allowed identification of +the brain areas of
interest. 2-3 patches of © density readings (a 3 x 3 pixel square)
were taken for each brain area and averaged. The densities were
converted to d.p.m/mm® by comparison with the standards (Section
3.3.4 above), and then, using the specific activity of the toxin,

to fmol/mm?.

3.4. Results
3.4.1. - cce e

Autoradiography

Ultrofilm autoradiograms of sections incubated with 2-
2.5 nk '2°I-B-BuTX <(a concentration shown to saturate the specific
binding sites, see Chapter 2, Figure 2.10) revealed a widespread
and heterogeneous distribution of the B-BuTX acceptors in rat brain
(Figure 3.2). The bulk of the '?°I-B-BuTX binding was saturable,
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Figure 3.2. Distribution of B-BuTX accepfors in rat brain

Representative darkfield images (silver grains appear white) of
autoradiograms from cryostat sections af rat forebrain at the level
of the anterior olfactory nucleus (a), anterior (b) and posterior
(c) caudate putamen, anterior (d), mid (e, i and j) and posterior
(f)> hippocampus, and of cerebellum with brainstem (g and h). All
sectians were labelled in 2-2.5 nM '**I-f-BuTX alone (a-h) or in
the presence of 1 pM B-BuTX (i) or 1 plM DTX (j>. As the images
represent the results of different experiments and were printed
separately, grain densities cannot be compared between photographs.
A, amygdala; AC, anterior commissure; AO, anterior olfactory
nucleus; CBL, cerebesllum; CC, corpus callosum; Co, cochlear
nucleus; CP, caudate putamen; Cu, cuneate nucleus; DB, diagonal
band; FC, frontoparietal cortex; gCC, genu of corpus callosum;

GP, globus pallidus; HC, hippocampal formation; Hg, Hypoglossal
nucleus; Hy, hypothalamus; I, insular cortex; Ip, imnferior
cerebellar peduncle; Ld, laterodorsal thalamic nucleus; LS, lateral
septal nucleus; LoT, lateral olfactory tract; NA, nucleus
accumbens; ON, optic nerve; OX, optic chiasma; PC, posterior
cingulate cortex; Py, pyramidal tracts; Re, reticular formation;
Sp5, nucleus of the spinal trigeminal nerve; Su, subiculum;

Th, thalamus; Tu, olfactory tubercle; V, vestibular nucleus.

Scale bar (in a) =2 mm.
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L
or

as it could bs displaced by co-incubation with an excess of B-BuTX

G

(Figure 3.21), when only faint labelling was observed. DTX which,
like toxin I, completely inhibits the binding of radiolabelled
B-BuTX to synaptosomes (OQthman et al., 1982; Dolly et al., 1987)
and cryostat sections (see Section 2.4.2) similarly blocked the
'25]1-8-BuTX binding (Figure 3.2j). 4s will be described in detail
below, '?°I-$~-BuTX Dbound to areas containing grey mattier maore
strongly than to white matter regions; the highest levels of
labelling were ahserved in the cersbral cortex, particularly the
posterior cingulate cortex, caudate putamen, and the molecular
layer of the desntate gyrus.

4 similar distribution of B-BuTlX acceptors was observed
when tissue ssctions were incubated with 2.5 anlM *H-B-BuTX (Figure
3.3). A section through rat forebrain at fthe level of the hippo-
campus (Figure 3.3a) showed the highest 2*H-8-BuTX binding in the

cortex and the molacular layer of the dentate

U]

postericr cingulat

(0]

gYrus. In the cerebellum specific acceptors were also labelled ©
o

both '25I-8-BuTX (Figure 3.2g,h) and “H-B-BuTX (Figure 3.3b>: The
moderately labelled molecular layer was separated from the weakly
labvelled granule cell layer by the strongly labelled Purkinje cell
layer, while labelling in the central white matter bundles was very
weak. It should be noted that autoradiography with ZH-B-BuTX
required much longer exposure times before an image was visible om
the Ultrofilm (sse Methaods, Section 3.3.3). 125]-3-BuTX was,

therefore, used in all remaining studies.

Autoradiography with 3H-sensitive Ultrofilm can yield
quantitative information on radioligand ©binding, provided the

the film %o the radioisotope used is known. To

i

-t

2spgnss O
characterize the film response, '?I-labelled brain paste standards
were prepared and cryostat sections were cut at the same thickness
(10 pum) as in the toxin localization studies. When these standards
ware exposed to Ultrefilm, uniformly labelled autoradicgrams were
obtained (Figure 3.4a). On laser demsitometry, 20 random density
readings from each image usually varied by less than 5%.

A plot of relative optical density (equivalent to the grey
level measurad by laser densitometry) against radiation dose for a
series of images 1is shown in Figure 3.4b. The optical density of
the film was clearly not linearly related to the radiation dose:
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Figure 3.3. Localizati ac t *H-B-BuTX

Darkfield images of autoradiograms of rat brain secticns labelled

in 2.5 nM °H-B-BuTX.

(a) Forebrain at the level of the hippocampus. 4, amygdala;
CC, corpus callosum; FC, frontoparietal cortex; HC, hippocampal
formation; Hy, hypothalamus; PC, posterior cingulate cortex;
Th, thalamus.

(b) A sagital section of cerebellum. G, granule cell layer;
M, molecular layer; Pu; Purkinje cell layer; W, white matter
laminae.

{(c) A control section from cerebellum, incubated in 2.5 nM
3H-8~BuTX in the presence of 1 uM unlabelled B-BuTX.

All scale bars =1 mm.
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Photographs of a set of '?®*I-labelled brain pasie standards
after 96 hr exposure to °H-sensitive Ultrofilm. Each section
contains a different amount of radicactivity per mm?: 1:
5d.pm; 2: 5 d.p.m; 3; 87 d.pom; 4: 106 d.p.m.:
5: 161 d.p.m.  Magnification 1x.
The variation of film optical density {(=grey level determined
by laser densitometry) with radiation dose. Each point
represents the mean of the density readings at 20 pixels on
scans of autoradiograms generated from sections containing 8
different concentrations of iodine-125 (see Methods Section
3.3.3.) exposed for different lengths of time.
The data from b above, re-plotted as ln (optical density) vs
ln (radiation dose). The central linear portion (that is
optical density 30-200 or radiaticn dose 22-1,311
d.p.m x days x mm?) fitted a straight line defined by
y = 1,968 + 0.464x with r =0.924 . This straight line
portion was used to convert optical density in brain sectionm
autoradiograms to d.p.m. x days x mm? of '?**I-tracer bound.
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The {ilm appearsed to saturate at radiation doses above
-1 300 d.p.m x days x mm2. The data from Figure 3.4b was re-
plotted as 1ln (optical demsity) vs ln (radiation dose) to produce
the curve shaown in Figure 3.4.c (see also Unnerstall et al., 1982;
Israel et al., 1984). The slope of this curve provides an estimate
of the photographic contrast of Ultrofilm. A%t low radiation doses
the film had a very slow response, whereas at high doses saturation
was observed (see above). The film was most sensitive at radiation
doses between ~20 and 1 300 d.p.m. x days x mm?, correspondiang to
optical density grey levels of 30-200. Thus for quantitative
analysis, exposures oi autoradicgrams were adjustsed tc yield
optical density grey levels in this range. The central portion of
this graph could be fitted to a straight line, which was used to
convert optical demsity on autoradicgrams to radiation dose in
d.p.m. x days x mm?, and hence, from the specific activity of the
toxin on the first day of the exposure, to fmol of '25I-$-BuTlX
bound/mm?*. Autoradiograms could thus be analysed quantitatively.
Several calibration curves such as the one in Figure 3.4c
ware constructed when '?®I-standards were exposed alongside
experimental sections. The resultis were always very reproducible;
haowever, the temperature of the D19 developer had to be precisely
contralled. For quantitative autoradiography °H-sensitive Ultro-

film was always develaped at 18°C.

I
KN
w

Vhen autoradiagrams were prepared from sections incubated
with a range of different concentrations of '#®I-8-BuTX{ and
analysad, typical saturation binding curves could be constructed
for discrete brain regions (Figure 3.5). These binding curves and
the corresponding Scatchard plots are similar to those obtained in
concentration dependent binding studies for whole brain sectiomns in
Chapter 2 (Figure 2.10). Binding parameters were calculated for
forebrain sections at the 1level of +the hippocampus and the
cerebellum (Table 3.1). The Ka values were similar for all regions
examined, with the average being 1.3 nM; the range obtained (0.6-
2.1 nM) was within the error in the analytical method, particularly
when studying caomparatively small anatomical areas <(e.g. the
contrastingly labelled layers of the hippocampus). There were
significant variations in Bsax values (fmol/mm?) throughout the
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Rat brain cryostat sections (10 pm) were incubated in a range of
concentrations of '2%I-f$-BuTX, washed, dried and exposed to *H-
sensitive Ultrofilm. The resulting autoradicgrams were analysed by
laser densitometry. Bound toxin could thus be determined in
fmol/mm?. Binding curves (left) and Scatchard plots (right) are
shaown for frontal cerebral cortex (a), corpus callosum (b), and the
molecular layer of the cerebellum (c). The specific binding (@)
was determined by subtracting the non-specific labelling, measured
in the presence of 1 uM f-BuTX (<>) from the total blndlno (AD.
The Scatchard pleots were calculated for the specific binding in
each brain area.
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K.:g Bnax
Brain region studied (nlD (£mol/mm*)
GREY MATTER
Frontaparietal cerebral cortex 1.6 0.33
Pasterior cingulate cortex 1.5 0.40
Caudate putamen 1.7 0.32
Globus pallidus 1.2 0.17
Hi LRocamna ] formation
CA:-CAz:
Stratum oriens 1.7 0,25
Pyramidal cell layer 2.1 0.1%
Stratum radiatum 2.1 0.28
Dentate Gyrus:
tratum moleculare 1.8 0.323
Granule cell layer 1.9 0.19
Hilus 1.4 0,23
Lateral habenular nucleus 0.67 0.081
Thalamus
Laterodorsal nucleus 1.6 0.41
Ventroposterior nucleus 1.0 0.10
Hngi"-yg lamus
Lateral hypothalamic area 0.68 0.079
Basal/cartical amygdala 1,0 0.18
Cerebhellum
Molecular layer 1.8 0.28
Granule cell layer 1.2 0.15
VHITE MATTER
Carpus callosum 1.4 0.11
External capsule 1.1 0.076
Internal capsule 1.2 0.086
Fimbria hippocampi 0.62 0.054
Cerebellar white matter 0.60 0.0358

Cryostat sections (10 pm> from rat forebrain or cersbellum were

n a range of concentrations of '*SI-8-BuTX, as described
in Figure 3.5, Sectlons were exposed to °H-sensitive Ultrofilm,
and the resulting autoradiograms were analysed by laser

i

incubatead

densitometry. Bound '2?°I-8-BuTX could thus be determined in

fmol/mm?. Non-specific binding was subtracted from the total, and
a Scatchard plot of the specific binding was used to determine the-

binding constants listed.



brain, ranging from 0.05-0.11 in white matter to 0.53 in the
molecular layer of the dentate gyrus.

As noted in Chapter 2 (Section 2.4.2), '2°I-f~BuTi binding
was dependent on the presence of divalent cations; very little
specific '25I-$-BuTX binding was observed in Ca?'-free buffer,
although toxin binding was restored in the presence of Sr?". These
results were confirmed by autoradiography of sections incubated
with ’281-8-BuTX in buffers containing different cations. In the
absence of divalent cations, only Dbackground 1labelling was
observed., The level of non-specific binding was reduced in Sr¥ -
puffer, but quantitative analysis of autoradicgrams revealed
similar levels of specifically bound '25[-f-BuTX in Sr?- or Ca®*-
containing buffer. Furthermore, the distribution of this specific
'257-3-BuTX binding, when expressed relative to the binding in
frontoparietal cerebral cortex, did not differ significantly in
these buffers (Table 3.2), indicating that the toxin acceptors in

all regions were similar in their requirement for Ca*" or Sr?.

1 i Brai agi

As the affinity (Ka) of '2°I-f-BuTX{ binding was shown above
not to vary significantly between different brain regions, levels
of autoradiographic labelling at saturating '?SI-§-BuTX concentra-
tions can be interpreted as differences in the number of B-BuTX
acceptors present; this allows a very large number of brain regions
to be studied. Results obtained Zfrom quantitative densitomeiric
analysis of autoradiograms from sections incubated 'in 2-2.% nH
'25]-3-BuTX are summarized in Table 3.3, At this concentration the
non-specific Dbinding (usually 0.08-0.13 fmol/mm*) was at an
acceptably low level, represenfting <25% of fhe tfotal '25I1-8-BuTX
bound in most brain areas. Occasignally, the distribution of the
non-specific binding was somewhat uneven, white matter tracts
tending to show less labelling (~0.06-0.08 fmol/mm?), while the
cell layers in the hippocampal formation or in the cerebellum
contained higher 1levels of non-specifically bound '2*5I-8-BuTX
(20,15 fmol/mm?). The distribution of the specific binding agrees
with that shown in Table 3.1, the levels of binding listed
representing 70-80% of the Bu.ax values reparted.

In the description belaow, levels of specific '*I-8-BuTX
binding were classified into six groups, from "very low" to "very
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Table 3.2.

Ringer Krebs Ring
Total Specific Total Specific
binding binding binding binding
(% of (% of
Brain region studied (fmol/mm*) cortex) (fmol/mm*) cortex)
GREY MATTER
Front. cerebral cortex 0.312 100 0.300 100
Post. cingulate cortex 0.3582 122 0.340 113
Caudate putamen 0.298 92 0.264 82
in A 3
CA,-CAz:
Stratum oriens 0.262 73 0.290 a2
Pyramidal cell layer 0.216 47 0.266 €6
Stratum radiatum 0.285 35 0.284 Q0
Dentate Gyrus:
Stratum moleculare 0.411 154 0,369 124
Granule cell layer 0.217 48 0.197 55
Thalamus
Laterodorsal nucleus 0.3328 125 0.294 84
Ventroposterior nucleus 0.304 96 0.272 85
Basal/cortical amygdala 0.226 53 0.22 66
WHITE MATTER
Ceorpus callosum 0,183 32 0.130 13
External capsule 0.174 24 0.146 34
Internal capsule 0.177 26 0.1%6 38

Cryostat sections were labelled in 2.5 nM '?°I-8-BuTX in Krebs Ringer

(0.79 mM Ca**) or a

Ringer in which Ca®* had been replaced by Sr#

(2.5 mM) in the presence of 1 mM EGTA to chelate any residual Ca®" in

the sections.

Jltrofilm and analysed by laser densitometry.
this experiment was 0.130 and 0.062 fmol/mm* in the Ca?" and Sr#

buffers, respectively.

Autoradiograms were prepared using *H-sensitive

Non-specific binding in



Table 3.3.

125T-3-BuTX

Relative con-

bound specifically tent of B-BuTX

Region n? (fmol/mm®) acceptors *
GREY MATTER
+ 5%

Anterior olfactory nucleus 2 0,166 = 0.051 ¥ o+ ox

Olfactory tubercle 3 0.094 + 0.014 * #
Cerebral Cortex

Frontoparietal (anterior

to Bregma) 3 0.318 £ 0.033 ¥ F K K % %
Frontoparietal (posterior
to Bregma) 4 0.243 = 0.044 ¥ F k% X

Insular cortex 3 0.136 £ 0.012 % #

Posterior cingulate cortex 4 0.321 = 0.057 * ¥ ¥ % ¥ X
Forebrain

Caudate putamen 3 0.256 < 0.024 ¥k ¥+ %

Globus Pallidus 3 0.158 + 0.025 * % ¥

Nucleus accumbens 3 0.197 £ 0.033 ok o* %

Lateral septal nucleus 3 0.232 = 0.044 L B
Amygdala

Basal nuclei 5 0.130 =+ 0.022 * % &

Caortical nuclei S] 0.124 % 0.018 * % ¥

Lateral nucleus 2 0.201 =+ 0.108 ¥ % ¥ £
Hipnpocampal formation

CA\-CAz:

Stratum oriens 4 0.203 = 0.027 * % ¥ %
Pyramidal cell layer 4 0,136 == 0.031 ¥ ¥ #
Stratum radiatum 4 0.212 % 0.022 LR
Subiculum 1 0.246 ¥ % ¥ * *

CAs:

Stratum oriens 4 0.164 = 0.014 ¥ % %
Pyramidal cell layer 4 0.106 = 0.027 * %
Stratum radiatum 4 0.180 £ 0.024 * % % #

Dentate Gyrus:

Stratum moleculars 4 0.314 = 0.041 £ % ¥ & ¥ %

Granule cell layer 4 0,131 £ 0.026 ¥ % ¥

Hilus 4 0.192 = 0.014 * % % *
Lateral habenular nuclsus 3 0,104 £ 0.013 * %
Medial habenular nucleus 4 0.080 =+ 0.009 ¥ %
Thalamus

Laterodorsal nucleus 4 0.227 == 0.021 ¥ F % ¥

Ventropostericr nucleus 5 0.184 = 0.020 £ F % ¥

Reuniens nucleus 3 0.091 £ 0.011 * ¥

Pasterior nuclear group 5 0.151 = 0.018 ¥ % ¥
Hynothalamus

Ventromedial nucleus 3 0.082 <+ 0,007 * ¥

Arcuate nucleus 5 0.012 = 0.005 *

Lateral hypothalamic area 4 0.077 £ 0,010 * %
Lateral geniculate nucleus 3 0.117 = 0.017 * ¥
Cerabellum

Molecular layer 3 0.161 £ 0.041 ¥ F ¥

Furkinje cell layer 2 0.185 =+ 0.0092 * ¥ ¥ %

Granule cell layer 3 0,107 £ 0.024 * % contd.



Table 3.3, contd.
125T7-3-BuTX Relative con-
bound specifically tent of B-BuTX

Region n? (fmol/mm?) acceptors ®
Brainstem

Cochlear nucleus 1 0.1e8 ¥ % ¥ ¥

Reticular formation 1 0.186 ¥+ ¥ ¥

Vestibular nucleus 1 0.207 N

Cuneate nucleus 1 0.218 * o+ ¥ ¥

Nucleus of spinal

trigeminal nerve 1 0.221 ¥ % ¥ ¥
Nucleus of hypoglossal
nerve 1 0.220 * % &

VHITE MATTER
Lateral olfactory tract 3 0.017 £ 0.009 ¥
Anterior commissure 3 0.103 £ 0.01¢ * +
Corpus callasum 5 0.111 = 0.011 ¥ ¥
External capsule 3 0.112 =+ 0.017 * %
Internal capsule 3 0,104 = 0.025 * %
Diagonal band 2 0.08¢ =+ 0,028 ¥ %
Fornix 4 0.074 == 0.010 * 4
Optic nsarve 1 0
Optic chiasma 1 0.040 *
Optic tract 3 0.049 <+ 0.010 *
Fimbria hippocampi 4 0.060 =+ 0.013 * %

tria medullaris thalami 4 0.096 =+ 0,031 * ¥
Mammillcthalamic tract 4 0.111 = 0.015 ¥ %
Cerebellar white matter 3 0.053 £ 0.014 ¥
Inferior cerebellar peduncle 1 0.028 *
Spinal trigeminal nerve 1 0.066 ¥ ¥
Pyramids 1 0.068 ¥ %
SPINAL CORD
Grey matter 1 0.275 * ok F %+
¥hite matter 1 0. 086 + %

led with 2-2.5 n¥ '?8I-B3-2uTX, and
i *H-sansitive Ultrofilm. These

autoradicgrams were analyse ser densitometiry as described.

a: n is the number of experiments using different '*°I-§-BuTX
preparations. Specific binding of '?°I-8-BuTX was determinsed by
subtraction of the non-specific binding and is givan as mean

+ S.E. M.

b: Relative levels of '?5]-8-BuTX binding in fmol/mm® are given as:
Very law = ¥ =0 - 0.05%;
low = % % = 0,060 - 0.119;
moderate = % % % = 0,120 - 0.179;
moderately high = * % ¥ * = 0.180 - 0.239;
high = % F % ¥ ¥ = 0.240 - 0.299;
very high = % % ¥ ¥ ¥ % = (0,300 - 9,359,

The average protein cantent of cryostat sections was 1.2 ug/mm2.
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high", as defined in the legend to Table 3.3. In addition the
distribution of the acceptors is shown in the darkfield autoradio-
grams in Figures 3.6 to 3.10. Since these photographs were all
printed with different exposures, and the apparent grain densities
cannaot therefore be comparad directly between the figures,
calibrated scanned representations of the images are also shown in
Figures 3.6, 3.7, 3.8 and 3.9. Note that the four bands of shading
on the scans differ from the six density levels defined above.

'ha talesncsp
2 rTailance

3.4.4,

[

2

In the rhinal system, the olfactory nucleus (Figure 3.2a)
cantained moderate and the olfactory tubercle (Figure 3.6) law
levels of B-BuTX acceptors. High autoradiographic grain densities
were aobserved throughout fthe cerebral cortex (Figures 3.2a,b,c, 3.0
and 3.7). The antericr frontoparietal cerebral cortex was labelled
very strongly oy '®5I-3-BuTX. The acceptor concentration decreased
vantrally, where the insular (rhinal) cortex showed only moderate
labelling, and pasteriorly. However, very high levels of foxin
binding were observed in the posterior cingulate cortex (Figures
3.2e and 3.7), which is conftinuous with the subiculum of the hippo-
campus (Figure 3.2f). The cerebral cortex was always labelled uni-
formly thraughout i1fts fthickness; its six layers could not be dis-
tinguished on autoradiograms.

4 high concentration of B-BuTX accepfors was also found in
the neostriatum (Figures 3.2zZb,c,d,e, 3.6 and 3.7). The caudate

putamen contained high and the globus pallidus moderate levels of

toxin Dbinding. The myelinated fibre ©bundles <traversing the
striatum could =asily be distinguished on autoradiograms due ta the
reduced grain densities overlying them. The resolution of the

g
scann=er densitometer was not sufificient, howsver, %c distinguish
betwean the neurcpil and white matter bundles in the striatum;
hence, the acceptor densities listed in Table 3.3 for caudate
putamen and globus pallidus are probably underestimates. The
nucleus accumbens contained moderately high levels of 8-BuTX
binding (Figure 3.6).

In the amygdala (Figures 3.2d,e,f and 3.7) the basal and
cortical nuclei contained moderate numbers of acceptors, while the
lateral nuclei showed moderately high grain densities. A
characteristic distribution of J-BuTX acceptors was always found in
the hippocampal formation (Figure 3.8). The neuropil layers,
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igure 3.6, Distributi 12T -3~ cce

at the leyel of the striatum

0.4

f mol / mm’

(a) Darkfield image of an autoradiogram from a section of rat

~

forebrain labelled with 2.5 nM '?*I-B-BuTX. AC, anterior
commissure; CC, corpus callosum; CP, caudate putamen;

DB, diagcnal band; EC, external capsule; FC, frontoparietal
cartex; I, insular cortex; LS, lateral septal nucleus;

LoT, lateral olfactory tract; NA, nucleus accumbens; OF, optic
nerve; Tu, olfactory tubercle. An adjacent control section
incubated in 2.5 nM '?*I-8-BuTX in the presence of an excess of

unlabelled B-BuTX showed a negligible level of labelling.

0

cannsd representation of the image in (a).



Figure 3.7. Distribution of '*°1-8-BuTX acceptorsg in rat forebrain

o

vel e

04

f mol / mm

2

(a) Darkfield image of an autoradicgram frcm a rat forebrain
section through the hippocampus, labelled with 2.2 nH
12s7-3-BuTX. A, amygdala; CP, caudate putamen; FC, fronto-
parietal cortex; GP, globus pallidus; HC, hippocampal
formation; IC, internal capsule; Ld, laterodorsal thalamic
nucleus; OX, optic chiasma; PC, posterior cingulate cortex;

Po, Posterior thalamic nuclear group; vHy, ventral hypothalamic
area; Vp, ventroposterior thalamic nucleus;

(b) Scanned representation of the image in (a).



Figure 3.8. I i IESE=g= = i i (®:

Cryostat sections were incubated in 2 nM '?5I-f-BuTX and exposed to
H-sensitive film. A detail of the hippocampal formation is shown
in (a), while (b> is a high resolution scan of the same area, using
the shadings as identified in Figure 3.7. Hippocampal formation:
F, fimbria; G, granule cell layer; H, hilus; M, stratum moleculare;
Or, stratum oriemns; P, pyramidal cell layer; R, stratum radiatum.
CAl, CA2, and CA3 define the subfields of the hippocampus, while
DG identifies the dentate gyrus. Other abbreviatioms: 3V, third
ventricle; CC, corpus callosum; LH, lateral habenular nucleus;

LV, lateral ventricle; MH medial habenular nucleus.

Scale bars =1 mm.



stratum oriens and stratum radiatum contained moderately high
levels of binding sites. Labelling increased medially in the
stratum oriens, reaching high levels in the subiculum, and tended
ta decrease laterally, CA: and CA: usually showing higher grain
densities than CAs. On anterior sections, localized high
'257-R3-BuTX binding was observed in the stratum lacunosum molecu-
lare and in the stratum lucidum (cf. Figure 3.7). Moderate grain
densities were localized aver the pyramidal cell layer. The
molecular layer of the dentate gyrus exhibited very high numbers of
binding sites, thus standing out prominently against the moderately
labelled granule cell layer on autoradiograms. The hilus of the

dentate gyrus contained moderately high numbers of toxin acceptors.

3.4.4.2. The diencephalon

This region presented very variable levels of B-BuTX
acceptors. The septum showed moderately high '?2°I-f-BuTX binding
(see lateral septal nucleus, Figure 3.6), which decreased
posteriorly as white myelinated tracts from the fornix increasingly
penetrated the septum (Figure 3.Zc). Only low levels of toxin
binding sites were found over the habenular nuclei. The lateral
habenular nucleus was labelled more prominently than the medial
habenular nucleus (Figure 3.8).

hutoradiographic grain densities in the thalamus (Figures
3.2d,e,f and 3.7) ranged from moderately high in the laterodorsal
and ventroposterior nuclei, to low in the reuniens nucleus. The
posterior thalamic nuclear group exhibited intermediate levels of
toxin binding.

The hypothalamus (Figures 3.2e,f and 3.7) showed only low
levels of R-BuTX acceptors: The ventromedial nucleus and the
lateral hypothalamic area contained low grain densities, while the

periventricular and arcuate nuclei appeared almost unlabelled.

3.4.4.3. Cerebellum and brainstem

Autoradiograms of '2°I-f-BuTX labelled cryostat sections
from the cerebellum exhibited a distinctive distribution of silver
grains (Figures 3.2g,h and 3.9, The highest levels of B-BuTX
binding were found over the Purkinje cell layer. The molecular
layer was labelled moderately and the granule cell layer weakly.
Occasionally some '2°I-f-BuTX preparations exhibited high levels of
non-specific binding over the granule cell layer (Figure 3.9f).
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Figure 3.8. istri i 1251 -8= c

Representative darkfield images (silver grains appear white) of
autoradiograms from a cryostat section of rat cerebellum and
brainstem (a), or sagital cerebellum sections (c, d, e and f). The
sections were labelled in 2.4 nM '**I-R-BuTX alone (a, c and e) or
in the presence of 1 uM B-BuTX (d and £f). «(b) is a scanned
representation of the image shown in (a), using the same shadings
as identified in Figure 3.7. Cerebellum: G, granule cell layer;
M, molecular layer; Pu; PFurkinje cell layer; ¥, white matter.

Other abbreviations: Co, cochlear nucleus; Ip, inferior cerebellar
peduncle; Py, pyramidal tracts; Re, retfticular formation; Sp5,
nucleus of the spinal trigeminal nerve; ST, Spinal Trigeminal
nerve; V, vestibular nucleus. Scale bars 2 mm (a) or 1 mm {c

and e’.
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Test section autoradiograms of such '**1-B-BuTX preparations showed
virtually equal labelling of the molecular and granule cell layers,
separated by a strongly labelled band of Purkinje cells (Figure
3.%e). However, when the autoradiograms were analysed and non-
specific binding was subiracted, fhe molecular layer was always
found to contain more B-BuTlX acceptors.

Moderately high grain densities were found over all grey
nuclei of the brainstem (Figures 3.2g,h and 3.9a). Anteriorly the
cochlear and vestibular nuclei were prominently labelled, while
posteriorly the cuneate nucleus and the nucleus aof the hypoglossal
nerve presented high +foxin acceptor numbers. The reticular
formation, which occupies The bulk of the medulla, also contained

high levels of B-BuT{ accepiors.

4.4.4, White matter tracts

W

Brain areas rich in myelinated tracts, and therefore knawn
as white matier regions, generally contained ognly low levels of
B-BuTX acceptors. Vhereas most of the grey matter areas of rat
brain (discussed above) ©btound more than 0.1% fmol/mm® of
1257-3-BuTX, the white matter regions were labelled on average with
only =0.07 fmol/mm?. Among the myelinated tracts, the anterior
commissure (Figure 3.6), the corpus callosum, external capsule,
internal capsule (Figure 3.6 and 3.7) and the mammillothalamic
tract contained the highest levels of R-BuTX acceptors. Very low
grain densities were found over the lateral olfactory tract. The
optic nerve was unlabelled, while the optic chiasma and the optic
tract presented very low levels of toxin binding. Other myelin-
rich brain areas showed intermediate levels of labelling. In the

hindbrain, few B-BuTX acceptors were observed in the cerebellar

[0}

white mafier laminaes or in the cerebellar peduncle (Figure 3.9).
3.4.4.5, Spinal cord

The distribution of '23I-8-BuTX acceptors imn the spinal
cord is shown in Figure 3.1%. In agreement with the results in rat
brain, the central grey matter contained the highest levels of
toxin binding siftes, with the substantia gelatinosa binding
slightly more '?5I-B-BuTX <0.30 fmol/mm?) than the dorsal and
ventral grey horns (=0.28 fmol/mm®) although this difference was
not significant. The surrounding white matter was uniformly but
weakly labelled <(=0,086 f{fmol/mm?). These densities of B-BuTX
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Figure 3.10. Distribution of '?°]-8-BuTX zcceptors in the

spinal card

Darkfield autoradiograms of cervical spinal cord cryostat sections
labelled in 2.5 nM B-BuTX alone (a) or in the presence of 1 uM
unlabelled B-BuTX (b). Cu, fasciculus cuneatus; dH, dorsal horn;
Gr, fasciculus gracilis; 1Fu, lateral funiculus; SG substantia

gelatinosa; vFu, ventral funiculus; vH, ventral horn.
1



acceptors in grey and white matter are similar to those found in

the brainstem (medulla oblongatad.

3.4.5. i ] i - e ] ick

Cryostat sections from 1l-day-old chick brain were labelled
in 1 or 2.5 nM '?*I-f-BuTX and processed for autoradiography
(Figure 3.11). The level of '?SI-B-BuTX binding in chick brain was
generally very low, many structures remaining virtually unlabelled.
Apparently the binding also saturated at lower concentrations of
'25I-B-BuTX than in rat brain. Only certain grey matter areas were
prominently labelled. The quantitative distribution of '25I-B-BuTX
binding in chick brain is summarized in Table 3.4.

In the forebrain (telencephalon), the highest concentra-
tion of silver grains was found aver the ectostriatum. The paleo-
striatum was moderately labelled, while low 1levels of R-BuTX
acceptors were found in the neostriatum (Figure 3.1la).

A characteristic distribution of silver grains was found
over the optic lobes (Figure 3.11M). The superficial stratum
opticum, comprising the incoming fibres from the optic tract, con-
tained very few B-BuTX acceptors. Moderate amounts of acceptors
were found in the stratum griseum et fibrosum superficiale, the
stratum griseum centrale and the stratum griseum periventriculare.
The stratum album centrale contained a low level of binding sites.
High grain densities were found over the nucleus intercollicularis.
The formatio reticulatris lateralis of the brainstem contained
moderate acceptor levels.

In the cerebellum the molecular layer was strongly
labelled (Figure 3.11b and d), but no significant specific binding
was found in any other layer. The high levels of non-specific
binding over the granule cell layer, already mentioned for rat
brain, was always much more pronounced in chick cerebellum (Figure
3.11c and e): While the average non-specific binding in most brain
areas was =0.12 fmol/mm® (at 2.5 nM '2*I-f-BuTX), =0.2 fmol/mm? -were
found over the granule cell layer, with a somewhat lower amount

over the external granule cell layer.

3.5. Discussian
3.5.1. U . + — . e
A Dbiologically active '?°I-labelled derivative of B-BuTX
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Figure 3.11.

Representative darkfield images (silver grains appear white) of
autoradiograms from coronal crycstat sections of chick forebrain
(a), cerebelium with midbrain and optic lobes (b and c), or sagital
sections of cerebellum (d and e). All sections were labelled in
0.9 nM (d and e) or 1 n¥ (a,b and c) '?*I-8-BuTX alone (a,b and d
or in the presence of 1 pM B-BuTX (c and e). Forebrain:

al, accessory hyperstriatum; Es, ectostriatum; iH, intercalated
hyperstriatum; LP, lobus parolfactorius; N, neostriatum;

P, paleostriatum; vH, ventral hyperstriatum.

Optic lobe: 0, stratum opticum; GF, stratum griseum et fibrosum
superficiale; GC, stratum griseum centrale; AC, stratum album
centrale; GP, stratum griseum periventriculare; In, nucleus
intercollicularis; Re, formatio reticularis lateralis.
Cerebellum: EG, external granule cell layer; G, granule cell

layer; M, molecular layer; VW, white matter. All scale bars =1 mm.
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Table 3.4.

Relative
Specific binding of level of
1251-8-BuTX (fmol/mm?) at f-BuTX
Brain area studied 1 nX 2.5 nK acceptors
Forebrain
Accessory hyperstriatum 0.005 ¢t 0.017 t
Intercalated hyperstriatum  0.039 0.047 *
Ventral hyperstriatum 0.009 1t 0.016 ¢
Neostriatum 0.056 0.058 ¥
Ectostriatum 0.175% 0.201 S B
Paleostriatum 0.107 0.128 ¥ % ¥
Lobus parolfactorius 0 0
Stratum opticum 0.038 0.028 ¥
Stratum griseum et
fibrosum superficiale 0.112 0.126 * % %
Stratum griseum centrale 0.0093 0.107 ¥ %
Stratum album centrale 0.043 0.043 *
Stratum grissum
periventriculare 0.169 0.136 * % ¥
Nucleus intercellicularis 0.206 0.269% ¥ ok ¥ % &
Formatio reticularis
lateralis 0.082 0.130 * % #
Cerebellum
External granule cell
layer 0.006 t 0.035 t
Molecular layer 0.149 0.207 ¥ ¥ ¥ ¥
Granule cell layer 0.012 r 0.011 ¢
White matter laminae 0.018 ¢ 0.012 ¢

Cryostat sections were labelled with 1 or 2.5 aM '?°I-3-BuTX, and
autoradiograms were prepared using *H-semsitive Ultrofilm. These
autoradiograms were analysed by laser densitometry. Specific
binding of '*5I-3-BuTX was calculated by subtraction of the non-
specific binding. +t indicates tha®t the difference between the
togtal binding and the non-specific binding was not significant.
Relative levels of '**I-3~-BuTX binding at 2.5 nM are given as # for
comparison with the data in Table 3.3.
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has been used to map the distribution of B-BuTX acceptors in the
rat and chick central nervous systems. The pattern of '?®I-$-BuTX
binding was very similar to that observed by autoradiography using
*H~B-BuT{ (see Figure 3.4 and Othman et al., 1983). Thus, the
localization ©patterns aobserved reflect the distribution of
functional acceptors for the toxin rather than artifactual patterns
resulting from the radiolabelling method or the radionuclide
employed.

The wuse of '?°I-labelled 1ligands offers considerable
advantages in quantitative autoradiography. Firstly, due to the
short half-life of 1iodine-125, radiciodinated 1ligands can be
prepared with high specific activities. Secondly, the decay scheme
for '*%1 is complex, leading to the emission of several internal
conversion and Auger =lectrons per nuclear decay (Atkins, 1969),
and thus increasing the probability of detection. These aifects
allow much shorter exposuras times fto be used in autoradiography
with '%1 compared with °ZH. In the experiments presented here,
sections labelled with '?°I-f-BuTi were usually exposed for 1-4
days, while autoradiography with °H-8-BuTX yielded only faint
imagaes aven after 25 days. Thirdly, and most importantly, the
energy of the electrons emitted by '?I is higher than that of °H
glectrons (Atkins, 1969). While this (minimally) reduces the
autoradicgraphic resolution attainable, it has the effect of aboli-
shing the variable tissue quenching problem observed with °H
(Taylor =t al., 1984): In brain tissue white matter regions, being
denser than grey matter, absorb more °*H-electrons (Alexandsr et
al., 1981); tihis ieads to significant underestimates of the amount
of *H-ligand bound in white matter rich brain areas. A numper of
methods o0f «correcting <for this preoblem have DPeen describad
Unnerstall, 1985), but as none of these is
very reliable Clark and Hall (1986) have suggested that '2%I-
labelled probes should be used in preference to tritiated ligands
in autoradiography.

1257-1gbelled standards can easily be prepared %o cali-
brate the response of °H-semsitive Ultrofilm for quantitative auto-
radiography. Brain paste standards (Unnerstall et al., 1982 into
which an '?%I-labellad ligand has been incorporated (Israel =¢ al.,
1984; Rosténe and Mourre, 1985), have cutting properties and
densities similar to cryostat sections, and were therefore used in
this study. Because variations in section thickness affect the
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optical demnsity of the 1imags in '?I autoradiography, the
thicknesses of standard and experimental cryostat sections must be
identical. The response of Ultrofilm to '2°] was found to be very
reproducible, even when different batches of film were compared. A
natural logarithm plot of optical density versus radiation dose
always yielded a straight-line relationship (see also Unnerstall et
al., 1982; Israel et al., 1984) which was therefore used in all
conversions. )

Following quantitative analysis, densities of radioligand
bound are frequently presented per mg of protein by comparison with
the protein content of the brain paste standards. This conversion
is not, however, valid because a) the protein content of the brain
paste standards may differ from that of tissue cryostat sections
and b) the fissue protein content is not uniform. Densities of
125]-B-BuTX binding are therefore cited here per unit section area
as recomnmended by Clark and Hall (1986). Vhen a number of sections
from different brain areas were compared, they were found to have

an average protein content of 1.2 pg/mm? (section thickness 10 um).

A computer-linked laser densitometer designed to scan
polyacrylamide gels and autoradiograms thereof 1in ome or two
dimensions has been used to measure opiical densities of Ultrofiim

images of toxin-labelled cryostat sections. The scanner was used

=

in the high resclution mode in two dimensicns. Measurements o
optical densities were very reproducible: VWhen images of standard
sections were scanned repeatedly over several months, identical
readings were always obtained. Although the resolution achievable
varied with the size of the image scanned (Section 3.3.%), the
highest possible resolution (10um) was comparable to fthat of the

trofilm autoradicgraphic methed when silver grain size and
scatter of the signal electrons are taken into consideration.
Laser densitometry also avoids the problems of glare and uneven
back-illumination associated with manual densitomeiry methods;
where the autoradiographic image is projected onto a photodiaode
using an enlarger (see e.g. Pan et al., 1281l; Penney et al.,
1984a,b; Greenamyre et al., 1984), or some computerized systems
which use projection of the image onto a video camera linked to a

digitizer (e.g. Altar et al., 1984; Baskin et al., 1986 and

*

references therein). Although soms of the video camera-linked
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computarized analysis systems have much more sophisticated image

processing capabilities, the laser scanner system was satisfactory

for the studies described here.

Py

B-BuTX accepfors ia both the rat and chick central nervous systems.

This agrees with the potent foxicity of 8-BuTX in the brain (Hanley
and Emson, L879; Othma 2t al., 1882), Focal intra-cerebral
injections of R3-BuTX caused local lesions with neurcnal cell death
and glial proliferaticn. Ths cersbral cortex, siriztum and hippo-

P J
udies (Hanley and Emson, 1979; Gulya =t al., 1984)., p-BuTX alsc

had potent =slectrophysiclogical effects on siices from olfactory

cortex and hippocampus <(Halliwell et al., 1232; Halliwell and
Polly, 1932; see also Chapter 1, Section 1.3.4) In accaordance
with these obssrvations, specific high affinity B-BuTl acceptors

binding sites have alsoc been found in the

Quantitative autoradiography has permitied studiss of the

binding parameiters (Ks« and Beax) 0of the J3-BuTX acceptors in

n
was dependent on divalent cations, and ths distribufion of the

acceptors was the same when sSections were labelled in the presence

1
here was no evidence for '2°I-5-2uTX
binding to a low affinity site similar to that aobserved on synapto-
somes when imidazole buffer is used in the incubation (Dolly et
al.,, 1887). The physioclogically irrelevant
site detected in some very early binding experiments in chick mem-
brane preparations (Rehm and Betz, 1982) may, however, Dbe respaon-

sible for some of The comparatively high non-specific binding

o

obsarved over cell layers in some experiments (cf. Sections
3.4.4.3 and 3.4.5). It is interesting in this ccatext that fhis

low affinity °’2%I-8-BuT{ ©binding to «chick ©brain membranes



disappearad when the membranes were treated with decxyribonuclease
(Rehm and Betz, 1982)

In keeping with the lack of neurotransmitter specificity
of B~BuTX in the central nervous system (see Chapter 1, Section
1.4.5), the distribution of the accepiors described here does not
resemble that of any neurotransmitter receptor, or of any neuro-
transmitter uptake sites mapped so far (for further references on
these distributions, see Kuhar et al., 1986). In particular, there
was no correspondence to cholinergic systems (reviewed by Wainer ei
al., 1984; see also Clarke =t al., 1985). Only glutamate receptars
(Greenamyre =t al., 1984; Halpain et al., 1984) and aspartic/gluta-
mic acid uptake sites (FParsons and Rainbow, 1983) have a widespread
distribution %hat 1is superficially similar to that of B-BuTX
binding (=.g. [(*Hlglutamate <shows extensive binding 1in the
forebrain, with a distinct rostral to caudal gradient, patchy
labelling in the striatum and prominent binding to hippocampal and
cerebellar synaptic layers, while white matter areas contain only
low levels of binding sites), bput the distributions of glutamate
receptors and R-3uTX binding sites differ in certain brain regions
(e.g. B-Bul{ binds strongly in the midbrain, brainstem and spinal
card, while glutamate 1labels prominently only the substantia
gelatinosa; Greenamyre et al., 1984). In this regard it is note-
worthy that glutamate is almost universally excitatory, suggesting
that glutamate receptors exist on most central neurones (Watkins
and Evans, 1981). Furthermore glutamate synapses have Dbeen
ested to be one of the targets for the presynaptic action of

- I~

fox
Q
uTX in olfactory cortex or hippocampus slices (Halliwell et al.,
2; Halliwell and Dolly, 1832).

The distribution of (-BuTX accepfors broadly corresponds
to the density of synapses in rat brain as deduced from the immuno-

nistochemical localization of the synaptic marker synapsin I (De

. -

Camilii =% al., 1983), Synapse-rich arsas such as the cerebra

o

cortex, the stratum oriens and radiatum of the hippocampus and,
particularly, the stratum moleculare of the dentate gyrus, as well
as the molecular layer of the cerebellum, are prominently labelled
by B-BuTX. This agrees with the apparent enrichment of B-BuTX
acceptors in synaptosomes as compared to cryostat sectiomns notad in
Section 2.5.3, and also concurs with the electrophysiclogical
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studies (Halliwell et al., 1982; Halliwell and Dolly, 1982) which
revealed a primary effect of B-BuTX in reducing neurotransmitter
release presynaptically, with the postsynaptic response being
unaffected at the time when the presynaptic blockade was caomplete
(Section 1.3.4). However, due to the limited resolution of the
autoradiography method used here, an 2xclusively synaptic location
of the acceptors cannot be deduced. Furthermore, while the
acceptors were noticably enriched in synaptic areas, low but
significant levels were cbssrved in white matter regions, although
the optic nerve was unlabellad.

The '?%1-3-BuTX binding demonstrated here was blocked with
high efficacy by DIX (see alsc Section 2.4.2), the facilitatory
neurgtoxin which has been shown to block certain rapidly activating
voltage-sensitive K* «currents (Section 1.4.3). Furthermore,
following the demonstration of the interaction of S-BuTX and DTX in
a number of systems (Section 1.3, B-BuTX has also recently been
shown to block some K* currents (Peterssen et al., 1986; Anderson et
al., 1987). In view of the predominance of f-BuT{ acceptors in
synapse-rich areas, it appears that the toxin may act on a synaptic
K* channel which may be critically involved in the control of
neurotransmitter release. It will, therefore, be of interest fo
caompare the distribution of the high affinity B8-BuTX binding sites
with that of DTX acceptors, particularly since the higher site con-
tent of DTX acceptors, both on synaptosomes (Section 1.3) and
cryaostat sections (Chapter 2) suggests that B-BuT{ labels one sub-
group of the DTX sensitive K* channels. DTX acceptors have been
localized directly, as will be described in Chapter 4. A number of
other ion channels have also been mappad in the rat central nervous
stem using autoradiography methods similar to the one employed
here {e.g. Na' channels have been studied using {(*Hltetrodotoxia or
[(*Hlbatrachaotaoxin, Ca®*'-dependent K' channels wusing '**I-apamin,
while Ca?' channels have been identified with a number of ligands),
and their distribution will be compared to those of the R-BuTX and
DTX acceptors in the Discussion to Chapter 4 (Section 4.4.%). ‘

. cca r 3 C

3.2,

[8]]

Quantitative autoradiography revealed much lower S-BuTX
acceptor densities in chick brain cryostat sections than in similar
sections from rat brain. This may be due to the immaturity of the
l-day-old chick tissue studied, which may not yet have expressed
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the acceptors to their final levels. Brain areas which are more
mature in the young chick brain, like the optic lobes and the
cerebellum, contained higher densities of acceptors. The low
acceptor densities agree with the lower Bw.x value reported by Rehm
and Betz (1982) for '?%I-$-BuTX binding to synaptic membranes from
young chicks, compared to the levels of acceptors in adult rat
brain synaptosomes abserved by Dolly et al. (1987). The
distribution of R-BuTX acceptors in young chick cerebellum resem-

bled that found in adult rat cerebellum.
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CHAPTER 4

4,1, Introduction

Specific acceptors binding '25I-DTX with high affinity
have been identified on cryostat sections from both rat and chick
brain (Chapter 2). Like the DTX acceptors on synaptosones
(Sections 1.4.4 and 1.5), the acceptors on cryostat sections show a
complex interaction with f-BuTX (see Sectiom 2.5.4). This suggests
some heterogeneity among the DTX acceptor population with respect
to their affinity for B-BuTX. In the present Chapter, DTX accep-
tors on cryostat sections have been studied by quantitative sheet
film autoradiography methods, in order to compare their distribu-
tion with that of the B-BuTX acceptors, which have already been
successfully localized in Chapter 3. To examine whether different
DTX acceptor variants are distinctly localized, the interaction of

f-BuTX with '2*I-DTX binding has also been studied by autoradio-

graphy.

4,2. Materials and Methaods

All materials used, and the procedures for the prepara-
tion, labelling and autoradiography of cryostat sections, and for
the quantitative analysis of the resulting Ultrofilm images were as

detailed in Chapters 2 and 3.
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4.3, Results

4.3.1. Distribution of DTX Acceptors in the Rat Central

Nervous System
Like '2*I-B~BuTX binding, the binding of '2*I-DTX to cryo-

stat sections of rat brain saturated at low toxin concentrations
(see Section 2.4.1.2 and Figure 2.3a). To allaw comparison with
the distribution of '?*I-B-BuTX acceptors described in Chapter 3,
cryaostat sections from variocus brain areas were labelled in 2-
2.5 nM '?°]1-DTX and exposed to 3H-sensitive Ultrofilm. A set of
representative darkfield autoradiographic images is shown in Figure
4.1, Autoradiograms were also analysed quantitatively by laser
densitometry. The '?*I-DTX labelling thus observed was saturable,
as it could be blocked efficiently by unlabelled DTX. The level of
non-specific binding, determined in the presence of 1 pM DIX, was
0.015-0.03 fmol/mm?, representing €¢10% of the total '2I-DTX binding
in most brain areas. Levels of specific binding, calculated by
subtracting the nan-specific from the total binding, are summarized
in Table 4.1.

In keeping with the overall higher Ba..x 0f DTX compared to
$-BuTX on cryostat sectioms (Chapter 2, Table 2.5), '?I-DTX bound
to more acceptors than '2°I-8§-BuTX in all brain areas examined
(Table 4.1). Furthermore inspection of Figure 4.1, in comparison
to Figure 3.2, reveals a more widespread distribution of the DTX
acceptors: In addition to synapse-rich grey matter areas, '?I-DTX
also labelled white matter regions and myelin-rich fibre tracts. A
detailed description of the distribution of '2°I-DTX binding is
given belaw. Levels of specific '?I-DTX binding were again
classified into groups as defined in the legend to Table 4.1. It
should be noted that, since the absaolute levels of specific
126]-DTX binding were higher, these density bands are wider than
those used to describe '2¢I-f§-BuTX binding in Chapter 3.

4.3.1.1, The telencephalon
In the rhinal system, the anterior olfactory nucleus
(Figure 4.la) contained moderate and the olfactory tubercle (Figure
4.2a) law levels of DTX acceptors. The frantoparietal cerebral
cortex exhibited a high level of specific '?I-DTX binding, with
the acceptor content increasing posteriorly. On some sections the
number of DTX acceptars in lamina IV of the cortex appeared to be
slightly reduced (see e.g. Figures 4.1b,e,f and 4.2). Very high
-113 - (continued on p. 1200



Figure 4.1.

Representative darkfield images of autoradiograms from cryostat
sactions of rat forebrain at the level of the anterior olfactory
nucleus (a’, anterior (b> and posteriar {(c) caudate putamen,
anterior (d), mid (e and i) and posterior (f) hippocampus, and of
cerebellum with brainstem (g and h). All sections were labelled in
2-2.5 nM '?*1-DTX alcne (a-h) or in the presence of 1 pM DTX (i).

4s the images represant the results of different experiments and
were printed separately, grain densities cannot be compared between
photographs.

A, amygdala; AC, anterior commissure; AO, anterior olfactory
nucleus; CBL, cerebellum; CC, corpus callosum; CP, caudate putamen;
Cu, cuneate nucleus; DB, diagornal band; f, fornix; FC, fronto-
parietal cortex; gCC, genu of corpus callosum; GP, globus pallidus;
HC, hippocampal formation; Hy, hypothalamus; I, insular cortex;

Ip, inferior cerebellar peduncle; Ld, laterodorsal thalamic
nucleus; LG lateral geniculate body; LS, lateral septal nucleus;
LoT, lateral olfactory tract; NA, nucleus accumbens; ON, optic
nerve; 0T, optic tract; 0X, optic chiasma; PC, posterior cingulate
cortex; Po, posterior thalamic nuclear group; Py, pyramidal tracts;
Re, reticular feormation; Sm, stria medullaris thalami; SpB, nucleus
of the spinal trigeminal nerve; ST, spinal trigeminal nerve; Su,
subiculum; Th, thalamus; Tu, olfactory tubercle; V, vestibular
nucleus; VW, cerebellar white matter bundles; ZI, =zona incerta.

Scale bar {inr 2) =2 mm.
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Table 4.1. Distribution of '2°I-DTX accepltors in the rat central pervous system

128T-DTX Relative DTX/R-BuTX
bound specifically content of DTX binding
Region n® (fmol/mm?) acceptors ® ratio ©
GREY MATTER
Anterlor olfactory nucleus 2 0.317 <« 0.062 L3 A 1.9
Olfactory tubercle 4 0.226 <+ 0.031 * # 2.4
Cerebral cortex
Frontoparietal (anterior to Bregma) 3 0.647 <+ 0.072 L B 2 N 2.0
Frontoparietal (posterior to Bregma) 3 0.765 <+ 0.065 2R B BE 3R B 3.1
Insular cortex 3 0.247 <+ 0,044 * % 1.8
Posterior cingulate cortex 3 0.913 £ 0,148 ERE B K K B 2 | 2.8
Forebrain
Caudate putamen 4 0.461 £ 0,031 IR IR R 1.8
Globus pallidus 3 0.573 £ 0.040 E IR 2 3.7
Nucleus accumbens 4 0.288 + 0,028 * % 1.5
Lateral septal nucleus 3 0.3656 £ 0.032 LR I 1.6
Basal nuclei 3 0.342 £ 0.026 L 2.6
Cortical nucleus 3 0.386 <+ 0.036 LK 3K 3.1
Lateral nucleus 1 0.432 LR I 2.1
CA\-CAz: Stratum orlens 3 0,630 <+ 0.055 LA B 2 3 3.1
Pyramidal cell layer 3 0.432 £ 0.043 L3R O 3.2
Stratum radiatum 3 0.624 <+ 0.041 LR B K B 2.9
Subiculum 2 0.437 + 0,117 3 % 1.8
CAs: Stratum oriens 3 0.665 <+ 0,036 E 2R 3R 2R AR 4,1
Pyramidal cell layer 3 0.473 £ 0.042 t 2K B 3K 4.5
Stratum radiatum 3 0.692 =+ 0,049 E2E B 2R 2N - 3.7

contd.
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Table 4.1, (contd.) 1251-DTX Relative DTX/B-BuTX
bound specifically content of DTX binding
Region n* (fmol/mm?) acceptors ® ratio ©
Dentate gyrus: Stratum moleculare 3 0.683 <+ 0.045 E AR 2R B IR 2.2
Granule cell layer 3 0.354 £ 0.034 * % % 2.7
Hilus 3 0.515 =z 0.017 R R R 2.7
Lateral habenular nucleus 4 0.656 £ 0,073 2R 2N IR R 6.3
Medial habenular nucleus 4 0.389 =+ 0.077 * * % 4,9
Thalamus
Laterodorsal nucleus 3 0.669 = 0.047 LK R R 2 2.9
Ventraposterior nucleus 3 0.938 <+ 0.088 LR IR BE B | 5.1
Reuniens nucleus 2 0.463 <+ 0.013 3R R AN 5.1
Posterior nuclear group 4 0.710 £ 0.084 EE K 2R 2R 4.7
Ventromedial nucleus 2 0.336 <+ 0,044 LB | 4,1
Arcuate nucleus 3 0.208 = 0,039 * # 7.3
Lateral hypothalamic area 3 0.629 £ 0.103 LR 2R 3 3R 8.2
Premammillary nucleus 3 0.314 <+ 0,026 % %
Zona incerta 4 0.777 = 0.099 E 2 I 3 AR
Entopeduncular nucleus 1 0.954 E 2R 2R BN 3R
Adenohypophysis 1 0.004
Neurohypophysis 1 0.046 *
Substantia nigra 1 0.587 I B AR ;
Superior collic. superficial grey layer 1 0.322 * % #
Superior colliculus optic nerve layer 1 0.670 2R K BE B
Inferior colliculus 1 0.661 E 2R B BE B
Lateral geniculate nucleus 2 0.654 £ 0.042 E 2R 2K 3R B | 5.6
Medial geniculate nucleus 1 0.872 R 2R IR O
Central grey 1 0.610 LR B 2R A
Interpeduncular nucleus 1 0.462 C R B B
Pineal body 1 0.054 *

contd.
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Table 4.1. (contd.) 128T-DTX Relative DTX/B-BuTX
bound specifically content of DTX binding
Region n* (fmol/mm?) acceptors ® ratio
Cerebellum
Molecular layer 4 0.628 + 0.045 E2E BE 3 3R 3.9
Purkinje cell layer 3 0.824 <+ 0,077 E2E 28 3% 3R 2 4.5
Granule cell layer 4 0.409 =+ 0.040 * & ¥ 3.8
Brainstem
Cochlear nucleus 2 0.533 t 0,098 LA B 2 2.7
Reticular formation 2 0.77% £ 0.160 AR IR BE 3R B J 4.2
Vestibular nucleus 2 0.615 £ 0.106 E O B 2 O 3.0
Nucleus cuneatus 2 0.801 =+ 0.222 L3R JE BE 2K 2 ° 3.7
Nucleus gracilis 1 0.773 L2 B 3R 3R 2
Nucleus of spinal trigeminal nerve 2 0.957 <+ 0.164 t R 2 B BE | 4.3
Nucleus of hypoglaossal nerve 1 0.886 E 2R 2R 3R IR B 4.0
VHITE MATTER
Lateral olfactory tract 3 0.422 <« 0,089 * * % 24.8
Anterior commissure 4 0.541 < 0.029 EBE B B 5.3
Corpus callosum 5 0.682 <+ 0.073 LK 2R K I 6.1
External capsule 3 0.550 <+ 0,064 2R 2 2 4.9
Internal capsule 3 0.523 <« 0,085 E I B I 5.0
Diagonal band 3 0.469 <+ 0.049 LR I IR 5.3
Fornix 3 0.455 £ 0,056 LK IR R 6.1
Optic nerve 1 0.305 * & % No f-BuTX ¢
Optic chiasma 2 0.391 £ 0.068 LS B 9.8
Optic tract 3 0.388 <+ 0.069 LK B 7.9
Fimbria hippocampi 3 0.444 £ 0.017 LR 7.4
Stria medullaris thalami 3 0.512 £ 0.050 IR I B 5.3
Mammillothalamic tract 4 0.686 + 0,138 LR BE B B 6.2
Posterior commissure 2 0.297 £ 0.147 LI
Lateral lemniscus 1 0.513 LK B
Cerebral peduncle 1 0.409 L
Cerebellar white matter 4 0.624 =+ 0,038 LR BE B B 11.3

contd.
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Table 4,1. (contd.) '28T-DTX Relative DTX/B-BuTX
bound specifically content of DTX binding

Region ne (fmol/mm?) acceptors ® ratio *©
Inferior cerebellar peduncle 2 0.480 == 0,195 % % ¥ 17.1
Spinal trigeminal nerve 2 0.491 <+ 0,157 LR B B 7.4
Pyramids 2 0.539 £ 0.121 t IR I 7.9
SPINAL CORD

Substantia gelatinosa 2 0.827 + 0.079 LI I B

Dorsal horn 2 0.747 £ 0.053 E K B IR B | 2.9

Ventral horn 2 0.796 + 0,075 LR B BE 3K B J
¥hite matter

Fasciculus gracilis 2 0.469 £ 0,082 L S R

Fasciculus cuneatus 2 0.302 £ 0.015 L 4.6

Dorsal and lateral funiculi 2 0.409 =+ 0.024 L B

Cryostat sections were labelled with 2-2.5 nM '?%I-DTX, and autoradiograms were prepared using °H-
sensitive Ultrofilm. These autoradiograms were analysed by laser densitometry as described in
Chapter 3.

a: n 1s the number of experiments using different '25I-DTX preparations. Specific binding of
128]-DTX was determined by subtraction of the non-specific binding and is given as mean * S.E.M.
b: Relative levels of '?28I-DTX binding in fmol/mm? are given as:

Very law = ¥ =0 - 0.149;

low = ¥ ¥ = 0,150 - 0,299;
moderate = % % ¥ = 0.300 - 0.449;
moderately high = % % ¥ % = 0.450 - 0.599;
high = % % ¥ ¥ % = 0.600 - 0.749;
very high SN EREE. = 0.750 - 0.899.
very, very high = ¥ ¥ ¥ % ¥ ¥ % > 0.900.

The average protein content of cryostat sections was 1.2 pg/mm?.

c: The ratio of specific binding of '2I-DTX : specific binding of '2I-B~BuTX was calculated
from the data here and in Table 3.2.

d: There was no specific '?*I-f-BuTX binding in optic nerve,



Figure 4.2, Distribution of '251-DTX acceptors in rat forebrain

Darkfield images of autoradiograms from sections of rat forebrain at the level of
the caudate putamen (a) or hippocampus {(c) are shown together with scanned represen-
tations thereof (b and d, respectively). The sections were labelled with 2.5 nK
1257-DTX. Adjacent contraol sections incubated in 2.5 nM '?°I-DTX in the presence of
an excess of unlabelled DTX remained virtually unlabelled. Note that, in order to
include more detail, a fifth density band (showing areas binding 0.8-1.0 fmol/mm?* of
1287-DTX), which is unshaded, has been included in the scan shaown in (d).

A, amygdala; AC, anterior commissure; CC, corpus callosum; CP, caudate putamen;

DB, diagonal band; EC, external capsule; FC, frontoparietal cerebral cortex;

HC, hippocampal formation; I, insular cortex; IC, internal capsule; Ld, laterodorsal
thalamic nucleus; LS, lateral septal nucleus; LoT, lateral olfactory tract;

FA, nucleus accumbens; OF, optic nerve; 0T, optic tract; PC, posterior cingulate
cortex; Po, Posterior thalamic nuclear group; Tu, olfactory tubercle; vHy, ventral

hypothalamic area; Vp, ventroposterior thalamic nucleus; Zi, zona incerta.
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levels of toxin binding were observed in the posterior cingulate
cortex. In contrast the insular (rhinal) cortex showed only
moderate labelling.

A moderately high concentration of DIX binding sites was
also found throughout the neostriatum (caudate putamen and globus
pallidus, see Figures 4.1b,c,d and 4.2). A mottled pattern of
labelling was observed over the caudate putamen, with the density
of grains increasing in the dorsal and lateral aspects. The globus
pallidus appeared more uniformly labelled (Figure 4.1d). The
nucleus accumbens presented a low level of specific DTX binding.

In the amygdala (Figures 4.1d,e,f and 4.2c), the basal,
cortical and lateral nuclei all contained a moderate number of
toxin acceptors. A characteristic laminated pattern of
autoradiographic labelling was observed 1in the hippocampal
formation (Figure 4.3)., The synapse-rich strata oriens and radia-
tum exhibited high levels of DTX binding sites, while the pyramidal
cell layer was moderately 1labelled. The 1level of acceptors
increased laterally, with the strata oriens and radiatum and the
pyramidal cell layer in CAs binding more '2®*I-DTX than the same
layers in CA, and CA2. A moderate grain density was found over the
subliculum. The molecular layer of the dentate gyrus presented a
high level of DTX binding sites, comparable in intensity to the
labelling in the stratum radiatum in CAs, while the granule cell
layer contained only a moderate number of acceptors. The hilus of
the dentate gyrus showed a moderately high number of toxin

acceptors.

4,3,1.2. The diencephalon

The lateral septal nucleus presented a moderate density of
silver grains (Figures 4.1c and 4.2a). A high number of acceptors
occurred in the lateral habenular nucleus, while the medial habenu-
lar nucleus was moderately labelled.

In the thalamus (Figures 4.1d,e,f and 4.2c¢), the latero-
dorsal nucleus contained a high number of acceptors, while the
ventroposterior nuclear group was among the most strongly labelled
areas 1in the rat central nervous system. The =zona 1incerta
similarly exhibited very high levels of DTX acceptors. A high
level of labelling was also found over the posterior nuclear group.

The hypothalamus was among the less acceptor-rich areas of
the rat brain. The ventromedial nucleus showed a moderate, and the
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Figure 4.3, i i i 1267 feE = ; -

fmol |/ mm2

Cryostat sections were incubated in 2.5 nM '25I-DTX and exposed to
°H-sensitive film. (&) is a detail of an autoradiogram showing the
hippocampal formation, while (b) is a high resolution scan of the
area shown in (&), Note that, in order to include more detail, a
fifth density band showing areas binding 0.8-1.0 fmol/mm? of
'2°1-DTX, which is unshaded, has been included in the scan (b).
Hippocampal formation: F, fimbria; G, granule cell layer;

H, hilus; M, stratum moleculare; Or, stratum oriems; P, pyramidal
cell layer; R, stratum radiatum. CAl, CA2, and CA3 define the
subfields of the hippocampus, while DG identifies the dentate
gyrus. Other abbreviations: 3V, third ventricle; CC, corpus
callosum; LH, lateral habenular nucleus; LV, lateral ventricle;
MH medial habenular nucleus. Scale bar =1 mm.
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lateral hypothalamic area a high level of acceptors, while only laow
levels of silver grains were observed over the paraventricular and

arcuate nuclei.

4,.3.1.3. The pituitary

Autoradiograms of coronal sections through the pituitary
are shown in Figure 4.4. The adenohypophysis (anterior 1lobe) was
unlabelled, while a very low level of binding could be observed
over the neurchypophysis (posterior lobe). The level of labelling
was so law, however, that the sections had to be exposed to
Ultrofilm for 4 days (specific activity of '?8I-DTX =300 Ci/mmol)
before the grain densities were high enough to be measured
accurately. Forebrain sections incubated in parallel in the same
experiment (e.g. the section shown in Figure 4.1b) required only 1-
day exposure to prominently blacken the film.

4.3.1.4. The mesencephalon

Most midbrain nuclel contained moderately high to high
levels of DTX binding sites (Figure 4.5). The superficial grey
layer of the superior colliculus was covered by a moderate number
of silver grains, while high levels of labelling were observed over
the optic nerve layer (Figure 4.5a). The inferior colliculus also
exhibited a high 1level of DTX binding sites, The lateral
geniculate nucleus (Figure 4.1f) presented a high, and the medial
geniculate nucleus (Figure 4.5a) a very high density of acceptors.
High levels of DTX binding were also found in the central grey.
The substantia nigra contained a moderately high number of
acceptors. More posteriorly, the pontine reticular formation
showed moderately high and the nucleus pontls moderate labelling
(Figure 4.5b). The pineal body was very weakly labelled (Figure
4.5b), possessing a similar level of acceptors to that observed in

the neurohypophysis of the pituitary.

4,.3.1.5, Cerebellum and bralnstenm

Autoradiograms of '2%I-DTX labelled cryostat sections from
the cerebellum displayed a distinctive layered distribution of
silver grains (Figures 4.1g,h and 4.6). Very high levels of toxin
binding were found over the Purkinje cell layer. The molecular
layer contained a high, and the granule cell layer a moderate
density of silver grains.
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Figure 4.4. Digstribution of '2T-DTX acceptors in the pituitary

Darkfield images of autoradiograms from coronal sections of rat
pituitary labelled with 2.5 nM '?°*I-DTX alone (a) or in the
presence of 1 pM unlabelled DTX (b). HNeur identifies the neuro-
hypophysis (posterior lcbe), while Ad is the adenohypophysis
(anterior lobe). ©Scale bar (in a) =1 mm.

Figure 4.5. i i i 1267~ e o dize. difia

Darkfield images of autoradiograms from coronal sections of rat
brain cut at the level of the substantia nigra (a) or the inferior
colliculus (b). The sections were labelled with 2.5 nM '25I-DTX,
Adjacent control sections incubated in 2.5 nM '**I-DTX in the
presence of an excess of unlabelled DTX remained virtually
unlabelled. CG, central grey; Cp, cerebral peduncle; IColL,
inferior colliculus; 1L, lateral lemniscus; MG, medial geniculate
body; Pi, pineal body; PN, nucleus pontis; PR, pontine reticular
formation; SCol; superior colliculus; SN, substantia nigra.
Scale bar (in a) =2 mm.
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Figure 4.6. Distribution of '2%I-DTX acceptors in the cerebellum
brainste

(ay

(b

0.8

f mol / mm?

A darkfield image of an autoradiogram from a cryostat section
of rat cerebellum and brainstem, labelled in 2.5 nM '25I-DTX.
An adjacent control section incubated in 2.5 nM '?SI-DTY in the
presence of an excess of unlabelled DTX remained virtually
unlabelled,

Cerebellum: G, granule cell layer; M, molecular layer;

Pu; Purkinje cell layer; V¥, white matter. Other abbreviations:
Cu, cuneate nucleus; Py, pyramidal tracts; Re, reticular
formation; SpS, nucleus of the spinal trigeminal nerve;

ST, Spinal Trigeminal nerve; V, vestibular nucleus.

is a scanned representation of the image shown in (a). Again
some very prominently labelled areas (e.g. in the nucleus of
the spinal trigeminal nerve) are included in a fifth density
band showing areas binding 0.8-1.0 frmol/nw* of '25I-DTX, which
remains unshaded,



The brainstem nuclei bound moderately high to very high
levels of '?®I-DTX (Figures 4.1g,h and 4.6), The cochlear nucleus
exhibited a moderately high, and the vestibular nucleus a high
density of DTX acceptors. The cuneate and gracile nuclel, as well
as the nucleus of the hypoglossal nerve and the formatio reticula-
ris presented high numbers of toxin acceptors. Very high levels of
labelling were found over the nucleus of the spinal trigeminal

nerve.

4.3.1.6. White matter tracts

In contrast to the labelling obtained with '251-8-BuTX
(Section 3.4.4.4), brain areas rich in myelinated tracts generally
contained moderate to high densities of '?®*I-DTX binding sites.
Anteriorly, the lateral olfactory tract exhibited moderate and the
anterior commissure moderately high numbers of acceptors (Figures
4.1la,b,¢c and 4.2a). The corpus callosum, and the external and
internal capsule (Figures 4.la-f and 4.2) bound moderately high or
high levels of '?*I-DTX. The optic nerve, the optic chiasma and
the optic tract were labelled moderately by the toxin <(Figures
4,1c,d,e and 4.2). The fimbria of the hippocampus (Figure 4.3)
presented a moderate number of acceptors, while +the stria
medullaris thalami, which envelopes and penetrates the lateral
habenular nuclei <(see e.g. Figure 4.1c), showed moderately high
labelling. A high grain density was found over the mammillo-
thalamic tract. In the midbrain, the posterior commissure (Figure
4.1f) contained a low level of DTX acceptors, while the cerebral
peduncle (Figure 4.5a) exhibited moderate and the lateral lemniscus
(Figure 4.5b) moderately high densities of silver grains. The
cerebellar white matter laminae (Figures 4.1g,h and 4.6) presented
high numbers of DIX binding sites. Moderately high grain densities
were observed over the inferior cerebellar peduncle, the spinal

trigeminal nerve and the pyramidal tracts (Figures 4.1g,h and 4.6).

4,3.1.7. The spinal cord

The distribution of DTX acceptors in the spinal cord is
shown in Figure 4.7a. The central grey matter contained high or
very high levels of toxin binding sites. In particular, the
substantia gelatinosa and ventral horn were prominently labelled.
By contrast, very few silver grains were found over the posterior
marginal nucleus adjacent to the substantia gelatinosa (Figure
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Figure 4.7. Distributiop of '2I-DTX acceptors in the spinal cord

Darkfield autoradiograms of cervical spinal card cryostat sections
labelled in 2.5 nM '?®*I-DTX alone (a’ or in the presence of 1 uM
unlabelled R-BuTX (b). Adjacent control sections incubated in

2.5 n¥ '?*I-DTX in the presence of an excess of unlabelled DTX
remained virtually unlabelled. Cu, fasciculus cuneatus; dH, dorsal
horn; Gr, fasciculus gracilis; 1Fu, lateral funiculus;

PMN, posterior marginal nucleus; 8G substantia gelatinosa;

vFu, ventral funiculus; vH, ventral horn. Scale bar =1 mm.



4.7a), The white matter areas generally showed moderate toxin
binding, while the fasciculus gracilis presented a moderately high
number of acceptors. Thus, as for B-BuTX (see Section 3.4.4.5),
the densities of DTX acceptors in the spinal cord grey and white

matter areas were similar to those found in the brainstem.

4.3.2, Evidence for Heterogeneity of DTX Binding Sites in Rat
Brain
The binding studies with '?°I-DTX on cryostat sections
described in Chapter 2 have already given some indications of
possible heterogeneity or variability among the DTX binding sites
in rat brain (cf. Section 2.5.4). More direct evidence that DTX
labels several acceptar sub-types or variants was obtained using

quantitative autoradiography, as detailed below.

4.3.2.1. B-BuTX distinguishes two types of ’'?5I-DTX binding sites

It has already been noted above (Section 4.3.1) that all
brain areas which have been examined specifically bound higher
levels of '?*I-DTX than of '25I-8-BuTX. Furthermore, Table 4.1
shows that the ratio of DTX : B-BuTX binding varied in different
parts of the rat brain., In the frontoparietal cerebral cortex and
most forebrain areas <(e.g. In the anterior olfactory nucleus,
olfactory tubercle, caudate putamen or amygdala) the ratio of DTX :
f~BuTX binding ranged from 2 to 3. Areas which contained relative-
ly higher concentrations of $-BuTX acceptors, such as the nucleus
accumbens or the lateral septal nucleus (cf. Table 3.3), bhad a
lower ratio of sites (=1.5). In the hippocampus, where the density
of '?1-8~BuTX binding sites decreased laterally (in CAs; relative to
CAy and CA2), while that of '*I-DTX binding increased in CAs, the
DTX : $-BuTX ratio also increased laterally, from ~3 in CA, and CA:
to ~4 in CA;. The thalamus showed a DTX : R-BuTX binding ratio of
-5, except in the laterodorsal nucleus, which was prominently
labelled by '2%I-8-BuTX (e.g. compare Figure 3.7 and Figure 4.2b).
In the cerebellum and brainstem, the DIX : B-BuTX ratic varied
between 3 and 4. However, all white matter regions exhibited DTX :
f-BuTX ratios of at least ©, and often significantly higher. It
should be noted that in these white matter regions, where the
levels of '2%I-DTX and '?*I-B~BulX binding were very different, a
small error in the measurement of either can cause a major change
in the ratio. This may explain the wide range of binding site
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ratios (5-25, cf. Table 4.1) observed here. In the spinal cord,
the DTX : B-BuTX ratio varied between ~3 in the grey matter areas
to again close to 5 in the surrounding white matter.

Vhen cryostat sections were labelled with '2°I-DTX im the
presence of a 400- to 500-fold excess of unlabelled B-BuTX (i.e. in
2-2.5 nM '**I-DTX + 1 pM B-BuTX) the levels of specific '25I-DIX
binding observed were significantly reduced. A set of
autoradiograms of sections labelled under these conditions is shown
in Figure 4.8; note that these images were from sections adjacent
to those shaown in Figure 4.1. It is striking that the major
propartion of the residual '2?°I-DTX binding is found in white
matter tracts <(e.g. the anterior commissure, lateral olfactory
tract, corpus callosum, external and internal capsule, aptic
tracts, the cerebellar white matter bundles, spinal trigeminal
nerve and pyramids) or in areas frequently traversed by myelinated
fibres, such as the thalamus or the brainstem reticular formation.
The white matter bundles passing through the caudate putamen, and
the fibres penetrating from the corpus callasum and external
capsule into the frontoparietal cortex (the corona radiata) are
clearly differentiated.

Selected autoradiograms from these experiments have also
been analysed by scanner densitometry. Some representative scans
are shown in Figures 4.9 and 4.10; these images are from sections
adjacent to those in Figures 4.2 and 4.6, respectively. HNote, how-
ever, that in order to 1include more detailed information the
shading bands used in Figures 4.9 and 4.10 in the scanned images
are narrower €0.1 fmol/mm? intervals) than those in Figures 4.2 and
4,6 (0.2 fmol/mm* intervals). In addition, levels of B-BuTX-resis-
tant '?*I-DTX binding are reported in Table 4.2.

Approximately 20% of the specific '?°I-DTX binding in the
frontoparietal cerebral cortex appeared resistant to blockade by
1 pyM B-BuTX. This residual labelling corresponded largely to the
corona radiata fibres. In contrast, R-BuTX blocked ~90% of- the
specific '?°I-DTX binding in the posterior cingulate cortex, which
is one of the areas more prominently labelled by '2°I-8-BuTX (cf.
Chapter 3, Section 3.4.4.1). In most anterior forebrain areas
(e.g. the olfactory tubercle, nucleus accumbens and lateral septal
nucleus, Figure 4.%9a), as well as in the amygdala and in the hippo-
campal formation (Figure 4.9b), <10% of the specific '2%I-DTX
binding was resistant to blockade by excess B-BuTX. The caudate
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Representative darkfield images of autoradiograms from cryostat
sections of rat forebrain at the level of the anterior olfactory
nucleus (a), anterior (b) and posterior (¢) caudate putamen,
anterior (d), mid (e) and posterior (f) hippocampus, and of
cerebellum with brainstem (g and h). The images shown are from
sections adjacent to those in Figure 4.1. All sections were
labelled in 2-2.5 nK '?2°I-DTX in the presence aof 1 pM unlabelled
B-BuTX. As the images represent the results of different
experiments and were printed separately, grain densities cannot be
compared betwsen photographs.

A, amygdala; AC, anterior commissure; AO, anterior olfactory
rnucleus; CBL, cerebellum; CC, corpus callosum; CP, caudate putamen;
Cu, cuneate nucleus; DB, diagonal band; £, fornix; FC, fronto-
parietal certex; gCC, genu of corpus callosum; GP, globus pallidus;
HC, hippocampal formation; Hy, hypothalamus; I, insular cortex;

Ip, inferior cerebellar peduncle; Ld, laterocdorsal thalamic
nucleus; LG lateral geniculate body; LS, lateral septal nucleus;
LoT, lateral clfactory tract; NA, nucleus accumbens; OK, optic
nerve; 0T, optic tract; OX, optic chiasma; PC, posterior cingulate
cortex; Pao, posterior thalamic nuclear group; Py, pyramidal tracts;
Re, reticular formation; Sm, stria medullaris thalami; Sp5, nucleus
of the spinal trigeminal nerve; ST, spinal trigeminal nerve; Su,
subiculum; Th, thalamus; Tu, olfactory tubercle; V, vestibular
nucleus; W, cerebellar white matter bundles; ZI, zona incerta.

Scale bar (in a) =2 mm.
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Figure 4.9, 1287 -
of excess unlabelled R-BuTX

Darkfield images of autoradiograms from sections of rat forebrain at the level of
the caudate putamen (a) or hippocampus (c) are shown together with scanned represen-
tations thereof (b and d, respectively). The sections were labelled with 2.5 nK
126]-DTX in the presence of 1 uM unlabelled R-BuTX. These images are from sections
adjacent to those shown in Figure 4.2.

4, amygdala; AC, anterior commissure; CC, corpus callosum; CP, caudate putamen;

DB, diagonal band; EC, external capsule; FC, frontoparietal cerebral cortex;

HC, hippocampal formation; I, insular cortex; IC, internal capsule; Ld, laterodorsal
thalamic nucleus; LS, lateral septal nucleus; LoT, lateral olfactory tract;

NA, nucleus accumbens; ON, optic nerve; OT, optic tract; PC, posterior cingulate
cortex; Po, Posterior thalamic nuclear group; Tu, olfactory tubercle; vHy, ventral

hypothalamic area; Vp, ventroposterior thalamic nucleus; Zi, zona incerta.
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Figure 4.10. Distribution of '2*I-DTX binding in the cerebellum

f mol / mm?

(@) A darkfield image of an autoradiogram from a cryostat section

of rat cerebellum and brainstem, labelled in 2.5 nM '25]-DTX in

the presence of 1 uM unlabelled B-BuTX. The image shown is
from a section adjacent to that in Figure 4.6,
Cerebellum: G, granule cell layer; M, molecular layer;

Pu; Purkinje cell layer; W, white matter. Other abbreviations:

Cu, cuneate nucleus; Py, pyramidal tracts; Re, reticular
formation; Sp5, nucleus of the spinal trigeminal nerve;
ST, spinal trigeminal nerve; V, vestibular nucleus,

(b) is a scanned representation of the image shown in <(a).
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Table 4.2. Distribution of '2°I-DTX binding in the presence of
excess unlabelled 8-BuTX

126]-DTX bound % of '25I-DTX

specifically binding not
Region n* (fmol/mm?) blocked ®
GREY MATTER
Olfactory tubercle 3 0.019 £ 0.009 8.4
Frontoparietal cerebral cortex 7 0,131 £ 0.028 18.6
Posterior cingulate cartex 5 0.091 £ 0,020 10.0
Caudate putamen 5 0.07% £ 0,017 16.3
Globus pallidus 3 0.181 = 0,072 31.6
Nucleus accumbens 3 0.030 £ 0.012 10.4
Lateral septal nucleus 3 0.040 £ 0.021 11.0
Basal/cortical amygdala 4 0.036 =+ 0.009 9.9
CAs;: Stratum oriens 4 0.054 £ 0.011 8.1
Pyramjdal cell layer 4 0.042 £ 0.011 8.9
Stratum radiatum 4 0.057 £ 0.015 8.2
Dentate gyrus: Stratum moleculare 4 0.063 £ 0.020 9.2
Granule cell layer 4 0,038 £ 0.011 10.7
Lateral habenular nucleus 3 0.216 £ 0,040 32.9
Medial habenular nucleus 2 0.061 =+ 0.038 15.7
Thalamus: Laterodorsal nucleus 4 0.114 £ 0.035 17,0
Ventropasterior nucleus 4 0.264 £ 0.084 28.1
Lateral hypothalamic area 3 0.071 £ 0.021 11.3
Cerebellum: Molecular layer 3 0.143 = 0,050 22.8
Granule cell layer 3 0.072 £ 0,025 17.6
Brainstem: Reticular formation 2 0.341 £ 0,098 43.8
Nucleus of spinal trigeminal nerve 2 0.351 £ 0,053 36.7
VHITE MATTER
Lateral olfactory tract 3 0.164 £ 0,038 38.9
Anterior commissure 3 0.165 £ 0.041 30.5
Corpus callosum 6 0.239 £ 0,050 35.0
External capsule 3 0.207 % 0.058 37.6
Internal capsule 5 0.202 £ 0,043 38.6
Fornix 3 0.142 £ 0.045 31.2
Optic tract 3 0,145 + 0.055 37.4
Fimbria hippocampi 2 0.157 £ 0.029 35.4
Cerebellar white matter 3 0.315 =+ 0.038 50.%
Spinal trigeminal nerve 2 0.201 £ 0.009 40.9
Pyramids ' 2 0.208 = 0.012 38.6
SPINAL CORD
Grey matter: Substantia gelatinosa 2 0.382 £ 0.013 46.2
Dorsal horn 2 0.380 = 0.034 50.9
Ventral horn 2 0.417 £ 0,005 52.4
¥hite matter: Fasciculus gracilis 2 0.270 + 0.013 57.6
Fasciculus cuneatus 2 0.149 £ 0.008 49.3
Dorsal and lateral funiculi 2 0.202 £ 0.004 49.4

Cryostat sections were labelled with 2-2.5 nM '#5I-DTX in the
presence of 1 uM B-BuTX, and autoradiograms were prepared using 3H-
sensitive Ultrofilm and analysed by laser densitometry.
a: n is the number of experiments using different '2°I-DTX
preparations. Specific binding of '25I-DTX in the presence of
excess R-BuTX was determined by subtraction of the non-specific
binding and is given as mean * S.E. M.
b: Determined by comparison with Table 4.1.
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putamen (Figure 4.9a) and the globus pallidus, which are traversed
by many white matter bundles, showed higher overall levels of
B-BuTX-resistant '?°I-DTX acceptors. In the habenular formation
(Figure 4.9b), 30% of the specific '2°I-DTX binding in the lateral
nucleus and 15% of that in the medial nucleus was resistant to
blockade by excess B-BuTX. The high level of resistant sites in
the lateral bhabenular nucleus is probably due to its extensive
penetration by myelinated fibres from the stria medullaris thalami.
About 30% of the specific '?*I-DTX binding in the ventroposterior
thalamic nucleus, but only =18% of that in the laterodorsal thala-
mic nucleus was resistant to excess f-BuTX (Figure 4.9Db).
Furthermore, most of the '?®*I-DTX binding in the hypothalamus was
blocked by excess B-BuTX.

The efficiency of B-BuTX in inhibiting '25I-DTX binding
decreased posteriorly in rat brain: B~-BuTX blocked =90% of the
specific '?*I-DTX binding in many forebrain areas, but only =80% in
the the cerebellar molecular and granule cell layers (Figure 4.10).
The brainstem nucleli contained 35-45% B-BuTX-resistant '23I-DTX
acceptors. Additionally, 30-50% of the specific '?*I-DTX binding
in all white matter areas was retained in the presence of excess
R-BuTX. The highest levels of R-BuTX-resistant '?°I-DTX binding
were found 1in the cerebellar white matter laminae (Figure 4.10),
but other white matter areas such as the corpus callosum, external
and internal capsules, as well as the white matter tracts in the
brainstem (e.g. the spinal trigeminal nerve or the pyramids, Figure
4,107, also contained high levels of B-BuTX-resitant '25I-DTX
binding sites. Throughout the spinal cord =50% of the specific
binding observed with '2%]-DTX alone remained in the presence of
1 pM B-BuTX (Figure 4.7b).

4.3.2.2. Inhibition of '#*°I-DIX bianding by various concentrations

of unlabelled B-BuTX

Further evidence that B-BuTX distinguishes different popu-
lations of '?°I-DTX binding sites was obtained by analysing
autoradiograms from competition experiments in which a range of
concentrations of unlabelled DTX or B-BuTX were used to inhibit
'26I-DTX binding. Some representative inhibition curves are shown
in Figures 4.11 and 4.12.

Unlabelled DTX always blocked '2°I-DIX binding with high
affinity, the ICso values varying between about 3 and 5§ nM in all
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Rat forebrain cryostat sections at the level of the hippocampus -
were incubated in 2.9 nM '?I-DTX in the presence of a range of
concentrations of unlabelled DIX (@) or B-BuTX ([J), washed,
dried and exposed to °H-sensitive Ultrofilm. The resulting
avtoradiograms were analysed by laser densitometry. Total binding
of '?°I-DTX was determined in the absence of competing toxinms.

(a) Frontal cerebral cortex.

(b Corpus callosum.

(c) Amygdala.
Error bars indicate standard errors for six patches of density
readings in the frontal cerebral cortex (a), three patches in the
corpus callosum (b), or four patches in the amygdala (c).
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Cryostat sections from rat cerebellum were incubated in 2.8 nX
'2¢]-DIX in the presence of a range of concentrations of unlabelled
DTX (@) or B~BuTX ([1). Some sections were also incubated in in
Ca®'-free Krebs ringer (containing 5 mM EDTA, (O ). sections were
washed, dried and exposed to *H-sensitive Ultrofilm. The resulting
autoradiograms were analysed by laser densitometry. Error bars
indicate standard errors for six patches of density readings in
each of the cerebellar layers.

(a) ¥olecular layer

{b)  Granule cell layer

(c) Vhite matter laminae
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brain areas studied. The inhibition constants, K., averaged 1.0 nM
on forebrain cryostat sections (Figure 4.11, overall Ks¢ of '?°I-DTX
binding =1.2 nM, see Chapter 2, Table 2.2) and 2.1 nM on cerebellum
sections (Figure 4.12, overall Ks of '**I-DTX binding =2 nM). Thus,
DTX and '2®*I-DTX apparently bound to all brain areas with similar
affinities.

In contrast, the potency of B-BuTX in blocking '2%I-DTX
binding varied in different brain areas. In one experiment, the K;
0f B-BuTX was =13 nM in the frontoparietal cerebral cortex (Figure
4.11la), the brain region from which synaptosomes were usually
prepared (cf, Dolly et al,, 1984; Black et al., 1986). 1251-DTX
binding in the corpus callosum was more resistant to competition
with B-BuTX; the curve in Figure 4.11b shows that the blockade was
incomplete even when 1 pM B-BuTX was used. Such incomplete inhibi-
tion by 1 pM B-BuTX in some brain areas probably accounts for the
large errors (x S.E.M) reported in Table 4.2. From the curve in
Figure 4.11b, it can be deduced that the K: of B-BuTX in the carpus
callosum must be greater than 50 nM, The inhibition curves for
'25]-DTX binding in the caudate putamen, internal capsule, and
laterodorsal and ventroposterior thalamic nuclei resembled that of
the corpus callosum (data not shown). In contrast, B-BuTX blocked
'25]~-DTX binding more efficiently in the amygdala (Figure 4.1llc) or
in the synaptic layers of the hippocampal formation (data not
shown), where K: values ranged from 5-8 nM. Although these Ki's
are only tentative, and somewhat different values were obtained in
a second competition experiment, all the inhibition curves with
B-BuTX shawed a constant displacement to the right in white matter-
rich brain areas relative to grey matter regions.

Similar results were also obtained with cerebellum
sections; in one experiment, B-BuTX blocked '?*®*I-DTX binding with Ki
=30 ni in the molecular layer (Figure 4.12a) and K: =10 nM in the
granule cell layer (Figure 4.12b), while inhibition in the white
matter laminae was incomplete even with 10 pM unlabelled B-BuTX
(the curve in Figure 4.12c suggests a K: of at least 100 nM). 1In
all areas of the cerebellum the efficiency of B-BuTX in blocking
125]-DTX binding was significantly reduced in the absence af diva-
lent cations (Figure 4.12)

These inhibition curves suggest the existence of at least
two variants of '?I-DTX binding sites, differing in their sensiti-
vity to competition by R-BuTX. The proportions of these sites
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appear to vary in different brain areas, white matter regions being
apparently more enriched in the resistant sites (see also Section
4.4.2),

4,3.2.3. Concentration-dependence of '2°I-DTX binding in the

cerebellum

To investigate the apparently reduced affinity of '2¢I-DIX
binding in the cerebellum (Section 2.4.1.2 and Table 2.2), serial
sagittal sections were incubated 1in a range of '2°I-DTX concen-
trations and exposed to 3H-sensitive Ultrofilm. Some representa-
tive darkfield images of autoradiograms are shown in Figure 4.13.
Low concentrations of '?*I-DTX (up to 0.3 nM, Figure 4.13a) promi-
nently labelled the granule cell layer, while only little specific
126]-DTX binding was observed in the molecular layer and white
matter laminae. A similar pattern of silver grains was found with
0.6 nM '25I-DTX (Figure 4.13b), except that the Purkinje cell layer
could now be distinguished in some areas. ¥ith 0.9 nM '*°I-DTX
(Figure 4.13c), the granule cell layer bound only slightly more
toxin than the white matter regions, while the molecular layer
still contained the lowest levels of toxin binding., Autoradiograns
of sections labelled with 1.3 nM '?5I-DTX (Figure 4.13d) showed
high demsities of labelling in the white matter laminae and the
Purkinje cell layer, which separated the approximately equally
labelled granule cell and molecular layers. Higher concentrations
of '?%I-DTX (1.9 nM, Figure 4.13e or 6.2 nM, Figure 4,13f) produced
the autoradiographic pattern described earlier (Section 4.3.1.5,
see also Figures 4.1g,h and 4.6), with prominent labelling of the
Purkinje cell layer, high levels of toxin binding in the molecular
layer and white matter laminae, and moderate labelling in the
granule cell layer. A similar concentration dependence of '?%I-DTX
binding in the cerebellum was found in three other experiments. It
appears, therefore, that autoradiography can distinguish a popula-
tion of high affinity acceptors for '2®*I-DTX in the granule cell
layer from lower affinity acceptors in the molecular and white
matter layers. Densitometric analysis of these autoradiograms has
allowed the construction of saturation binding curves for the
layers of the cerebellum (Figure 4.14). A hyperbolic curve was
observed for toxin binding in the granule cell layer, the specific
binding saturating with =1 nM '2*I-DTX. The binding curves for the
molecular layer and white matter laminae, in contrast, had sigmoid
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Figure 4.13. Concentration-dependence of '2°I-DTX binding to rat
cerebellum cryostat sections

Adjacent sagittal cryostat sections (10 um) from rat cerebellum were
incubated in various concentrations of '?**I-DTX (aM): 0.3 (&);
0.6 (bd; 0.9 (c); 1.3 (d>; 1.9 (e) and 6.2 (f). The sections were
washed, dried and exposed to ®H-sensitive Ultrofilm., Because of
the wide range of silver grain densities on these images, the
photographs shown here were printed at different exposures so that
the cell layers can be differentiated easily. Therefore, grain
densities cannot be compared between photographs. Note, however,
that the autoradiographic patterns depend on the concentration of
'281-DTX used to label the sectioms.
M, Molecular layer; Pu, Purkinje cell layer; G, granule cell layer;
V¥, white matter laminae. Scale bar (in a) =1 mm.
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The autoradiograms shown in Figure 4.13 were analysed by laser
densitometry, together with other images of sections labelled with
intermediate concentrations of '2°*I-DTX. Bound toxin could thus be
determined in fmol/mm*. The binding curves shown are for the
molecular layer (@ —-@), granule cell layer ( (0—{1) or the
white matter laminae (A&-—--A). The specific binding was
determined by subtracting the non-specific labelling in the
presence of 1 pM DTX from the total binding. Markers a-f refer to
the sections shawn in Figure 4.13. Error bars indicate standard
errors for six patches of density readings in each of the

cerebellar layers.
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shapes, crossing aver the granule cell layer curve between 1 and
1.5 nM, and saturating with =2.5 nM '?5I-DTX. Because of limita-
tions in the sensitivity of the quantiative autoradiography method
(the wide range of ligand concentrations tested required sections
to be exposed to Ultrofilm for different lengths of time and films
to be developed separately; errors associated with the densitome-
tric measurements) it was impossible to analyée the data further,
for example by constructing Scatchard plots.

Similar binding experiments on sections from rat forebrain
or brainstem did not reveal any obvious concentration dependence of
the autoradiaographic labelling patterns with '?°I-DTX in any other
brain area. This was further confirmed by densitometry of the
images. In some brain areas, such as the frontoparietal cortex,
the thalamus, caudate putamen, and certain white matter areas,
slightly sigmoid binding curves were aobtained after densitometric
analysis of autoradiograms. Such results probably arise from
failure of the ligand binding to reach equilibrium at very 1law
'2s1-DTX concentrations (Weiland and Molinoff, 1981), and from un-
even rates of equilibration of ligand binding in different brain

areas (see also Chapter 2, Section 2.5.1).

4.3.3. Distribution of DTX Acceptors jn Chick Brain

Cryostat sections from 1-day-old chick brain were labelled
with a constant concentration of '?®*I-DTX (=2.2 nM), comparable to
that used in the study of '?®I-DTX binding in the rat central
nervous system (Section 4.3.1). Some typical autoradiograms,
together with scanned representations thereof, are shown in Figure
4.15. As noted for '?**I-$-BuTX binding (Chapter 3, Sectiaon 3.5.2),
only low levels of '2?5I-DTX acceptors were agbserved in chick brain.
Therefore the shading bands used to represent the scans in Figure
4,15 are narrower (0.1 fmol/mm?* intervals) than those used in the
rat brain scans. The quantitative distribution of '?°I-DTX binding
in chick brain is summarized in Table 4.3. ’

Very low densities of '**I-DTX acceptors were found in the
forebrain, where many areas bound less than 0.1 fmol/mm?, while the
ectaostriatum and paleostriatum contained 0.2 fmol/mm?® of '25I-DTX
binding. The latter areas also contained higher levels of
1257-3-BuTX acceptors (cf. Table 3.4). In most forebrain regions
the ratio af DTX : B-BuTX acceptors was between 1 and 3, as in rat
farebrain (Sectiomn 4.3.2.1).
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Figure 4.15. 125~ o - -

Darkfield images of autoradiograms from sections of chick forebrain (a) or optic
lobe and cerebellum (c) are shown together with scanned representations thereof (b
and d, respectively). The sections were labelled with 2.2 nM '**I-DTX. Adjacent
control sections incubated in 2.2 nM '?*I-DTX in the presence of an excess af
unlabelled DIX remained virtually unlabelled. Note that, in order to include more
detail, a fifth density band (showing areas binding 0.4-0.5 fmol/mm? of '2°I-DTX),
which is unshaded, has been included in the scan shown in (d).

Forebrain: aHl, accessory hyperstriatum; Es, ectostriatum; 1iH, intercalated
hyperstriatum; LP, lobus parolfactorius; N, neostriatum; P, paleostriatum;

vH, ventral hyperstriatum.

Optic lobe: O, stratum opticum; GF, stratum griseum et fibrosum superficiale;

GC, stratum griseum centrale; AC, stratum album centrale; GP, stratum griseum
periventriculare; In, nucleus intercollicularis; Re, formatio reticularis lateralis.
Cerebellum: EG, external granule cell layer; G, granule cell layer; M, molecular

layer; W, white matter. Scale bar (in a) =1 mm.
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Table 4.3. Distribution of '2°I-DTX binding in chick brain

Specific binding Relative  DIX/RB-BuTX
of '2°I-DTX level of DTX binding

Brain area studied (fmol/mm?) acceptors ratio ®
Forebrain
Accessory hyperstriatum 0.047 £ 0.006 * 2.8
Intercalated hyperstriatum 0.082 £ 0,008 ¥ 1.7
Dorsal hyperstriatum 0.062 £ 0,010 ¥
Ventral hyperstriatum 0.065 <+ 0.002 ¥ 4.1
Neostriatum 0.097 £ 0.003 ¥ 1.7
Ectostriatum 0.203 £ 0,010 ¥ % 1.0
Paleostriatum 0.189 <+ 0,009 ¥ * 1.5
Lobus parolfactorius 0.054 £ 0,002 * No B-BuTX ®
Optic Lobe
Stratum opticum 0.073 £ 0,019 * 2.6
Stratum griseum et '

fibrosum superficiale 0.124 £ 0.013 ¥ 1.0
Stratum griseum centrale 0.118 £ 0.022 ¥ 1.1
Stratum album centrale 0,181 £ 0.029 ¥ 3 4.2
Stratum griseum

periventriculare 0.429 £ 0.031 ¥ ¥ % 3.2
Nucleus intercollicularis 0.466 <+ 0.014 % ¥ ¥ 1.7
Formatio reticularis

lateralis 0.239 = 0.020 ¥ ¥ 1.8
Cerebellum
External granule cell

layer 0.062 £ 0,012 ¥ 1.8
Molecular layer 0.240 £ 0,008 ¥ ¥ 1.2
Granule cell layer 0.073 £ 0.011 ¥ 6.6
¥hite matter laminae 0.134 = 0.011 * 11.2

Cryostat sections were labelled with =2.2 nM '2*I-DTX. Auto-
radiograms were prepared using °H-sensitive Ultrofilm and analysed
by laser densitaometry. Specific binding of '2°I-DTX was calculated
by subtraction of the non-specific binding in the presence of 1 puM
DTX. The results are given as mean * S.E.M. from 3 experiments
using two different preparations of '?*I-DTX. Relative levels of
1261~DTX binding are given as *% for comparison with the data in
Table 4.1,

a: The ratio of specific binding of '2°I-DTX : specific binding of
125]-B-BuTX was calculated from the data here and in Table 3.4
(using the specific '?$I-$-BuTX binding at 2.5 nM).

b: There was no specific '?*I-B-BuTX binding in this area.
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In the optic 1lobe, the oauter layers <(stratum opticum,
stratum griseum et fibrosum superficiale, stratum griseum centrale
and stratum album centrale) contained low levels of DTX acceptors.
In contrast, the stratum griseum periventriculare and the nucleus
intercollicularis were prominently labelled; as in the forebrain,
these areas have also been shown to be rich in '?I-8-BuTX binding
sites. The ratios of DTX : B-BuTX binding were usually close to
1.5. However, higher ratios were observed in the stratum opticum,
which contains the incoming fibres from the optic tract, and the
stratum album centrale (a white matter layer), both of which con-
tained levels of '?I-DTX binding comparable to the nearby grey
matter layers, while they were much less strongly labelled by
1251-3-BuTX (cf. Figure 3.11).

In the cerebellum, the molecular layer contained the
bighest number of '?%I-DTX acceptors. The external granule cell
layer and the granule cell layer presented a very laow level of
'26]-DTX acceptors. Significant toxin binding was found in the
white matter laminae. The ratio of DTX : B-BuTX binding in the

cerebellar white matter regions was =11.

4.3.3.1., Inhibition of '#I-DIX binding by B~BulX

Autoradiograms from sections incubated in 2.2 nM '?I-DIX
in the presence of 1 uM B-BuTX always presented very low densities
of silver grains, comparable to the control autoradiograms from
sections treated with an excess of unlabelled DTX. The levels of
B-BuTX-resistant '?I-DTX binding hence proved difficult to measure
accurately. Excess wunlabelled f-BuTX completely blocked all
'25]-DTX binding on chick forebrain sections such as the one shawn
in Figure 4.15a. M¥ore posteriarly, a low level of B-BuTX-resistant
sites (6% of the specific '?2*I-DTX binding) was found over the
neostriatum, ectostriatum and paleostriatum, As in rat brain, the
efficiency of B-BuTX 1in Dblocking '2°I-DTX binding decreased
posteriorly. In the optic 1lobe, low concentrations of R-BuTX-
resistant '?°I-DTX binding sites were observed in the stratum album
centrale, stratum griseum periventriculare, nucleus intercollicu-
laris and farmatio reticularis lateralis, comprising =10% of the
specific '?°I-DTX binding each of these areas. In the cerebellum,
6% of the '?®I-DTX binding in the molecular layer, and 20% of that
in the white matter laminae appeared to be reéistant to inhibition
by excess B-BuTX.
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4.3.3.2. Concentration dependent binding of '2fI-DTX to chick

cerebellum sections

In view of the occurrence of '?*I-DIX acceptors of
different affinities in rat cerebellum (Section 4.3.2.3), and the
presence of high and low affinity '2*I-DTX binding sites on mem
branes of whole chick brain (Black and Dolly, 1986a), cryostat sec-
tions from chick cerebellum were incubated in a range of '?%I-DTX
concentrations, exposed to Ultrofilm, and analysed by densitometry.
The results from this experiment are shown in Figure 4.16. Auto-
radiograms at all concentrations showed similar labelling patterns.
Hyperbolic binding curves, which saturated with = 2 nM '?°I-DTX,
but plateaued with different amounts of '**I-DTX bound, were obser-
ved in all cerebellar layers. Hence there was no evidence for the
presence of '**I-DTX binding sites of different affinities as in

rat cerebellum.

4.4, Discussion
4,4,1, Digtribution of DTX Acceptors in the Rat Central
Nervous System

Autoradiography has revealed a wunique and widespread
distribution of DTX acceptors in the rat central nervous system.
Densities of '?%I-DTX binding >0.6 fmol/mm?* <(i.e. >0.5 pmol/mg
protein) were found in the frontoparietal cerebral cortex, the
synaptic layers of the hippocampal formation, the thalamus, lateral
and medial geniculate nuclei, the superior and inferior colliculi
of the midbrain, the molecular layer of the cerebellum, certain
nuclei of the brainstem and the grey horns of the spinal cord.
High concentrations of specific toxin binding sites were also
observed in many white matter regions. This widespread occurrence
of DTX acceptors suggests that they serve important roles in neuro-
nal function. Only the non-neuronal anterior pituitary did not
caontain any specific '2*I-DTX binding. Very low levels of DTX
acceptors were observed in the posteriar lobe of the pituitary and
in the pineal baody; both of these consist mainly of glial secretory
tissue. In addition, the neurohypophysis contains the oxytocin and
vasopressin-releasing terminals of the magnocellular neurones from
the supraoptic and paraventricular nuclei of the hypothalamus,
while the pineal body receives a sparse preganglionic noradrenergic
sympathetic innervation. The low levels of DTX binding in these
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Figure 4.16. Concentration-dependence of '2*I-DTX binding to chick
cerebellum cryostat sections

04 ¢
d " . :
_ l ! ¢
NE L’P‘.———_*
bt % -
E e
= >
_ 4
g ‘
ag:xoz- i/{ —_’__{__ ............. I
x
o0

1251 - DTX Free (nM )

Adjacent sagiftal cryostat sections (10 ym) from chick cerebellum
were incubated in various concentrations of '?°I-DTX (nM): 0.3
(a); 1.9 (b) and 4.2 (c). The section were washed, dried and
exposed to *H-sensitive Ultrofilm. Because of the wide range of
silver grain densities cn these images, the photographs shown here
were printed at different expasures so that the cell layers can be
differentiated easily. Therefore grain densities cannot be
compared between photographs.

EG, External granule cell layer; M, molecular layer; G, granule.
cell layer; W, white matter laminae. Scale bar (in a) =1 mm.

These autoradiograms were also analysed by laser demnsitometry,
together with other images labelled with intermediate concentra-
tions of '**I-DTX (d). The binding curves shown are for the
molecular layer (@——@), granule cell layer ([}—{]), external
granule cell layer (- or the white matter laminae (& - -A).
Specific binding was determined by subtracting the non-specific
labelling in the presence of 1 pM DTX from the total binding.
Markers a, b, ¢ refer to the sections shown above. Error bars
indicate standard errors for six patches of density readings in
each of the cerebellar layers.
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areas may, therefore, suggest that the acceptors occur predominant-
ly on neurones. A neuronal distribution of the DTX acceptors was
also suggested by electron microscope autoradiography studies
(Chapter 5.

Like B-BuTX acceptors, '25I-DTX binding was enriched =2-
fold in synaptosomes relative to cryostat sections (Sectiomn 2.5.2).
A similar 2-fold enrichment was observed when binding site densi-
ties on cerebrocortical synaptosomes (1-1.2 pmol/mg protein;
Mehraban et al., 1984) were compared with those in the cerebral
cortex (=0.6-0.8 fmol/mm?, =0.5-0.7 pmol/mg protein). As this
enrichment is comparable to that of the synaptic marker synapsin I
(Ueda et al., 1979), a large proportion of the '2*I-DTX acceptors
is likely to occur on synapses. In addition, a high density of

toxin binding sites was associated with white matter fibre tracts.

4.4.2. Inpteraction of B-BuTX with DTX Binding Sites
sSuggests Heterogeneity Among DTX Acceptors

In agreement with previous direct binding studies on cryo-
stat sections (Chapter 2, Section 2.5.4), S-BuTX has here been used
to distinguish variants of '?%I-DTX acceptors in different brain
regions. Superficially, two types of DTX binding sites may be
differentiated. The first site, common to DTX and B-BuTX, is moast
easily identified by '251-8-BuTX, and its predominantly synaptic
distribution has been described in Chapter 3; as noted, all of the
direct binding of '?5I-8-BuTX can be inhibited with high efficacy
by DTX (Section 2.4.2 and Figure 3.2j). The second site appears to
be unique for DTX. Autoradiography of '2°*I-DTX binding in the
presence of an excess of unlabelled B-BuTX has revealed a hetero-
geneous distribution of this second site. In the forebrain, the
B-BuTX-resistant DTX acceptors occur mainly in white matter tracts
such as the corpus callosum, external and internal capsules,
lateral olfactory tract or anterior commissure. More posteriorly,
regions traversed by myelinated fibres in the thalamus, midbrain or
brainstem also contain high levels of BR-BuTX-resistant DTX accep-
tors. In the spinal cord approximately half of the '2°I-DTX
binding in both the grey and vhite matter areas is resistant to
inhibition by wunlabelled S-BuTX. Thus, the R-BuTX-resistant
'#2¢]1-DTX binding site is found mainly in areas containing low
levels of high affinity '25I-$-BuTX binding. This 1s strikingly
apparent when the overall distribution of '2°I-DTX binding sites in
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rat brain (Figure 4.1) is compared with that of '?®*I-8-BuTX binding
on equivalent sections (Figure 3.2): The "difference" between
these distributions is the B-BuTX-resistant '2°I-DTX binding site
shown in Figure 4.8. Figure 4.2a and ¢ may similarly be caompared
with Figures 3.6a and 3.7a, respectively, the fR-BuTX-resistant
'26]-DTX binding being apparent in Figure 4.9a and c.

The comparison breaks down, however, 1in the brainstem
(Figures 4.6a, 3.9a and 4.10a) and spinal cord (Figures 4.7a, 3.10a
and 4.7b), where relatively high 1levels of both '?*I-DTX and
'281-3-BuTX binding, as well as B-BuTX-resistant '2°I-DTX binding,
were observed, for example, in the nucleus of the spinal trigeminal
nerve, the reticular formation, or the grey horns and substantia
gelatinosa of the spinal cord. Further clear discrepancies in this
complementary distribution of B~BuTX-sensitive and f-BuTX-resistant
'25]1-DTX acceptors become apparent when the acceptor distributions
are compared quantitatively. Vhen the densities of '2%I-R-BuTlX
binding at saturation, as summarized in Table 3.3, are subtracted
from the levels of '?5]-DTX binding determined under similar
conditions (listed in Table 4.1), the differences are usually at
least twice the values listed in Table 4.2, vwhich shows the
residual '2°I-DTX binding in the presence of 1 p¥ unlabelled
B-BuTX. As the inhibition of '?%I-DTX binding by 1 pM B-BuTX may
have been incomplete in some brain areas (Section 4.3.2.2), the
disparity may be underestimated. Interestingly, the ratio of the
difference between the values in Table 4.1 and Table 3.3 and the
values in Table 4.2 (i.e. Table 4.1 - Table 3.3

Table 4.2
tween 6 and 10) in grey matter areas such as the insular cortex,

) was highest (be-

olfactory tubercle, amygdala or hippocampal formation, while lower
ratios (2 to 2.5) were found in white matter regilons.

More detailed analysis of the toxin interactions alsa
revealed considerable variability in the affinity of S$-BuTX. Thus,
direct binding studies demonstrated a high affinity interaction of
125]~3-BuTX with its acceptors in all brain regions (cf. Figure 3.5
and Table 3.1). In contrast, the inhibition constants (Ko
observed in the competition experiments with '?°I-DTX indicated a
significantly lower affinity for B-BuTX, and the K:'s appeared to
vary in different brain areas (Figures 4.11 and 4.12). A third
type of '?*I-DIX acceptor, which interacts with B-BuTX with lower
affinity (K: =10-20 nM; this is similar to the second '?*I-f-BuTX
binding site revealed in imidazole buffer, Dolly et al., 1987) may

- 147 -



be proposed to resolve these discrepancies, Variable proportions
of DIX acceptors in different brain regions, binding B-BuTY with
high or low affinity or not at all, may then explain the data
described. Alternatively there could be an even greater range of
DTX acceptor variants, the extremes being represented by the common
high affinity '25I-DTX/'2?5I-B-BuTX binding site enriched in synaptic
regions, and a R-BuTX-resistant '?5I-DTX acceptor occurring pre-

dominantly in white matter regionms.

4.4.3. Concentration-Dependence of the Interaction of

Experiments in which serial cryostat sections were
labelled in a range of '?2*I-DTX concentrations bhave revealed
striking variations in the autoradiographic labelling patterns over
the cerebellum. No other brain area examined showed a similar
change in the silver grain distributions. These results indicate
that there may be a unique population of binding sites with slight-
ly lower affinity for '2°I-DTX 1n the molecular layer and vwhite
matter bundles of the cerebellum. The existence of such sites may
explain the higher overall K¢ values derived from '?*I-DTX binding
studies on cerebellum cryostat sections <(see Chapter 2, Section
2.4.1.2). Similar "lower affinity" DTX acceptor sites may be still
more widespread in the rat central nervous system, possibly occur-
ring also in other white matter regions, but only detected in the
cerebellum, where, fortuitously, they are highly concentrated in
the molecular layer and white matter laminae, and absent from the
adjacent granule cell layer. It should also be noted, hawever,
that significant levels of B-BuTX-resistant '2°I-DTX binding were
found in the cerebellum molecular layer, although this layer does
pot contain any myelinated axons (it is the only grey matter brain
region where this was observed), but is instead rich in the un-
myelinated processes of the granule cells, the parallel fibres.
Perhaps the toxin binding observed in white matter tracts and the

molecular layer of the cerebellum is to axonal DTX acceptors.

4.4.4, DIX Acceptors in Chick Brain
In agreement with the saturation binding studies described

in Chapter 2 (Section 2.4.1.2), the density of '?5I-DTX binding

sites detected by autoradiography in 1-day-old chick brain cryostat

sections was much lower than that in rat brain sections of similar
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thickness. However, all '2®°I-DTX acceptors present in the chick
sections may not have been labelled to saturation in the present
experiments, Black and Dolly (1986a) have identified two DTX
acceptor sub-types with different affinities on chick synaptic
membranes (cf, Sections 1.4.4 and 1.5). As indicated in Section
2.95.2, the '?*I-DTX concentrations used in the present localization
studies were insufficient to label significantly the low affinity
(Ka =15 nM) DTX acceptor population described by these authors.
Thus the '28I-DTX binding observed (which was mainly to the high
affinity acceptar sub-type) was inhibited potently and almost
completely by B-BuTX. In one experiment, hawever, very low levels
of B-BuTX-resistant '?5I-DTX binding were detected in the myelin-
containing areas of the optic 1lobes and cerebellum <(Section
4,3.3.1). As noted above, these sites were definitely not
saturated; their densities have therefore not been measured
accurately. Nonetheless it appears that the distribution of these
B-BuTX-resistant sites in white matter regions may be similar to
that aof the $-BuTX-resistant sites studied in rat brain.

4.4.5. DIX Acceptors and K' Channels
As described 1in Section 1.4.3, DTX and its homologue

toxin I have been shown to block selectively certain rapidly acti-
vating voltage dependent K* currents. It is not yet clear whether
this blackade is due to a direct effect of the toxins on a K* chan-
nel protein, or whether it is elicited indirectly, for example via
neuronal receptors involving a second messenger. However, the
observations that the toxins are active at very low (nM) concentra-
tions (VWeller et al., 1985; Benoit and Duboils, 1986; Stansfeld et
al.,, 1986; Penner et al., 1986) and their ability to inhibit
certain K* conductances within 30 s or a few minutes (Benoit and
Dubois, 1986; Veller et al., 1985; Penner et al., 1986) in prepara--
tions offering unrestricted access of the toxin, suggest a direct
action. In some systems, the effects of the toxins are reversible,
although prolonged washing (for >1hr) may be required (Stansfeld et
al.,, 1987>., Furthermore, DTX has been shown to affect a range of
K* currents with different potencies, its efficacy in blocking K*
fluxes being apparently related to the inactivation time of the
particular K*' current (see Section 1.4). Several DTX acceptor
variants have been identified here in binding and autoradiography
studies on cryostat sections, possibly corresponding to different
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channels mediating various DTX-sensitive K* currents. If DTX acted
through a second messenger system, a single acceptor population
should conceivably suffice to mediate effects on several types of
K* currents. Conclusive proof that DTX interacts directly with K*
channels requires the purification of DTX acceptors, their recon-
stitution into artificial lipid vesicles, and electrophysiological
studies on the reconstituted material, work which is now in pro-
gress in this labarataory.

The distribution of '?I-DTX binding described here 1is
compatible with a possible direct interaction of the toxin with K*
channels or K' channel variants. Both B-BuTX and DTX share binding
sites associated with synaptic regions (see also Section 3.5.4),
which could represent K* channels involved in the regulation of
synaptic potentials and neurotransmitter release. Furthermore,
high levels of B-BuTX-resistant '?°I-DTX binding have been located
in areas rich in myelinated fibres. This distribution is surpri-
sing in view of the reported absence of outward K* currents at the
mammalian node of Ranvier (Chiu et al., 1979; Brismar, 1980; Kacsis
and Vaxman, 1980). However, 1in developing neurones, or when the
myelin around the node of Ranvier 1s disrupted (e.g. through stret-
ching or enzyme treatment of the nerve fibres, or in demyelination
diseases), delayed outward K* currents can be detected; it appears,
therefore, that the K' channels in mammalian neurones are located
at the internodes underneath the myelin sheath (Chiu and Ritchie,
1980, 1981; Bostock et al.,, 1981). In adult neurones a tight seal
between the myelin and axon membranes in the para-nodal region
hinders electrophysiological studies, even preventing drugs such as
4-AP and TEA from reaching the channels (Chiu and Ritchie, 1981),
The freeze/thaw cycle used here 1in the preparation of cryostat
sections would, however, have disrupted this tight seal of the
myelin insulation and made the hidden proteins accessible to probes
such as '?°I-DTX. The distribution of DTX binding sites along
white matter tracts is particularly interesting in view of recent
evidence that, unlike squid giant axons, central and peripheral
mammalian myelinated fibres primarily utilize a 4-AP sensitive K*
channel and not the TEA-sensitive channel for repolarization of
individual action potentials (Kocsis et al., 1986, 1987). These 4-
AP sensitive K* channels are particularly enriched at the inter-
nodes and are responsible for inhibiting bursts of action poten-
tials at the nodes (Chiu and Ritchie, 1981; Baker et al., 1987).
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It appears that these channels, or acceptors closely linked to the
functional channel proteins, have been localized here at loci inac-
cessible in fresh tissue preparations as used in electrophysiology
experiments, The mammalian 4-AP-sensitive K* channels labelled by
DTX thus appear similar to those mediating the DIX sensitive Ikn
current at the frog node of Ranvier (Benoit and Dubols, 1986). The
presence of the acceptors in a location normally inaccessible to
neuromodulator ligands which might stimulate a second messenger
system provides some further indirect support to the suggestion
that DTX does not block K* currents via such a second messenger

system, but interacts directly with a K* channel protein.

4,4,6, Distribution of Ion Channels in the Rat

Central Nervous System
In view of the possible interaction of DTX and B-BuTX with

K* channel wvariants, the distribution of their acceptors will now
briefly be compared with the distribution of other channels which
have so far been localized in the rat central nervous system.

Sodium channels have been mapped using tritated deriva-
tives of tetrodotoxin (TTX; Mourre et al., 1984) or batrachotoxin-A
(Vorley and Baraban, 1987). High densities of ®H-TTX binding were
located in the cerebral cortex, globus pallidus and substantia
nigra, while lower levels of labelling were found in the caudate
putamen and some thalamic nuclei, In the hippocampal formation,
the stratum oriens, stratum radiatum and the hilus contained high,
and the cell layers and the molecular layer of the dentate gyrus
lower densities of Na* channels. In the cerebellum the Purkinje
cells were intensely labelled, while the molecular layer presented
high and the granule cell layer moderate levels of labelling.
Vhite matter tracts were unlabelled.

This distribution of Na* channels differs from, but
overlaps with that of both B-BuTX and DTX acceptors, as might be
expected from the opposing currents mediated by Na* and K*
channels. In view of the prominent labelling of white matter
tracts by DTX, and the involvement of Na* channels in action
potential transmission, 1t 1s surprising that no 3H-TTX or
batrachotoxin binding was observed in these areas. Na' channels,
being apparently concentrated only at the nodes of Ranvier, may be
present at much lower overall levels than the DTX-sensitive K*
channels, which seem to be enriched in the internodal regions (see
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Section 4.4.4). Selective quenching of °H B-particles by white
matter (Section 3.5.1) may further reduce the density of silver
grains observed aver white matter areas in experiments with these
tritiated Na* channel ligands

Calcium chanpels have been studied using a variety of
ligands including [°Hinitrendipine (Quirion, 1983; Gould et al.,
1985), dihydropyridine derivatives (Cortes et al., 1984) and
[°*Hldesmethoxyverapamil (Ferry et al., 1984). Binding sites for
these Ca?* channel antagonists were most abundant in the neocortex,
amygdala and hippocampus, where the strata oriens and radiatum and,
particularly, the molecular 1layer of the dentate gyrus were
prominently labelled by all probes. It may be noted at this point
that DTX reduced the current strength required to elicit Ca*-
spikes in hippocampal slices (Halliwell et al., 1986). A similar
location of DTX bindiﬁg/DTX—sensitive K* channnels with Ca?* chan-
nels in the hippocampus is in agreement with these electrophysio-
logical observations. Low densities of Ca?' antagonist binding
were found in the cerebellum (Cortes et al., 1984), with the
granule cell layer being labelled more strongly than the molecular
layer. White matter tracts were unlabelled or contained very low
densities of Ca?* antagonist binding sites.

Phencyclidine-sensitive potassium channels: The ketamine
analogue phencyclidine  (1-(l-phenyl-cyclohexyl)piperidine) and
similar compounds may selectively block voltage-regulated slowly
inactivating TEA-sensitive K*' channels distinct from the transient
K* channels mediating I and similar currents in rat brain synapto-
somes (Bartschat and Blaustein, 1986). Binding sites for these
drugs have been localized using [°Hlphencyclidine (Quirion et al.,
1981) or [®Hlthienylcyclopiperidine (TCP; Contreras et al., 1986).
Both compounds labelled the cerebral cortex, the synaptic layers of
the hippocampus and dentate gyrus, and certain thalamic nuclei,
while low levels of binding were observed in the cerebellum and
brainstem. These distributions differ from those of both the DTX
and B-BuTX acceptors studied here, as expected since different
groups of K* channels appear to be affected by these ligands.

Apamin receptors: The bee venom polypeptide apamin, which
is believed to block one variety of Ca?-dependent K* currents,
binds saturably to rat brain cryostat sections with a Baax
%15 fmol/mg protein (Mourre et al., 1986); this density of binding
sites is much lower than that of either '25I-8-BuTX or '2°I-DTX (cf.
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Chapter 2). Apamin labels certain brain nuclei very strongly,
while areas rich in both B-BuTX and DTX acceptors are not always
prominently labelled. In the cerebellum, for example, apamin
labels approximately twice as many sites in the granule cell layer
than in the molecular layer (Mourre et al., 1986), whereas B-BuTlX
labels the molecular layer more strongly than the granule cell
layer (Chapter 3). Furthermore, at 1laow concentrations '?®I-DTX
binds more strongly to the granule cell layer than the molecular
layer, while higher concentrations produce greater labelling over
the molecular layer than over the granule cells. This reciprocal
distribution of the toxin acceptors is particularly interesting
since the Ca?'-dependent K* current blocked by apamin, and the
transient K* currents inhibited by DTX, can serve similar roles in
membrane repolarization and the control of excitability in

neurones.
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CHAPTER 5

5.1. Introduction

The previous twa Chapters have demonstrated a widespread
occurrence of the acceptors for B-BuTX and DIX in the rat and chick
central nervous systems. Both types of toxin acceptors were en-
riched in synaptic regions, while DTX acceptors were also found
along myelinated fibre tracts. To investigate in greater detail
the distribution of these acceptors on neurones or glial cells, and
to study their ultrastructural location <(e.g. whether they are
found on synapses, axons, dendrites or on the cell sama) higher
resolution localization methods are required. Thus, electron
microscope autoradiography studies of '?°I-$-BuTX and '2*I-DTX

binding have been attempted here.

5.1.1. Electropn Microscaope Autoradiography

High resolution autoradicgraphy methods have been reviewed
by Salpeter and Bachman (1972). Briefly, a tissue sample can-
taining a radiolabelled tracer is embedded in plastic resin, and
ultrathin sections are cut and mounted on microscope slides which
have previously been coated with a thin plastic membrane.
Reproducible emulsion layers can be placed aover the sections by
dipping the slides into 1liquid emulsion. On exposure, latent
images are formed in those silver halide crystals of the emulsion
which are hit directly by radiation <(usually @-particles or
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electrons) emitted from the specimen. After exposure these latent
images are developed to form silver grains, the plastic membrane
carrying the sections and emulsion is stripped from the slides and
the sections are mounted on copper grids for observation in the

electron microscope.

5.1.1.1. Resolution of electron microscope autoradiography

The method described above results in a section/emulsion
geometry as shawn in Figure 5.1. It is clear that the developed
silver grains do not always lie directly over the source of radio-
activity. The amount of scatter (i.e. the distance of a silver
grain from the source of radiation) depends on the following:
(1) the thicknesses of the section and emulsion (Salpeter et al.,
1969; Salpeter and Salpeter, 1971); (ii) the type of emulsion and
development procedures employed <(Salpeter et al., 1979; BSalpeter
and McHenry, 1972); (iii) heavy metal staining of the sections

Figure 5.1, Specimen-emulsion geometry in electron microscope

autoradiography
a.
A
EMULSION: Mon
O sitver halide U‘y%{f i(r{
gelatne
SPECIMEN SHTION
VAR PLASTIC
MEMBRANE

lDEVELOPMENT

SILVE{? GRAIN

(a) Diagram of a cross—-section of an ultrathin specimen section
during exposure for autoradiography. A radiocactive nuclide at x
can emit a radioactive particle (B-particle or electron) in any
direction, Particles such as A or B will produce latent images
( ®) in the silver halide crystals of the emulsion.

(b) On development, the latent images nucleate silver grains.
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(Salpeter et al., 1977), and, in particular, (iv) the radioisotaope
studied (Salpeter et al., 1977; 1978; Blackett et al., 1980), which
determines the energy of the B-particles or electrons emitted. Low
energy particles (e.g. *H-f-particles, Esax =18.6 keV) have a short
range in the section and emulsion, and are efficient in producing
latent images, while electrons of higher energy can travel further
from the radiation source and are 1less likely to create latent
images directly above the saurce.

Since so many factors affect the resolution, each experi-
mental system for electron microscope autoradiography should be
calibrated directly. This 1s done by studying the silver grain
distribution over sections containing a radiocactive line source
(Salpeter et al., 1969; 1977; Blackett and Parry, 1977). From the
scatter of silver grains about the line, the half distance (HD, the
perpendicular distance from the line within which 50% of all silver
grains are found) can be estimated. When this wvalue is inserted
into the density probability equation, which describes the
likelihood of a silver grain being formed at a defined distance
from a point source (Blackett et al., 1980), the half radius (HR,
i.e. the radius of a circle about a point source of radicactivity,
which has a 50% probability of containing the resulting silver

grain) can be calculated.

5.1.1.2. Iodine-125 as a tracer in electron microscope

autoradlography

Iodine-125 decays by electon capture, emitting (per 100
nuclear decays) 128 low energy electrons (2.77-3.6 keV) and 36 high
energy electons (22-34 keV) in addition to photons (x- and Y-rays
of 25-35 keV, Atkins, 1969). Due to the large number of low energy
electons, autoradiography with '2*I has a high resolution (Fertuck
and Salpeter, 1976), similar to that obtainable using °H as a
tracer. The effect of the high energy electrons is unclear. Fer-
tuck and Salpeter (1976) and Salpeter et al. (1977) suggest that
the high energy electrons do not contribute significantly to grain
numbers in electron microscope autoradiography and quote an HD of
80-90 nm for '2®I-autoradiography with Ilford L4 emulsion. In con-
trast Blackett et al. (1980) repaort that the high energy electrons
do give rise to some silver grains, especially if they pass through
the emulsion at shallow angles (as electron B 'in Figure 5.1), when
they can produce multiple grains. This reduces the overall resolu-
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tion obtainable with '?*I (HD =130 nm with Ilford L4 emulsion,
Blackett and Parry, 1977; Blackett et al., 1980).

5.1.1.38. Analysis of avtoradiograms

Although radioactive decay and the production of auto-
radiographic silver grains are random processes, and the position
of the radionucleus which produced a particular silver grain can
never be identified, it is possible to relate silver grains to
sources in the tissue by various statistical methods (see e.g.
Williams, 1969; Salpeter and McHenry, 1972; Blackett and Parry,
1977; Salpeter et al., 1978). In the simplest analysis, silver
gralns are scored into groups according to the tissue structure
identified beneath the grain centre (the centre of the smallest
circle which completely circumscribes the grain). Random points
(e.g. intersection points on a square lattice overlay) are scored

likewise and will give an indication of the area occupied by each

structure. Grain densities {(grains per unit area) can thus be
calculated for various tissue elements of interest. In "relative
density analysis”, a related method, the percentage of grains and

% of grains
%» of points
is determined. A ratio greater than 1 for a particular structure

points over each structure is calculated and the ratio

indicates that the structure is selectively labelled, a ratio =1
suggests random labelling, while a ratio less than 1 implies it is
unlabelled.

These simple grain density analysis methods do not take
into account the scatter of grains described earlier (see Figure
5.1). Such "cross-fire" will cause an underestimate of the grain
densities over small structures. Simple grain density analysis is,
therefore, not suitable for high resolution work. For this reason
"probability circle" analysis methods were introduced by Williams
(1969). Here, silver grains are scored into classes depending on
the tissue structures within a circle drawn about the grain ceatre.
The size of the circle is calculated from the density probability
equation (Section 5.1.1.1) so that it has a 50% probability of con-
taining the source of the radiation which produced the grain (this
is, in fact, =HR). Random points may be studied likewise. Proba-
bility circle grain density or relative density analysis is then
possible.

More sophisticated analysls methods have also been descri-
bed. In some situations where the radicactive labelling is suspec-—
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ted to be restricted to a single type of tissue element or orga-
nelle, the distribution of silver grains about that organelle may
be compared to published theoretical grain distributions (Salpeter
et al,, 1969; Downs and Williams, 1984). More complex situations
may be analysed using the hypothetical grain analysis methods
described by Blackett and Parry (1977) and Salpeter et al. (1978).

5.1.2. Study of the Distribution of Acceptors for 8-BuTX and DTX

In the present Chapter, fresh slices from rat or chick
brain were incubated with '?®*I-8-BuTX or '2°]-DTX and processed for
electron microscope auteoradiography. Preliminary studies indicated
the most suitable tissue slices and incubation protocols. The
autoradiography system was characterized using a radioactive line
source. The distribution of B-BuTX acceptors in chick cerebellum,
and of DTX acceptors in chick and rat cerebellum and in rat hippo-
campus were then studlied using a probability circle/relative

density analysis method.

5.2. Materlals

DTX and RB-BuTX, and '2*®I-DTX and '2%I-B-BuTX were as in
Chapter 2 (Section 2.2). Most '?°I-DTX preparations used in the
electron microscope localization studies had specific radicactivi-
ties of 250-300 Ci/mmol, while the '?°I-B-BuTX preparation had been
labelled to =1,000 Ci/mmol using the chloramine-T method. Form-
aldehyde stock solutions were freshly prepared from solid para-
formaldehyde as described in Section 2.3.2. Glutaraldehyde, osmium
tetroxide, uranyl acetate, sodium cacodylate, monomeric Spurr's
resin components, formvar and supplies for electron microscopy were
purchased from Polaron, Watford, Hertfordshire, L4 liquid emulsion
from Ilford Ltd, Cheshire, and D19 developer from Kodak, Hertford-
shire. All other chemicals were from Sigma and BDH, Poole, Dorset.

5.3. Methods
5.3.1. Preparation of Brain Slices
Surface and second slices were cut manually from rat or
chick cerebellum as described by Garthwaite et al. (1979). The
cerebellum was dissected, rat cerebella were bisected mid-sagittally
and mounted on the cut surfaces; thick slices (400um) were then cut
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using a bow cutter with a Gilette Techmatic cutting ribbon and a
glass guide (for details see McIlwain, 1975). Rat hippocampal
slices were prepared by chopping hippocampus perpendicularly to the
septo-temporal axis at 400 pm intervals using a Mcllwain tissue
chopper (MclIlwain, 1975),

5.3.2. Incubation of Brain Slices with Radiglabelled Toxins

Brain slices were transferred intoc 1 ml of Krebs-Henseleit
bicarbonate Ringer (118 mM NaCl, 4.7 mM KCl, 1.18 mM KH:PO.,
1.19 mM MgSOs, 2.5 mM CaClz, 25 mM NaHCOs and 11 mM D-glucose,
sparged with 95% 0:/5% CO: gas and adjusted to pH 7.4) containing
1-2 mg/ml BSA and (for control conditions only) 5-10 pM of the
appropriate unlabelled toxin. Slices were pre-incubated for 30 min
at 37°C, with occasional agitation, under a constant stream of 95%
02/5% CO2: gas over the Ringer medium. After the pre-incubationm,
concentrated radiolodinated toxin solution was added to the requi-
red final concentration <(5-30 nM) and mixed into the bathing
solution with gentle swirling. Duplicate aliquots (10 pl) were
immediately withdrawn to determine the actual concentration of
radiolabelled toxin. Incubation was for 1 hr as abaove (37°C,
gassing and occasional agitation). The incubation medium was then
drained from the slices which were washed 5-6 times over 30 min in
gassed Ringer at 37°C. The final washes contained negligible

amounts of radiocactivity.

5.3.3. Fixation and Embedding of Brain Slices
Toxin-labelled brain slices were fixed for 1 hr at =22°C

in 2.5% glutaraldehyde, 4% para~formaldehyde in 0.1 M sodium phos-
phate buffer (pH 7.4) and washed twice in the phosphate buffer and
twice in 0.1 K sodium cacodylate buffer (pH 7.4). The slices were
post-fixed overnight in 0.5-1% osmium tetroxide in 0.1 M cacodylate
buffer. Tissue slices were then dehydrated through 25%, 50% and
7%% aqueous ethanol and two changes of absolute alcohol, and infil-
trated with soft Spurr's resin (Spurr, 1969, medium C) using a
series of resin/ethanol mixtures (25% resin in absolute alcochol:
1 hr; 50% resin: 1 hr; 75% resin: 1-2 hrs; two changes of 100%

resin: 2 hrs). The resin was polymerized for 8 hrs at 70°C.

5.3.4. Sectioning

Resin-embedded tissue was sectioned on an LKB Ultrotome 3
- 159 -



using glass knives. The brain slices were usually sectioned per-
pendicular to their surface so that any uneven penetration of the
labelled toxins into the tissue could be detected. Some hippo-
campus slices were sectioned parallel to the slice surface,
Initial semithin sections (1 pm) were stained in 0.1% toluidine
blue in 1% Borax. ¥hen a sufficiently large cross-section of
tissue was found, sections were cut for autoradiography. For
electron microscopy, ultrathin sections with pale gold interference
colours (90-110 nm thick, Salpeter and Bachman, 1964) were placed
onto slides which had been coated with a formvar film (silver
interference colour, prepared by immersing slides into a solution
of 1.5% formvar in chloroform using a custom-built dipping device).
Test and control sections from several blocks were placed in
adjacent positions on each slide. For light microscopy, semithin

(1 pym) survey sections were dried onto acid-cleaned glass slides.

5.3.5. Autoradiography
5.3.5.1. Exposure: Coating sections with Ilford L4 emulsion

In the dark, 10 g of Ilford L4 emulsion were melted in
20 ml distilled water (15 min at 43°0C). The emulsion was
transferred to a custom-built semi-automatic coating machine and
allowed to equilibrate to dipping temperature (33°C). Initially,
emulsion layers were prepared on empty formvar—-coated glass slides
by adjusting the speed at which slides were withdrawn from the
liquid emulsion. VWhen even "dark purple" emulsion layers (150 nm
thick, Salpeter and Bachman, 1964) were obtained, slides with the
sections for electron microscopy were also dipped. The emulsion
was gelled immediately by placing the slides on ice-cooled tiles.
Slides containing 1 pm thick survey sections were dipped manually
in the same Ilford L4 emulsion, gelled as above and dried; in this
way emulsion layers with red-green interference colours were produ-
ced, which are estimated to be at least 0.2 pm thick (Salpeter and
Bachman, 1964). All emulsion-coated slides were dried slowly at
%22°C (ambient humidity =50%) for =2 hrs and then more thoroughly
over silica gel, before being exposed at 4°C for the required

period (up to 4 months).

5.3.5.2. Development
Slides containing sections for electron microscopy were
brought to room temperature (=22°C) and developed individually in
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fresh full-strength Kodak D19 developer at 20°C for 2 min.
Development was stopped by immersion in 1% acetic acid (30s)
followed by a wash in distilled water (30s). Undeveloped silver
halide was then removed by immersion in 25% sodium thiosulphate
fixative for 4 min, before the slides were washed extensively in
distilled water (6 x 5 min). The formvar film carrying the
sections was stripped from the slides onto distilled water, copper
grids <(usually G200 high transmission) were dropped over the
sections, and the film was recovered using a piece of parafilm.

For 1light microscope autoradiography, slides were warmed
to room temperature and‘developed 4 min in Kodak D19 developer at
18°C. Development was stopped by immersion in 1% acetic acid (1
min), the emulsion was hardened in 3% potassium chrome alum and 6%
sodium sulphate (3 min) and fixed 4 min in 25% sodium thiosulphate.
After 3 x 5 min washes in distilled water, slides were dried
thoroughly over silica gel, and mounted with DPX mounting medium.

5.3.6. Electon Microscope Observations

Grids containing autoradiography sections were rinsed in
methanol before the sections were stained in 12% methanolic uranyl
acetate for 30-45 min, washed thoroughly in methanol and distilled
water and dried. All observations were made using a Hitachi H-600

electron microscope, usually with an accelerating voltage of 75 kV.

5.3.7. 1287~

for Resolution Studies

Thick (1-2 mm) slices of rat forebrain were dissected
manually, fixed in 2.5% glutaraldehyde, 4% formaldehyde in 0.1 M
sodium phosphate buffer pH 7.4 for 1 hr and washed, post-fixed in
osmium tetroxide, dehydrated and embedded in Spurr's resin as
described above (Section 5.3.3). Using a glass knife on the ultra-
microtome an even smooth surface was exposed on the tissue blocks,
A drop of concentrated '2*I-DTX (25ul1 of 30 nM '#°I-DTX , =500 Ci/
mmol, in phosphate buffer, pH 7.4) was placed on this smoathed
surface for 5 min. As the basic '?°I-DTX molecules are very sticky
in this buffer, a proportion of the toxin adhered non-specifically
to the plastic. Excess '?*I-DTX was drained from the blocks, which
were then air-dried. The '?*I-DTX was fixed by exposure to form-
aldehyde vapour at 70°C for 2 hrs. After fixation, the blocks were
washed thoroughly in several changes of water and later in methanol
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untll no more radiocactive material was removed, dried and embedded
in fresh Spurr's resin.

Sections were cut from these blocks at a right angle to
the '?5I-DTX-labelled tissue slice surface, so that the sections
contained a thin line of '?*I-DTX bordered on one side by osmicated
brain tissue and on the other by clear resin. This arrangement
allows the effect of osmication on resolution to be studied. Vhen
such sections were stained in uranyl acetate (Section 5.3.6), the
radiolabelled protein line was visible in the electron microscope
and appeared to have a thickness of 50 nm. Ultrathin sections were
processed for electron microscope autoradiography as described
above (Section 5.3.5).

5.3.8. Apalysis of Silver Grainp Distributions
5.3.8.1. Random sampling of tissue by photography

For analysis of silver grain distributions, photographs
were taken at a nominal magnification of 6,000x on the electron
microscope (actual magnification of the negatives =6,110x, as cali-
brated using a cross-spaced grating replica with 2,160 lines/mm,
Polaron). An initial photograph was taken of a well preserved area
in a defined cell layer or synaptic region on the section. Two or
three adjacent frames were then also photographed, regardless of
the appearance or preservation of the tissue or the silver grain
densities. This method allows unbiased photographic sampling of
identified tissue areas. Photographs were printed from the
negatives at a final magnification of 17,500x. At this magnifica-
tion, a 50% probability circle (HR =175 nm, see Section 5.4.2) has

a radius of 3 mm.

5.3.8.2. 4malysis of silver graln distributions

Silver grain distributions were analysed using an
adaptation of the probability circle method of Williams (1969).
Grain centres were identified using an overlay mask of concentric
circles, and marked with a needle. A mask showing a 50% proba-
bility circle (3 mm radius, Section 5.3.8.1) was placed over each
grain centre and the underlying tissue structures were listed. A
large number of silver grains was found over plasma membrane
structures; therefore the 50% probability circles placed over these
grains frequently contained more than one tissue element. For
example, the 50% probability circle around a grain on the active
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zone of a synapse may contain parts of both the presynaptic bouton
and the postsynaptic dendrite. Grains were then divided into
classes according to the contents of the 50% probability circle
about the grain centre. To avoid the creation of excessive numbers
of shared grain classes (since most grains were found over plasma
membrane) shared grains were scored twice; for example, the hypo-
thetical grain described above would be added to bath the synaptic
bouton and the dendrite class.

The photographs were also studied using overlay masks
ruled with a regular 2 or 2.5 cm square grid, and grid intersection
points were analysed with the 50% probability circle mask in the
same way as the grain centres. The number of points collected was
at least 3 times the number of grains, and all photographs used in
the grain analysis were also used to collect points. From the
grain and point distribution data, relative density values were
calculated (see Section 5.1.1.3).

5.4, Results

5.4.1. Preliminary Studies to Define a Suitable Tissue
Preparation for Localization Experiments

Fresh rat brain slices from hippocampus or the cerebellum
were labelled in vitro with '?°I-8-BuTX or '2%I-DTX and processed
for electron microscope autoradiography. Preliminary studies with
such preparations indicated that the tissue was poorly preserved,
especially at the chopped or cut surfaces of the slices. Further-
more cell bodies, particularly those of the granule cells of the
cerebellum, were frequently pyknotic, while synaptic fields were
usually reasonably well preserved (see also Garthwaite et al.,
1979; 1980). The tissue was prabably damaged through suffering
anoxia during the dissection and slice preparation procedures as
well as in the small incubation volume (1 ml, cf. Garthwaite et
al., 1979) necessary to achieve high enough concentrations of the
toxins. The preservation was also poorer in slices incubated with
B-BuTX, probably due to the phospholipase activity of this toxin.
As reported by Garthwalte et al. (1980), slices from young rat
cerebellum (up to two weeks 0ld) were more resistant to anoxia and
showed better preservation. Similarly slices from 1-day-old chick
cerebellum showed reascnably good preservation after the standard
incubation procedure.
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The preliminary studies also demonstrated that the toxins
penetrated incompletely into the slices. In rat cerebellum slices
incubated in 10 nM '2°I-B-BuTX, labelling was observed only within
30 pm of the cut surfaces; 10 nM '?°I-DTX appeared to penetrate
further (to a depth of =150 pm). Hippocampal or cerebellar slices
treated with 30 nM '2°I-DTX were labelled to a depth of 180-210 pm.
The differences in the penetration of these two toxins suggest that
molecular size is one factor restricting access. Furthermore, the
penetration of the toxins into the slices may be greatly delayed
through binding to the acceptors, which are highly enriched there
(values of =~0.5 pmol of '**I-DTX binding/mg of protein on cryostat
sections, see Chapter 2, represent close to uM concentrations in
the membrane area bathed by the extracellular fluid, assuming a
protein content of 5% of the wet tissue weight and 5-10% extra-
cellular space). The role of toxin depletion was further supported
by the observation that on control slices, incubated in an excess
of unlabelled toxin, low but more uniform grain distributions were
found. Studies on young chick cerebellum slices, in contrast,
showed that both toxins were able to penetrate evenly through the
slices. This may be due to the larger extracellular spaces in the
developing tissue (Levi and Lattes, 1970; see also del Cerro et
al., 1968), as well as a lawer acceptor site content (cf. Chapters
3 and 4).

1-Day-old chick cerebellar slices, which have been shawn
to contain acceptors for both B-BuTX and DTX (Chapters 3 and 4,
thus appeared to be the most suitable preparation for high
resolution autoradiography studies; both '?°I-8-BuTX and '?°I-DIX
binding have therefore been examined in this tissue. The distribu-
tion of DTX acceptors was also studied on rat cerebellum and hippo-

campus, using tissue from both 14-day-old and adult animals.

5.4.2. Resolution of the Electron Microscope
Autoradiographic Method

This was measured using radioactive line specimens (Sec-
tion 5.3.7). As in all other electron microscope autoradiography
experiments pale gold sections, 100-110 nm thick (measured directly
from folds in the sections, Small, 1968), were exposed to a mono-
layer of Ilford L4 emulsion for 7 days and then developed in Kodak
D19 developer (Section 5.3.5). The average background labelling
observed on these sections was 0.09 grains/100 pum?, but the grain
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density increased significantly over the interface between tissue
and resin (Figure 5.2a). A study of a montage prepared from photo-
graphs of an entire grid square on one section indicated that
grains were scattered about the radioactive line for several pm.
Hence a cut-off distance of 5 pym was chosen for the analysis.
Photographs from seven sections taken from two different
resin blocks were printed at 20,000x magnification. The perpen-
dicular distance from the centre of each of 1002 grains to the
tissue/resin interface was measured, and a grain distribution
histogram was constructed (Figure 5.2b). The grain distributien
was approximately symmetrical about the '?®I-labelled line, indica-
ting that osmication of the tissue did not significantly affect the
scatter of the grains. Grains were therefore added from both sides
of the '?*I-labelled line to give the normalized cumulative grain
distibution shown in Figure 5.2c. From this curve the HD for '2°]
was found to be 105 nm, Figure 5.2c also shows the theoretical
grain distribution curves for a '?*I 1line source according +to
Salpeter et al. (1977) and Blackett et al. (1980), both adjusted
for the HD of 105 nm (see also Section 5.1.1.2). The experimental
curve derived here appeared to fit clasely with the curve of
Blackett et al. (1980), indicating that the high energy electrons
do affect the resolution {(cf. Sectiom 5.1.1.2). The praobability
distributions for a '?*I-point source in this autoradiography sys-—
tem were therefare calculated according to the equations given in
Blackett et al. (1980), using HD =105 nm, and are shown in Figure
5.2d. From these curves the radius of a 50% probability circle in

my autoradiography system (HR) is 175 nm.

5.4.3. Localization of B8-BuTX Acceptors in Chick Cerebellum

Horizontally cut first and second slices from 1-day-old
chick cerebellum vere 1labelled with 5.5 nM '?2°I-8-BuTX, control
slices being treated in addition with 5 pM B-BuTX. To study the
effect of the phospholipase activity of the toxin, some slices.were
incubated in Ca?'-containing buffer, while others were labelled in
a Ringer in which Ca?* had been replaced with 2.5 mM Sr?* in the
presence of 1 mM EGTA. After fixation and embedding of the slices,
semithin survey sections and ultrathin sections were processed for

light and electron microscope autoradiography.
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Figure 5.2. Distribution of silver grains about a '?°I-labelled radiocactive line source

(a)

(b)

(c)

(@

(e)

A sample electron microscope autoradiogram of the '?I-DTX labelled line source.
Magnification: 20,000x. Scale bar =1 um

Experimental grain density histogram for grains within 1 pm of the labelled line
(868.2% of all grains counted)., Negative distances are for grains over clear resin,
positive distances for grains over osmicated tissue.

The cumulative grain distribution about the line scurce. The grains (from b, both
sides) were added comnsecutively with increasing distance from the line source. Only
the first 1 um (88.2% of grains) 1s shown. Half of the total number of grains (1002)
are found within 105 nm of the line.

The cumulative grain distribution, re-plotted from (c) as % of grains found with
distance from the line @—e—e), For comparison, the theoretical grain distribution
for a '?**I line source according to Salpeter et al. (1977) — — ) and according tec
Blackett et al. (1980) (¢=----" ), both adjusted for a HD of 105 nm, are also shown.

The probability function for the grain distribution about a point source, p, where

p= (x24;¥gf55)L5 - (B?Séng )2 (from Blackett et al., 1980; x is the distance from
the point source in units of HD) was calculated and is shown as ( ). The cumula-
tive probability distribution, derived by integrating the equation above, is given as
(==--. From this curve, the radius of a 50% probability circle (HR) is =1.67 HD,
or 175 nm.
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5.4.3.1, Light microscope autaoradiography of semithin

survey sectigns

As in the Ultrofilm autoradiography experiments described
in Chapter 3 (Section 3.4.5), the highest grain densities on semi-
thin plastic survey sections were abserved over the molecular layer
of the cerebellum slices (Figure 5.3a,b). In addition, there was a
distinct gradient of grain density over the molecular layer, the
highest numbers of silver grains being found near the Purkinje cell
layer and very few grains visible near the cerebellar surface. The
external granule cell layer was unlabelled. Some Purkinje cells
were also very strongly labelled; however, many well preseved
Purkinje cells remained unlabelled (Figure 5.3a,b). Low levels of
silver grains were found over the granule cell layer, while fairly
high grain densities were observed over regions rich in myelinated
axons. Caontrol sections treated with excess unlabelled B-BuTX con-
tained very low numbers of silver grains (Figure 5.3c,d), except
that fairly high grain densities were observed over white matter
bundles (not shown), suggesting that the labelling of white matter
is due to non-specific binding of the '?5I-B-BuTX (see also Section
5.4.3.4).

A similar distribution of silver grains was observed over
survey sections prepared from tissue slices incubated in Sr?*-con-
taining Krebs Ringer. Hawever, cantrol sections labelled in this
buffer showed higher densities of silver grains (Figure 5.3e,f); in
particular, there were more silver grains aver the granule cell
layer than over the molecular layer. This is similar to the high
levels of non-specific binding on granule cells observed on chick

cerebellum cryostat sections (cf. Figure 3.1lle).

5.4.3.2. Electron microscope autoradiography of '?*°I-f-BulX

binding in chick cerebellunm

Most of the results described here are from cerebellar
slices labelled with '?°I-8-BuTX in normal Ca?'-containing Krebs
Ringer. Sections from such slices shawed an acceptably good
preservation, although some tissue elements were shrunken, occasio-
nally leaving large intercellular spaces. After autoradiography
many silver grains were observed over the molecular layer. A large
proportion of these grains appeared to be located over or claose to
vesicle-filled presynaptic boutons. For example, o©f the seven
silver grains visible in Figure 5.4 five are close to synaptic
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Figure 5.3. 1251 -R-
slices

Phase contrast (a, c, and e) and darkfield (b, d, and f) images of
1 pm thick survey section autoradiograms from l-day-old chick
cerebellum slices labelled in © nK '25]-8-BuTX alone (test
condition, a and b> or in the presence of 5 plf unlabelled B-BuTX
(controls, c-f). 1In test slices (a and b) labelled with
128]-8-BuTX in Ca?*-containing buffer, high grain densities are
observed aver the molecular layer (M), and lower grain densities
over the granule cell layer (G). One poorly preserved Purkinje
cell (identified by the arrowhead) is strongly labelled, while well
preserved Purkinje cells (P) remaln unlabelled. Vhen the
experiment was repeated in Ca?"-free Sr** buffer, an identical
labelling pattern was observed (not shown). A control slice
incubated in Ca?'-containing buffer (c and d) contains very low
grain densities, while a control slice labelled in Sr?*-containing
buffer (e and f) exhibits higher labelling over the granule cell
layer (G) than aver the molecular layer (M), poorly preserved
Purkinje cells (arrowheads) being weakly labelled.

Magnification =400x. Scale bar (in e) =20 um.






Figure 5. 4. A28 Iy o

Cerebellar slices from l-day-old chick brain were incubated in 5 nM
'25]-3-BuTX (1000 Ci/mmol) in Ca?-containing Krebs Ringer,
processed for electron microscope autoradiography and exposed for
120 days. The figure shows an area of the molecular layer. A
Purkinje cell dendrite (D) rises through the upper half of the
field of view, Groups of unmyelinated parallel fibre (PF) axons of
granule cells, cut transversely in this section, swell to form
synaptic boutons (SB), which synapse onto spines (Sp) protruding
from the Purkinje cell dendrite. A basket cell nerve ending
synapses directly with the Purkinje cell dendrite (arrowheads). Of
the seven silver grains visible in this micrograph, five are claose
to synaptic bouton plasma membranes, although the membranes of the
two boutons marked % are cut at very shallow angles and are
therefore indistinct. Magnification =17,500x. Scale bar =1 um.
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boutons. Labelled synaptic boutons are also shown at higher
magnification in Figure 5.5a and b. In addition high densities of
silver grains were abserved over membrane fragments and
mitochondria of swollen and burst Purkinje cells in the the lower
molecular layer (Figure 5.5c).

The tissue on control sections from slices treated with
'28]-R-BuTX and a large excess of unlabelled B-BuTX was completely
disrupted by the phospholipase activity of the toxin, so that few
structures other than cell nuclei could be identified <(Figure
5.9d). As on the semithin survey section autoradiograms (Section
5.4.3.1), very few silver grains were found on these sections, pre-
sumably because unbaound '?*I-f-BuTX can be efficiently washed gut
of the very disrupted tissue. These slices may not, therefore, be
valid controls for the test section autoradiograms. Sections from
slices labelled with '?°I-B-BuTX in Sr?* Ringer, in which the phos-
pholipase activity of fthe toxin is largely inhibited, shaowed a
similar preservation to the Ca?* test sections described abave
after incubation both in the presence or absence of an excess of
unlabelled toxin (Figure 5.6). Silver grains on the test sections
were again most abundant over the molecular layer, and were
frequently found close to synaptic boutons (Figure 5.6a). Estima-
tes of grain densities over the molecular layer suggested that the
correspanding control sections contained only 30% of the number of
silver grains observed an the test sectioms. The few grains on the
control sections appeared to be randomly distributed (Figure 5.6b).
By analogy with these results from studies in Sr?* buffer, many of
the silver grains on Ca?" test section autoradiograms probably also
represent specific '?°I-f-BuTX binding. Hence, the distribution of

silver grains on Ca?' test sections was studied in detail.

5.4.3.3. Analysis of the distribution of '2]-f$-BuTX binding in the

molecular layer of chick cerebellum

Fifty photographs of the lower molecular layer taken  fram
four sections cut from different brain slices, cavering an area of
=8,500 um* and showing 701 silver grains (grain density =8.3
grains/100 pm?, after 120 days exposure), were printed to a magni-
fication of 17,500x and analysed as in Section 5.3.8. Briefly, the
contents of a 50% probability circle placed around the grain centre
were recorded, noting particularly the presence of neuronal plasma
membrane (synaptic, axonal, dendritic or cell soma). The distance
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Figure 5.5. i i 125]-R- inding in chi

Cerebellar slices from chick brain were processed as detailed in
Figure 5.4. <(a and b) '**I-§-BuTX binding to synaptic bouton
membrane. Parallel fibres (PF) swell to form synaptic boutons
(5B), synapsing with dendritic elements (D). (c) shows a poorly
preserved Purkinje cell. The cytoplasm has disintegrated, endo-
plasmic reticulum (ER) and mitochondria (M) are severely swollen,
and the plasma membrane is disrupted in some places (arrowheads).
Silver grains are found throughout the cytoplasm and nucleus (N) of
this cell. (d) Molecular layer of a control section from the sam=
experiment. Magnifications: 22,900x in a, 26,100x in b, 10,100 in
c and 13,400x in d. All scale bars =1 pm.






Cerebellar slices from l1-day-old chick brain were incubated in 5 nM
'25]-B-BuTX (1000 Ci/mmol) in Ca*'-free Sr2?'-containing Krebs Ringer,
processed for electron microscope autoradiography and exposed for
120 days. (a) '25I-f-BuTX binding in the molecular layer. Silver
grains were found close to synaptic boutons (SB) and unmyelinated
parallel fibres (PF). (b) Molecular layer of a control section
labelled in 5 nM '28I-B-BuTX in the presence of 5 uM unlabelled
B-BuTX. DNote the improved preservation compared to brain slices
incubated in Ca?*-containing Ringer (Figure 5.5d). Magnifications:
26,900x in a and 22,500x in b. All scale bars =1 um.
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from the grain centre to the nearest synaptic bouton membrane was
also measured; 2970 random points were studied likewise.

In this analysis the 50% probability circles around 499
grains (i.e. 71% of all grains studied) contained neuronal plasma
membrane, compared with only 58% of the random points, giving an
enrichment (relative density ratia) of 1.2. This suggests that the
B-BuTX acceptors occur aon neuronal membranes. The grains and
random points were then grouped into classes according to the
contents of the corresponding 50% probability circles. The results
from this analysis are summarized in Table 5.1. Significant rela-
tive density ratios were associated with the membrane of synaptic
boutons and with the parallel fibres, the unmyelinated axons of the
cerebellar granule cells. The parallel fibres frequently swell
along their course to form synaptic boutons (see e.g. Figure 5.5,
and thus probably contain similar presynaptic membrane components
to the synaptic boutons. Debris of burst cells and intercellular
space appeared to be labelled aonly when they were found close to
synaptic boutons.

Histograms of the distribution of silver grains and random
points relative to the synaptic bouton membrane are shown in Figure
5.7. The distribution of random points represents an area correc-
tion for the silver grain histogram. Due to the large number of
synaptic boutons in the cerebellum molecular layer neurocpil, few
random points were found far from synaptic bouton membrane.
Comparison of the grain and point distribution histograms, however,
reveals a relative enrichment of silver grains over the synaptic
bouton membrane. This suggests that the toxin binds to acceptoars

in the synaptic bouton membrane.

5.4.3.4. Analysis of the distribution of '*°I-§-BuTX binding in

the granule cell layer and white matter regions of chick

cerebellum

Compared to the molecular layer, very few silver grains
were observed over the granule cell layer on electron microscope
autoradiograms; most of these grains were found in the neuropil and
glomeruli between the granule cell bodies (Figure 5.8a). On
control sections the granule cell layer was again very degraded by
the phospholipase activity of the excess unlabelled B-BuTX, and
almost totally devoid of grains (Figure 5.8b).

The distribution of silver grains in the granule cell
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Table 5.1. !28]-8~BuTX Binding in Chick Cerebellum Molecular Layer:
Distributi £ ail I } relati ;

Number of % of % of Relative
Grains Grains Points Density
Synaptic bouton: Total 282 40,2 37.8 1.1
Internal 20 2.9 8.1 0.4
Membrane-associated 262 . 37.4 29.7 1.3
Parallel fibre: Total 179 25.5 15.8 1.6
Near synaptic bouton 51 7.3 3.8 1.9
Non-synaptic 128 18.3 12.0 1.5
Dendritic: Total 69 9.8 16.5 0.6
Internal 18 2.6 7.9 0.3
Membrane-assoclated 51 7.3 8.6 0.8
Near synaptic bouton 10 1.4 1.6 0.9
Non-synaptic 41 5.8 7.0 0.8
Cell soma: Total 2 0.3 0.8 0.4
Internal 1 0.1 0.6 0.2
Membrane-associated 1 0.1 0.2 0.5
Near synaptic bouton 0
Non-synaptic 1 0.1 0.1 1.0
Glial: Total 251 35.8 34.2 1.0
Near synaptic bouton 82 11.7 10.7 1.1
Non-synaptic 169 24,1 23.5 1.0
Burst cell debris: Total 105 15.0 14.6 1.0
Near synaptic bouton 10 1.4 0.9 1.6
Non-synaptic 95 13.6 13.7 1.0
Intercellular space: Total 106 15.1 15.7 1.0
Near synaptic bouton 54 7.7 5.2 1.5
Non-synaptic 52 7.4 10.5 0.7
Unidentified: 7 1.0 1.9 0.5

Cerebellum slices from l-day-old chick brain were incubated in 5 nM
1281-B~BuTX (1,000 Ci/mmol) and processed for electron microscape
autoradiography. After exposure for 120 days the autoradiograms
were developed, and photographs of 8,500 um? of the molecular layer
were printed at 17,500x magnification. The contents of 50% density
circles (HR =175 nm) about 701 silver grain centres or 2970 random
points were studied. ©Shared grains or points were counted twice as
detailed in Section 5.3.8., Probability circles of grains or points
which contained portions of synaptic bouton membrane were grouped
separately. Relative density is the ratio of % of grains + % of
points, as described in Section 5.3.8. Significant labelling was
defined as a relative density ratio ?1.3 from at least 5 silver
grains, and is shown in bold type.
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Figure 5.7. Distribution of silver grains about the presypaptic

membrane
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Autoradiographic prints of '?°I-8§-BuTX labelled chick cerebellum
molecular layer (magnification 17,500x; HR of 175 nm =3 mm) were
studied. The distance on the prints from the centre of each silver
grain to the nearest synaptic bouton membrane was measured in mm,
and a histogram constructed as in (a). To obtain a tissue volume
correction, random points were analysed likewise (b). The dashed
line in a (— —) is a smaoth curve drawn through this point
distribution. It is apparent from this plot that only the synaptic
bouton membrane, and structures in the immediate vicinity of
synaptic bouton membrane, are specifically enriched in siver

grains.
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Figure 5.8.  Localizatiop of '2°1-8-BuTX bindipg in chick
cerebellum granule cell layer

Cerebellar slices from chick brain were incubated in 5 nM
1287-B3-BuTX (1000 Ci/mmol) in Ca?'-containing Krebs Ringer,

praocessed far electron microscope autoradiography and exposed for
120 days. '?°I-$-BuTX binding in the granule cell layer. <(a) A
granule cell (Gr, N, nucleus) close to a glomerulus. This consists
of a central vesicle-filled mossy fibre terminal (M), surrounded by
granule cell dendritic processes (GD). Nerve terminals from Golgi
cells (¥) also synapse with the granule cell dendrites. Again
three of the four silver grains are close to synaptic boutons.

{b) Granule cell layer of a control section labelled in 5 nM
125]-R3-BuTX in the presence of 5 pM unlabelled R-BuTX. The remains
of a granule cell and a glomerulus can be identified, but most of
the tissue is degraded by the phospholipase activity of the toxin.
Magnification =15,500x. Scale bar (in b) =1 um.
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layer was studied on one section by taking a series of non-overlap-
ping adjacent photographs over an entire grid square (9,000 um?).
This area contained 107 silver grains, whose distribution was ana-
lysed and compared to that of random points by relative density
analysis as detailed 1in Table 5.2, The point analysis revealed
that a large proportion of the section area in the granule cell
layer (53%) is taken up by granule cell bodies. This area is un-
labelled (relative density ratio 0.4), probably because it is
inaccessible to the toxin. Membrane rupture (e.g. due to swelling
and subsequent bursting of anoxic cells, as in the Purkinje cells
described in Sections 5.4.3.1 and 5.4.3.2) may be required before
the toxin can reach the cytoplasm of the cells. It should be
noted, however, that poorly preserved granule cells on other areas
of the section were also unlabelled., The analysis data was adjus-
ted to exclude the apparently imaccessible space by subtacting all
grains and points further than 3 mm (=HR) inside the cell soma.
The "corrected relative densities" thus obtained (Table 5.2) again
indicated that synapses and unmyelinated axons are labelled. After
the correction, dendrites, glial processes and cell somata appea-
red labelled only near synaptic boutons, indicating that silver
grains aover these structures are probably due to cross-fire rather
than direct labelling by the toxin.

As noted earlier, the 1light microscopy survey sections
showed high grain densities over white matter regions on both test
and control tissue slices. Likewise, silver grains were observed
in the electron microscope in areas containing myelinated axons on
both test and control sections (Figure 5.9). Many of these grains
were seen close to the myelin sheath. Relative density analysis
was performed on prints covering 1,400 um* of both test and control
tissue (93 and 72 grains on test and control sections, respective-
ly; analysis not shown). High relative density ratios were always
observed over the myelin sheath or within the axons on both test
and control sections. 1In addition, synaptic boutons, although rare
in the deep granule cell layer/white matter areas, had significant
relative grain densities on test sections; these structures were
not identifiable in the contreol tissue. The distances from the
grain centres to the nearest myelin surface were also measured on
all photographs. Silver grains on both test and control samples
were found to be enriched 3-6 mm from the myeiin sheath, both in-
side and outside the axans. This suggests that B-BuTX is non-
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Table 5.2. !'2°]-8-BuTX Binding in Chick Cerebellum

Granule Cell Layer:

Distributi f oil . i relati ;
densities gver various tissue elements

Number of % of % of Relative Corrected
Grains Grains Points Density Relative Density
Synaptic bouton: Total 39 36.4 15.3 2.4 1.5
Internal 7 6.5 5.2 1.3 0.8
Membrane-associated 32 29.9 10.2 2.9 1.8
Axonal: Total 27 25.2 9.5 2.7 1.6
Internal 3 2.8 0.9 3.1 1.9
Membrane-associated 24 22.4 8.6 2.6 1.6
Near synaptic bouton 7 6.5 1.4 4.6 3.0
Non-synaptic 17 15.9 7.3 2.2 1.4
Dendritic: Total 16 15.0 11.8 1.3 0.8
Internal 3 2.8 4.1 0.7 0.3
Membrane-associated 13 12,1 7.7 1.6 1.0
Near synaptic bouton 10 9.3 3.2 2.9 1.8
Non-synaptic 3 2.8 4.5 0.6 0.4
Cell soma: Total 41 38.3 63.8 0.6
Internal 23 21.5 52.7 0.4 NA
Membrane-associated 18 16.8 11.1 1.5 0.9
Near synaptic bouton 9 8.4 1.5 5.6 3.4
Non-synaptic 9 8.4 9.5 0.9 0.5
Glial: Tatal 5 4.7 2.9 1.6 1.0
Internal 0 0.6
Membrane-assaciated 5 4.7 2.3 2.0 1.3
Near synaptic bouton 3 2.8 0.9 3.1 1.9
Non-synaptic 2 1.9 1.4 1.4 0.9
Burst cell Debris: Total 2 1.9 0.8 2.4 1.6
Hear synaptic bouton 1 0.9
Hon-synaptic 1 0.9 0.8 1.1 0.8
Unidentified 9 8.4 3.9 2.2 NA

Chick cerebellum slices were labelled with '?°I-f-BuTX and pro-

cessed as detailed in Table 5.1.
granule cell layer were printed.

Photographs of 9,000 um?* of the
The cantents of 50% density

circles about 107 silver grain centres or 660 random points were

studied as before.

The corrected relative density column shows re-

calculated relative density values after both grains and points
located over the cell soma (internal) and unidentified grains ahnd
After this correction, 75 grains and 286
Significant labelling was defined as

points were subtracted.

points remained for analysis.

a relative density ratio ?1.3 from at least 5 silver grains, and is

shown in bold type.
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Figure 5.9, i of '*]-B- i n o3

Cerebellar slices from chick brain were processed as detailed in
Figure 5.6. On both test (a) and control (treated with 5 nM
1287-8-BuTX in the presence of 5 uM unlabelled B-BuTX, b) sections
silver grains were observed on or inside myelinated axons (Ax),
suggesting that the toxin is non-specifically trapped in these
areas. Arrowheads identify some of the darkly-stained myelin
sheaths. Magnification =15,800x., Scale bar (in a) =1 pm.
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specifically trapped in and around myelinated axons, leading to
high grain densities in white matter areas. In the studies on
cryostat sections (Chapter 3) more thorough washing was possible,

and little toxin binding was aobserved in white matter areas.

5.4.4, Localization of DTX Acceptors in Chick Cerebellum

Chick cerebellum slices were also labelled with & or 35 nM
'281-DTX, control slices being incubated in addition in the presen-
ce of 10 puM unlabelled DTX. Semithin survey section autoradiograms
from slices labelled at both '?*I-DTX concentrations showed similar
silver grain distributions, high grain densities being observed
over the molecular layer, lower numbers of silver grains over the
granule cell layer, while the external granule cell layer remained
unlabelled (data not shaown). Significant 1levels of saturable
'28]-DTX binding were also abserved over white matter regioms.

Control sections contained uniform very low grain demsities.

5.4.4.1. Analysis of the distribution of '*S]-DTX binding in the

molecular layer of chick cerebellunm

On sections prepared for electron microscope autoradiogra-
phy, many silver grains were found in the molecular layer; these
appeared to be located over syraptic boutons and parallel fibres
(Figure 5.10a,b,c). Since higher silver grain densities (=25.5
grains/100 um®) were observed on sections from slices labelled at
the higher toxin concentration (35 nM), these were used in the
analysis of the silver grain distributions, as described belaw.
The labelling was saturable, since control sections contained only
2.0 grains/100 pm®* (see also Figure 5.10d4). Photographs from sec-
tions cut from two different brain slices were studied in detail.
As for '?%1-B-BuTX, a large proportion of the silver grains (78%),
but not of the random points (only 57%) on these photographs were
found over neuronal membrane. This significant enrichment (1.4x)
suggests a membrane location for the DTX acceptors. In the rela-
tive density analysis <(summarized in Table 5.3) anly synaptic
bouton membranes and the unmyelinated parallel fibre axons of the
granule cells contained significant labelling (relative density
ratios 21.3>. The apparent labelling of dendritic structures and
glial processes was restricted to tissue elements in close apposi-
tion to synaptic boutons (the 50% probability circles also contai-
ned synaptic bouton membrane), indicating that it was probably due
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Figure 5.10. i i 25—
molecular laver

Cerebellar slices from l-day-old chick brain were incubated in

35 nM '2°I-DTX (300 Ci/mmol), processed for electron microscope
autoradiography and exposed for 135 days. (a) Overview of the
molecular layer. Silver grains are found close to syrnaptic bouton
(SB) membranes and near unmyelinated parallel fibre (PF) axons.

D, dendritic process. (b) Detailed view of a synaptic area. (c) A
group of parallel fibres, cut tramnsversely. (d) Molecular layer of
a control section labelled in 35 nK '?°I-DTX in the presence of

10 pM unlabelled DTX. Magnificatioms: 15,600x imn a, 21,900x in b,
295,300 in ¢ and 11,600x in d. All scale bars =1 pm.
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Table 5.3. 125]-
Distribution of silver grains and relative grain
densities aver various tissue elements

Number of % of % of Relative
Grains Grains Points Density
Synaptic bouton: Total 95 22.96 14.8 1.5
Internal 12 2.9 2.9 1.0
Membrane-associated 83 19.8 11.9 1.7
Parallel fibre: Total 244 58.1 39.7 1.5
Near synaptic bouton 36 8.6 3.7 2.3
Non-synaptic 208 49.5 36.0 1.4
Dendritic: Total 49 11.7 21.6 0.5
Internal 14 3.3 11.8 0.3
Membrane-associated 35 8.3 9.8 0.8
Near synaptic bouton 9 2.1 1.6 1.3
Fon-synaptic 26 6.2 8.2 0.8
Cell soma: Total 12 2.9 7.3 0.4
Internal 10 2.4 6.7 0.4
Membrane-associated 2 0.5 0.7 0.7
Near synaptic bouton 1 0.2
Non-synaptic 1 0.2 0.7 0.3
Glial: Total 54 12.9 19.1 0.7
Near synaptic bouton 16 3.8 2.6 1.5
Non-synaptic 38 9.0 16.6 0.5
Burst cell debris: Total 17 4.0 5.3 0.8
Near synaptic bouton 0.5
Non-synaptic 17 4.0 4.9 0.8
Unidentified: 20 4.8 4.3 1.1

Cerebellum slices from l-day-old chick brain were incubated in

35 nM '25I-DTX (300 Ci/mmol) and processed for electron microscope
autoradiography. After exposure for 135 days the autoradiograms
were developed, and photographs of 1,810 um? of the molecular layer
were printed at 17,500x magnification. The contents of 50% density
circles (HR =175 nm) about 420 sllver grain centres or 1050 random
points were studied., ©Shared grains or points were counted twice as
detailed in Section 5.3.8. Probability circles of grains or points
which contained partions of synaptic bouton membrane were grouped
separately. Relative density is the ratio of % of grains + % of
points, as described in Section 5.3.8., Significant labelling was
defined as a relative density ratio 1.3 from at least 5 silver
grains, and is shown in bold type.
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to cross-fire from nearby synaptic boutons. Thus the DTX acceptors
appear to be neurone specific (as was suggested by the Ultrofilm
localization studies, c¢f. Section 4.4.1), occurring mainly on

synapses and axons.

5.4.4.2. Analysis of the distribution of '?¢I-DIX binding in the

granule cell layer and white matter regions

The granule cell layer contained lawer grain densities
than the molecular layer <(only 9.3 silver grains/100 pm?); most
silver grains were found in the neuropil and glomerular regions
between the granule cell somata (Figure 5.11). Occasional silver
grains were also observed over the granule cell soma membrane (at
least four of the grains shawn in Figure 5.1la are located thus).
The results from the detailed analysis of the silver grain distri-
butions are summarized in Table 5.4. As for '2%1-8-BuTX, the
granule cell bodies could thus be demonstrated to be unlabelled,
although a relative density ratio of 1.5 was observed over the cell
soma membrane. VWhen the unlabelled tissue volume occupied by these
somata was subtracted as before (cf. Section 5.4.3.4), the only
significant grain densities were observed over synaptic boutons,
unmyelinated axons, and denritic processes close to synapses.
Notably, the granule cell soma membrane nao langer appeared specifi-
cally labelled. In addition, significant relative grain density
ratios were found over myelinated axons, although these were not
very abundant (2.5% of the tissue area) on the photographs studied.

The distribution of silver grains in white matter regions
of the cerebellum was therefore studied more closely. 1281-DTX
appeared to label myelinated axons very strongly (Figure 5.12a),
with grain densities as high as 16.4 grains/100 pm®* being observed
in areas rich in myelinated fibre bundles. In contrast, few silver

grains (5.7/100 pm?, Figure 5.12b) were abserved in equivalent

areas on control sections. Thus, unlike the myelin labelling by
1251-B-BuTX <(cf. ©Sections 5.4.3.1 and 5.4.3.4), the binding'bof
'25]-DTX in these areas was saturable. Relative density analysis

(not shown) revealed that the toxin bound specifically over the
myelin sheath. This distribution of silver grains on myelinated
axons agrees with the results of the Ultrofilm localization studies

described in Chapter 4 (see also Section 4.4.5).

- 183 -



Figure 5.11. i i 1251 =

granule cell layer

Cerebellar slices from chick brain were processed as detailed in
Figure 5.10. <(a) Granule cell layer field. Hany silver grains are
found in the neuropil between granule cell somata (Gr). M, mossy
fibre terminal; GD, granule cell dendrite; Ax, unmyelinated axon.
(b) Granule cell layer of a control section from the same

experiment. Magnification =11,600x. Scale bar (in b) =1 um.
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Table 5.4. !2°]-DIX Binding in Chick Cerebellum Granule Cell Layer:
Distributi f sil | 1 relati I

densities
Number of % of % of Relative Carrected
Grains Grains Points Density Relative Density
Synaptic bauton: Tatal 35 24.1 8.0 2.7 1.6
Internal 3 2.1 2.1 1.0 0.6
Membrane-associated 32 22.1 6.9 3.2 2.0
Unmyelipated axon: Total 42 29.0 11.3 2.6 1.6
Near synaptic bouton 3 2.1 1.2 1.8 1.0
Hon-synaptic 39 26.9 10.1 2.7 1.6
Kyelinated axon: Total 10 6.9 2.5 2.8 1.7
Myelin, near synaptic bouton 0 0.2
Myelin, nan-synaptic 7 4.8 1.6 3.0 1.9
Internal 3 2.1 0.7 3.0 1.8
Dendritic: Total 38 26.2 21.5 1.2 0.7
Internal 7 4.8 11.3 0.4 0.3
Membrane-associated 31 21.4 10.2 2.1 1.3
Near synaptic bouton 17 11.7 3.2 3.7 2.3
Non-synaptic 14 9.7 7.1 1.4 0.8
Cell sama: Total 44 30.3 59.8 0.5
Internal 20 13.8 48.5 0.3 NA
Membrane-assaciated 24 16.6 11.3 1.5 0.9
Near synaptic bouton 1 0.7 0.5 1.4 0.8
Non-synaptic 23 15.9 10.8 1.5 0.9
Glial: Total 6 4.1 4.2 1.0 0.6
Internal 0 1.1
Membrane-associated 6 4.1 3.2 1.3 0.8
Near synaptic bouton 3 2.1 0.4 5.3 3.4
Non-synaptic 3 2.1 2.8 0.8 0.5
Unidentified 14 9.7 4.8 2.0 HA

Chick cerebellum slices were labelled with '?°I-DTX and processed
as detailed in Table 5.3. Photographs of 1,630 pym? of the granule
cell layer were printed. The contents of 50% density circles about
145 silver grain centres or 567 random points were studied. The
carrected relative density column shows re-calculated relative
density values after both grains and points located over the cell
soma (internal) and unidentified grains and points were subtracted.
After this correction, 111 grains and 265 points remained for
analysis. Significant labelling was defined as a relative density
ratio ?1.3 from at least 5 silver grains, and is shown in bold

type.
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Figure 5.12. et £ k

Cerebellar slices from chick brain were processed as detailed in
Figure 5.10. <(a> A group of myelinated axons. Many silver grains
are found over the darkly-staining myelin sheaths. (b) Myelinated
axons on a control section labelled in the presence of 10 M
unlabelled DTX. Magnifications: 18,400x in a and 15,800x in b.
All scale bars =1 um.
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5.4.5. Distribution of DTX Acceptors in Rat Cerebellum

As described in Section 5.4.1, only '238I-DTY was able to
penetrate deeply enough into rat brain slices for a study of the
distribution of its acceptors to be feasible. The preservation of
rat cerebellar slices incubated in 30 nM '25I-DTX by the usual
method (Section 5.3.2) was very poor, all cell bodies being pykno-
tic, and all tissue layers appearing vacuolated. Survey autoradio-
grams of semithin sections were used to identify the tissue areas
labelled by the toxin. These also showed that, under both test and
control (10 p¥ unlabelled DTX) conditions, the cell bodies of all
Purkinje cells to which the toxin had access were labelled.

In the electron microscope synaptic areas of the molecular
layer appeared reasonably well preserved, although the dendrites of
Purkinje cells and glial elements were often severely swollen.
Silver grains were found in areas close to the surface of the mole-
cular layer, where '?I-DTX was able to penetrate into the tissue.
Many of these were located over parallel fibres or close to synap-
tic boutons (Figure 5.13). The grain distribution in the molecular
layer was studied on 12 photographs from two test sections cut from
different tissue slices, and covering an area of =2,200 pm?. The
average grain density on these prints was 16.2/100 um?, compared to
only 3.2 grains/100 ym* on corresonding control sections (118 day
expasure) thus indicating that the toxin labelling was saturable.
Furthermore 82% of the grains (277 of 336 grains analysed) were
located on neuronal plasma membrane structures, while only 55% of
the random points studied on the same prints were found in such a
location. The result of the relative density analysis is summari-
zed in Table 5.5. An enrichment of silver grains was observed only
over the parallel fibre axons of the granule cells and over synap-—
tic bouton membranes.

In the granule cell layer both the granule cell somata and
the neuropil were severely disrupted (Figure 5.14a) and no analysis
of the labelling was attempted. Vhite matter areas to which-the
toxin had access were strongly labelled, the majority of silver
grains being found over the axon's myelin sheaths (Figure 5.14Db).
As in chick cerebellum, this 1labelling by '?°I-DTX was specific,
few silver grains being observed near myelinated axons on control
sections from tissue incubated in excess unlabelled DTX (Figure
5.14c), even though only areas clase to the tissue surface, where
the toxin must have been able to penetrate, were studied. Since
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Figure 5.13. i i 1257 inding i a

molecular layer

Cerebellar slices from adult rat brain were incubated in 30 nM
1281-DTX (250 Ci/mmol), processed for electron microscope
autoradiography and exposed for 118 days. (a) In the molecular
layer silver graims are observed close to synaptic bouton (SB)
membranes and unmyelinated parallel fibre axons (PF), cut trans-
versely in this section. VWhile synaptic boutons and parallel
fibres are reasonably well preserved, dendritic processes (D) and
glial elements (Gl) are severely swollen. Arrowheads identify the
paostsynaptic thickening visible in some dendritic processes.

(b) Molecular layer of a comntrol section labelled in 30 nM '2°I-DTX
in the presence of 10 pM unlabelled DTX. HKagnifications: 26,800x
in a and 18,500x in b, All scale bars =1 pm.
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Table 5.5. !28]-= H
Distributi £ il : 3 lati ;

densities
Number of % of % of Relative
Grains Grains Points Density

Synaptic bouton: Total 85 25.3 18.6 1.4
Internal 1 0.3 2.2 0.1
Membrane-assaciated 84 25.0 16.3 1.5
Parallel fibre: Total 190 56.5 30.9 1.8
Near synaptic bouton 55 16.4 4.5 3.6
Non-synaptic 135 40.2 26.3 1.5
Dendritic: Total 74 22.0 29.0 0.8
Internal 22 6.5 14.8 0.4
Membrane-associated 52 15.5 14.3 1.1
Near synaptic bouton 14 4,2 2.6 1.6
Non-synaptic 38 11.3 11.7 1.0
Glial: Total 83 24.7 34.0 0.7
Internal 17 5.1 16.3 0.3
Membrane-associated 66 19.6 17.7 1.1
Near synaptic bouton 18 5.4 4.4 1.2
Non-synaptic 48 14.3 13.3 1.1
Intercellular space: Total 9 2.7 2.5 1.1
Near synaptic bouton 3 0.9 0.8 1.1
Non-synaptic 6 1.8 1.7 1.1
Unidentified: 17 5.1 4.4 1.2

Adult rat cerebellum slices were incubated in 30 nM '?5I-DTX

(250 Ci/mmol) and processed for electron microscope autaoradio-
graphy. After exposure for 118 days the autoradiograms were
developed, and photographs of 2,200 pm? of the molecular layer were
printed at 17,500x magnification. The contents of 50% density
circles about 336 silver grain centres or 1260 random paints were
studied as usual. Significant labelling was defined as a relative
density ratio ?1.3 from at least 5 silver grains, and is shown in
bald type.
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Figure 5.14. i i 1257
le cell ] 1 whit :

Cerebellar slices from adult rat brain were processed as detailed
in Figure 5.13. (a) Granule cell layer field. A granule cell can
be recognized (Gr), but none of the labelled structures in the
surrounding neuropil can be identified. (b) A group of myelinated
axons. Many silver grains are found over the darkly-staining
myelin sheaths. <(c) A granule cell and myelinated axons on a
control section from the same experiment are devoid of silver
grains. Magnifications: 14,000x in a and b, and 10,500x in c.

All scale bars =1 pm.
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few of the electron microscope section autoradicgrams contained
areas with myelinated axons, insufficient tissue was available to
study the distribution of '?®I-DTX binding in detail,

'26]-DTX binding was also examined on slices from the
cerebellum of 14-day-old rats; this tissue, like chick cerebellum,
is more resistant to anoxia than that of adult animals. Uniform
very low grain densities were observed in all of the cerebellar
layers on semithin survey sections from both test and control
slices. Electron microscope autoradiography confirmed that the
tissue was well preserved but contained very few silver grains
(Figure 5.15); these were found close to parallel fibres or synap-
tic boutons. As the grain densities were below 0.5/100 um?, rela-
tive density analysis was not possible. The fact that the young
rat cerebellum slices remained virtually unlabelled is p-obably due
to the immaturity of the tissue. In contrast to 1l-day-old chick
cerebellum, no parallel fibre synapses with Purkinje cell dendrites
have been formed in rat cerebellum 14 days postnatally, although
climbing fibre synapses can frequently be seen on these dendrites
(Figure 5.15; see also Altman, 1979). This labelling suggests,
therefore, that DTX acceptors are not expressed in the parallel

fibres until these become synaptically active.

5.4.6. Distribution of DTX Acceptors in Rat Hippocampus

High resolution autoradiographic methads have also been
used to study the distribution of DTX acceptors in rat hippocampal
slices, the tissue preparation in which inhibition by DTX of the
fast transient K* current, Ia, was first demonstrated (Dolly et
al., 1984; Halliwell et al., 1986). Transversely chopped slices
(400 um) were incubated in 30 nX '25I-DTX, a concentration at which
the toxin could label almost the entire thickness of the slices
(see Section 5.4.1). Similar DTX concentrations were required in
the electrophysiological studies to achieve effective blockade of
the A-current, probably because of toxin binding and diffusion
restrictions to penetration as discussed in Section 5.4.1.

Light microscope autoradiography of semithin survey sec-
tions revealed dense labelling of the synaptic layers of the hippo-
campus and dentate gyrus, while lower grain densities were observed
over well preserved neuronal cell bodies. Control sections also
contained low grain densities, except that some poorly preserved
cell somata were more strongly labelled (not shown).
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Figure 5.15. ization 125T1-DT din - =

Cerebellar slices from l4-day-old rat brain were incubated in 30 nM
125]-DTX (250 Ci/mmol), processed for electron microscope auto-
radiography and exposed for 118 days. Three branches of a Purkinje
cell dendrite (D) are surrounded by tightly packed bundles of
unmyelinated parallel fibres (PF), These parallel fibres are still
immature and do not form any synaptic boutons. However, the
Purkinje cell dendritic branches receive many synapses from basket
and stellate cells (arrowheads identify the postsynaptic
densities). Only few silver grains are found on this young tissue,
The two silver grains shown here are close to synaptic bouton
plasma membranes. Magnification =17,000x. Scale bar =1 um.

- 192 -



The CA: region of the hippocampus was studied in detail by
electron microscopy. As on the semithin survey sections, high
densities of silver grains were found over the stratum oriens and
stratum radiatum neuropil layers (Figure 5.16a). The distribution
aof silver grains in the stratum radiatum was examined in detail.
In this layer, the Schaffer collaterals from the CAs pyramidal
cells synapse onto the dendrites of CA: pyramidal cells. Silver
grain densities in this area were estimated to be =13.3/100 um?,
compared to grain densities on control sections of =3.0/100 pm?
(118 day exposure). Relative density analysis of the grains on
photographs covering =~1,400 um? (Table 5.6) showed that, as in the
cerebellum molecular layer, only synaptic boutons and unmyelinated
axons were significantly labelled by '?°I-DTX.

The CA: pyramidal cells were also studied. Electrophysio-
logical experiments using voltage clamp analysis of the currents in
the pyramidal cell soma suggested that DTX acceptors are present in
the cell soma membrane (Halliwell et al., 1986). On the autoradio-
graphy sections the pyramidal cells were poorly preserved and
frequently severely swollen. Occasionally some silver grains were
observed on the plasma membrane of such cells (Figure 5.16¢).
Other cells had ruptured membranes and were intensely labelled
internally. A group of seven reasonably preserved cells shawing no
dense internal labelling was photographed and a montage assembled
at 17,500x magnification; this area contained 68 silver grains,
which were studied by relative demnsity analysis as detailed in
Table 5.7. The analysis revealed an enrichment of grains aver all
tissue elements studied, except that the cell soma appeared inac-
cessible in the unruptured cells. VWhen the analysis was corrected
by subtracting the inaccessible (unlabelled) cell volumes (as in
Section 5.4.3.4), significant labelling was only found on synaptic
boutons. Thus the presence of DTX acceptors on the cell soma could
not be demonstrated statistically.

As observed with the cerebellum slices, slices from 14-
day-old rat hippocampus showed improved preservation. However,
unlike the young cerebellum, many silver grains were abserved aver
neurogpil layers on semithin survey section autoradiograms and elec-
tron microscope autoradiograms. Grains in the CA, stratum radiatum
again appeared to be located aver synaptic boutons and unmyelinated
axons (Figure 5.17a), although the grain distributions were naot
analysed in detail. The pyramidal cells were slightly shrunken,
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Figure 5.16. Localization of '*I-DTX binding in rat hippocampus

Hippocampus slices from adult rat brain were incubated in 30 nHi
'2s]-DTX (250 Ci/mmol), processed for electron microscope auto-
radiography and exposed for 118 days. <(a) In the stratum radiatum
silver grains are aobserved close to synaptic bouton (SB) membranes
and unmyelinated axons (Ax). (b) Stratum radiatum of a control
section labelled in 30 nM '?*I-DTIX in the presence of 10 pM
unlabelled DTX. <(c) A pyramidal cell (Py; N, nucleus) is severely
swollen, but contains two silver grains on its cell soma membrane
(identified by arrowheads). Magnifications: 23,000x in a, 13, 000x
in b and 13,400 in c. All scale bars =1 pum.






Table 5.6. !2°I-DIX Binding in Rat Hippocampus Stratum Radiatum:
Distribuytion of silver grains and relative grain

densities
Number of % of % of Relative
Grains Grains Points Density

Synaptic bouton: Total 52 28.6 22.9 1.2
Internal 6 3.3 2.6 1.3
Membrane-associated 46 25.3 20.2 1.3
Unmyelinated axon: Total 89 48.9 37.9 1.3
Near synaptic bouton 21 11.5 8.0 1.4
Non-synaptic 68 37.4 29.9 1.3
Xyelinated axon: Total 6 3.3 3.6 0.9
Myelin, near synaptic bouton 4 2.2 0.4 5.5
Myelin, non-synaptic 2 1.1 3.0 0.4

Internal 0 0.2
Dendritic: Total 27 14.8 19.8 0.7
Internal 12 6.6 8.3 0.8
Membrane-associated 15 8.2 11.4 0.7
Fear synaptic bouton 5 2.7 3.0 0.9
Non-synaptic 10 5.5 8.5 0.6
Glial: Total 21 11 13.1 0.9
Near synaptic bouton 9 4.9 3.3 1.5
Non-synaptic 12 6 9.8 0.7
Burst cell debris: Total 21 11.5 15.0 0.8
Near synaptic bouton 3 1.6 0.7 2.3
Non-synaptic 18 9.9 14.3 0.7
Intercellular space: Total 25 13.7 15,7 0.9
Near synaptic bouton 5 2.7 2.6 1.0
Non-synaptic 20 11.0 13.1 0.8
Unidentified: 6 3.3 4.5 0.7

Hippocampal slices from adult rat brain were incubated in 30 nM
125]-DTX (250 Ci/mmol) and processed for electron micraoscope
autoradiography. After exposure for 118 days the autoradiograms
were developed, and photographs of 1,400 uym®* of the stratum
radiatum (CA:y) were printed at 17,500x magnification. The contents
of 50% density circles about 182 silver grain centres or 840 random
points were studied as usual. Significant labelling was defined as
a relative density ratio ?1.3 from at least 5 silver grains, and is
shown in bold type.

- 195 ~



Table 5.7. !251-DIX Binding fto Rat Hippocampus Pyramidal Cells:
Distributi £ il . i relati :

densities
Number of % of % of Relative Carrected
Grains Grains Points Density Relative Density
Synaptic bouton: Total 22 32.4 10.2 3.2 1.6
Internal 1 1.5 1.3 1.2 0.6
Membrane-associated 21 30.9 8.9 3.5 1.7
Unmyelinated axon: Tatal 23 33.8 17.0 2.0 1.0
Near synaptic bouton 2 2.9 2.7 1.1 0.6
Non-synaptic 21 30.9 14.3 2.2 1.1
Dendritic: Tatal 23 33.8 18.1 1.9 0.9
Internal 6 8.8 5.9 1.5 0.7
Membrane-associated 17 25.0 12.1 2.1 1.0
Near synaptic bouton 8 11.8 3.5 3.4 1.7
Non-synaptic 9 13.2 8.6 1.5 0.8
Cell soma: Total 15 22.1 63.3 0.3
Internal 5 7.4 52.6 0.1 ¥A
Membrane-associated 10 14.7 10.8 1.4 0.9
Near synaptic bouton 1 1.5 0.8 1.9 0.7
Non-synaptic 9 13.2 10.0 1.3 0.7
Glial: Total 6 8.8 4.0 2.2 1.1
Near synaptic bouton 1 1.5
Non-synaptic 5 7.4 4.0 1.9 0.9
Intercellular space: Total 6 8.8 3.5 2.5 1.3
Near synaptic bouton 3 4.4 1.1 4.0 2.1
Non-synaptic 3 4.4 2.4 1.8 0.9
Unidentified 0 0.8

Hippocampal slices from adult rat brain were labelled with '?I-DTX
and processed as detailed in Table 5.6. A montage of 1,000 pm® of
" the pyramidal cell layer (CA:) was prepared at 17,500x magnifica-
tion. The contents of 50% density circles about 68 silver grain
centres or 371 random points on photographs were studied. The
corrected relative density column shows re-calculated relative
density values after both grains and points lacated aver cell soma
(internal) and unidentified grains and points were subtracted..:
After this correction, 63 grains and 173 points remained for
analysis. Significant labelling was defined as a relative density
ratio ?1.3 from at least 5 silver grains, and is shown in bold

type.
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Figure 5.17. ZoN = ing in campus

!.(.'.9

Hippocampus slices from l4-day-old rat brain were processed
(together with adult tissue) as detailed in Figure 5.16. <(a) In
the stratum radiatum, silver grains are observed close to synaptic
bouton (SB) membranes and unmyelinated axons (Ax). D, dendritic
process. (b) A pyramidal cell (Py; N, nucleus) with three silver
grains on its cell soma membrane. Note the improved preservation
of this cell compared to that in Figure 5.16c. Magnifications:
23,800x in a and 7,200x in b. All scale bars =1 jum.

- 197 -



but otherwise appeared well preserved. Silver grains could be seen
over the cell soma membrane on some cells,(e.g. Figure 5.17b).
When montages of the pyramidal cell layer were analysed as for
adult hippocampus, very similar results were obtained (data not
shown), but corrected density analysis was again unable to demon-

strate the presence of DTX acceptors on the cell body membranes.

5.5. Discussion
5.5.1.  Ultrastructural Localization of Acceptors for 8-BuTX

and DIX in the Central Nervous System: Comparison

with the Peripheral Nervous System

Electron microscope autoradiography has here been used to
study in detail the distribution of the acceptors for B-BuTX and
DTX in the central nervous system. In agreement with preliminary
electron microscope autoradiography of the binding of both
°H-f~-BuTX and '?°I-DTX to purified synaptosomes (Othman et al.,
1983; Othman, 1983), the present studies on brain slices have shown
that the acceptors are enriched in synaptic bouton plasma membra-
nes. In addition, unmyelinated axons (e.g. the parallel fibres of
the cerebellum molecular layer) were shown to be labelled by both
'25]-R-BuTX and '**I-DTX. The autoradiography experiments further-
more indicated that some DTX acceptors exist on myelinated axomns,
and possibly also on neurconal soma membranes (see also Section
5.5.4), Glial elements and dendrites, however, appeared to be
devoid of both B-BuTlX and DTX acceptors. Similar distributions of
DTX acceptors were observed in slices of cerebellum from young
chick and adult rat, and from rat hippocampus.

These results contrast with similar attempts to localize
the toxin acceptors in the peripheral nervous system. Both B-BuTX
(Sections 1.3.2.1 and 1.3.3) and DTX (Section 1.4.2) have potent
effects on neurotransmission in the periphery, particularly at the
neuromuscular junction, and B-BuTX has been shown to induce the de-
generation of cholinergic nerves (Section 1.3.2.2). However,
attempts to demonstrate '2°I-8-BuTX binding to endplate regions in
rodent diaphragm preparations by biochemical methods (Kato et al.,
1877; Newton et al., 1983) or autoradiography (Lee and Tseng, 1966)
have not been successful. Similarly, autoradiography of rat thigh
muscle cryostat sections labelled with '25I-DTX only revealed a
non-specific accumulation of the toxin in some satellite cells,
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while nerve and endplate regions (stained for acetylcholinesterase)
were unlabelled (A. Pelchen-Matthews, unpublished observations).
Likewise, mneither '?°I-$-BuTX nor '?°I-DTX could be localized in
mouse diaphragm or chick biventer cervicis nerve muscle prepara-
tions, using methods which successfully demonstrated the presynap-
tic binding and internalization of botulinum neurotoxin (Black and
Dolly, 1986b): '281-8-BuTX and '?°I-DTX appeared to become trapped
non-specifically in some muscle fibres, while endplate regions
remained unlabelled (unpublished abservations). However, one early
immunocytochemical study with horseradish peroxidase-linked B-BuTX
demonstrated toxin binding to frog neuromuscular Jjunction nerve
terminal plasma membranes, as well as to some internal membranes
(e.g. to the cytoplasmic surface of synaptic vesicles and mitochon-
dria, Strong et al., 1977). Since this study used very high toxin
concentrations (uM) and long incubation times (52 hr), membrane
disruption due to phospholipolysis may account for this unexpected
labelling pattern.

A high resolution autoradiography study of the binding of
B-BuTX to purified cholinergic synaptosomes from Torpedo electric
organ has revealed a preferential labelling of presynaptic membra-
nes (Esquerda et al., 1982). However, the '?°I-8-BuTX preparation
used in these studies was not adequately characterized; a sample of
B-BuTX iodinated under the same, comparatively harsh, conditions
described by these authors yielded a preparation of low specific
activity (25 Ci/mmol) which had much reduced toxicity in mice
(intraperitoneal toxicity =0.2 pg/g body weight; cf. Section 1.3.2)
and bound with low affinity (K4 220 nM) to a very large number of
sites (Brax =1.8 pmol/mg protein; A. Pelchen-Matthews, unpublished
observations). The specificity of this toxin in labelling functio-
nal acceptors is, therefore, questionable. Furthermore, a very
high concentration of '?3I-f-BuTX (0.7 upM) was used in the experi-
ments on Torpedo synaptosomes (Esquerda et al., 1982); thus the
membrane binding observed by autoradiography may have been due to
the interaction of the toxin's phospholipase active site with mem-
brane lipids. The presence of toxin acceptors on Torpedo synapto-
somes has not been demonstrated directly, although it has been
reported that high concentrations of B-BuTX can inhibit choline up-
take and K'-stimulated Ca?* influx in this preparation (Dowdall et
al., 1979; Marsal et al., 1980). '

In the present work, the use of biologically active prepa-

- 199 -



rations of '?*I-B$-BuTX and '2°I-DTX at physiological concentrations
has, for the first time, allowed the direct demonstration of the

°
existenceftoxin acceptors in neurones.

5.5.2. Electron Microscope Autoradiography of Toxin Acceptors
on_Brain Slices

Brain slices represent a useful preparation for studies on
the distribution of toxin acceptors in the central nervous system.
Defined brain areas containing a variety of tissue elements in
their normal anatomical arrangement can be dissected, and slices
prepared at a controlled thickness. Since brain slices from cer-
tain brain regions can also be used in electrophysioclogy experi-
ments, direct comparison of the morphological distribution of the
acceptors with the toxin's effects is possible. Brain slices can
be treated with high concentrations of toxin (unlabelled toxin in
excess of the physiologically active concentrations must be applied
to control samples to assess the level of non-specific binding),
which would be lethal if applied in vivo (for the intracerebroven-
tricular toxicities of $-BuTX and DTX see Sections 1.3.4 and 1.4.2,
respectively). As the blood brain barrier is bypassed, the toxins
have direct access to the tissue. However, as detailed in Section
5.4.1, the ability of a toxin to penetrate into the tissue may
sometimes be restricted; this appears to be related to toxin size,
the number of acceptors present and the amount of intercellular
space in the tissue. The diffusion restrictions may be similar to
those on cryostat sections (see Section 2.5.1); however, the tissue
slices are much thicker (thus toxin penetration over several
hundred pm is required) and more compact (there is no disruption by
freezing and thawing as in the preparation of cryostat sections).
It should be noted that penetration barriers have also been obser-
ved with much smaller ligands, for example in electron microscape
autoradiography studies using [3Hlprapylbenzylcholine mustard to
label muscarinic cholinergic receptors (Kuhar et al., 1981).

A further disadvantage in the use of brain slices is that
some tissue components may be sensitive to the slicing or chopping
procedures, and (possibly selectively) damaged. In the experiments
described here cell bodies, particularly those of the large Purkin-
je cells of the cerebellum or of the pyramidal cells of the hippo-
campus, and glial structures appeared most sensitive. Immature
brain tissue from both chick and rat was more resistant to the

- 200 -



treatments; hence, toxin localization studies have been particular-
ly successful on chick cerebellum slices.

Other limitations to the localization studies are inherent
in the autoradicgraphy methods used. Scatter of silver grains from
the source of the radiation (Section 5.1.1.1) reduces the resolu-
tion of autoradiography far below that of the electron microscope.
In particular, scatter reduces the number of silver grains observed
over small tissue elements like the fine interdigitated processes
frequently found in the brain. When the resolution of the present
autoradiography system was measured directly (Section 5.4.2) the
diameter of a 50% praobability circle (2xHR =350 nm) was found to be
much greater than that of the parallel fibre axons in the cerebel-
lar molecular layer (=200 nm). The number of grains over these
structures is therefore underestimated, although the use of 50%
probability circles partly corrects for such scatter. However,
crossfire between small adjacent structures, possibly labelled to
different amounts, remains a problem. Thus, in this study, strong-
ly labelled synaptic boutons and unmyelinated axons were frequently
found in close apposition. Furthermore, although silver grains
were abserved over dendrites or glial elements in some experiments,
this was always found to be due to crossfire from nearby synaptic
boutons. Crossfire from unmyelinated axons has not been analysed
in detail. A thorough study of the distribution of toxin acceptors
on different tissue elements, taking account of crossfire between
all of the structures present, would require computer-aided testing
of hypothetical grain distributions, as described by Blackett and
Parry (1977) or Salpeter et al. (1978),

Another disadvantage of autoradiography is the low effici-
ency of detection of bound toxin molecules. The specific activi-
ties of the radiolodinated toxins used (Section 5.2) indicate that
only approximately ¥ of all the DTX and % of the B~BuTX molecules
caontained an atom of '2°I. No more than 34 of the '?®I would have
decayed during the exposure time (120 days, 2 half-lives) used in
most experiments. Since <50% of decays actually can produce silver
grains, only a small proportion of all toxin molecules can be
detected. Quantitative analysis of the densities of toxin accep-

tors has therefore not been attempted.
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In the present study, B-BuTlX acceptors have been localized
to neurones, where they were found to be enriched on unmyelinated
axons and, particularly, in the 1limiting membrane of synaptic
boutons. Dendritic and neuronal soma plasma membranes did not
appear to contain significant levels of acceptors. Statistical
- analysis of the silver grain distributions further suggested that
glial processes do not bind '?I-B-BuTX. This distribution of the
acceptors agrees with the electrophysiological and ultrastructural
studies of the action of B-BuTX in the peripheral nervous systenm
(Section 1.3.2), which demonstrated that the toxin specifically
damages presynaptic nerve terminals. Electrophysiology studies on
brain slices also revealed a presynaptic inhibition of neurotrans-
mitter release by the toxin (Section 1.3.4), while toxin binding
studies on synaptosomes directly demonstrated an enrichment of the
acceptors on synaptic membranes (Section 1.3.5).

In contrast, previous attempts to localize B-BuTX in brain
slices using anti-f-BuTX antibodies linked to horseradish peroxi-
dase showed a deposition of stain within certain cerebellar neuro-
nes (particularly in the Purkinje cells, Hirokawa, 1979; Katoh-
Semba et al., 1987). Even in the present studies on chick brain
slices, a strong labelling of certain poorly preserved Purkinje
cells by '?*I-B-BuTX was observed on semithin survey section auto-
radiograms (Figure 5.3), while well preserved cells remained un-
labelled; the intense cell labelling was absent from control
sections. Electron micrascopy revealed accumulations of silver
grains anly over the burst fragments of degraded Purkinje, cells
whose plasma membranes were severely disrupted. '?2°I-DTX similar-
ly, though less prominently, labelled some poorly preserved Purkin-
je cells, as well as poorly preserved pyramidal and granule cells
in the hippocampal formation. The cell labelling by '?°I-DTX was
observed on both test and control sections. This suggests that the
toxin was trapped non-specifically in certain large neurones which
had been damaged during the slice preparation and incubation proce-
dures (cf. Section 5.5.2). '?5I-8-BuTX may be trapped similarly in
Purkinje cells, the effect being more pronounced due to the larger
size of this toxin. The trapping of '2°I-f-BuTX, 1like that of
'26]-DTX, 1is probably non-specific, despite its absence from
controls: The phospholipase activity of the excess unlabelled

-202 -



B-BuTX used on control slices has probably severely disrupted the
tissue, allowing more efficient removal of unbound '28I-8-BuTX
during the washes of the tissue slices, The cerebellar granule
cells never trapped either toxin, possibly because these small
interneurones contain less endoplasmic reticulum and other internal
membranes than the much larger Purkinje cells,

It is 1likely that the cell body labelling observed by
Hirokawa (1979) and Katoh-Semba et al., (1987) in chick and rat
cerebellum slices is also due to non-specific trapping of the
toxin. These authors used manually cut thick (1 mm) cerebellar
slices incubated in a very high concentration (1 uM) of B-BuTX.
Under these conditions the Purkinje cells would certainly have
suffered severe anoxia, burst, and therefore become able to trap
the toxin. Thus, it appears that the cell staining observed by
these authors was artifactual. The staining of different cell
types of the rat cerebellum with increasing age (Katoh-Semba et
al., 1987) suggests that different cell populations may become
sensitive to anoxia at different stages during development. The
above illustrates the necessity of using physiologically relevant
toxin concentrations in localization experiments, and the need for

careful interpretation of the resulting labelling patterns.

5.5.4. Distribution of DTX Acceptors in the

Central Nervous System

The acceptors for DTX have also been localized to synaptic
boutons and parallel fibres in the cerebellum, Inspection of a
large number of photographs suggested that the labelling of paral-
lel fibres by '?I-DTX was more prominent than had been noted for
'25]-8-BuTX. Thus 58 and 57% of the silver grains over the chick
and rat cerebellum molecular layer, respectively, were abserved
within one HR of parallel fibre membranes,'while only 26% of the
silver grains on '2°I-B-BuTX-labelled chick cerebellum sections
were found in a similar position. However, the analysis of random
points alsoc revealed that parallel fibres occupied a greater pro-
portion of the tissue sample studied with '?°I-DTX (40 and 31% of
the random points in chick and rat, respectively) than with
125]-B3-BuTX (onlyl6%); this is probably due to the excessive shrin-
kage suffered by parallel fibres in the tissue slices incubated
with '?2°I-8-BuTX (cf. Figures 5.4 and 5.5). DTX acceptors in rat
hippocampus were also found to occur mainly on synaptic boutons and
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unmyelinated axons. In additiom, '2®I-DTX prominently labelled
myelinated axons (Figures 5.12 and 5.14, cf. Table 5.3). This
saturable binding by '?°I-DTX contrasts with the nonspecific trap-
ping of '?°I-f-BuTX in similar white matter bundles, but agrees
with the Ultrofilm localization studies described in Chapter 4.

The electron microscope localization studies also sugges-
ted that some DTX acceptors accur on the cell soma membrane of cer-
tain neurones. Thus, silver grains were found near the membrane of
granule cells in chick and rat cerebellum (Figures 5.1lla and 5.14b)
and of pyramidal cells 1in rat hippocampus (Figures 5.16c and
5.17b). However, the detalled analysis of the silver grain distri-
butions did not reveal any significant enrichment of grains in this
location when the inaccessible cell volume was subtracted (Tables
5.4 and 5.7, This is similar to the result obtained with
'281-8-BuTX (Table 5.2). It is noteworthy that half of the silver
grains produced by '*®*I-§-BuTX were shared grains with synaptic
bouton structures (9 of 18 silver grains over the granule cell mem-
brane), indicating that the apparent cell membrane labelling was
due to crossfire from synapses. In contrast, while similar overall
proportions of silver grains (=15%) were observed over cell membra-
nes in the DTX localization studies, only 1 of 24 grains in the
chick cerebellum granule cell layer (Table 5.4) and 1 of 10 over
rat hippocampus pyramidal cells (Table 5.7) were shared with synap-
tic boutons. This suggests that some DTX acceptors may be located
on the neuronal plasma membrane, although their density there is
not high enough to be statistically significant. The existence of
DTX acceptors directly on the plasma membrane of hippocampal pyra-
midal cells has been demonstrated in the electrophysiology studies
of Halliwell et al. (1986), where voltage clamp of neuronal cell
bodies demonstrated a bockade of the A-current (see also below).

Although variants of DTX acceptors have been identified in
binding studies on cryostat sections (Chapter 2, Section 2.5.4) and
by Ultrofilm autoradiography (Chapter 4), these acceptar sub-popu-
lations have not been distinguished in the electron microscope
autoradiography experiments described here. The direct localiza-
tion of the B-BuTX-resistant DTX acceptors would require pre-incu-
bation and toxin labelling of brain slices in the presence of an
excess of unlabelled B-BuTX, which would lead to degradation of the
tissue by the phospholipase activity of B-BuTX (cf. the work with
125T1-B-BuTX described in Section 5.3.3), making labelled neuronal
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structures unidentifiable; such studies may be possible in Sr?
buffer. However, since '2°I-DTX prominently labelled myelinated
axons, on which no saturable '?5I-f-BuTX binding could beAQbserved.
it is clear that at least a proportion of the B-BuTX-resistant DTX
acceptors are located there. This agrees with the Ultrofilm auto-
radiography studies, which revealed an enrichment of the resistant
acceptors in white matter regions. Some B-BuTX-resistant DTX ac-

ceptors may also be found on cell bodies,

5.5.5. Toxin Acceptors and K* Channels

The neuronal location and subcellular distribution of the
toxin acceptors observed here by electron microscape autoradio-
graphy supports the proposal that DTX and B-BuTX act on certain
voltage-activated K* channels. Thus, axonal K* channels would
affect the rate of repolarization of action potentials and thereby
control neuronal conduction properties, while synaptic K* currents
determine the duration of synaptic potentials and hence the amount
of neurotransmitter released. Furthermore the acceptors appear to
be absent from dendrites, which rely on passive potentials initia-
ted by ligand gated channels for their integrating properties, and
tend to be devoid of voltage-activated channels (Section 1.2.1).
The role of DTX-sensitive X* channels on myelinated axons has
already been discussed (Section 4.4.4). K* channels on the neuro-
nal soma membrane regulate the cell's response to and integration
of the graded potentials arriving from the dendrites or from
synapses directly onta the soma (Section 1.2.1). It should also be
noted that the DTX acceptors in hippocampal slices have here been
detected after labelling with '?5I-DTX at concentrations shown to
attenuate one variant of the K* current known as Ia (cf. Halliwell
et al., 1986).

The interaction of the toxins with K* channels on synap-
ses, axons and cell bodies is also supported by the results from
electrophysiology studies. The occurrence of DTX acceptors on
synaptic boutons was suggested by the ability of the toxin to
facilitate neurotransmitter release at peripheral (Harvey and
Karlsson, 1982; Harvey et al., 1984a; Anderson and Harvey, 198%5)
and central neuromuscular junctions <(Docherty et al., 1983).
Furthermore the toxin causes a slight depolarization of synaptoso-
mes and promotes the release of [°HIGABA (Veller et al., 1985).
Similarly, PB-BuTX blocks neurotransmitter release at peripheral
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neuromuscular junctions (Section 1.3.2.1) and in the central ner-
vous system (Dolly et al., 1980; Halliwell et al., 1982; Halliwell
and Dolly, 1982), and causes a depolarisation of isolated synaptic
terminals (Nicholls et al., 1985; Rugolo et al., 1986). The pre-
sence of DTX acceptors on axons is suggested by studies on peri-
pheral nerves, which showed that a component of the K* current at
the frog node of Ranvier was blocked by the toxin (Weller et al.,
1985; see also Benoit and Dubois, 1986). The effects of the toxins
on cell bodies of hippocampal pyramidal cells and peripheral
neurones from varicus ganglia have been studied by voltage-clamp
techniques (Halliwell et al., 1986; Stansfeld et al., 1986; 1987,
Penner et al., 1986; Petersen et al., 1986).
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CHAPTER ©

6. 1. Dendrotoxin and B-Bungarotoxin Bind to

Neuronal K* Channels

During the last few years, plenty of evidence has accumu-
lated, which shaows very clearly that DITX acts by attenuating
certain K* currents in a variety of neurones (Section 1.4.3; see
alsag Section 4.4.5). All of the physiological effects of the toxin
can be explained by such a reduction in neuronal K* conductances.
Furthermore, patch clamp experiments have recently demonstrated
that DTX interacts directly with fast activating, slowly inactiva-
ting voltage-sensitive K* channels, producing a rapid and rever-
sible blockade of single channel currents when applied to the
external surface of detached patches of neuronal membrane
(Stansfeld, C.E. and Dolly, J.0O., personal communication’.

The actions of B-BuTX are less clearly defined than those
of DTX because the phospholipase activity masks some of the
specific effects of this toxin. Thus, B-BuTX binding is followed
by phospholipolysis, resulting in a complex triphasic effect on
peripheral neurotransmission (a transient depression is follaowed by
augmentation and finally blockade, Section 1.3.2.1). The effects
of B-BuTX in the central nervous system similarly require bath
specific toxin binding and phospholipase activity (Section 1.3.4),
However, recently f-BuTX has also been shown to attenuate K*
currents on dorsal root ganglion neurones (Petersen et al., 1986)
and at peripheral neuromuscular junctions (Anderson et al., 1987),
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although the overall iphibition is usually less than that observed
with DTX.

The attenuation of K* currents by B-BuTX could thus arise
either from a direct interaction of the toxin with K*' channels (as
in the case of DTX), or indirectly through lipolysis of essential
annular phaspholipids of K* channels. Other phospholipase-contai-
ning presynaptic neurotoxins from snake venoms (e.g. notexin,
taipoxin or crotoxin, Howard and Gundersen, 1980; Chang, 1985) also
bind specifically to nerve terminals and have similar triphasic
effects on neurotransmitter release (Chang et al., 1977b; Chang
1985). Hawever, the mutual facilitation of these presynaptic
toxins and B-BuTX (Section 1.3.2.2), and their inability to antago-
nize the action of DTX in the same way as f-BuTX (Harvey and Karls-
son, 1982; Section 1.5) suggest that they bind to different sites.
Furthermore, none of the other phospholipase toxins efficiently
compete with radiolabelled B-BuTX or DIX binding on synaptosomes
(Othman et al., 1982; Rehm and Betz, 1982; Dolly et al., 1984;
Black et al., 1986). To date there has been no investigation as to
whether any of these toxins alsa affect K* currents, although it
has been demonstrated that in the presence of tetraethylammonium
ions crotoxin and taipoxin, as well as DTX and B-BuTX, prolong the
influx of Ca?* into presynaptic motor nerve terminals during
depolarizations (Dreyer and Penner, 1987),

A direct interaction of B-BuTX with specific acceptors
distinct from the target site(s) of the other phospholipase toxins
1s suggested by its unique structure among the presynaptic neuro-
toxins. Thus, a comparison of the hydropathic indexes of 24
sequenced phospholipase enzymes and toxins (Kini and Iwanaga, 1986)
has revealed the existence of a hydrophobic region on the toxic
phospholipases (e.g. notexin or the «- and f- subunits of taipo-
xin); this "neurotoxic site" was absent from non-neurotoxic enzymes
(e.g. bovine or porcine pancreatic phospholipase A2, or non-neuro-
toxic phospholipase enzymes from various snake venoms), Since this
hydrophobic region is exposed on the surface of the phospholipase
molecules, clase to the catalytic site, it was suggested that it is
responsible for the binding of these toxins to nerve terminals
(Kini and Iwanaga, 1986). However, despite the potent toxicity of
f-BuTX, the neurotoxic site was not found on any of the three
A-chains of the B-BuTX isotoxins (cf. Section 1.3.1); B~BuTX there-
fore depends on the B chain (which is homologous te DTX, Section
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1.5 and Figure 1.2) for its ability to bind to nerve terminals.
This unique structure of the toxin is believed ta be responsible
for the exclusively presynaptic specificity of B-BuTX compared to
the other phospholipase toxins (Ho et al., 1986). Thus $-BuTX is
able to interact with a distinct population of neuronal acceptors
which, by analogy with DTX, are likely to be K* channels.

6.2, Localization of K* Channels by Autoradiography and

other Methods

In the present study, the distributions of functional
acceptors for B-BuTX and DIX have been mapped in both the rat and
chick central nervous systems using various autoradiographic
methods. As detailed in Chapters 3 and 4, quantitative Ultrofilm
autoradiography has revealed distinct and overlapping distributions
of the binding sites for these toxins., These studies have allowed
measurements of acceptor densities in many brain areas, some of
which are too small or complex in structure ta be accessible for
electrophysiological studies or dissected and analysed biochemical-
ly. Electron microscope autoradiography has furthermore shown that
the acceptors are located on the plasma membrane of neurones, being
particularly enriched on axons and synaptic boutons. Hawever, due
to problems with regard to obtaining well preserved tissue samples
and achieving adequate toxin penetration into the brain slices (cf.
Chapter 5, Section 5.5.2), it was not clear what praoportion of the
acceptors was saturated under the conditions used. Thus, while the
silver grain distributions were studied statistically, a full
quantitative analysis of acceptor densities has not been attempted.
Furthermore the different DTX acceptor sub-types have not been
distinguished directly in the electron microscope studies.

Because crass-fire effects limit the resolution of elec-
tron microscope autoradiography, the question of the existence of
DTX-sensitive K*' channels on cell soma membranes could not be
answered unambiguously. Histochemical techniques, which potential-
ly have a much higher resolution than autoradiography, are now
required. However, although the preparation of both polyclonal and
monoclonal antibodies to B-BuTX (Caratsch et al., 1982; Strang et
al., 1984) and DTX (Mehraban et al., 1986) has bheen described,
immunocytochemical localization methods have not yet been success-
ful with either toxin, even though a range of conditions has been
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tested (K.A. Awan and A. Pelchen-Matthews, unpublished observa-
tions). This may at least partly be due to steric hindrance pre-
venting antibody access to the bound toxins. The monoclonal anti-
bodies raised against DTX are specific for this toxin and do not
cross-react with any of its homologues, suggesting that they do not
bind directly to the toxin's active site, which is likely to be
highly conserved. Nonetheless, the antibodies were able to
neutralize the toxicity of DTX on intracerebroventricular injection
and prevent '2°I-DTX binding to synaptosomes (Mehraban et al.,
1986) . Hence the epitope recognized by the antibodies may be
hidden once DTX is bound to its acceptor. Similarly, monoclonal
antibodies to B-BuTX, which recognize an epitope on the phospho-
lipase-containing A-chain of the toxin, can prolong the time to
death in mice injected intraperitoneally with B-BuTX (Strong et
al,, 1984), but are unable to prevent neuromuscular blockade once
the toxin has bound to nerve terminals, suggesting again that the
epitopes recognized are hidden {(cf. Chang, 1985). In addition, it
should be noted that the DTX acceptors appear to be very sensitive
to the strong fixatives required to preserve tissue for electron
microscapy (c.f. Section 2.4.1.1). Methods relying on the locali-
zation of bound toxin by immunolabelling or histochemical techni-
ques in conjunction with postembedding staining or cryosectioning
will therefore still require the labelling of tissue preparations
with DTX or B-BuTX prior to fixation; thus the problems of toxin
penetration, achieving adequate preservation and of unbound toxin
being trapped in the tissue will remain. As the acceptors for
8-BuTX and DTX can now be solubilized in active form (Rehm and
Betz, 1984; Mehraban et al., 1985; Black et al., 1988) it should be
possible to prepare monoclonal antibodies directly to the acceptor
proteins. These antibodies may then be used in light or electron

microscape localization studies.

6.3. Heterogeneity of DTX Acceptors and K* Channel Variants

The present Ultrofilm autoradiography study has provided
the most direct evidence so far of heterogeneity among the DTX
acceptors in the rat central nervous system. At least three accep-
tor populations may be distinguished: The fact that DTX potently
inhibits '?%I-$-BuTX binding to rat brain cryostat sections (Sec-
tions 2.4.2 and 3.4.1) suggests that there must be a population of
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acceptors binding both B-BuTX and DTX with high affinity. The
lower efficacy of the competition by B-BuTX with most of the
'261-DTX binding identifies a second. DTX acceptor variant with
reduced affinity for R-BuTX (see also Sections 2.5.4 and 4.4.2).
In addition, a population of apparently B-BuTX-resistant '2°I-DTX
acceptors has been localized in white matter regions. The auto-
radiography studies have also shown that these acceptor variants
have overlapping, but distinctly different, distributions in the
brain. Similar distributions of the common B-BuTX/DTX acceptors in
synaptic areas and the B-BuTX-resistant DTX acceptors along myeli-
nated tracts were observed in both chick and rat brain. The elec-
tron microscapy experiments (Chapter 5) bhave confirmed these
observations and have demonstrated the distribution of both the
common and B-BuTX-resistant acceptors on different parts of the
neurone.

As noted in Section 1.4.3, DTX and its homolague, toxin I,
have also been shown to attenuate a number of K* currents on
various neurones. These have been listed in Table 6.1 in order of
increasing sensitivity to the facilitatory toxins and to 4-AP
(which, haowever, 1is orders of magnitude less potent). At least
three variants of rapidly activating 4-AP sensitive K* currents can
be distinguished in mammalian neurones. The rapid transient
variant of I. in dorsal root ganglion, superior cervical ganglion
or nodose ganglion A cells (I) is apparently insensitive to DTX.
In contrast, the more slowly inactivating I~ of hippocampal pyra-
midal cells (II)> shaows an intermediate sensitivity to DTX and
toxin I, while the non—inactivating K* current of nodose ganglion
A cells or dorsal root ganglion neurones (III) is blocked by nano-
molar concentrations of DTX. The latter mammalian K* current may
be similar to one of the currents of the frog node of Ranvier, Ikn
(IV), which is inhibited by sub-nanomolar concentrations of toxin I
(see also Dubois, 1983). A proportion of the K* current of motor
nerve terminals is also sensitive to DTX (Anderson et al., 1987),
but the detailed characterization of the currents present in this
location has not yet been possible.

It 1s possible that these DTX-sensitive K* current
variants correspond to the acceptor populations identified here in
binding studies and by autoradiography. Some indications of haw
the acceptor heterogeneity may arise at the molecular level have
recently come from studies of Drosophila Shaker mutants.
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Table 6.1. t t tage .
sensitivity to facilitatory neurotoxins
Time canstant| Blockade by Inhibition | Inhibition
af current diamino- by DTX by toxin I
Cell type Current decay (tw) pyridines (nlD (n}¥) References
I Dorsal Some
root Ia ND inhibition insensitive] D 1
ganglion by 3,4-DAP
Superior
cervical Ia 10 ms 1-5 mM 4-AP >800 ND 2,3
ganglion
Nodose
éanglion Ia 18-24 ms 1-5 mM 4-AP >800 D 3,4
cell
IT Hippocampus
CA: "pyra- Ia 50->100 ms 0.1-0.5 mM 4-AP 50-350 10-50 (5,6
midal cells
I1I Nodose slowl¥
ﬁang%%on inactivating 15-24 s 3-30 plM 4-AP 2.1 (ICso) D 3,4
ce
Dorsal non-
root inactivating ND 0.5 mM 3,4-DAP | 0.14-1.4 KD Y
ganglion |
IV Fro§ node
of Ranvier Ikt 45 s 10 uM 4-AP ND 0.4 7
References: (1) Penner et al. (1986); (2) Stansfeld et al. (1987); (3) Dolly et al. (1987);

(4);Stansfeld et al. (6) Halliwell et al. (7) Benoit and

Dubois (1986).

(1986); (5) Dolly et al. (1984); (19867,



6.4. Possible Structure of Rapidly Activating

Voltage Sensitive K* Channels
6.4.1. Sequences of K* Channel Subunits in Drosophila

Shaker mutants in Drosophila melanogaster were first iso-
lated because they shake their legs vigorously under ether anaes-
thesia. Electrophysiological studies demonstrated that the muta-
tions caused hyperexcitability of larval presynaptic terminals and
abnormally long action potentials in the adult giant axon. These
effects could be mimicked by the application of 4-AP to wild-type
preparations, suggesting that I. is defective in the Shaker mutants
(Jan et al., 1977; Tanouye et al., 1981). This has been confirmed
by voltage clamp studies of pupal preparations (Salkoff, 1983).

Recently genomic DRA from the Shaker lacus has been iden-
tified by chromoscmal walking, and several Shaker mutations have
been mapped to this region on the genome (Papazian et al., 1987).
Furthermore a number of complementary DNA (cDNA) clones, which
hybridized with genomic DNA from the Shaker region, have been iden-
tified and sequenced (Tempel et al., 1987; Schwarz et al., 1988).
These cDNA's predict protein sequences with several features common
to other characterized integral membrane channels. For example,
conceptual translation of the single long open reading frame of one
of the cDNAs, ShA, predicts a protein of 616 amino acid residues
and M. 70,200 d (Tempel et al., 1987). The gene product would be
an integral membrane pratein containing a central core of six
hydrophobic, apparently membrane-spanning segments; in addition
there is a stretch of 22 mainly hydrophobic amino acids, in which,
however, every third residue is either arginine or lysine. A simi-
lar, highly homologous positively charged region was first observed
on the voltage-dependent Na* channel (the 5S4 region; Noda et al.,
1984; 1986), and more recently also on the mammalian dihydropyri-
dine receptor/Ca?* channel (Tanabe et al., 1987), and is believed
to be involved in voltage-gating of the channels (cf. Catterall,
19867 . Since the predicted ShA protein does not have a signal
sequence, the N-terminus is proposed to be cytoplasmic (Tempel et
al., 1987). This might result in a trans-membrane topography as
shown in Figure 6.1a. Two of three possible N-linked glycosylation
sites are thus located extracellularly, as is a possible cyclic
A¥MP-mediated phosphorylation site; obviou&lﬁ if this site were
found to be phospharylated in vivo, the model would have to be
revised.
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Figure 6.1. t 1 { * e

(a)

(b)

(c)

protein subunits

Proposed model for the transmembrane topography of the ShA
protein. Potential sites for N-glycosylation ( ¥ ) and cyclic
AMP-mediated phosphorylation (@) ) are shown. The positions of
the hydrophobic transmembrane helices (H1-HG6) and the voltage-
sensor (S4-like region) are also indicated.

The exon map of cDNA clones from the Shaker locus, as deter-
mined by sequencing of genomic and cDNA clones. The gene is
located on the X chromosome in the region of the polytene bands
16F. The distance alang the genome is given relative to the
origin of the chromosomal walk used to sequence it, which
started with cDKNA clone adml3%5H4 (Papazian et al., 1987). The
positions of several Shaker mutations are marked ([J). The
arrows point to the limits of the predicted open reading frames
in ShA-ShD.

A diagram of the four classes of cDNA sequenced. Regions
shaded identically have identical amino acid sequences and
arise from identical exons (cf. b above). The common central
region is unshaded. The predicted open reading frames encoding
protein are drawn wider. The locations of the putative trans-
membrane helices H1-H6, and of the S4-like region are indicated
above.

(based on Tempel et al., 1987 and Schwarz et al., 1888)
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Shaker 1s a complex f{franscription wunit, containing
multiple exons distributed aver at least 65 kilobases of genomic
DNA <(Papazian et al., 1987). This gene, furthermore, produces
several alternatively spliced messenger RNA transcripts, the cDNAs
of which predict at least four different proteins (Figure 6.1b).
In addition to ShA (above’), ShB and ShC encode proteins containing
656, and 554 or 556 amino acid residues, corresponding to M. of
74,0004 and 64,0004, respectively (Schwarz et al., 1988). The N-
terminus of a fourth protein, ShD, has not yet been identified,
although a sequence similar to ShD has also been reported by Kamb
et al. (1987). All four classes of protein share a common central
region of about 380 amino acid residues, containing four of the six
putative trans-membrane helices, as well as the S4 region, but dif-
fer from each other in the ¥- and C-terminal regions, and in some
0of the untranslated regions which presumably control expression
(Figure 6.1c)>. Of two possible C-terminal regions, which account
for about one third of the protein, one is shared by ShA and ShC,
the other by ShB and ShD. At the N-terminus, three variants diver-
ge at a single splice site: ©ShA and ShB are similar, while diffe-
rent KN-termini are observed in ShC and in ShD (Figure 6.1c).
Another recently sequenced cDNA clone predicts a further F-terminal
variant (Baumann et al., 1987).

Evidence that these proposed Shaker proteins do encode K*
channels was recently obtained by transcribing the ShA and ShB cDNA
clones in vitro and injecting the resulting messenger RNAs into
Xenopus oacytes. 4-AP-sensitive A-currents could be recorded on
the oocytes two days after injection. Interestingly, the detailed
characteristics of the currents from the two cDNA clones differed.
Thus, while the current from ShB inactivated more quickly than that
from ShA, the inactivation of the ShB current was not complete
(Timpe et al., 1988).

6.4.2. Structure of K* Channels
Although a direct interaction of DIX with Drosophila A-

current K* channels has not yet been demonstrated, it seems likely

that the vertebrate K* channels affected by this toxin are similar

to the OShaker gene products described. Channel proteins appear to

be widely conserved in evolution. Thus, for example, the

acetylcholine receptors from electric fish, chick and rat consist

of similar homologous subunits, which furthermore resemble the
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glycine and GABA receptor channel subunits in both primary sequence
and trans-membrane topology (Grenningloh et al., 1987; Schofield et
al,, 1987)., Likewise, Na*® channels from electric eel (Noda et al.,
1984), rat brain (Noda et al., 1986) and Drosophila (Salkoff et
al., 1987) have conserved amino acid sequences and trans—-membrane
structure; in addition, the mammalian T-tubule dihydropyridine
receptor/Ca?* channel has been shown to be homologous to the Na*
channel (Tanabe et al., 1987). It should also be noted that cross-
linking studies with '?5I-DTX have identified polypeptide compo-
nents of M. 65,000-75,000d in synaptic membranes from chick and rat
brain {(Section 1.4.4), corresponding exactly to the size of the
Shaker gene products. Thus the studies with DTX may shed some
further light on the structure of mammalian voltage-sensitive K*
channels.

Channels which allow inorganic ioms (Na*, K*, Ca?* or Cl7)
to diffuse through the hydrophobic plasma membrane must include a
pore structure lined with approximately 20 <{trans-membrane o-
helices. The ligand gated ion channels (acetylcholine, GABA and
glycine receptors, cf. Dolly and Barnard, 1984, and the references
cited abave) for instance consist of four or five (different) sub-
units, each of which contains 4-5 trans-membrane helices. The
voltage-gated Na* and Ca?*" channels, by contrast, are larger
proteins (M. 200,000-250,000d), consisting of four homologous
internal repeats each with six membrane-spanning segments
(including the arginine-rich positively charged voltage gating
segment, 5S4, Noda et al., 1984; 1986; Tanabe et al.,, 1987). A
single Shaker polypeptide («270,000d) is thus obviocusly not suffi-
cient to form an ion channel. Studies of the DTX acceptors have
also indicated that the polypeptides which can be chemically cross-
linked to bound '2°I-DTX must be part of a larger oligomer: The
solubilized DTX acceptors appear to have a molecular weight between
405,000 and 465,000d (sz0,w =13.2, OStokes radius =8.6 nm) on gel
filtration or sucrose density gradient sedimentation analysis
(Mehraban et al., 1985; Black, et al., 1988).

It is clear, therefore, that several Shaker-like protein
subunits are required to form a K* channel. The expression of ShA
and ShB in oocytes (Timpe et al., 1988, see above) indicates that
homo-oligomeric complexes can act as functional K* channels. Since
the major part of the hydrophobic core of the Shaker gene products
is conserved (Figure 6.1c), hetero-oligomeric associations of
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different classes of Shaker protein subunits should be possible.
Such associations might be used in vivo to allow fine-tuning of K*
currents, At least a proportion of the putative K* channel/DTX
acceptors of vertebrate neurones also appear to have a heterogene-
ous subunit composition. Thus, cross-linking studies on synaptic
membranes from rat and chick brain have revealed that '?*I-DTX and
125]-B-BuTX label separate polypeptide subunits with M. of =70,000d
(Section 1.4.4) and 95,000d (Rebhm and Betz, 1983, cf. Section
1.3.5), respectively. As the 1labelling with '?**I-DTX can be
reduced by B-BuTX (Mehraban et al., 1984; Black and Dolly, 1986),
and because mutual inhibition of toxin binding is observed with the
toxin acceptors solubilized from purified synaptic plasma membranes
(Mehraban et al., 1985; Black et al.,, 1988; Rehm and Betz, 1984),
it appears that both polypeptides are common constituents of at
least one oligomeric species of the acceptor.

Since alternative splicing of transcripts from the
Drosophila Shaker gene complex allows the expression of at least
four types of K* channel subunits (other cDNAs have not yet been
sequenced), significant heterogeneity of multimeric X* channels
with different subunit compositions is theoretically possible.
Vhile it is not yet clear whether mammalian K* channels are formed
in the same way, the cloning of the Shaker gene complex has provi-
ded a molecular model to explain the heterogeneity of DTX acceptars

and the variants of K* currents affected by the toxin.

6.5. Conclusions

The distribution of acceptors for DTX and B-BuTX, two
potent neurotoxins, have here been mapped in the rat and chick
central nervous systems using Ultrofilm and electron microscope
autoradiography methads. Furthermore, evidence has been presented
for the existence of several sub-types of DTX acceptars. These
appear to correspond to variants of DTX-sensitive K* currents
defined electrophysiologically.

The DTX acceptor sub-populations were shown to have
distinct, but overlapping distibutions in the grey and white matter
regions of the brain, and to be located on different parts of
neurones. It is not clear, however, whether individual neurones
express the different acceptor variants, or whether one cell may
have more than one acceptor type in different sub-cellular
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locations. VWith the recent sequencing of Drosophila K* channels,
the elucidation of the structure of mammalian K* channels should be
possible in the near future. In particular, it will be necessary
to establish which combinations and stoichiometries of polypeptide
subunits create the multiplicity of K* channels required physio-
logically. In situ hybridization techniques may complement the
present localization studies. Further exciting questions concern
the control of expression of the different channel variants, and

their sorting to different cellular locatioms.
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APPENDIX A. L

Purification and Radiolabelling of B-Bungarotoxin

A.1.1, Purification of 8-BuTX from Bungarus multicinctus Venom

Ion exchange fractionation methods allow the separation of
B, multicinctus venom into between six and 15 peaks (see e.g. Lee
et al., 1972; Kelly and Brown, 1974; Dryden et al., 1974; Eterovic
et al., 1975; Abe et al., 1977a; Spokes and Dolly, 1980). Usually
a weakly acidic cation exchanger like CHM-Sephadex C-50 1is used.
The venom component to elute first under these conditions is guano-
sine. The largest peak on the elution profile is o-BuTX. This is
followed by one or more smaller peaks of postsynaptically active
toxins, and then a group of presynaptic toxin peaks, the largest of
which (peak V according to Lee et al,, 1972; Spokes and Dolly,
1980; fraction 10 according to Eterovic et al., 19795; X according
to Kondo et al., 1982a; or 14 according to Wu et al., 1982) con-
tains mainly B-BuTX.

f-BuTX was purified here by the method of Spokes and Dolly
(1980), except that the preparative flat bed isocelectric focusing
step was replaced by a column chromatofocusing step. B, multi-
cinctus venom (0.5g, Miami Serpentarium Laboratories, Florida,
U.S.A.) was dissolved in 10 ml of 50 mM ammonium acetate buffer,
pH 7, cleared by centrifugation for 15 min at 1000g, and loaded
onto an 85 cm (2.5 cm diameter) column of CM-Sephadex C-50 (Pharma-
cia Fine Chemicals, Hounslow, Middlesex) equilibrated in 50 mM
ammonium acetate, pH 7, at 4°C. The column was washed with =150 ml
of this buffer before elution with a convex gradient of ammonium
acetate buffer (prepared with 400 ml of 50 mM ammonium acetate,
pH 7, the start buffer, and 0.9 M ammonium acetate, pH 7.4).
Fractions (4 ml) were collected, and their protein content deter-
mined by measuring Azss. The resulting elution profile was similar
to that of Spokes and Dolly (1980). Fractions from the B-BuTX-
containing peak (V) were pooled, concentrated, desalted on a 40 cm
(1 cm diameter) column of Sephadex G-50 equilibrated in and eluted
with 50 mM ammonium acetate, pH 7.4 and lyophilized.

The chromatofocusing step used a column of Polybuffer™
exchanger, PBE 118 (Pharmacia), equilibrated in 0.025 X triethyl-
amine hydrochloric acid, pH 11. A pH elution gradient was produced
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with Pharmalyte™ pH 8-10.5 (Pharmacia), diluted 52.5x (i.e. 3.5 ml
Pharmalyte solution in 180 ml of deionized, degassed water) and ad-
justed to pH 8.5 with HCl (the elution buffer)., The lyophilized
peak V sample (see above) was dissolved in 3 ml of this elution
buffer, loaded onto the polybuffer exchanger column after a bed of
3 ml of elution buffer, and eluted, Fractions (0.6 ml) were cgl-
lected, their protein content measured as Az, and their pH deter-
mined. A typical elution profile is shown in Figure A.la. The
R-BuTX fractions (peak A) were pooled as shown, freeze-dried and
separated from the Pharmalytes by gel filtration on a Sephadex G-50
column as above. The resulting RB-BuTX had an apparent molecular
weight of 20,5004 on non-reducing sodium dodecyl sulphate poly-
acrylamide gel electrophoresis, and consisted of two subumnits of
apparent molecular weight 12,000d and 9,000d, close the the values
reparted by other authors (Abe et al., 1977a; Hanley et al., 1977;
Kondo et al., 1978a). Vhen studied on non-denaturing f-alanine
polyacrylamide gel electrophoresis (Reisfeld et al., 1962), the
toxin appeared essentially free of impurities compared to peak V of
B, multicinctus venom and the other fractions from the chromato-
focusing step (Figure A.1b). All B-BuTX samples prepared in this
way were lethal to mice at ¢0.01 ug/g body weight.

A.1.2. i - SH~N~

This was done essentially as described by Othman et al.,
(19821, Briefly, N-succinimidyl-[2,3-°Hlpropionate (Amershan
International plc, Buckinghamshire; 5 ml containing 100 nmol at
48 Ci/mmol) was transferred to a glass reaction tube and the sol-
vent (toluene) evaporated under a stream of nitrogen gas. B-BuTX
(0.63 mg, 30 nmol) was added in 0.2 ml of 0.02 M sodium phosphate
buffer, pH 7.4. After incubation at 22°C for 2 hr the reaction
mixture was separated by gel filtration aon a 40 cm (1 cm diameter)
column of Sephadex G-50 equilibrated in and eluted with 50 mM
ammonium acetate buffer, pH 7.4.

75% of the °H-N-succinimidyl propionate reagent was reco-
vered in the reaction mixture, and 60% of the *H from this was
incorporated into the protein, yielding ®H-$-BuTX of a final speci-
fic activity of 140 Ci/mmol. The resulting toxin had =280% of the
phospholipase activity of native B-BuTX, and bound to rat brain
synaptosomes with a Ks =0.6 nM. '
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Figure A.1. Chromatofocusing of fraction V of

B, multicinctus venonm
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(a) Absorbance at 280 nm (e-e#) and pH (000) of fractions (0.6 ml)
eluted after chromatofocusing 70 mg of peak V from B. multi-
cinctus venom as described. f-BuTX elutes as peak A: fractioms
100 to 113 were pooled, freeze dried and separated from
pharmalytes by gel filtration (see text).

(b) Non-denaturing polyacrylamide gel electrophoresis of the toxin
peaks obtained abave. Lane 1: Fraction V of B, multicinctus
venom. Lane 2: Chromatofocusing peak A (pure B-BuTX). Lane 3:
Chromatofocusing peak B. Lane 4: Sample of chromatofocusing
fraction 150, between peak B and peak C. Lane 5: Chromato-
focusing peak C.



A.1.3. Labellipng of 8-BuTX with lodine-12%

This was done under relatively mild conditions using a
modification of the chloramine-T method as described by Williams et
al. (1983) for botulinum neurctoxin. Briefly, ¥Na'?®*I (50 ul con-
taining 5 mCi, Amersham International’ was added to B-BuTX (100 pg>
in 20 pl of 0.1 M sodium phosphate buffer, pH 7.4, The reaction
was initiated by adding chloramine-T (sodium toluene-p-sulphono-
chloramine) to a final concentration of 60 ug/ml. After thorough
mixing for 30s the reaction was quenched by addition of 50 ul of
saturated DL-tyrosine solution. The '?°I-8-BuTX was separated from
free '2*I-iodine by gel filtration on Sephadex G-50 equilibrated
and eluted with 0.1 M sodium phosphate buffer, pH 7.4. This
yielded a preparation of '?5I-8-BuTX with a specific activity
=540 Ci/mmol, binding to rat cerebrocortical synaptosomes with high
affinity (Ka =0.25 nlD.

Some of the '?*I-B-BuTX samples used in the studies
described in this thesis were prepared by Alexander Breeze, using a
further modification of the method above, as detailed for '2°I-DTX
by Black et al. (1986).



APPENDIX A.Z2

The binding of a homogeneous univalent species of ligand
to a single non-interacting population of acceptor sites can be

described by the second order binding equation:

k,
L+4a s LA o)
ko
At equilibrium
_ ILI[A]
Ka = [LA) @)

where [L] is the concentration of free {(unbound) ligand, (Al is the
concentration of acceptor sites and [LA] the concentration of
ligand-acceptor complex. Ks 1s the equilibrium dissociation
constant, related to k. and k-:, the kinetic association and
dissociation rate constants (respectively) by the equation:

k-1

. 3

Ka =

In binding experiments a radiolabelled ligand, L, is used to study

the properties of its acceptors.

A.2.1. The Scatchard Equation
The proportion of acceptors occupied by 1ligand, r, 1is

given by:

[LA]

T TIA + (L] 4

when [LA) is measured at a series of ligand concentrations, [Ll, a
plot of [LAl against [L}, the saturation binding curve, is a
rectangular hyperbola, with [LA] tending asymptotically towards
[{Alv, the total number of acceptors present ([Al: = [A} + [LA];
(Al is also knawn as Bmax).

The hyperbolic binding curve can be transformed to give a
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straight line relationship using the Scatchard equation (Scatchard,
1549)

[LAYl _ [A)ly - ELA]

(L]~ Ka 5a)
more commonly represented as
B - Bm;x - B
F-~ L B

where B = (LAl and F = [L1. A plot of B/F against B gives a
straight line with a slope of -1/Ks4 and an x-axis intercept = Buax.

A.2.2, The Hill Equation

If the concentration of binding sites, [Alr or Baax, IS
known, it may be used in the Hill equation <(Hill, 1910),

(LAl
log (—fZT:_:—fEKT-) = nwlogl L] - nulog Ko.s (6a)
alternatively expressed as
B =
log ( _E—_—:_Ef_—) = nulog F - nulog Ko.s (6b)

where nu is the Hill coefficient, and Keo.s is the concentration of
ligand at which half of the binding sites are occupied. Thus a
plot of the right hand side of equation (6a) or (6b) against loglLl]
or log F, respectively, has a slope of niw and an intercept on the
abscissa of Ko.s. VWhen the reaction follows the principles of mass

action, nh = 1.0 and Ko.s is the Ka.

A.2.3. Kinetic Studies
The second order rate equation (1) can be integrated

(Veiland and Molinoff, 1981) to give:

[LAleq (111, -LEAL LAl ) [L1r [Alr
1n . = knt|———— - [LAlag | (D)
(Lir ([LAlw - (LAD) [LAaq

where [L]t is the total concentration of 1ligand (IL} + [LAD),
[LAleq the concentration of ligand-acceptor complex at equilibrium
and [LA] the concentration of ligand-acceptor complex at time = t.
Vhen the left side of the equation is plotted against t, a straight

[Ll: [Alx
[LAleq

Equation (6) makes no assumptions concerning the relative concen-

line is obtained with a slope of kz( - [LA].q)
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trations of ligand and binding sites. However, if [Llr >> [LAlag,
equation (6) simplifies to a first order equation;

[LA]eq )_ ([LJT [AJT)
ln ( [TAles - CLAT/ - BY\"(1a1.. &)

from which ki can be likewise determined. When ki is derived using
(6> or (7)), [Aly (= Baax) must be determined from a Scatchard plot.

The right side of equation (7) can be rearranged using <2)
and (3) (Veiland and Molinoff, 1981) to give

[LAleq )= _
ln( [LAleq - [LA] CILIr b - kD% »

This is a popular equation in determinations of k; when Buax 15 not
known. However it depends on an accurate estimate of k-,. Any
errors in k-1 will be passed on to kX1 and cumulate in the sub-
sequent determination of the Ks (Equation (3) ).

The dissociation of ligand-acceptor complex is measured
under conditions where re-binding of dissociated ligand is pre-

vented by dilution or by "chasing" with an excess of unlabelled

ligand. The dissociation is described by the first order rate
equation:
[LA] _
in (Lo - kat 10

where [LAo] 1s the concentration of ligand-acceptor complex just
prior to dissociation by dilution or addition of competing ligand.
A simple ligand binding situation as in equation (1) will yield a

[LA]

[LA,] 2gainst t, with a slope of ~k-.

linear plot of 1n

A.2.4. Competition Studies Using Unlabelled Ligands

An unlabelled competitive inhibitor, I, competes with a

labelled ligand for acceptor sites. This may be shown as:

K: Ka an

I + A + L
IA/ ‘\\LA
The concentration of competitive inhibitor which inhibits specific
binding by 50% at equilibrium (the ICso) is related to the equi-
librium dissociation constant, K:, of the compound as described by
the equation of Cheng and Prussoff (1983):
ICso )
Ki = s 5% (12>
K4
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In a purely competitive situation as shown in (10), the thearetical
ratio of the inhibitor concentrations required to inhibit 90% and
10% of ligand binding (ICso/ICi0) is 81.

A.2.5. Complex Binding Situations and Multiple Acceptor Sites

Many of the plots described above (Section A.2.1, A.2.2,
A.2.3 and A.2.4) deviate from the regular shapes described if mare
than one acceptor population is present, or if ligand binding is
followed, for example, by an interaction of the acceptor with an
effector protein (see e.g. Boeynaems and Dumont, 1977). The pre-
sence of multiple acceptor sites with significantly different
affinities for the ligand (K4) may yield a concave Scatchard plot
if the relative proportions of the acceptor sites are favourable
(but see Burgisser, 1984). Multiple acceptors can alsc cause con-
cave first order dissociation plots (Section A.2.3) and extended
inhibition curves (Section A.2.4). In addition, complex plots are
obtained if the acceptors interact on ligand binding. Positive co-
operativity of ligand binding leads to sigmoid binding curves and
downward curved Scatchard plots (Section A.2.1), while the Hill
coefficient, nw, will be >1.0 (Section A.2.2). Negative cooperati-
vity, on the other hand, shows a concave Scatchard plot similar to
the Scatchard plots observed when multiple acceptor sites are
present, and a Hill coefficient, ns, <1.0. These acceptor inter-
actions also give rise to complex assoclation and dissociation
kinetics (see e.g. Veiland and Molinoff, 1981).
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