ACTIONS OF TREMORGENIC MYCOTOXINS ON

AMINO ACID NEUROTRANSMITTER RELEASE,

PETER JAMES NORRIS

A THESIS SUBMITTED FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

AND THE DIPLOMA OF IMPERIAL COLLEGE.

SEPTEMBER 1980

' ' DEPARTMENT OF BIOCHEMISTRY,
IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY,

UNIVERSITY OF LONDON,




cerébrocort1cal synaptosomes, Verrucu]ogen (400 mg myce11um/kg) increased

,'.'\rjﬁ \_

br oty
a?1n3‘ac1ds or other amino acids was not increased by the tremorgens in
‘sp1naJ cord/medullary synaptosomes. Penitrem A pretreatment reduced

.s;;

‘the: veratr1ne stimulated release of glutamate, aspartate, and GABA from
Eéfébrocort1cal synaptosomes by 33%, 46%, and 11% respectively, and the
st mulated release of glycine and GABA from spinal cord/medulla
Synabtosomes by 57% and 32% respectively. Verruculogen pretreatment

not alter the veratrine~ 1nduced release of transmitter amino acxds
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ns were blocked by tetrodotoxin.  The calcium dependency of their




effects is discussed with reference to the blocking action byh:f
"calcium antagon1st“ verapamil, which at 200uM inhibited evoked
transmitter amino acid release due to veratrine and t1tyustox
not that due to e1evated potassium levels.

[U; ]4C] GABA by 12 to 46/ over concentration ranseo 5 to 5mM and”

GVG at 0.25-5mM caused an increase of 22-95% above controls. /'
effect of both drugs on [y —']4él‘— GABA release was inhibited:
significantly by tetrodotoxin and blocked by verapamil. '

When rats were pretreated with GAG (100 mg/kg) for 8h or:GVG
(100 mg/kg) for 14h, the control release of GABA from synaptosom
prepared subsequently was increased, as was GABA content of t
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GENERAI INTRODUCTION,

A specific fole of amin6 acids and derivatives in the central
nervous system is as chemical transmitters at éynapses. Neuronal
transmission is electrical, associated with transient changes in

. membrane polarisation, but between neurénes in the central nervous
system, and at the junctions between nerves and muscles in the peripheral
motor system, there is no electrical conduction. The nerve impulse is
carried from one neuron to another by a chemical transmitter, which is
.synthesdised and combartmentalised'in the presynaptic.neuron. When there
is .electrical stimulation of this neuron, the stored transmitter is
releaséd into the synaptic cleft., DPostsynaptically, it interacts with
‘a reééé@r on the membrane, causing stimulation of electrical tfansmission
'in this post - synaptic neuron.

The present study considers alterations in the activity of the
central nérvous system associated with changed levels of certain amino
acids induced by a variety of neuroactive agents, and to facilitate an
understanding of the consequences of such modulations, a brief survey of
the complexity of the CNS, and the evidence for a role in synaptic
transmission for amino acids with particular emphasis on their
involvement in recently proposed neural circuitry will bevintroduced.in

the proi?ding text.
1) NEURONS AND GLIA,

The central nervous system is extremeiy heterogeneous in both its
gross anatomy and its histology. The anatomical complexity‘does not -
impede experimental investigations to a méjor degrée, but the
histological heterogeneity fepresents an enormous obstacle for
experimental work, In addition, évidence is accumulating that the
different ceil typeS'in grey matter of the CNS have widely different
metabolic properties- (HERTZ & SCHOUSBOE, 1975), and also that the
biophysical characteristics of their membranes sth‘fundamental
differences (SOMJEN, 1975). A knowledge of this heterogeniéty is
essential for the understanding of, for instance, ion distribution in
the brain, | .

Tissue from the CNS contains an ihterstitial space and two widely
different iypes of cells; i.e. neurons and glial cells, which on

morphological grounds have been subdivided into different types. The
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rap@dly incroasing amount of information about function at the cellular
level may, however, lead to a much more refined classification based
upon neurochemical, necurophysiological, and neuropharmacological
charactogistics. Te neurons are (vith few exceptions (SOMJEN, 1975))
excitable cells in that they.feact to a certain depolarisation of their
mombranes with an all or none action potential,'whereas'no such response
is given by glial cells (e.é. HILD'&.TASAKI, 1962; KUFFLER & NICHOLLS,
1966), Potential changes may howe&er, spread between individual,
electrically coupled glial cells over a distance of more than lmm.,
(KUFFLER & NICHOLLS, 1966; WALKER & HILD, 1969),

No unequivocal answexrs are found to the fundamental questions of
what fraction .of the total volume of different.regioﬁs is occupied,bq
respectively, neurons and glial cells, or to what extent each of the
different cell types contributes to, for instance, the toial.energy'
oxpenditure or the total content of potassium and other constituents
in brain cortical tissue, "It is also not known with certainty which
features of the complex electrical activity of the CNS reflect the
phenomena occurring‘in each of the fwo cell types (SOMJEN, 1975).
Suffice to say for the present that the neuronal‘perikar&a in the brain
cortex of larger mammals account for only about 5% of the total volume
though the volume ocbupied by their processes is a couple of times’
higher., Nerve endingé constitute another 15 - 25% of the.brain volume
and gliallbells outnumber nerve cells by.a factor varying between 2
and 10, depending on_‘%?ezles o A large'vqlume of the grey matter is
made up by the neuropil, an infricately-interﬁoven network of minute
ﬁeuronal and neuroglial proceSses, tapéring into iamellar,sheets of
200 - 1000 K thickness (PAPPAS & PURPURA , 1961). Thevratio between
neuronal and glial components in‘the neuropil is uncertdin but it seems
reasonable to suggest that up to'one f;hélf of the total brain cortical
Qolume may be océupied‘by glial cells,and evidence.has accumulated
that thése éeils are not at all so functionally inevrt as they weré
previously considered to be,. Glial cells méyvthus aécount for at least
one third of the total oxygen consﬁmption, about one half to three
quarters of the total glutamate content (BENJAMIN & QUASTEL, 1976;
SCHOUSBOE et al., 1975), and the majority of the Na - K'- ATPase

activity (MAGATA et al,, 1974) in brain cortex. The brain specific

S - 100 protein is mainly localised in glial cells (HYDEN & MCEWEN, 1966)

and the primary lesion in certain pathological conditions may be glial

rather than neuronal {(GOMIRATO & HYDEN, 1968), Maturation of neurons

PSS
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and glial cells scems to occur hand in hund'as indicated by the

idenﬂicnl develoﬁ%ntul pattern o2 the neuronal specific protein

14 - 3 - 2 and the glial specific protein § - 100‘(CICERO et al, 1972),
SOMJEN, (1975), reviewsthe field of glial and ncuronal cell biology

to greai depth, but as the,subsequent text is'qoncerncd more specifically

with neuronal processes, the information presented ahove serves only .

as a reminder of the relevance of glia to the complexity of the nervous

system, ) ‘
The importance of the question of.tﬁe magnitudé5~of the extré -

and intra - celiular fluid spaces in the brain becomes apparent in a

later chapter. The magnitudes of these parameters are of crucial

importance for exact estimates_of intracellular.concentrations, of

fluxes across cell membranes,.and of synaptic cleft concentrations of

for instance, experimental drugs. Furthermore, certain drugs affect the

,'magnitﬁde of the fluid spaces, and estimates must he made to avoid gross
érrors. -KUPFFLER & PCTTER (1964) estimate that the extracellular space

in the brain cortex in vivo accounts for only about 5% of the total
volume, and is restricted to interstitial clefts of about 15nm. width,
VAN HARREVELD (1962) estimated the extracellular space to be larger

in vivo , but that it shrinks ‘during the period between arrest of
circulation and convéntiomlfixation. Extracellular marker determiﬁations
estimate an extracellular space of 15 - 20% (FENSTERMACHER et al,, 1970).

During incubation of brain slices in vitro , the extracellular space

" increases during the first half an hour (PATEL et al., 1971), and

similarly the intracellular space in brain slices increases during
incubation. Electron micrographic studies have shown that the
intracellular swelling during incubation in an oxygenated physiological

medium méinly occurs in glial cells (IBATA et ai., 1971).
SYNAPTOSOMES AS A TOOL OF NEUROBIOLOGY,

The terminaticns of neuronal axons and dendrites .represent the
presynaptic portion of the synapse, or nerve terminal, and depolarisation
of the membrane of this structure leads t{o a release of chemical
transmitter from the nerve terminal, = Subsequent to traversal of the 20nm
. synaptic cleft, the transmitter evokes a response in the post synaptié
cell by combining with a specific site on the'post synaptic membrane
and causing a change in membrane polarisation,' Anvaction potential is

generated if the depolarisation threshold is achieved, and the, impulse




in Krebs-phosphate medium at 37°C. Intact synaptosomes (s) containing synaptic

vesicles (sv). mitochondria (mit) and a few vacuoles (v). Other items are dense cored

vesicles (dev), complex vesicles (cv), post-synaptic membranes (pm) and cleft material
(¢cm). (Magnification, 1; >~ 30,000, 2: 36,820, 3; -~ 57,680.)



passaes further along the neural pathway. During this process, the
terminal membrancs undergo transient change in ionic potential, which
is rapldly rostofod o its o;igihal state by activation of compensatory
enzymes, As discussed above, the éytopldsmic volume of the synapse
makes it an extremely difficult task to study the biochemical processes
. 0f the nerve terminal in situ , and consequently neurobiologists'have
‘devised methods for the quantitative preparation of nerve terminals
(GRAY & WHITTAKER, 1962; DE ROBERTIS et al., 1962), - The pafticles

thus obtained were termed synaptosomes by WHITTAKER et al,, (1964)

.but are*also referred to as nerve ending particles b& other workers,

The early studies of these workers showed that nerve terminals
of mammalian brain areas not only survive the liquid shear forces which
'disrﬁﬁt the whole tissue during homogenisation, but can also be
isolated by sedimentation in hypertonic sucrose density gradiénts.
BRADFORD (1969) published evidence that‘these enriched fractions of
nerve tefminals are metabolically active, despite their separation from
the cell body, and showed further that the functional characteristics
of the presynapse can be studied in isclation from the rest of the
cellular structures normally associated with it. In fact, an
approximation can be made of the intrinsic synthetic capacity versus}the
contribution frpm axoplasmic phenomena.  Thus, an in vivo. study can
often mask the comparatively_small changes Qccurring within the nevve
ending within the larger'activities of the entire neuronvand
surrounding cells, An in vitro contrecl of the en&ironment anables
relatively easy observation of the effects of various physical parameters
and of pharmacologically active substances on a very specialised and
important part of the nervous system, Isolated synaptosomes exhibit:
very similar physical constituents to thoée found in the nerve ending in
situ and perform for wholly adéquate periods as viable living cells,

The major disadvantage of thé pfeparation (irrespective of the
purity argument) is that synaptosomes irom any brain region are
heterogeneous because of their derivation from termihals containing
different transmitters, De Robertis has claimed separation into
subfractions of cholinergic and non - cholinergic populations, but
generally circumvention of the prdblem is achieved by preparing
synaptosomes from brain regions‘predominantly rich in a‘single type of
transmitter, e.g. glycing in spinal cord (OSBORNE et.al., 1973),
dopamine'iﬁ substantia nigra, and peptides in hypothalamus (EDWARDSON

et al.; 1972), ISRAEL et al., (1976) have purified a synaptosome

. U I R R
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containing only choliﬁorgic nerve ehdings from the electric organ of

Torpedo, |

Subsequent to tissuo rupture, the damaged membrane of the rer-e
terminal re - seals to form a continucus surface, and occassional

photo - micrographs indicate.that a small portién of the post synaptic

thickening remains associated with the newly formed synaptosome. 'The

presence of a continuous membrane is indicated by fhe osmotic changds.
df synaptosomes in media of differing tonicity, and synaptosomes retain
their soluble cdmponents such as lactate dehydré@nase (JOHNSON &

WHITTAKER, 1563), pyridine nucleotides (LINDALL & FRANZ 1967),

" potassium (MARCHBANKS, 1967), and amino acids (BRADFORD & THOMAS, 1969).
The presence of significant quantities of metabolit;ps retéined within
organised structures enables them to perform a variety of metabolic and
synthetic activities. .

Brain slices similarly maintain a fairly high membrane potential
(BRADFORD & MCILWAIN, 1966) and respond to depolérisation with the
generation of action potentials (RICHARDS & SERCOMBE, 1968),but they
suffer from the disadvantage of even greater heterogeneity than do
synaptosome preparations.

' Synaptosomal ultrastructure under the lens of an electrén
hicroscope resembies the morphoelogy of the intact nerve terminél,
despite'the fact that, for example; cytoplasmic filaments are slightly
distorted during severance from the axon (JONES & BREARLY, 1972).
Numerous small vesicles and usually 1 - 2 mitochondria can be seen, and
also, occassionally, the odd post synaptic thickening. Synaptosomal
diameter is approximately lpm.. Subsequent to incubation in
physiological media, synaptosomes become clearer and more sphericallthan
thosé fixed directly after removal frém the preparative gradienf. The
morphology of synaptosomes in éultufe is preserved for up to 24h.,
(BRADIF'ORD et al., 1975). |

A comprehensive review by BRADFORD (1977) describes the linear rate
of oxygen uptake by suspensions of cerebrocortical synaptosomés.in Krebs
mediun buffered with phosphaté,_Trié - HCl,‘or’glycyl glyciﬁe, containing
10mM glucose when incubated at 37°C, and this uptake rate is similar
to that of cortical slices, continuing lin€arly for four oxr more hours.

’BRADFORD & THOMAS (1969) describe how the full enzyme and co - enzyme
complement for glycolysis and oxidative phosphorylation is nresent in
synaptosomes, enabling considerable 1aétate production concomitant with

conversion of isotopic glucose carbon into. intermediary keto - acids,
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giving rise to labeled glutamate, aspartate, GABA, and alanine, Thé
glycolytic enzymes are distributed in the cytoplasmic matrix and the
“tricarboxylic acid cycle and oxidative phosphorylation capacities aro
confined within the intrasynaptosomal mitochdndria. ,The mitochondria
play an essential role in the function of synahtosomes, and contribute
approximately 30% of total protein, and 25% volume (MOORE & LINDALL,
1970). | ’

In spite of the wide range of enzymes found within synﬁptosomes;
(DE BELLEROCHE & BRADFORD, 1973), some may be contaminants., HAJOS &
KERPEL-FRONIUS (1971) were unable to detect succinate dehydrogenaée in
intra - terminal mitochondria in situ by electron microscopic
histechemistry althoughlin 1965, WHITTAKER reported such activity in
intrasynaptosomal mitochondria. ' '

A number of pharmacologically and physiologically active substances
have been found in synaptosomes, e.g., acetylcholine (GRAY & WHITTAKER,
1962), noradrenaline and serotonin (MICHAELSON & WHITTAKER, 1963;

SNYDER et al.,'1965). The localisation of serotonin in some presynaptic
endings in situ has been shown using fluorescent histochemistry

(DAHLSTROM & FUXE, 1965), and a large proportion (60 - 90%) of the

tctal brain acetylcholine has been recovered in the'synaptosomal fraction -

(WHITTAKER, 1959; KUROKAWA et al., 1965), as well as most of the bound
dopamine (LAVERTY et al., 1963), which represents 40% of total brain
dopamine. Amino acids, especially glutamate, éspartate, GABA , and
taurine (AGRAWAL et al., 1971) and N - acetyl glutamate (REICHETT &
FONNUM, 1969) are a dominant compositional feature, both of synaptosomes
and of whole brain, ' '

Synthetic enzymes present invsynaptosomes-have been demonstrated
for acetylcholine (SCHUBERT et al., 1972), noradrenaiine (BALDESSARINI &
KAROBATH, 1973), serotonin (GRAHAME - SMITH , 1967),'and amino acids
(BRADFORD & THOMAS, 1969; review, CURTIS & JOHNSTON, 1974), NADPH is
produced by the phosphogluconate pathway (APPEL & PARROT, 1970) for.
the synthesis of nucleotides, phosphoproteins, and phospholipids
(ABDEL - LATIF et al.,, 1968), and LUNT & LAPETINA (1970) have demonstrated

‘a high rate of formation of phosphatidyl inositol. ' '

The presence of an osmotically sensitive barrier surrounding
synaptosomes is indicated by their retention of LDH when incubated uﬁder
physiologiéal conditions (BRADFORD, 1971) which, 1like the potassium and
sodium, is lost from assdciation with the particulate fraction by water

. elution of synaptosomes from a Sephadex column (MARCHBANKS, 1967).

-
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Similarly, specific permeability to certaiq'ions results in swelling,
causing light scattering changes (KEEN g WHITE, 1970) which follow the
laws of Boyle and Van't Hoff, and are reversible. Furthermore, the
presence of a membrane potential indicated also by the presence of an
active Na+— K+— ATPase (HOSIE , 1965; BRADFORD ét‘alr,‘1966) provides
corroborative evidence for this feature.. Substitution of the xt and
Na+ conccntrations,'and the volume of the non - inulin space, into the
modified Nernst equation (HODGKIN, 1958) gives a minimum value of
-27mV (BRADFORD, 1971) rising to -7mV subsequent‘to-electrical stimulations
Thus, if 'o' = extracellular concentration, 'i' = intracellular
concentration, and 'b' = apparent'permeability of the membrane to Na®

relative to x* (0.04) then the membrane potentia1~(Em)

RT (K+)o - paMo

————

CF (D, - 'ty
1 1

of 6ourse the valqe of. the membrane potential calculated in this manner
is less than one half that of qerve'terminals in situ and this discrepancy
is generally explained by the membranous cdntamination of synapiosomal
preparations,'and the large proportion of the total volume thai is
occupied by synaptic vesicles and mitochondria, .

Active transport systems for Na+ (LING & ABDEL - LATIF, 1968),
K" (ESCUETA & APPEL, 1969), and Ca' ' (LUST & ROBINSON, 1970) have also
been described. There is alsd Na+ - dependent uptake of choline
(MARCHBANKS, 1968), GARA (KURIYAMA et al., 1969), noradrenaline
(BODGANSKI et al., 1968), tryptophan (GRAHAME - SMITH & PARFITT, 1970)
and serotonin (MARCHBANKS, 1966), and of glutamate and aspartate by a
high ?ffinity process (LOGAN & SNYDER, 1971).

e

3) AMINO ACIDS AS TRANSMITTERS.

Increéasing evidence that amino acids are involved in chemical
synaptic transmission has been obtaiﬁed by subjecting them to the criteria
established for neurotransmitters like acetylcholine and the
catecholamines. Their concentration relative to’otﬁer regions of:the '
nervous system should be high, their syntheéising enzyme(s) mast show a
high activity and the nerve endings should possess a selective high
affinity uptake mechanism., All fhoée presynaptic chéracteristics would

then diminish or disappear when the terminals degenerdtevfollowing a
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lesion of the afferent necuron or axon, Further, the transmitter
candidate should be releasod from tho nerve terminals, either through
the influcnce of high potassium concentration, or_drugs like veratrine,
or thropgh alectrical stimulgtion, diffuse or, better, applied to the

corresponding afferent pathway. Microiontophdpetic application of the

‘amino acid should mimic the effect of the pﬁysiological synaptic action
of the transmitter on the post synaptic element and specific

antagonists should prevent this actioq. This implies the prescnce of
specific post synaptic receptors, and trénsmitters and antagonists should
bind to the receptors. Ideally, these characteristics should allow a |
localisation of specific pre - or post - synaptic elements at the light
and electron microscopic levels using either autoradiography, or
immunohistochemistry, The‘amino acids are limited in this respect, by
some difficulties not present with the more classical transmitters,

They and their synthesising enzymes are usually present not only as &
"transmitter' pool, but also as a 'metabolic' pooi. Neither the pools
nor their respective enzymes can be isolated separately at fhe present
time, An exception is GABA, where only a transmitfer pool is present,
so CGAD can be used as.the marker enzyme. (Perhaps this may explain why
some of the procé?ing data appear ancmalous in respact of GABA when
compared with similarly obtained data for the other amino acid .
putative transmitters.) While some post synaptic receptors can he
blocked by rather specific antagonists, like bicucculine for the GABA
receptor, or strychnine for the glycine recep@or, others must still

Qe studied without this very useful tool.

. There can be no purpose in generating a thorough review of the
enormous accumulation of data evidencing the roles for amino acids as
transhitfer substances and instead a couple 6f.tab1eé have been included
to illustrate the neural circuitry in which amino acids are considered
to be intimatgly involved. Reviews to be consulted for greater.detail
include CURTIS & JOHNSTON (1974), JOHNSTON (1976), and GERSCHENFELD.
(1973). However, an overview of the subject, and in particular regard
to recent additions to the literature in respect of specific circuitry,

e.g. the pigeon visual system, is of interest if not of value.
3a) GLUTAMATE AND ASPARTATE.

The early work of Aprison and his colleagues (DAVIDOFF et al., 1967;

GRAUAM et al.,, 1967) showed the association of these amino acids with
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defined regions of spinallcord and roots, and ied'to the suggestions
‘that-glutamate is an excitatory transmitter recleased by primary afferents,
and aspartate is a transmitter associated with eoxcitatory interpeurons.
At a similar time, SHAW & HEINE (1965) were commenting upon the high
-lovels of glutamate in the cerebral cortex and cerebellum of »ats when -
compared with the midbrain and pons - medulla, while aspartate is mora

. evenly distributed,  No workers to date have indicated_a sélective
localisation 6f glutamate or aspartate with particular nerve ending
particles. The synthesis and'metabolism cf these amino acids is well
documented, and many outstanding4feviews are to be found in the book
edited by BALAZS & CREMER (1973). ' ’

In vivo studies involving perfusate collection from exposed brain
regiuns have shown release of glutamate and a little'aspartate'froh
cerebral cortex following brain stem stimulation (JASPER & KOYAMA,.
1969), from hippocampus following local stimulation (CRAWFORD & CONNOR,
1973) , and workers in tﬁis laboratory have performed écute and chronic
caﬁnulation.studies on amino acid release from rat cerebral cortex
(DODD & BRADFORD, 1974; 1976).

A role for glutamate in the cortico -~ striatal pathway has been

well studied (e.g. WEBSTER, 1961). Cortical lesion induces a decrease in-:.

the striatal glutamate pool (KIM et al., 1977) and uptake (DIVAC etaél.,.
1977; MCGEER ef'al., 1977), and activation of striatal units by cortical
stimulation is blocked by glutamic acid diethyl ester, a putative
glutamate receptor éntagonist (SPENCER, 1976). Furthermore, the toxicity
of the glutamate analogue kainic acid in the‘striatum is abolished .
after degeneration of the cortico - striatal pathway (BIZIERE & COYLE,
1978; MCGEER & MCGEER, 1978), and restored by glutamate application
(BIZIERE & COYLE, 1978), Since glutamine has been shown to~be a good
precursor for the glutamate (BRADFORD & WARD, 1976; BRADFORD et al.,
_ 1978; WEILER et al., 1979) and GABA (TAPiA & GONZALEZ, 1978) releasable
pools in the brain, REUBI & CUENOD (1979) investigated the relcase of
isotopic glutamate and GABA in striatal slices, preincubated with
isotopic glutamine, from rats with and without cortical ablatioq. The
degeneration of the cortico - striatal pathway induced in the striatum
a large (65%) decrease in K+ -~ evoked release .of newly synthesised ’
glutamate without changes in GABA, '

In the frog optic tectum, enucleation induces within 14 - 24 days
a 30% decréase in the concentration of glutamate and a 20 - 40% decrease

in that of GABA (YATES & ROBERTS, 1974). 1In the pigeon optic lobe,

P —
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TABLE 1.1

| SOME PROPOSED GLUTAMATE AND / OR ASPARTATE NEURAL PATHWAYS,

PA'THWAY.

Corticoétriaﬁe

Entorhinal - hippocampal
Retinotectal

Cerebellar granule cells
Primary sensory afferenﬁs

Spinal interneurons

Hippocampal commisural
Hippocampallipsilateral
Dentatohippocampal (mdssy fibres)
Hippo;ampo/subiculoseptal/mammilary

Corticocortical

Olfactory bulb - olfactory cortex

-

Visual corticotectal
Visual corticogeniculate

Corticothalamic

PROPOSED TRANSMITTER / EVIDENCE,

‘Glutamaté

Glutamate
Glutamate
Glﬁtamate
Glutamate.

Aspartate,

Aspartate.

Aspartate
Aspartate

Aspartate

.Aspartdte

Aspartate

Aspartate

Aspartate

Aspartate

(a),

(e),

(e).

£).

(c).

and/or

and//or
and/or
and/or

and/or

and/or

and/or

and/or

(b).

().

glutamate
glutamate
glutamate
glutamate

glutamate

glutamate
glutamate

glutamate

(@, (@.
().
(h).
(1.
(;7'), x).
).

Q).

(m),

o a3 b s

i

Jvbotg




TABLE 1.1 (cont'd)

" REFERENCES,

(2)
(b)
(c)
(d)
(e)
(£)
(g)
(h)
(1)
3
(k)
(1)

(m)

DIVAC ot al., 1977

P, L. MCGEER et al., ;977
NADLER et al., 1976

STORM - MATHISEN, 1977
HENKE, 1976

YéUNG et al., 1974

TAXT et al., 1977

STORM ~ MATHISEN, 1978‘
ﬁEIFFENSTEIN & NEAL, 1974
HARVEY e£ al., 1975
BRADFORD & RICHARDS, 1976
LUND ‘- KARLSEN & FONNUM,

FONNUM, 1978
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1978
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cholinaacetyliransferass and glutamate decarboxylase activities decroased i
by 5 - 20% and 12% respectively aftor retinal ablation (CHAKRARARTI &
DAGINAWALA, 1976). It can cénsequently be speculated that glutamate is

or mimics the physiological excitaﬁory iransmitter of at least part of

the avian optic nerve fibres, TFurthermore, when (140) proline is
_injected into the vitroous bedy, the proteins of the optic nerve'terminais
are labeled by fast axoplasmic transport, and'the'isotope appears in
synaptosomal fractions. When these fractions are incubated with (3H)
glutamate, the label is taken up by high affinity sy;tems (HENKE et al.,
.1976). *Unfortunately, double labeling of identical terminals has not

yet succeeded,

Mie stimulus induced relcease of glutamate has been demonstrated to
‘oceur from frog sciatic nerves where stimulation caused a 200% increase
in the rate of release (WHEELER et al,, 1966). Similarly, glutamate

has been detected in perfusates of the leg of the crab Carcinus maenus

(KERKUT et al., 1965), cockroach Peripleneta americana (KERKUT et al.,

1965), and locust Schistocerca gregaria (USHERWOOD et al., 1968)

Synaptosbmes sequester radiolabeled glutamate and aspartate by
high affinity (low Km) and low éffinity (high Km) transport systems
(LOGAN & SNYDER, 1971; LEVI & RAITERI, 1974). The high affinity
transport systems-are Na+ and temperature \&ml\s\\'\\lt. Each exhibits
" narrow specifity for its neuroactive substrate with a Km of about
lO—SM. In contrast, the low affinity transport systems ﬁre associated
with both neuroactive and inactive amino acids, exhibit broader
specificity, afe Na+ and temperature independent, and exhibit a Km of
about 10 °M (LOGAN & SNYDER, 1971). The high affinity systems have
been suggested to function in terminating transmitter action by
removing their specific substrates from the synaptic‘regién (IVERSEN,
1971). In the spinal cord, thé high affinity uptake of glutamate was
found to occur into the dorsal root ét twice the rate as that for the

ventral root (HAMMERSCHLAG et al., 1971; ROBERTS & KEEN, 1973).
3b) GABA AND GLYCINE,

Several excellent reviews exist on this subject, and a
comprechensive introduction is not required here (WERMAN‘& APRISON, 1968;
CURTIS & WATKINS, 1965; CURTI3S & JOHNSﬁON, 1874), The accurulation of

evidence supports the view that glycine and GABA are inhibitoxy

transmitters in the central nerveus syslem., Low and high affinity
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uptake systems havo beén described for theso amino acids and there is
evidence to indicate.that ubtake is important in thevinactivation of
glycine and GABA in the synaptic environment (SMITH, 1967; IVERSEN &
NEAL, 1968; NEAL, 1971; LOGAN & SNYDER, 1972; BALCAR & JOINSTON, 1973),
Abnorhalities in the GABA system may be associfted with sucﬁ
disorders as Parkinson's didease and Huntington's chorea (ENNA et al.,
1977; WALTERS & CHASE, 1977). Agents active at GABA synapses may be
uéeful foé alleviating the clinical manjfestations of these, and of
other disorders éuch as schizophrenia (CURTI3, 1977; SMYTHIES, 1977),
and epilepsy (MELDRUM, 1975). The interactions of GABA with other

" transmitter systems such as the dopamine nigrostriatal system are also

being investigated (e.g.,, JAVOY et al., 1877),

Electrophysiological and biochemical investigations leave little
doubt that GABA is a transmitter in the striato - nigral pathway
(e.g., FONNUM et al., 1974; BUNNEY & AGHAJANIAN, 1976). Heavily
isotopically labeled clusters of relatively small sized neuronal
perikarya are observed in a restricted area of the caudoputamen's body
following nigral (SH) GABA applﬁcation (STREIT et al., 1979). They
propose that the corinectivity and chemospecificity of neural pathways
éan be establiShcq in this way by transmitter - related retrograde'
tracing (HUNT et al., 1977) and can be based on specific terminal uptake
after the administration of radiolébeled transmitter, retrograde axonal
migration, and retention of labeled material. Their hypothesis of
selective tracing originated from the observation of perikaryal labeling
of neuronsbin the pigeon optic lobe after tritiated glycine was applied
to the terminal area (HUNT et al., 1977) and this will be mentioned
again‘briefly later.

Synaptosomes prepared from avian optic tectum take up GABA with high
affinity (HENKE et al., 1976). The synthesising enzyme glutamate
decarboxylase is present in the tectum,. particularly in the superficial
layers (HENKE & FONNUM, 1576), Microiontophoretic-application qf GABA
inhibits large numbers of neurons in;the superficial half of the tectum
(BARTH & FELIX, 1974). The iﬁtertectdl inhibition -is antagonised by
bicuccullihe, a specific blocker of GABA receptors (BARTH & FELIX, 1974),
lLight microscopic autoradiography has revealed two types of intrinsic
tectal neurons,.and two extratectal connections, one afferent, one efferent
. (HUNT & KUNZLE, 1976), The intrinsic tectal neurons labeled by GABA
injection into the optic tectum are long, horizontal dendrites of

Golgi type II neurons and the dendrites contain a Iarge number of
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TABLE 1.2

—

PROPOSED NEURONATL, PATHWAYS INVOLVING GABA. -

PATHAY,

Purkinje cells

Cerebellar Golgi cells
Cerebellar basket cells

Cerebellar stellate cells

Hippocampal basket cells

Neostriatal interncurons
Striatonigral neurons ‘
Pallidonigral neurons
Retinal interneurons

Spinal cerd interneurons

Cortical interneurons

Olfactory bulb interneurons

LVIDENCE.

Inhibitory ﬁction (a) CABA release (b)
Phafmaéological correlation (a) Lesion (c)
Axoplasmic flow (d) Immunohiéfochem (e)
Uptake (£f) Inhibitory action (a)
Immunohistochemistry (e)

Uptake (f£) Inhibitory action (a)
Immunohistochemistry (e)

Uptake (f) Irhibitory action (a)

Localisation (g) Uptake (h) Inhibitory .

action (i) Lesion (g) Immunohistochem (q)
Uptake (j) Lesion (k)

Lesion (1) | . .
Uptake (j) Lesion (j) axoplasmic flow (m)
ILocalisation (r) Uptake (h) .

Uptake (o) Inhibitory action (p)
Localisation (p) Immunohistochemistry Ca)

Physiological action (r)

Uptake (s) Inhibitory (t)

Immunohistochemistry (u)

Physiological action (v)




TABLE 1.2 cont'd

REFERENCES

(a)
(b)
" (e)
(@)
(e)
(£)
(g)
(h)
(i)
{J)
(k)
(L
{m)
(n)
"~ (o)
(P
(a
(r)
(s)
(t)
(u)
(v)

1TO & YOSHIDA, 1964

OBATA & TAKEDA, 1969
FONNUM et al., 1970

E. G. MCGEER et al., 1975
MCLAUGHLIN et al., 1974
IOKFELT & LJUNGDAHL, 1972
STORM - MATHISEN & FONNUM, ‘1971
IVERSEN & SCHON, 1973
ANDERSON et al,,1964
HATTORI et al., 1973

P.L. MCGEER & NCGEER, 1975
OKADA et al., 1971

P. L. MCGEER et al,,1975
KURIYAMA et al., 1968
IVERSEN & BLOOM, 1972
MIVATA & OTSUKA, 1972
WOOD ot al.,1976

ECCLES et al., 1963

BLOOM & IVERSEN, 1971
KRNJEVIC & SCHWARTZ, 1966
RIBAK et al., 1977

NICOLL, 1969

[y
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prasynaptic profiles. " The fact that thcré is a strong inhibition
following an incoming volley in the optic nerve (HOLDEN, 1968), and that
dendritic spikes have been recorded in the neuropil of the pigeon

toctum (STONE & FREEMAN, 1971) corroborate such a system of horizontal
inhibitory GABA neurons - with dendrites both pdst-synaptic to optic
nerve ierminals and presynaptic to radial dendrites - playing an
essential role in the local circuits of the tectum,

The concept of glycine acting as a major inhibitory transmitter
in <he gpinal cord and brain stem owes much to the work of Aprison
and his colleagues (e.g., APRISON et al., 1975). Glycine appears to

-be a purely vertebrate transmitter which makes it unique among the
known synaptic transmitters. Abnormalities in the'giycine system

may be associated with spinal spasticity (HALL et al., 1976). -Glycine
metabolism is still poorly understood, and only non - specific effects
of centrally active drugs have been described on glycine uptake
systems (UHR & JOHNSTON , 1975). Strychnine sensitive synaptic
inhibitions which may be mediated by glycine continue to be discovered
e.g. inhibition of intralaminar thalamic neurons fbllowing stimulation
of cortical neurones. (ISHIDA, 1977), and there is increasing evidence
that glycine may be a transmitter in the retina (NEAL, 1976).‘ Not ali
‘neuronal effects of glycine are .antagonised by strychnine. Glyéine has
2 bimwodal action on frog spinal motoneuronsg; the hyperpolarising
response is blocked by strychnine but the depolarising action which is
usually the major effect is not influenced by strychnine (EVANS et al.,
1976). .

Studies on the binding of strychnine to spinal membranes have
indicated that glycine and strychnine bind to distinct sites that
interact in a cooberative fashion, the strychnine binding site being
possibly associated with the glycine ionophore (SNYDER & BENNETT, 1976).
The displacement of bound strychnine by.a series of strychnine
analogues has been correlated with the convulsant and lethal effects
of these alkaloids (MACKERER et al., 1977). A wide variety of

" substances are now known to act as glycine antagonists (JOHNSTON, 1977).
Tetanus toxin, which blocks glyciﬁe release, has been shown to bind
like glycine to synaptic terminals containing flattened and pleomorphic
vesicles (PRICE et al., 1977).

' In the pigeon optic tectum there is evidence that glycine plays
a special role. Glycine is taken up with high affinity by tectal

synaptosomes ({IENKE ct al., 197G6), Microiontophoretic application of

st




g]ycinc inhibits a large number of units throughout the tcctum and this
cffect is antagonised by strychnine (BARTH & FELIX, 1974)., Strychnine
hinding displaced by glycine, as a measure of glycine receptors, is
present in the chick optic lobe (ZUKIN et‘alu, 1975) and in the

pigeon oﬁpic tectum (LE FOQT'ét al., 1978). Moreover, exogenous

- glycinec is released in the tectum during electrical stimulation of

an afferent pathway. (REUBI & CUENOD, 1976),

Following isotopic glycine (or serine or a-alanine) injection
into the lateral region of - the optic tectum there.is, in addition to
some neuropil labeling, a covering by silver grains of the perikarya
of neurons within the subtectal nucleus isthmi, pars.parvocellularis
(Ipc nucleus). The theory behind this type of retrograde labeling was
described briefly above for QABA. Re - investigation of the.uptake_
chéracteristics of these tﬁree amino acids confirmed that they were
all taken up with high affinity by tectal synaptosomes (HENKE & CUENOD,
1978). The serine or alanine uptake was competitively inhibited by .
glycine, but glycine uptake was only partially inhibited by serine
or alanine, thus suggesting the existence of two‘separate‘glycine_
compartments - a mixed one, accessible to both serine'and alanine,
and one for glycine only., In the pigeon spinal cofd,-only thé
glycine ¢ompartment cculd be detected; in the telencephalon the gl&cine«
serine - alanine compartment waé mainly present; and the tectum
possessed both compartments. Finally, some glyeine derivates
inhibited glycine uptake more than serine or alanine, while cysteine
had the opposite effect (CUENOD &«HENKE,l1978): The glycine
compartment seems to correspond to nerve endings, ‘and the localisation
of ‘the mixed compartments are assumed to represent another popqlation

of nerve terminals to-which the Ipc - tectal neurons might contribute.
4) THE SCOPE AND PURPOSE OF THIS STUDY,

Two decades ago, insufficieﬁt'informatién was available for amino
acids to be seriously considered as synaptic transmitters in the
central nervous system. Even in 1962, EQLIOT et al., weré'regarding
amino acids as mainly concerned in the brain wifh intermediary
metabolism, althoﬁgh considerabl® significance had already been
'attached-tOAGABA as a possible vertebrate and invertebrate inhibitory
transmitfer. At the present time, the wealth‘of déta accumulated and

des¢ribed in the reviews cited above, and the complex amino acid
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transmittor involvement in ncuronal circuitry, a short introduction
vto which was given above, may juétify the use of terms such as
glycinergic, CGABAergic, aspartergic, and glutamatergic to indicate
neurens and terminals which release these amino acids, and synaptic
processes in which théy participate. Hence it was natural‘for the
purpose of the present study to examine the'role of amino acid
transmitters and synaptic proceéses in the aetiology of drug induced
phenonena, but to concomitantly learn more about the factors controlling
the synaptic process.

The principal compounds which were investigated in an attempt to
" describe the actiology of tremorlcompriéed Verruculogen and Penitrem A,
two tremor inducing toxins produced by'Penicillium fungi. The role of
the novel anti - convulsant drugs y — acetylenic GABA and vy - vinyl
'GABA in ahtagonising the tremor associated with the fungal toxins
was simultaneously investigatéd, and concomitantly, fhe ion fluxes
associated»with these phenomena at the synapse were studied by means
of ‘experiments made using tetrodotoxin and the Ca++ antagonist

verapamil.
4a) THE PRECEDENTS

That synaptosomes should be preparéd from animals previously
dosed with the tremorgenic mycotoxins or the GABA analogueé (and this
is a method used widely in the accompanying studies) is not without
precedent, For. instance, OSBORNE et al., (1973), when investigating
the action of tetanus toxin, injected the toxin intramuscularly to
rats 15h., before killing and remcving the spinal cord and medulla,
and under these conditions, they observed that the electrically
stimulated release of glycine, GABA, and aspartate from synaptosomes
subsequently prepared and incubated was inhibited by 70%, 44%, and
52% rcspectively. Interestingly, when tetanus toxin was added to the
synaptosome incubation originating from control rats, no changes in
amino acid ac0umulatibns were observed. The foresight of these
authors is illustrated in a quote from their discussion : '"'The fact
that pretreatment of animals with the (tetanus) toxin was required
before any action could be displayed in vitro ,'shows.that a similar
experimental design may greatly enhance the value of synaptosome
preparations in the study. of other centrally acting substances."

They concluded that the in vivo period probably allows a greater



(29 )

number of synapses to intoract, and a greater extent of interaction

with the toxin. In their case, this correlated well with the established
slow onset of tetanus following intramuscular injqction, which of

course was unlikely to be due_to Slow penotgation of the spinal cord.

In the case of the tremorgens,. however, a very.papid onset of tremor
occurs and the method of animal pre -~ injection was used here
'principally because of the aqueous insolubility 6f the toxins which
complicated their direct addition to synaptosome suspensions.

That the study of the modes of action of tremorgenic mycotoxins
and their in vivo antagonists, the novel anti - convulsants y - vinyl
GABA and y - acetylenic GABA, should comprise a central theme of amino
acid neurotransmission was not anlarbitrary choice, despite the
validity of alternative transmitter systems. Since from the reviews
quoted above, it seems fairly certéin that s&napses carrying receptors
for GABA or for glutamate -~ and which mediate inhibition aﬁd excitation
respectively, and occur widely in the central nervous system together
with a more restricted distribution of equivalent sites for glycine -
and aspartate - then the synapses which are operated by these amino .
acids are likely to constitute a large proportion of the total in the
'céntral nervous system, which means that the high concentrations and
ubiquitcﬁs presence of these compounds, particularly glutamate, .
aspartate,and GABA, leads to a high risk of anomalous contact between
the amino acids and their synapses. A few examples of some consequences
are particularly worthy of note here, )

. The three enzymes, glutamate decarboxylase (GAD), GABA - transaminase
(GABA - T ; and this enzyme features directly in a later chapter), and
succinic semialdehyde dehydrogenase (SSDH) are responsible for the
productidn and removal of GABA. Agénts which reduce GAD activity
often markedly lower brain GABA concentrations and in parallel cause
seizures, e.g., hydrazides, allylglycine, 3 - mercapto propionic'acid
(KILLAM & BAIM, 1957; DE LOREZ ARNAIZ et al,, 1971; 1972; 1973). |
Inhibition of GABA ~ T or SSDH activities leads to a rise in brain GABA
level, and simultaneously protects against seizures, examples being the
offects of a - amino oxyacetic acid (AAOA) (SNODGRASS & IVERSEN, 1973;
COLLINS, 1973; PERRY et al., 1974) and n - dipropyl acetate (SIMLER et al,
. 1973; HARVEY et al., 1975), Whilst AACA is toxic when administered to
humans, and has convulsant action above a ceftain dosage (PERRY et al.,A
1974; TAPIA at al., 1969), n - dipropyl acetate, whose passage across

th blood brain barrier is facilitated by its t\@bpk]“tlﬁk‘y is a useful
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anti - convulsant (JEAVONS & CLARK, 19745. " The anti - convulsants
could also produce their effects by blocking GABA ubtake and incréasing
extracellular GABA levels in regions containing,GABA ~ erglc synapses.
Since such cvidence is available for an inhibition of GABA uptake, this
feature of their action might at least assist any‘effect due to raised
celluiar lovels of GABA (SNODGRASS & IVERSEN, 1973; JOHNSTON & BAKER,
1974; HARVEY et al., 1¢75), The potent inhibition of neuronal
discharge produced by extracellular GABA can be seen following its
iontophoresis lécally in cerebral cortex and.elsewhere in vivo
(KRNJEV IK &'PHILLIS, 1963), or when it is present in salines bathiﬁg
slices of cerebellar cortex in vitro (OKAMOTO & QUASTEL, 1973).

In contrast then to the likely modes of actién of the anti -
convulsants (and a later chapter provides novel data on this poiht),
a candidate for involvement in the tremor and occassional convulsions
observed as a consequence of tremorgenic mycotoxin édministration to
animals is glutamate, anq the considerations brought to bear on GABA
apply equally to giutamate, though its more direct relationship wi th
the Krebs cycle makes distinction between its metabolic and transmitter
involvement nuch more difficult. However, glutamate is a potent
excitatory agent and readily causes firing of most neurones when
iontophoresed onté cergbral cortex and other central nervous sysfem
regioné (see CURTIS & JOHNSTON, 1974, for .review)., It increases the '
firing rate of neurones present in cerebellar slices in vitro
(OKAMOTO & QUASTEL, 1973), and can be shown tO'depolérise and .increase
the sodium permeability of cells in cerebral cortex slices (GIBSON &
MCILWAIN, 1265; BRADIFORD & MCILWAIN, 1966). Small amdunts of glutamate
introduced intracerebrally readily‘produce convulsions (HAYASHI, 1954;
1956; AWEIC_HERT & GOLLNITZ, 1968; HENNECKE & WEICHERT, 1970). Systemically
administered glutamate produces seizures in 10 - day old rats (JOHNSTON, -
1973) and also, at higher doses, in adﬁlt rats (BHAGARAN et al., 1971;v
BRADFORD &. DODD, 1977). Raised whole brain levels of glutamate ahd of
glutamate dehydrogenase have been reported in the preconvulsive state
before onset of seizures initiétgd bj a range of agents (WEICHERT &
GOLLNITZ, 1968; 1969) and a release of glutamate has been observed to
occur from cobalt - foci during the onset of seizures as observed
either by EEG or as motor response (KOYAMA, 1972; DODD & BRADFOBD, 1977).
MEYER et al., (1970) reported an elévation in cerebrospinal fluid |

potassium levels during convulsions in monkeys and this cculd be

linked with concomitant rises in cerebrospinal fluid glutamate levels,
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If glutamate release were to occur as readily from central nerve
‘Tibre tracts as 1s reported for peripheral nerves and’spinal nerve
roots‘(WHEELER et al,, 1966;.DE TFEUDIS, 1971; WEINREICH & HAMMERSCHLAG,
1975) and its accumulation were to ‘ensue to thé appropriate extent,
then some participation of glutamate in the mechanisms of tremor and
_seizure propagation could be envisaged, In addition, extracellular
glutamate may.mediate the considerable oedemavwhich accompanies
convulsions (DE LOREZ ARNAIZ, 1972; 1973) since incubating neural
tissue with this amino acid has long been known to promote tissue
_swelling (TERNER et al., 1960; BRADFOﬁD & MCILWAIN, 1966; VAN HARREVELD
& FIFKOVA, 1971), Such an effect may; howevér, be exerted through the
excitatory property of glutamate, with-‘convulsive hypoxia being the
final common mechanism in seizure induced oedema. ‘

These transmitter systems are intimately involved in the'dyskinesias
and excellent reviews on . these topics have been‘published (e.g.
STRAUGHAN'& DRAY, 1978; BRADFORD & MARSDEN, 1876; BRIMBLECOMBE &’ PINDER,
1972), Briefly, however, in Parkinson's disease, loss of GAD activity
together with degeneration of the substéntia nigra and concomitant loss
of dopamine, causes deletion of the inhibitory nigrostriatal dopamine
pathway., The inhibitory GABA terminals, which also impinge on caudatg
neurons, and striatonigral'GABA terminals mediating inhibition in. the; -

: substant!gzgze also absent, together with receptors for GABA, The
result of this systems breakdown is hyperactivity of excitatory
cholinergic neurons modifying the output of the caudate neurons,
Conversely, in ﬂuntington's chorea, degeneration of the caudate,
supersensitivity of caudate neurons to dopamine, and loss of GAD activity.
causes supersensitivity of caudafe neurones to dopaminergic inputs.
There is parallel 1osé of the inhibitory GARA operafed pathways
impinging on those nigral néurones which provide the dopaminergic
pathway to the caudate. Also there is a doubling of the GABA receptor
concentration in the substantia nigra. The resu}t of this systems
failure is hyperactivity of inhibitory dopaminergic‘input to caudate
neurones modifying their output. |

Thus, our knowledge of the organisation of these transmitter.
systems predicts neurological consequencesof specific defects and
indicates particular vulnerable aspects. If is, therefore, compélling
“even on a priori grounds to look for a link between the localised
neuronal ‘hyperactivity présumably associated with tremor and convulsive

states and failure of giutamate or GABA transmitter systems., Such




failure might involve decreased ac%ivity of GABA op9rated‘inhibitofy
synapsos, due to decreascd GABA content’ or release, or involve increased
activity of glutématc operated synapses due to increased concentrétiods
in the extracellular space in contact with glutamate receptofs.-

4bh) WRITE - UP LAY - OUT.

As a start to the pursual of such #i??ﬁeckjfthe expériments to
be described here were embarked upon. _fheustudy does not pretend to
have answered definitively any'of‘the queétions which arise, and
indeed, certain parts are highly speculative, with many arguments in
existence to contradict such speculations. What the study has tried to
achieve, however, is to provide evidence for amino acid_transhitter
involvement in a very novel but practically impoffqnt area of
neurological dysfunction. Inevitably,; the work has established
arborisations to qther topics, but as far as has been possible, the
study has céncentrated upon the neurologicél basis for the tremor
consequent upon administration.to animals of the tremorgenic mycotoxins
and, of gqual.impoftance, the possible mechanism of action of
‘neurocactive agents (the y - analogues of GABA) which.antagonise the
.tremor produced by the tremorgénic compounds. A .

The present»description of the work has‘ﬁeen split into several
parts, but nevertheless, the degree of cross - referencing within each
part attempts to develop a continuity throughout the Hresis-. ;r.  Each
chapter has an individual introduction which concentrates on providing
a backgréund to the work described in that particular chépter - hence
repe?itiop has been avoided in this GENERAL INTRODUCTION, which has
attempted to validate the methods used and the reasons fbr investigafing-
a role for amino acids in the observed phenomena. Similarly, each .
chapter has an individual discussion referring directly to the data
presented in that particular chapter. Again, where possible,.cross -
references with other chapters have_ﬁeen made; and an attehpt has beeﬁ
made also to tie the discussiéns more closely together with a short

SUMMARY sébtion at the end of the wfite - up,



¢ 33) ' :

CHAPTER .TWO

MATERIALS AND METHODS

(1) PREPARATION OF SYNAPTOSO“ES.
(2) SYNAPTOSOME SUSPENSIONS.
a) Incubation procedure.
. b) Termination of incubation.'
c) Iéotopic amino acid preloading of synaptosomes.
(3) TISSUE AND SUPERNATANT EXTRACTION FOR AMINO ACID ANALYSIS AND
- RADIOLABEL COUNTING, '
(4) AMINO ACID ANALYSIS,
(5) RADIOLABEL COUNTING.
(6) PO?ASSIUM DETERMINATION,
(7) PROTEIN ASSAY.
(8) LACTATE ASSAY. .
(9) ISOLATION AND PURIFICATION OF NEUROACTIVE AGENTS
a) Tremorgenic mycotoxins..
* b) Tityus toxin. ,
c) Y-Acetylenic GABA & ¥-Vinyl GABA.
d) Ty6
(10) ADMINISTRATION TO ANIMALS OF NEUROACTIVE AGENTS,
(;l) ELECTROPHYSIOLOGICAL EXéERIMENTS
a) Locust neuromuscular preparation.
' b) Freshwater snail giant dopaminergic neuron preparation.
(12) TECHNIQUES FOR PRESENTING AQUEOUS INSOLUBLE NEUROACTIVE AGENTS TO
SYNAPTOSOME SUSPENS IONS ' ‘
a) Emulsifying. agents.
b) Nylon gauze.

c) Liposomes.,
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(1) FREPARATION OF SYNAPTOSOMES. ' . '
Synaptosomes were prepared by the method of GRAY & WHITTAKER (1962)
55 modified by BRADFORD ot al_(1973). Whole cerebal cortex or medulla/
spinal cord tissuec was removed from'female Sprague-~Dawley rats (250g)
previously stunned and exsanguinateé and was placed in ice-cold 0.32M
sucrose. A lO%lweight for volume homogenate was prepared by means of
‘twelve up and down strokes of a Perspex énd glass homogeniser with a
difference in pestle and mortar diameter of 500um, the pestle rotating
at 900rev./min. This homdgenate was centrifuged in a Beckman 30 rotor
at 1000z for 1Omin., in a Beckman L2-65 B ultracentrifﬁge. Two fractions
. were obthined, the pellet (Pl) and the.sﬁperngtant (S1). The Pl from
tissues other than cerebal cortex was resuspended in 0.32M sucrose and
recenﬁrifuged. The S1 subsequently obtéined (single or combined with the
- P1 wash) was centrifuged in the 30 rotor for 20min, at 20 000gto yield
the P2 and SZ fractions. The crude mitochondrial pel;et (P2) was
rasuspéndqd in 0,.32M-sucrose and 15ml of this suspension was layered
on to a discontinuous sucrose density gradient composed of 20ml of 0.8M
sucrose above 20ml of 1.2M sucrose.- The sucrose gradients were centrifuged
at 76 000g in a Beckman swing~out SW 25 rotor for 60Omin. to yield the .
three fractions P2A, P2B, and P2C. The P2B (synaptosomal) fraction was
collected, ensuring that equal amounts of sucrose above and below it
were taken to give a final sucrose concentration of approximately 1M.
.From a burette, cold de~ionised.water was added dropwise to the P2B
fraction in a conical flask, which was swirled continuously on ice,
until the sucrose conceptration dropped to approximately 0.45M-a level
iso-osmotic with the contents of the synaptosomes. Thisvsuspension was
centrifuged at 54 000g for 20min. in a Beckman 30 rotor to yield the final

synaptosomal pellet.

(2) SYNAPTOSOME SUSPENSIONS.
a) Incubation prbcedure,

"The pellets prepared as described above were genjly suspended in the
metabolic medium at réom temperature with two or three strokes of a loose
fitting Teflon pestle and glass mortar with a difference in diameter of
pestle and mortar ofi350-400pm. The metabolic media had the following
composition:‘NaCl,124mM; KC1, S5mM; NAZHPO4,.20mM;KH2PO4,.1.2mM; MgSO4,
1,3mM; CaClz, 0.75mM; glucose, 10mM; and titrated to pH 7.4, or the same

composition with the exception that tris-HCl (26mM) or NaHCO, (26mM) were

3
substituted for the NaZHP04. The media were gassed with 02 or 02/C02
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(NaliCo,) . .

‘Incubations were conducted either in 5ml conical vessels or in
Warburg respirometer flasks, the centre well of each flask being fitted
with an NaOli-~soaked filter paper wick. The respirometer vessels were
gassed with O2 for some minutes at the starn of.incubafion prior to _
closing of the system and.allowing an‘equilibration period. The open
conical vessels were gassed continuously throughout the incubation (but
avoiding bubbling through the suspension) . '

Synaptosomes were incubated at 37°C_in a shaking waterbath together
with a variety of agents, at the concentrations and for the lengths of
time, specified in the Results seqtion. In most cases; stock solutions
" of the compound to be tes;ed were made (in the relevant metabolic medium)
at 10 or 100 times the final concentration presented to synaptosomes.
After an equilibration time; an aliquot of the stock solution was added to
the incubation. In every case, a contrel addition of medium alone was
added to a parallel incubation.

b) Termination of incubation.

At the end of the incubation period the suspensions were sedimented
in a bench top ultracentrifuge in order to separaée the tissue fron the
incubating medium. The clear supernaiant was taken for amino acid and
lactate analysis, whilst ths pellet was analysed for protein content,
amino.acids, and potassium ion levels. ‘
¢c) Isotopic ppeloading (U—14C amino acid) of synaptosomes.

A number of experiments were‘performed on synaptosome suspensions which
hsd been preloaded with an isotopic amino acid.® 1In these cases, the
synaptosomes were suspended in metabolic medium containing 10uM isotopic
amimo acid (approximately 200nCi/ml) and incubated for 15min..
Subsequently, the synaptosomes were sedimented, waéhed, and resuspended
in fresh medium. The experiment continued in the usual fashion. .

That the bulk of the radioactivity4released dur;ng thesé experiments
was associateéd with the original amino acid wés established by means of
amino acid autoanalysis linked to.scintillatibn counting of amino acid
peaks.

(3) TISSUE AND‘SUPERNATANT EXTRACTION FOR AMINO ACID ANALYSIS AND
RADIOLABEL COUNTING. ' '

To_both fractions was added a convenient amount of internal standard
immediately,at the end of the experiment. The-internal standard was
‘norleucine or (U—l4C) valine at stock concentrations of lumol/pl in 20%
formic acid. The synaptosnmal pellets were exfractéd.with ice~cold

methanol. Both thé‘aqueous and the methanolic supernatants-were taken
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to dryness in a vacuum dessicator driven by a rotary piston vacuum pump, '
A card—ico/propanol condensor with solvent reservoir was placed between
thoe pump and the dessicator. The solutes from the aqueous supernatant
wero oxtracted with mcthanol; and the methanolic supernatant was taken
to dryness. Samples were subsequently diésolvéd in 0,025M Hqul and

analysed.

(4) AMINO ACID ANALYSIS,

Measurement of the amino acids in 150 pl of pfepared sample was
made with a Chromaspek J180 with fluorimeter J143 (Rank-Hilger:, Margate
Kent, U.,K.,). .Programmed gradient~e1utipn was used with an acid buffer
(1.0.5g citric acid, 11.7g NaCl, 7ml Brij 35 (10%) , distilled water to
1000ml)., The run time was 75min.. Fluorimetric analysis used _
orthébhthalaldehyde with mercaptoethanol as the fluorogenic agént (§OOmg
orthophthalaldehyde, 3ml mercaptoethanol, distilled water to iOOOml)

with a borate buffer (30.5g K B4O .4H20)'which was added to the reagent

2
stream befppe fluorogenic agent. 7This produced a fluorescence yield
for proline of 62% of the norleucine fluoreséence with a coefficient of
variation at the lnmol level of 2.4% compared with 2.1% for glutamic
acid. The range for the other amino acids was from 1.2% for isoleucine
(lowest) to 3.6% for arginine (highest) , The recovery of amino acid
from the purification proce_dure used on samples was between 98-99%

- Peak areas were calculated on line with a Digico Micro 16V computer

using standard routines.

(5) RADIOLABEL COUNTING.

Aliquots of the 0,025M HCl1 solution containing.amino acid samples
were dissoclved in 20ml of liquid scintillant (toluene, 11; methoxyethanol,
800ml; 2(4-tert-butyl phenyl)-5 (4-biphenyi)—l,3,4—6xodia201, 6g) prior

to counting, employing a.- Packard Tricarb scintillation counter.

(6) POTASSIUM DETERMINATION..

Aliquots of the 0,025M HC1l solution obtained‘fydm the methanolic.
extraction of the synaptosomal pellet (hence one of the reasons for
using formic acid in this extraction becomes apparent) were measured for
K+ by means of a flame photometer (Evaps Electroselenium Ltd., Halstead,
Essex) with a K+ filter (730-850nm).. Standards were dissolved iﬁ 0.025M

' NI . Py . : +
HC1 containing Na at twice the concentration of the standard K.

(7) PROTEIN ASSAY.
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FIG, 2
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The proclpitatos rcmain1ng after the synaptosomal pellets were
extracted with formic acid/methanol were assayed for proteln accordlng
to the method of LOWRY et al (1951). The precipitates were digested

.for one hour in 3M NaOH, with frequent 'whirlimixing', Bovine serum
albumin (S;gma Grade V) was used as a standard. -The alkaline copper
feagent-comprised 29 Na,CO,_, 0.01%'09804,'and 0.02% Na-K-tartrate which,
for the BSA standard assay, was made O,1M NaOH. Tolin-Ciocalteau
reagent (BDH) was used diluted 1:1 with water, Volumes of 100 nl1 of
sample digest were analysed. The absorbance after'40min. was determined

at 500nm' in a.Unicam SP 600 , fitted with a flow cell.

'(8) LACTATE ASSAY,

Lactate was assayed accordiné to the method of BERGMEYER (1965) . -
Lactate dehydrogenase (Boehringer, pig heart LDH) converts lactéte to
pyruvaté with a concomitant reduction of NAD+. Ali,absorbances were

measured at 350nm in a Unicam SP500.

(9) ISOLATION AND PURIFICATION OF NEUROACTIVE AGENTS.
&)

Tremorgenic 1solates of Penicillium estlnogenum and Pen1c1111um

cxcloplum were grown in surface culture (MANTLE et al.,1978; DI MENNA &
MANTLE, 1978) and the respectlve tremorgenlc metabolites, Verruculogen
and Penitrem A, were isolated and purified by J.B.DAY at Imperial College
using TLC and HPLC.
b) ' ,

The basic polypeptide Tityus toxin (mol, wt.b6995; pl 8.25) was
" purified from the venom of the Brazilién yellow scorpion Tityus serrulatus

by the method of COUTINHO-NETTO & DINIZ (1976) by J.S5.COUTINHO-NETTO

working at lwmperial College, Tne“procqvﬁure involved extraction and
chromatographic separation on Sephadex G-50 énd CM-Cellulose~52. The toxin
was homogenous as judged by‘electrophoreSis.in polyacrylamide gels‘with or
without added sodium dodecyl sulphate.. Only one NHz-terminal (1-1ysine)
.was detected in the preparation, which showed.an LD50 of_lSug/kg in mice
when adminiitered'intraperitdneally.
c) A )

. The irreVersibie inhibitors of GABA transaminase, ¥-acetylenic GABA
(4;amino—hex—5—ynoié écid, RMI 71645) and y—vinyl GABA (4-amino-hex-5-
enoic acid, RMI 71754) were a gift from Dr.J.Wilkins and his colleagues

at the Centre de Recherche Merrel International, Stirasbourg,

T owes S e

e

e e T oo
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(see METCALFE & CASARA, 1975).
d)
The aéent rasponsible for sporadic fish kills'during outbreaks of

red tides on the Gulf of Mexico, was . isolated from cul tured

T4G’
Gymnodinium bréve cells by M.RISK (RISK et al., 1979)f The cells were

extracted from an acidified- ether fraction and fractioned by elution dry
column chromatogfaphy. The most toxic fraction was further separated by
preparative folloWed by analytical TLC, Purity of the T46 wés demonstrated
by rechromatography in analytical HPLC with both adsorptive and reverse

phase packings.,

(10) ADMINISTRATION TO ANIMALS OF NEUROACTIVE AGENTS,:
a) ' |

Dose response studies on-fhe clinical effects of treﬁorgenic mycotoxins
were made usiné rats. These involved the intraperitoneal injection of '
ethanolic solutions (10% (v/v) ethanol in water) of pure toxin (Verruculogen
at 0.08-0,8mg/kg and Penitrém A at 0.1-2mg/kg), or aqueous suspensions of

tremorgen containing mycelium (Penicillium estinogenum at 80-800mg/kg

cor Penicillium cyclopium at 60-600mg/kg). Control animals received the

carrier alone.
b)

Studies on the actions of the tremorgenic mycotoxins on central
synapses followed the intraperitoneal injection of rats with aqueous
suspensions of tremorgenic mycelium (400mg/kg). ' Various regions of the
CNS of the rats were removed at 45min. after injection, when clinical
effects were at their maximum. Synaptosomes were éubsequently prepared
fr;m these and relevant control regions of undosed rats.

o . , | . .4
Tﬁreé sheep were aosed by stomach tube with aqueous suspensions of

- Penicillium cyclopium mycelium containing Penitrem A, initially daily

with 450mg (;lSmg Penitrem A), and then as required to maintain a
constant level of general tremoring. The treatment periods were 50, 51,
and 52 days, the number of doses 37, 38, and 43, and total‘Penitrem A '
515, 580, and 650mg, respectively. If excited or made to rpn, the sheep
would collapse but speedily recovered7 A control for each Penitrem dbsed
sheep received water. Both dosed and control sheep were stuhned and

exsanguinated and their brains and spinal cords were removed within 30min.
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d)

for the purpose of the endogenous GABA release from synaptosomes
studies investigating thc roles of GABA-analogues, rats were injected
intraberitpnoally withfx-acetylenic GABA (ibOmg/kgf or }@vinyl GABA
(1500mg/Kg) in water, or with 4 similar volume of water in control
animals at 6 hours or 14 houfs respectively priqf to preparation of
caerchrocortical synaptosomes;

When studying the gross antagonism by ¥-acetylenic GABA of
Verruculogen induced tremor, rats were injected intraperitoneally with
either Y-acetylenic GABA (IOOmg/kg)_half an hour prior to injection of
Verruculogen (mycelium, 400mg/kg), or half an hour subsequent to the onset

of tremor.

(11) ELECTROPHYSIOLOGICAL EX?ERIMENTS.

a)

Extensor tibialis muscle preparations from Schistocerca gregaria
locust were exposed intact in the tibial segment of the hind leg and
incubated at room temperature in Perspex chambers as described by 4
USHERWOOD & MACHILI (1968) and in Locust Ringer of comp051t10n (m“)
NaCl, 140; KCl, 10; CaClz, 2 NaH2P04 4; NazHPO4, 6; and at pH 6.8,
Glass micro-electrodes (1M-KCi, tip diameter <O.5pm) were used to
penetrate individual muséle fibres. Their d{c. resistance was 10-5052
and this was checked,during experiments to monitor tip breakage. The
electrode was fitted into a non—polariéable electrode which consisted of
'~ AgCl-coated silver wire sealed into a 4cm length of glass tubing filled
with 1% agar in 1M-KCl, This non-polarisable electrode‘was connected to
one grid of a cathode follower probe by a shoft flexible-lead and
formed the input stage-of a d.c. preamplifier whose outpuf was’displayed
~on a cathode ray oscilloscope and simultanéously fed to a pulse counter
with a pen-recorder output which héd a facility for collecting pulses of
different amplifudes ranges by selection of the threshold levels. The
counter was designed and built by-A;J.THOMAS of Imperiél College to .
measure the rate of discharge of miniature end plate potentials,

Three barrelled microinjection pipettes were drawn by'hand from
microelectrode glass fused together beforé drawihg, and were made rigid
with rubber sheathing'and sealing wax appliéd between the main stems of
the barrels.. Tip diameters were approximately 150 nm. The injection
pipette was attached to a'micromaﬁipulator positiohed close to the

incubation chamber and each of its barrels was connected by means of a

e AR LR T T
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poly?inyl chloride tubing to a Hamilton syringe mounted near the chamber,

The positions of the microinjection pipette and microelectrode were

_viewed through a binoéular microscobe. After selecting and penetrating

_a muscle with a high and stable membrane botential {(50-8CmV ),and

detocting miniature end'plate pdtentials, ;he additgon'pibette was moved

. into poéition at a sténdard distance of 2-3mm from fhe recording electrode

(4 fibres distance), Ten pl qf solufionsto be tested were ejected onto

the fibre and their effects on m.e.p;p. discharge‘pate and on muscle fibre

membrane botentialvwere recorded. Locust-Ringer was added.first as

control,.then'KCl to test fibre response. Subsequent to the m.e,p.p.

rate returning to normal, the effect of absolute alcohol administration

was studied. Finally, Verruculogen at a final concentrationof approx.

25pg/m1 was added and the muscle response recorded.

b) |
Investigations were also performed on the isolated circumoesophégeal

ganglia of the freshwater snail, Planorbis corneus. The excised ring of

ganglia was placed in physiological solution (BERRY, 1972), the connective
tissue between the two ganglia was cut and the ring was pinned onto a
supporting pellet with the ventral side upwards in ordér to expose the
giant dopamine peuron; The ganglia were placed in a 12ml chamber and
isuperfused with physiolpgicai solution gassed with 95% 02~5% COz at

"'20'C, The supporting pellet was held on the bottom of the chamber by .

>3 pins. In this way, a stable fixation fof eiectrophysiolbgical
recordings was obtained. For intracellular recordings, the giant
dopaminergic neuron was impaled with single micropipettes filled with

2M KCl. The tip diameters of the electrodeslwere about 0.1-).Opm and
their resistances 5-20Mf.. 'Neurohal‘activity was continuously recordéd.
on an U.V.—oscillbgraph (Bell & Howell 5-137) using kddak Linagraph
direct priht paper. The effect of Verruculogen, oﬁ this neuron, applied
in ethanol, was studied, and also the abolition by Verruculogen of the
depolarising actions of microiontophoretically administered acéfylcholine
and dopamine.. _ .
(12) TECHNIQUES FOR PRESENTING -AQUEOUS ‘INSOLUBLE NEUROCACTIVE AGENTS TO
SYNAPTOSOME. SUSPENS IONS . ' ' '

Penitrem A, Verruculogen, and the T toxin~df Gymnodinium breve all

: 46 :
proved to be insufficiently soluble in metabolic media to enable normal

~méthods of administration to synaptosomé suspénsions.to be used, In.
order to generate in vitro data for any modulation of amino acid

accumulation as a consequence of the addition of these agents to

- synaptosome. suspensions, ‘various methods were utilised. Laboratory

S Pk, s
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solvent additions are descrihed in t?e appropriate RESULTS section.
a) Emalsifying agents, . . . ‘

Mulgofen EL (G.A.F. (Great Britain) Ltd.) surfactants are o
‘polyoxyethylated végetable oils that emulsify oils, fats, waxes, pol&ester
resins, vinyl resins, fatty acids, Verruculogen, .and T46‘ Mulgofen
EL-620 and LEL-719 are closgly related homologues ana are predominantly
hydrophilic, although EL-719 is the more water soluble of the two, due
to a larger percentage of combined ethylene oxide. Also, EL -620 is
anhydrous, while EL ;719 contains épprdximately 3% water. Neither of
these agents show dermatological or oral tbxicity. Various weights qf

46
surfactants and metabolic medium was subsequently added to give a final

Verruculogen'or T wero dissolved in nl volumes of either of the

surfactant contribution of 0.2% v/v. Tne agents emulsified well, and
injection intraperitoneally of 80 ng/kg of Verruculogen solubilised in
- this way resulted in tremor. A stock solution wés'made, and aliquots
were added to synaptosome suspensions.

b) Nylon gauze. '

Verruculogen was dissolved in chloroform, and~T'46 was dissolved in
aceto—nit?ile, to give known concentrations 6f the agents. Both solvents
were maintained at 0'C to slow their rate of evaporation, and over a
‘period of time,'5ul aliquots were pipetted onto lcﬁz pieces'of nlen
‘gauze (mesh 130um) , and alldwed'to'evaporate to dryness. Thus a
series of gauzes were prdduced, each contafnihg crystalline and known
quantities of the agent.  After the equilibration time had elapsed for
the synaptosome incubation, each incubation vessel had added to it a
piece of gguze.containing a known quantity of the agent. Control gauzes
were also added to other incubations, where only the solvent had been-
pipetted onto the‘gauze; Isotopic and bioassay techniques were used to
estimate whether any of the agent, and if so, hcw much, had found its
way into solution during the period of the incubation (although it is
possible that direct contact might occur between the synaptosomes énd the
crystalline'material on the gauze as a consequence of shaking during the
. experiment.)),
¢) Liposomes,

Lipid ;esic;es have been employed to de%iver'a variety of materials
(POSTE & PAPAHADJOPOULOS, 1976; GREGORIADAS, 1977; RAHAMIMOFF et al.,
1978) as a consequence of vesicle fusion with the cell membrane.
Unilamellar lipid vesicles of reasonably. homogenous dimensions have been

prepared by sonication of aqueous-lipid dispersions (HUANG ,11969;

5
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BARENHOLZ ot al., 1977). An important prerequisite for the effective -
use of liposomes as a drug carrier is confrol over their stability
(GREGORIADAS , 1979), Defined here as the extent to which the carrier
retains its drug contents in vitro and in vivo , stébility is influenced
not only'by the biological environment with whic¢ch liposomes come into
contact, but also by their structural characteristics as well as those
of the associated drugs. ' ‘ A

Total cgreé?l lipids were extracted froh rat brain by the method
of FOLCH et al., (1957). Of the tissue; lg was extracted with 19ml of
chloroform-methanol (2:1 v/v) in a test tube homogeniser and allowed to
sit for 1lOmin.. Solids were filtered off using sintered glass, and the
chloroform-methanol extract was partitioned with 0.2 vgl. of 0.1M KCl
in order to remove water solpbie materials. The upper phase was
removed using 2 capillary pipette with an upturned end, and the 1owef
phase was washed several times with synthetic upper phase (CHCl3 j MeOH :
0.1M KCl, 3: 48: 47 v/v). The lower phase extract was taken to drynesé
in a stream of Nz. A portion of the total brain lipid thus obtained
was retained, whilst the remainder was redissolved in lml of pet. gther
(40 ¢ -60° ), and to this was added 10ml acetone and 5 droﬁs of saturated
Mg012 in ethanol. After allowing to stand, the extract was cehtrifuged
at 1000 rpm for 5min.. The precipitate was washed of cholesterol with
a small volume of gcetone, and the phospholipid extract was retained.

Into each of two vials was placed about 50ng of total 1lipid, and
into each of:another two vials was placed about 50mg of phospholipid.
Into one of each pair of vials was placed known'quantities of
Vefruculogen, and finally into all four vials was added 2ml of metabolic
medium (without Mg or Ca). The suspensions were sonicated for a total
of 1Omin., (lmin. sonication with 30s cooling periods) at'4'C uéing a
medium sized titanium probe, and with a c&ntinuous stream of nitrogen
passing over the surface. |

The lipésoﬁes.thus prepared were added to synaptgscme suspensions,

and were also injected iniraperitoneally to rats.

e
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CHAPTER THREE.

IN VITRO APPROACHES TO BRAIN METABOLISM (I).

(1) INTRODUCTION,
(2) RESULTS.
1) Basal and

2) Basal. and
3) Basal and

4) Basal and.

stimulated synaptosomal respiration.,
stimulated synaptosomal potassium retention.
stimulated levels of synaptosomal lactate.

stimulated levels of intra- and extra~ synaptosomal

‘amino acids.

5) Effect of

synaptosomal protein concentration on amino acid

release from synaptosomes.

6) The time course of basal and evoked amino acid accumulation

in the incubation medium.

7) T : A foxin with the capacity to modulate the excitable
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sodium'channei ?

(3) DISCUSSION.
(4) SUMMARY.
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INTRODUCTION,

Much of the currently available iqformation about energy motabolism

and ion contents in the central nervous system in. the presence or absence
of drugs originates from in vitro studies of brain tissue. Such data

| supplement those obtained in vivo} since quantitative determinations
are easily obtained and since diffefent cell types can be studied
separately undex hore or less physiological conditions., In view of the
increased ex%racoéég%ggsggﬁassium concentration during excitation,
seizures, and spreading}Lthe fact is important ﬁhat exposure of brain
slices or synaptosomes to bigh concentrations of potassium, depolarising
electrical pulses, or lébilising-drugs,'(SHANES, 1958a, b; review-see
BRADFORD, 1972) e.g. protoveratine (WOLLENBERGER, 1955; QUASTEL, 1965)
leads to pronounced increases in the rates of oxygen uptake, aerobic °
glycolysis, and carbon dioxide pfoduction (ASHFORD & DIXON—K+ on
glycolysis—iQSS; MCILWAIN-brain slice electrical.stimulation—1951;
GONDA & QUASTEL - cerebal metabolism/transport mechanisms ~ 1962; HERTZ '
& SCHOU - cations and brain slice respiration - 1962; MCILWAIN & JOANNY -
ion movements/electrical stimulation - 1963; DE PIRAS & ZADUNAISKY -
glucose metabolism - 1965; BRADFORD - synaptosomal respiration - 19§9;
WHITTAKER - raised K+— 1569; TAKAGAKI - brain slice glycolysis/pyruvate
kinase -~ 1972; DE BELLEROCHE & BRADFORD -synaptosome review - 1973),-
Simultanéously, there is an accelerated turnover of the terminal
phosphate in ATP (BROSSARD & QUASTEL, 1963; WALLGREEN, 1963), and the
cbncentration of enérgy-rich_phosphates is decreased (YOSHIDA et al,,
1963). Nerve fibres have been shown histochemically tovbe'enriched'in
Ng+~ K'- ATP - ase activity (STAHL et al,, 1977). The substrate
requirement for the drug induced and the electrical stimuiation ié the
same as that for potassium induced increase in oxygen uptake
(WOLLENBERGER, 1955),and the stimulation is dependent upon the presence
of a certain concentration of potassium in the medium (BILODEAU & ELLIOT,
1963), Howéver the K+ induced stimulation of oxygen consumption is
accompanied by an increased oxidation of NAD(P)H, whereas the electfically
induced increase in metabolic rate is accompanied by an increase in the
~reduced component (CUMMINS & BULL, 1971). '

A threshold K+ concentration of about 20mM is required to exert the
K+ induced respiratory stimulation (HERTZ & SCHOU, 1962) as well as the
increase as well és the increase in aerobic glycolysis (TAKAGAKI, 1972)
and the decrease in the level of ATP. The maximum effect on oxygeﬁ

consumption (almost a doubling - n.b. cortical slices) occurs at about
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50mM K+ (HER1Z & SCIIOU, , 1962).‘ Little or no stimulation of the oxygen
uptake by.additibn ofvpotassium to fat cortical synaptosomes was observed
by "BRADFORD ot al., (1973) , but it caused increased metabolism and
relcase of physiologically active amino acids."Sheep and rat hypothalamic
synaptosomes, and rdbbit, sheep, and rat cortical synaptosomes showed

' respiratory'gnd glycolytic responses to electrical stimulation and also

a paraliel calcium dependent release of physiologically active amino
.acids (BRADFORD et al., 1973).

Veratridine is known to depolarise certain excitﬁble cells by
blocking the inactiv&tion of the active Na+ conductance (OHTA et al.,
1973), and thus increasing'Na+ permeability., It has been shown that
_isolated nerve endings can be depolarised by micromolar concentratibns"
of the alkaléid (BLAUSTEIN & GOLDR ING, 1975) , which causes a large
influx of Na+ and a concomitant influx of Ca+ and efflux of K+. The -
cationic fluxes elicited by veratrine resemble more the fluxes occurring.
during physiologibal depolarisation than those taking place during '
depolarisatipn with h%gh extracellular K+ concentrations (GODDARD & .
ROBINSON, 1976). For this reason, and also because media containing
high K+ are either hypertonic or.partly Na+ deficient, the depolarisation
caused by veratrine might be considered more phyﬁiological than that
obtained with high K+. . .

The ion fluxes which result from electrical stimulation and veratine
stimulation of synaptosomes, and natural transmission in vivo_, appear
to be similar, in that an initial tfansient Na+'influx is followed by a
slower energy dependent extrusion of Na' in exchange for K . The
increased Na+ conductance across the membrane (KEESEY et al., -1965) can
be blocked by low concenfrations of tetrodotoxin (TTX) which therefore
provides an.excellent tool for investigating stimulus induced phenomena,
At very low concentrations (0.3 - luM) , TTX is effective in aboiishidg{
the generation of action potentials and the associated influx of Na+
into a variety of excitable neural tissues (NARAHASHI et al., 1964;
RXCHARDS & TERKEURS , 1971) , without affecting K+ fluxes (GOLDMAN &
BLAUSTEIN, 1966), If has been used in frog neuromuscular jﬁnction and .
squid stellate ganglion (KATZ & MILEDI, 1966; 1967; 1969).to block
nerve impuiseé and hende allow the recording of miniature end plate
potentials, and the effects of depolarising pulses applied locally on the
presynaptic terminals., TTX also inhibits e;ecfrically and veratrine
stimulated respiration,'lactate production , and acetate oxidation

(MCILWAIN, 1967; CHAN %QUASTEL , 1967; OKAMATO & QUASTEL , 1970°) in
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cercbral cortex slices, and prévonts stimulus induced release.of
acetylcholiﬂe.and noradrenaline.fpom s&naptosomes (BLAUSTEIN & GOLDﬁING ,
1975) and of amino acids from cortical slices. It hasno effect on |
changes due to olevated k" (CHAN & QUASTEL, 1967) thus perhaps subporting
that Which was said aboye in respect of "physiological" depolarisation.
TTX cah exist either as a zwitterion‘or as onc of two cations, tho

latter being the more potent (CAMOUGIS et al.,, 1967). From measurements
of the amount of TTX taken up_by lobster nerve trunk during inhibition of
action potentials, MOORE et al.; (1966) reported an estiﬁate of less

‘than 13 channels fof Na+ pef square micron of axon,

The present chaptor describes data indicating that mammalian
synaptosomes are-fully capable of supporting the metabolic activities
desqribed'above, when incubated in appropriate media, and aré,able to
respond to depolarising conditions with concomitant release of neuroactive
amino acids, |

The'synaptosome suspension techniqueAwas then used as a tool to
) elucidate the mechanism of action of.the agent responsible fof sporadic
fish convulsions and death during the outbreaks of 'red tides' on the

Gulf of Mexico. The toxin is designated as T, and -was.extracted from

i 46
cultured Gymnodinium breve cells., The use of nylon gauzes as carriers

of aqueous.insoluble compounds is investigated in regard to the
hydrophobic compound TEG‘ The importance of this question will become

apparent in later chapters.
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1) Basalhahd stimilated synaptosomal respiration,

When cerebrocortical of épinal cord/medullary synaptosomes were
incubated in Krebs phosphate m=dium containing 10mM glucose in Warburg
respirometer'veésels, they showed linear rgtes‘of respiration over the 
30min, of ekpérimentation (FIG. 3.1; TABLE 3.1). _

In the presence of potassium (56mM) and veratrine (75uM), -
administered for a period of 10m§n. subsequent to an equilibration period
of 20min.; there was a significant increase in oxygen uptake. Veratrine
was -the more effective in eliciting this response, in that cerebo-cortical
synaptosomal respiration increased by 177% over control, and spinal cord/
‘medullary respiration by 102% over'control. Potassium evoked an increase
of only 20% over control levels of respirétion in cerebrocortical
synaptosomes. In both cerebrocortical and spinal cérd/medullary
synaptosomes, the increase in respiration as a consequence of veratrine
stimulation was inhibited by luM'TTX, which was added to the synéptoéome
suspension in the Warburg vessel at the beginning of the experiment, .
The small increase in respifation as a consequence of potassium stimulation

was not inhibited by TTX.
2) Basal and stimulated synaptosomal potassium retention

Stimulation of cerebrocortical synaptosémes with 75ﬁM veratrine
résulted in a loss of potassium from the synaptosomal ﬁellet. This
44% loss of potassium‘waq totally inhibited when 1pM TTX was present
during the incubation. Square wave pulses of 10V amplitude,,0.4msec.
dhration, and altefnatiqg in polarity, applied to cerebrpcortical'
syhaptosome'suspénsions at a frequenéy of 100 per sec., for 1lOmin,,
caused a loss of potassium from the pellet of magnitude similar to that
caused by veratrine. Spinal cord/medullary synaptosomes lost 28% of
their potassium content as a consequence of 75uM veratrine , and: this
" loss was inhibited by tﬁe presence of 1uM TTX in'the incubation medium

(TABLE 3.1).

~



DATA LEGEND, .
RE :~ FIG, 3.1, and TABLE 3,1.

Synaptosqmes were prepared from rat cerebral cortex and spinal cord
+ medulla tissues by means of the standard procedure described in
METIIODS, Pellet rdsuspension was into Kreb's phosphate buffered medium
to pive sydapfosomal protein concqntrations.of apprdkimately 3mg / ml,,
1) Basél ana stimulated synaptosomal respiration,

. Into Warburg respironceter vessels (15ml) was pipetted 3ml., of °
synaptosome suspension. The vesseis‘were oxygenated; with shaking, at
37'C for about Smin.; prior to making the system airtight. Incubation .
continued for.a further 8min., prior to the start of measurement of
manometer levels, Readings were taken every 5min., for 20min., at.whidh
time relevant additions were made from the side arm. Readings were taken
every 2,5min,, for a further 10min.."At the end of the incubation,
suspensions were Sedimented, and the pellets were taken for protein
. estimation, which was established by'the Lowry’method, and for .
measurement‘of interqal potassium and lactate contents,

2) Basal and stimﬁlated synaptosomai potassium and lactate levels,

In addition to the datum péints obtained above, synaptosome (vol.lml)
suspensions were more usually incubated in 5ml.,§olume conical flasks
for 30min., the last iOmin. being in the préSencé of any additions.
Stimulation was effected by means of 56mM K+,‘75pM veratrine, or square
wave pulses (lOV amplitude; O.4msec. duration; alternating polarity;
frequency 100/sec. ). At the end of the incubafion, the suspensions
were sedimented  in'a bench top ultracentrifuge, and peilefs‘were‘taken
for analysis.’

' The pellets were extracted and assayed, as described in METHODS,
for lactate (Bergmeyer procedure) and k" (flame photometry), and protein

content (Lowry),

The -data are presented as the mean values #+ standard error of the
mean (S.E.M.), and were obtained from, in all cases, a number of

experiments in excess of 20,
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RESPIRATION RATE OF CEREBROCORTICAL SYNAPTOSOMES.
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TABLE 3,1

53

BASAL AND STIMULATED SYNAPTOSOMAL RESPIRATION, K~ RETENTION AND LACTATE

PRODUCTION, .

CEREBAL CORTEX

Contfol

+
K

. .
‘K + TTX
Veratrine
Veratrine + TIX

Electrical pulses

SPINAL CORD / MEDULLA
~ Control
Veratrine

Veratrine + TTX

TR b . ) AT e P D P 2oy ot e o v g e 7

rmol O

2

n equiv.

. umol,

100mg prot./ h, 100mg protein

RESPIRATION

56.5

T
X

67.5 + 4.4

65.7

n.d.

P R SRS A PN

k' RETENTION

=

100mg prot./ h.

34,2 + 2.2

19.1 + 1.1

35.8 % 1.5

19.2 + 2.3

22,1 + 1

.16 + 1

22.7 + 1.2

LACTATE PROD'N.

15.5+ 2.5

24,3 + 2.8

n.d.

24.9 + 1.3

—~

11.8 + 0.9
15.9 + 1.1

n.d.
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3) Basal and stimulatod levels of synaptosomal lactate.

A 1argé glycolytic rospbnse, measured as accumulated lactate was
shown in parallel to the respiratory response by synaptosomes. ‘
Cerebrocortical synﬁptosomes increased their accumulation of lactate in
response to'75uM veratr ine stimulation, 56mM potassiﬁh stimulation, and .
electrical pulses, by 60%'6ver control lévels, and veratrine elicited .
:a'rafher‘smaller response (35%) in spinal cord/medullary synaptosomcs'

(TABLE 3.1)

4) Basal and stimulated levels of intra- and extra- synaptosomal amino

“acids

In addition to the changes evoked in respiration and glycolysis,
potassium, veratrine, and electrical pulses applied to the nerve endings
caused loss of amino acids to the incubation medium. Chromatograms of
amino acids which accumulated in the incubation medium of synaptosomés
in the presence of, and the absence of, depolarising stimuli (FIGS. 3.2,
3.2, 3.4, and 3.5) clearly show that from cerdbrocoftical synaptosomes,
gli%ate, aspartate, and GABA'are the amino acids gxhibiting greétestA
release, and that frpm spinal cord/medullary synaptosomes , glycine,
and GABA exhibited the greatest felease. .

TABLE 3,2 presents. data comparing the release'of amino acids from
cerebrocortical synaptosomes evoked by alternative methods Qf Efimulation.
Included with the data on neuroactive amino acid release'ére data for the
aqcumulation of threonine, serine, glycine, and alanine in the'incubatioﬁ
medium. For these amino acids{ data on which are presented as
representative of all cerebrocortical non-neuroactive amino acids
measured, any changes in stimulated from control are significant p<00:05.
Changes in stimulatedAfrom control for the neuroactive amino acids,
aspartate, glutamate, and GABA are significant ;5( 0.001.

Potassium levels of 56mM evoked the release of aspartate,vglutamate
and GABA from cerebrocortical synaptosomes. The subsequent accumulation
of these amino acids in the incubation medium was increased by 179%
(éspartafe% 235% (glutamate), and 257% (GABA). The accumulation of
these amino acids in the medium was also increased by 75uM verafrine
administration, by 776% (aspartate), 1526% (glutamate), and 3910%

(GABA). In‘addition, electrical pulses increased the accumulation in the

medium of aspartate by 559%, glutamate by 292%, and GABA by 271%. These

amino acid accumulations as a consequence of veratrine addition and to a



DATA LEGEND, _
RE :- FIG, 3.2, 3.3, 3.4, 3.5, TABLE 3.2, 3.3, 3.4,

Synaptosomes were prepared from rat cerebral cortek and spinal cord
+ modulla tissues by the standard procedure described in METHODS, 'lhe
final pellets were suspended in appropriate media (FIG..3.2 - 3.5 in
Kreb'é medium buffered with Tris - HCl ;  TABLE 3.2 - 3.4 in Kreb's
phosphate buffered medium, of composition described in METUODS. )
Incubation-of 1lml, ‘'volumes of Suspension took_piace in 5ml conical
flasks on a shaking waterbath at 37'C, with continoﬁs oxygenation over
" the surface, but avoiding excessive evaporgtion. Incubation was for a
total of 30min., the last 10min. being with any additions. Stimulation
was effeqtéd by hdministration of (final cbncentrationé) 75pM veratrine,
56mM K+ , or square wave pulses (10V amplitude, O.4msec. duration,
alternating polarity, frequency 100/sec.). TIX concentration was 1pM,
At the end of the incubation, suspensions were sedimented on a
bench top ultracentrifuge, and the fractions were separated. To each
fraction was added a suitable quantity of norleucine in formic acid
and the synaptosomal pellet was extracted with ice cold methanol.
Protein was resedimented, and taken for analysis (Lowry method), The
methanol and aqueous supernatants were taken to dryness under vacuum,
The solute from the aqueous supernatant was extracted with methanol,
which was taken to dryness. Suitable volumes of 0,025M HCl were added
to the two methanol éxtracts, and aliquots were analy;ed for amino acid
contentvby means of a Chromaspek aut6 - analyser.
Amino acid data are expressed as nmol. amino acid./'lOOmg. of
synaptosomal protein. These values are presented as mean + S.E.M..

The data were obtained from a number of experiments in excess of 20,



FIG, 3.2 , _
AMINO ACID ACCUMULATION TO THE MEDIUM FROM CEREBROCORTICAL SYNAPTOSOMES
A _CONTROL INCUBATION, 30Omin., Krebs - ‘tris HCl incubation medium,
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FIG. 3.3 .
AMINO ACID ACCUMULATION TO TH¥E MEDIUM FROM CEREBROCORTICAL SYNAPTOSOMES
A STIMULKTED INCUBATION, 75uM veratrine for last 1Omin. of 3dmin. incubation
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FI1G. 3.4 .

AMINO ACID ACCUMULATION TO THE MEDIUM FROM SPINAL / MEDULLARY SYNAPTOSOMES
A CONTROL INCUBATION, 3(5.:1in., Krebs = tris HCl incubation medium,
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FIG, 3.5 .
AMINO ACID ACCUMULATION 'TO THE MEDIUM FROM SPINAL / MEDULLARY SYNAPTOSOMES
A STIMULATED INCUBATION, 75uM veratrine for last 1Omin, of 30min incubation
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TABLE 3.2

THE EVOKED RELEASE OF AMINO ACIDS FROM CEREBROCORTICATL, SYNAPTOSOMES

. nmol amino acid

. 100mg protein (accumulation in medium)

AMINO ACID, CONTROL..K' STIMULATED. VERATRINE STIMULATED, ELECTRICAL PULSES.

49 415 + 38

5§gﬁ5353§ ."63‘3.2 176 + 17 552 + +
THREONINE 254 *+11 212 + 25 307 + 7 | 328 + 29
SERINE- 347 + 13 470 + 34 442 + 16 378 + 32
GLUTAYATE 93 + 3 812+ 40 112 & 76 a6 + 29
GLYCINE =~ 217 + 13 434 + 30 316 + 13 273 + 24
ALANINE 437 +‘24 462 + 30 V§78 + 45 472 + 41

GABA 21 + 2 75 + 12 842 + 19 78 + 13
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THE EVOKID RELEASE OF AMINO ACIDS FROM SPINAL CORD / MEDULLA SYNAPTOSOMES,

nmol amino acid (accumulation in medium)

100mg protein,

'AMINO ACID * CONTROL '~ VERATRINE STIMULATED VERATRINE -+ TTX

ASPARTATE 728

+ 129 © 808 + 81 872 + 90
THREONINE ~ 653 + 11 633 + 90 654 + 50
SERINE 1202 + 28 1216 + 40 1196 + 30

GLUTAMATE =~ 2075 + 26 2326 + 54 2195 % 69,

+ —
GLYCINE 800 + 80 . 1390 + 25 796 + 52
ALANINE 1393 + 15 - 1431 + 25 : 1394 + 170

£

80 + 16 620 + 37 117+ 24
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TABLE 3.4

TOTAL AMINO ACID CONTENT OF CEREBROCORTICAL AND SPINAL CORD / MEDULLA

SYNAPTOSOMES SUBSEQUENT TO INCUBATION (CONTROL). -

nmol amino acid (total intra- + extra- synaptosomal)f

100mg protein.

AMINO ACID | CEREBROCORTICAL ' SPINAL CORD / MEDULIA
ASPARTATS - 4419 + 880 676 + 858
.THREONiNE . 780 + 138 912 é 131
SERINE 1242 + 153 ‘_ 1819 i 150
GLUTAMATE 7115 i 1156 5904  + 815
GLYCINE 123271_103 B _ 4869 :.755
281 2537 + 267

14

ALANINE 1894

GABA ‘ 1683 +.131 2758 + 534
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lesser oxtent, olpétrical pulses were'blocked by prior administration
of 1pM TIX, ' " _

TABLE 3,3 preéents data for the evoked release of amino acids from
spinal cord/medulla synaptosomes. Similar conventions apply here to
those for TABLE 3.2, and the changes for stimulated from control for
glutamate and aspartate are significant p«£ 0.0l1. The changes for
stimulated from control for glycine and GABA are significant p {0,001,
Threonine,'serine,.hnd.aianiné data are presemnted as.representative of
non-neuroactive amino acids measured. o
. The evoked release of glycine and GABA from spinal cord/medulla
synaptosome§ as a consequence of 75pM veratrine administration does not
extend to_either.giutamate or aspartate; The release of these amino
acids is not elevated over control values. The veratrine evokgd release
of_glycine was increased by 74% over control, and of GABA is increased
by 675% over éontfol. This evoked release was inhibited in total by
prior addition of 1pM TTX.

TABLE 3.4 presentéz;or the total (intra- + extra- synaﬁtosomal)
amino acid content of cerebrocortical and spinal cord/medullary \
synaptosomes at the end of a 30min, incubation, Particulériy noteworthy
is the fact that levels of glycine were 294% higher in spinal cord/

medullary éynaptosomes than they were in cerebrocortical synaptosomes.

5) Effect of synaptosomal protein concentration on amino acid release from °

synaptosomes,

- Several workers (e.g. ROSKOSKI, 1978) have expressed concern about
the role of synaptosomal protein concentrations in suspensions on their
behaviour under basal or stimuléting conditions. In view of the
~ importance of this problem to work to be discussed in_a later chapter, -
data are presented here.(FIG. 3.6) comparing the basal and 75uM veratrine
evoked release of amino acids from sheep cerebrocortical synaptosomes
incubated at protein concentrations of 5Smg/ml and O.5mg/ml in suspension
in different incubation media.

When sheep Cé;ebrOCOrtical synaptosomes were incubated at 5mg/ml
protein concentraticns in Krebs phogphate medium, the addition of 75uM
veratrine evoked an increase in the accumulation in the medium of 281%
for aspartate, .110% for glutamate, and 767% for GABA; and in Krebs

bicarbonate medium, an increase in accumulation in the medium of 246%

for aspartate, 1002% for glutamate, and 1480% for GABA was observed.

a
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DATA LEGEND,

RE :~ FIG, 3.6a, 3.6b,

' EFFECT OF SYNAPTOSOMAL PROTEIN CONCENTRATION ON AMINO ACID RELEASE
FROM SHEEP CEREBRAL CORTICAL SYNAPTOSOMES,

Synaptosomes were preparéd ﬁrom sheep cerebral cortex tissu,:
obtained earlier in the déy from an abottoir (approx. 3h, bet&een,
death and the start of the preparation), At the point of dilution
of the PZB grédient.fraction, fhe sucrose suspension wés divided
into four volumes, which, on the basis of previous estimations,
contained quantities of syﬁaptoéomal protein that affer ﬁinal
sedimentation and resusbension in the appropriéte media would givé
synaptosomal protein concentrations of 5mg./ml., and O, 5mg./ ml..
Resuspension was into Kreb's phosphate or Kreb's bicarbonate as
indicated on the figure. Incubation was for 30min, the last 1Omin.,
being in the presence of additions, Final veretrine concentration
was 75uM. . .

At the end of incubation, the synaptosomes were sedimented in a
bench top ultracentrifuge. Relevant guantities of norleucine internal
standard were added to both fractions. The figures pfesent data for
amino acids extracted from the aqueous supernatant, by means of dr&ing
in a vacuum dessicator, extracting with methanol which was also dryéd
down, and amino acids were dissolved in 0.025M HCl ready for auto -
analysis. ‘Profein_estimations were performed on the methanol extracted
synaptosomal pellets.

" The data are the mean. amino acid accumulation in the medium,
presented és nmol.amino acid /.100mg. protein, The blacked portion of
each histobér-represents the background accumulaticn, and the white .
portion represents the additional signal attributable to veratrine'
administration. Three separate experiments were performéd on three
individual sheep cerebral cortices, and single values varied from.the

mean within 15 - 20% limits.
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FIG, 3.6a

EFFECT OF SYNAPTOSOMAL PROTEIN CONCENTRATION ON AMINO ACID RELEASE FROM

SYNAPTOSOMES (SHEEP CEREBRAL CORTEX).

CONCENTRATION = S5mg protein / ml,

|

KREBS - BICARBONATE MEDIUM.
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FIG 3.6b

EFFECT OF SYNAPTOSOMAL PROTEIN CONCENTRATION ON AMINO ACID RELEASE FROM
SYNAPTOSOMES (SHEEP CEREBRAL CORTEX). CONCENTRATION = ©.5mg protein / ml,
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When shooep qerebrocorticdl,synaptosomés were incubated at protein
concentrations of 0,.5mg/ml, increased basal levels of amino acids were
observed in the incubation medium, and the capacity tb fespond, by
specifically releasing aspartate, glutamate, and GABA, to stimulating
concontrations of veratrine was lost,

These data are particularly relevant wheﬁ it is rémembered that
Levi and co~workers (LEVI & RAITERI, 1974; LEVI et al,, 1974).réported
that fhe high affinity L-glutamate system medigtes exchange of endogenous
and external glutamate; but little or no net uptaké.5 Their éxperiments :
were performéd with'0.25 - 0.5mg/ml of synaptosomal protein. ROSKOSKI
(1977).repeated this effect, but when the synaﬁtosomal protein
concentration was raised, net glutamate'upfake was observed.

Conséquently, the data in FIG. 3.6 would appear to provide
 corrohorative evidence fdr the lack of net uptake of neuroactive amino
acids, resulfing in depleted intra-synaptosomal releasablelpopls of these
amino acids at 1ow proteln concentrations. Consequently, the administration
of a depolarlslng agent will not elicit a further response. It should

be noted, however, that GABA is anomalous in thlS respect.

6) The time course of basal and evoked amino acid accumulation in the

incubation medium,

When freshly prepared rat cerebrocortical synaptosomes were first
resuspended in Krebs phosphate medium; they lost a large proportion of
their-amind acid content_fo the incubation medium. Howévér, within
15min, of the start of inéubation, aspartate, glutamate, and GABA had
been’ve;y nearly rémoved from the medium'by the synaptosomes (FIGS.
3.7a, b. Dafa prior fo 10min. qf incubation not shown.), Under the
experimental conditions, the concentrations of all three of these amino
acids were less than 40pM and consequently in the high affinity range
(LOGAN & SNYDER, 1971). e concentrations of the non-neuroactive amino
acids, and the data for serine is shown as representative of this group
(FIG. 3.7b), did not show any similar diminishing'effect in the incubation
medlum '

Addition of 75uM veratrine to ‘the incubation medlum (FIGS. 3.7a, b)
resultpd in a 1arge and rapid accumulation of aspartate .glutamate, and
GABA in the medium, and this accumulation was very rapidly reversed on
.addition of lpM TTX. Levels of these amino acids in the medium had

returned to those of the control incubations within 15min. subsequent
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DATA LEGEND,
RE : FIG. 3.7a, 3.7b, 3.8a, 3.8b, ’
THE TIME COURSE OF BASAL AND EVOKED AMINO ACID ACCUMULATION.

Rat cerebrocortical synaptosomes were incubated as suspensions
of.3mg/ml in Krebs phosphate medium in.25m1 conical flasks in a
shaking water bath at 37'C. Samples of volume O,5ml were taken at
the relevant times indicated, and the supernatants were separated
from the pe;lets by centrifugation in a bench top ultracentrifuge.
Fractions were placed in cardice/prppanol to await extraction at the
end of the experiment. Veratrine (final concentration 75pM) and TTX
{final concentration 1luM) were added at times indicated by (1) and (2)
respectively. |

At the end of the experiment, the separated fractions were
extracted. The supernatants were taken to dryness and extracted with
methanol, and the pellets were extracted with acidified methanol and
taken to dryness, all by means of a vacuum dessicator. Samples were
dissolved in appropriate volumes of 0,025 HCl and analysed for amino
acid content by means of an autoanalyser. Pellet potassium levels
were analysed by means of a flame photometer. ‘

The datum points represent the means for three separate experiments
and individual values fell within 10% of the mean. Control data are
represented by (*) and data obtained from stimuléted incubations are
represented by (0). Protein estimations were performed on the methanol
extracted synappqsomal pellets, and all data are presented as nmol. .

amino acid / 100mg protein and pequiv. K+'/ 100mg protein,
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THE TIME COURSE OF BASAL AND EVOKED AMINO.ACID ACCUMULATION.
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THE TIME COURSE OF BASAL AND EVOKED AMINO ACID ACCUMULATION,
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. “ .
to the addition of TTIX, IEstimation of the rates of uptake (glutamato,

5200; GABA , 3000 ; and aspartate , 1600 nmol / 100mg protein / hour)
give valqoé which are 1ow‘00mpared with those quoted for uptake by
‘cortical slices, e.g. 50umol / g.wet weight / hour (TSUKADA et al,,
_1963). Since uptake rates iﬁfo synaptosomes are particularly dependent
upon external concentrations in the high affinity range, these rates
must be regarded as minimal, Serine data are provided (FIG, 3.7b) as
reproséntative.df a lack of evoked release pf non-neuroactive amino acids
~from synaptosomes. 4 ' A |

FIG. 3.8a, b, provide data fgr intra-synaptosomal amino acid pool
sizos duriﬁg the period of the time course study. Even in the presence
of glucose, the tissue pool sizes of glutamate, GABA; and serine
diminished in sizé over the period of incubation. Aspartate was
anomalous in this respect, and the pool size of this amino acid actualiy
increased during the 60min. period. This is most likely due to the use
of endogenous amino acids as respiratbry substrates, despite the presence
of glucose, and synaptosomes are able t6 oxidise both added glutamate
(BRADFORD & THOMAS, 1969), and adaed GABA, 'The 'lost' amino acids did
not appear in the incubation (FIG. 3.7a, b). The potassium content of
the unstimulated synaptosomes fell by only about 16% over the duration
of the experiment, providing strong evidence that substrate ox}dation
was coupled to ATP formation for the period studied (FIG. 3.8). _

When evoking concentrations of veratrine were added to the incubation,
there was a large and sudden fall in the levels of intré~synaptosoma1
pools of aspaftate, glutamate, and GABA, Subsequent to fhe addition of
TTX, the levels began to increase, particularly in the case of GABA,
where there was a clear st}mulation of synthesis of this amiﬁo acid
(FIG. 3.8)., Unfortunately, as a consequence of the magnitude of the
standard errors asséciated with_data for intra-synaptosomal pool size,
it is difficult to calculate with any degree of accuracy the extent to
which synthesis of amino acid occured, particularly in respect of
glutamate and aspartate,

Extensive loss of potassium from the synaptosomes occured on addition
6f veratrine, but on'addifion of 1pM TTX, intra-synaptosomal potassium
levels rose again very rapidly (at a rate of 2l6pequiv. K" /h/ 100mg
protein). The energy dependeni extrusion of Na+ in exchange for K+ .

uptake to the synaptosome is clearly'not TTX sensitive. Subsequently,
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FIG. 3.8b.

“ THE _TIME COURSE OF BASAL AND EVOKED AMINO ACID AND K+ ACCUMULATION.
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. + :
intra~synaptosomal K 1levels were maintained for the remainder of the
incubation, '

7) T46 : A toxin with the capacity to modulate the excitable sodium
channel ?

-

Gymnodinium breve is a unicellular alga (Pyrrophyta) endemic ‘5 the

southern Gulf of'Mexico, and is associated with massive fish convulsioné
and death during its sporadic blooms. Fractionation of the lipid
‘extract from cultured cells yielded an active component T46 (M.W, 894)..

Due to its aqueous insolubility, addition of the toxin.to
synaptosome sgspensions was made by means of lcm? nylonvgauzes which-'
had previously been impregnated with known quantities of crystalline:

T, (see METHODS), | | '

T46 toxin elicited an increase (at 700ng / ml. maximum) in rat .
cerebrocortical synaptosome respiration of 30% over the relevant controls,
The nylon gauze had been placed in the suspension in Warburg respirom?ter
vessels at the beginnihg of the experiments (it was impracticable to add
from the side arms as normal profocol deménds):, and consequently‘was
presumably eliciting an effect for the 15min, oxygenation and equilibration
period prior to the start of measurement of oxygen utilisation, The -
value of 30% increase increase in respiration must therefore be taken as
a minimum value. At the end of the experiment, measurement of interﬁal
potassium levels TEU¢QXQA§ a fall of 36% against controls,

T46 administration to synaptoSéme suspensiohs evoked an accumulation
of aspartate (521%), glutamate (1150%) , and GABA (418%) in the incubation
(FIG. 3.9). The evoked release of these amino acids was inhibited by

1uM TTX, added to the suspension prior to the addition of T 6 (FIG. 3,9).

4
Intra-synaptosomal amino acid pool levels did not change significantly

from control values.

B 4 amne r e g oty e e . T T A e o e T8
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DATA LEGEND,

RE : FIG. 3.9.

THE EFFECT OF T, TOXIN ON AMINO ACID RELEASE FROM CEREBROCORTICAL
SYNAPTOSOMES. |

Cerebrocortical synaptosome suspensions in Krebs phosphate medium:
were incubated in 5ml. conical veéiqles on a shaking waterbath at 37'C,
Present in appropriate vessels were lcm2 pieces of nylon gauze, some of
which had previously been impregnated with 700ng T46 toxin as described
under Methods, the remainder being present :as a control feature only.

The suspensions were incubated for a total of 40min., the gauzes being

present for the last 30min only. Where TTX was present in the incubation,

this was added lmin. prior to the addition of the T,e to a final
concentration of 1luM, v

The histobars are grouped for each amino acid.
1) is a control incubation containing ny;on gauze only,
2) is the data obtained from incuba;ionsﬂto which gauze previously
impregnated with 700ng T,. was #ddéé.
3) is the data obtained from incubdfions to which TTX and T g gauze

4
were added.

4) is the data obtained from incubations to which Tae-impregnated gauze
was added, but the Krebs phosphate medium was made in the absence of Ca+
At the end of the experimeﬁt, the suspensions were sedimented,
and the supernatants and pellets were extracted with methanol. Samples

were analysed;for amino acids by means of an gutoanaly;er, and pellet
profein was analysed by the Folin reagent,

The data represent»the means + SEM fér four experiments. Data are
included for serine as representative of all non - neuroactive amino

acids measured,

+
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" FIG, 3.9

TIIE_EFFECT OF T . TOXIN ON AMINO ACID RELEASE FROM CEREBROCORTICAL SYNAPTOSOMES
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DISCUSSION,
It is clear from the parameters which have Dbty o mmirg md 11e0 1

synaptosomes are able to maintain their key metuhoyy,.

Axtiyiysea ufnl

their capacity to; respond to pigh external potassiy, voralsiiee, and

electrical pulses. The presence of the full BNZYIMY and v (o fuy bars

complemont necessary for complete glycolysis and oxidgaticg «w? dueesve

linked to-ATP,broduction is clearly indicated by the c¢onstidernile
lactate production, 'The accelerafed respirationzunrgxyv“iygtn ;hq“rvnd
under stimulating conditions may be seen as ref1ac110nn ol the increasad
~ATP turnover involved in,réstbring the ion balanco following: the 1ows

of potassium and gain in sodium (VARON & MCILWAIN, ]961),k Thieises factors
are’strongly.indicatiQe of the existence of a synaptonomal tranamombrano
potential, which, through soQium influx, is lowered by stimuletion,

The almost complete suppression of stimulated reloanxs by TIX (not
elevated K+ 5 indicates that neuronal depolarisaiion via fluxes through’
voltage sensitive Na+ - channels is an obligatory proroquianito of Jncreased
amino écid release evoked by stimulation, The very smill rosidunl
release of amino acids argues that, although electrical pulnun‘mluht .
still depolarise neuronal elements despite the presence of TN {(KA1Y4
& MILEDI, 1967; MCILWAIN, 1967; NARAHASHI, 1974), the pulsos are most
effective in opening active Na+ channels.

Veratrine increases negative after potentials and can initiate
repetitive dischérgés in nerve (SHANE, 1952; ULBRICHT, -19G69; OHTA ot al,,
1973), and_ULBRICHT ( 1969) showed that small amounts (2.5.*,10—63 / ml,)
may only slightly depolérise nerves, but larger concentrations (10-5g / ml)
pfoduce'a strong and persﬁ?ant depolarisation within 1mini.of
ekposure. Veratrine triggers a Ca++ dependent release ol noradrenaline
from synaptosomes (BLAUSTEIN et al., 1972) and blocks the uptake of
dopamine (HOLZ & COYLE, 1974) and noradrenaline (WHI'IE, 1975) intd
synaptosomeé by a Ca++ indepéndent process., Depolarising concentrations
of veratrine stimulate synaptosomal dopamine synthesis (PATRICK & DARCHES
1974), and BLAUSTEIN & GOLDRING (1975) have presentéd indirect evidence
that veratrine does in fact depolarise synaptosomes. In connection

.with this depolarisation, veratrine also stimulates Ca++ uptake by
synaptdsoﬁés‘(BLAUSTEIN, 1975).

The absence of thé effect of veratrine in the presence of TTX, or

in Na+*— free - media, suggests‘tha{ the observéd decrease in synaptosomal

+ .
K content by veratrine was probably secondary to the drug’s primary
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action on_Na+ influx. This association between Na' and K" pormeabilities
is consistent with the ionic events during dopolarisdtion of excitable
mombranes wﬁen,an increased bormeamibility to Na+ is rapidly followed

by an increased permeability to.K+ (HODGKIN & HUXLEY, 1952a; b),

The rapid_revefsal of K+ and Na+ contents of synaptosomes together
with the_evidence of BLAUSTEIN & GOLDRING (1975) thaf'the drug depolarises
synaptosomes could account for observations that veratrinc inhibitfs the
‘Na* coupled uptake of neurotransmitters (HOLZ & COYLE, 1974; WHITE,

1975) by synaptosomes, since both of the former sffects would diminish
the magnitude of the inward directed electrochemical gradient for Na+‘
across the synaptosomal membrane (WHITE , 1976),

BLAUSTEIN (1975) suggested that the increase in Ca++ influx
induced by veratrine'was probably a direct consequence of the drug's
depolarising action rather than due to an increase in Na+_- Ca++
exchange. He doubted that the Na© céntents_of synaptosomes would be
altered during 30sec. exposure to veratrine. However, in the light of
the finding (LI &.WHITE, 1977) that veratrine increaéed the Na+ contents
of synaptosomes within 10sec. exposure, it would seem that Na+ - Ca++
exchange could play a part in the ﬁéreased influx of ca™ observed by
Blaustein, and consequently in the Ca++ mediated release of noradrenaline
from synaptosomes dgscribed by BLAUSTEIN et al., in 1972, The
importance of ‘this concept will érisekégain in a later chapter.

The amino acid release from cerebrocortical sYnaptosomes_in responée
- to elevated levels of external potassium did not increase to similar
levels to tﬁoge evidenced as a consequence of veratriné'adminiStration,
and, ‘as will be seen in the following chapter, the effect of high levels
of potassium is not inhibited gntirely by the absence of Ca++ from the
incubation iredium; and as was seen in the present chapter, is not
~inhibited at all by administration of TTX. Elevated potassium .
facilitates Ca+ dependent secretion of accumulated transmitters from
synaptosomes, presumably as a result of depolarisation induced increases
in calcium permé?tion through voltage sensitive ionophores (BLAIST%}N’,
1975; COTMAN et al., 1976). Cotman has also evidenced (HAYCOCK et al., -
1978) K+ dgpepdent,.Caf+ independent GABA efflux derived from a distinct
pool 'from Ca++ dependent efflux, and this has an absolute requirement_‘.
for Né+.whereas Ca++ dependent efflux does not require Na+ at theAtime'
of release (COTMAN et al., 1976). Eotassium dépendent, Ca++ '

independent efflux Qf accumulated GABA was associated with all

— e ©r A 2 A ey e o . 18 B a2 e SR 3 oy e G Ay A g A sy AT L



¢ 79 ) .

subcellular fractions exhibiting GABA accumulation, whereas K+
facilitatod, Ca++ dependent efflux was restricted to fractions
containing synaptosomes (HAYCOCK et al., 1978) aha they concluded that
Ca'l-+ débcndcnt efflux reflectslstimulus secretion brocesscs, whereas
Ca++indcpendcnt éfflux may'réflect membrane transport proc¢esses,
Further discussion of these phenomena will be found in the following
chapter,

Evidehco' was provided to illustrate.the sequestration by
synaptosomes of extra - synaptosomal aspaftate{ glutamate, and GABA,
and mention was made of high affinity (low Km) and low affinity (high
Km) transport systems (LOGAN & éNYDER , 1971; IVERSEN & JOHNSTON , 1971;
WEINSTEIN et'al., 1965; LEVI & RAITERI , 1974; MARTIN, 1974). LEVI &
RAITERI, (1974) , incubated synaptosomes (0.25mg protein / ml) in 1O0pM
14C-L - glutamate, Although the synaptosomes took up radio - isotqpé,
the medium L - glutamate concentration remained’the same, and the
authors postulated a homoexchange of synaptosomal and medium L -~ glutamate
to account for the results. However, ROSKOSKI, (1977), using 4
synaptosomal protein concentrations of at least'lmg / ml. found fhat'
radio - isotope and L - glutamate uptake are equivalent. The mechanism
of this effect is unknown, but the process is temperature and Na+ .
dependent and the concentration of glutamate is in the range expected
of high affinity uptake systems, The high levels of glutaméte
accumulating in the medium in low protein concentrations of sheep
cerebrocortical synaptoscmes can presumably be explained in terms of
this phenomenon, and consequéntly it would seenm reasonablé‘that, at
these protein concentrations, the lack of a veratrine evoked release
of neuroactive amino acids is a result of depleted releasable pobls
intrasynaptosomally. Fu}thefmore, the fact that the evoked release
of glutamate is affected to a greater extent at the low‘protein‘
concentrations than is that Of GABA could be explained by the more
general role of glutamate in the metabolism of all neuronal and glial
cells, whereas that of GABA is thought to be associated with more
specialised neurotransmitter function.

Purified toxin T, extracted from Gymnodinium breve red tide

v 46
organisms elicited in rat cerebrocortical synaptosome suspensions an

increase in respiration, a loss from the synaptosomes of potassium, and
a release of neuroactive amino acids which was inhibited by the

administration of TTX. In 1975, KIM et al., showed that a parfially
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purilicd toxin from tho'orgaﬁism elicited a spontancous train of action
potentials.in the giant axon of the equid. The spikes had a shape
simslar to that in normal seaweter except for an increase in the rato
of recovery from the afterhyperpolarisation, With fhie more rabid
recovary, the membrano potential overshoots the resting potential and
threshold, triggering‘another spike and thus producing repetitive
firing., Voltage clamp studies (WESTERFIELD et al., 1977) revealed that
the toxin had no eﬁfect on the normal sodium or potassium conductance
changes pfoduced by step depolerisation.' HoWever,;consistent with the‘;
faster recovery after an action potential, the toxin speeds recovery

of the 'shut - off! cgrrents to their steady state values after a
dépolarisation.. The most likely mechanism by which the toxin accelerates
recovery after an action potential (leading to rebetitive firing) is

the induction of a small additional inward current which was found to

be reduced by prehyperpolarisation. This toxin induced current which
speedslrecovery was blocked by tetrodotoxin (WESTERFIELD et al., 1977)
and hence presumably flows'through'the sodium channel., Similar currents
have been observed in myelinated nerves where they were induced by
scorpion venom (CAHALAN, 1973), aconitine'(SCHMIDT & SCHMITT , 1974) ,
and veratrine (ULBRICHT, 1965), and in squid axon when induced by
verafrine (MOORE et al., 1968).

SUMMARY.

The main thrust of these experiments has besen to examine some.of

- the physiological properties of synaptosomes and particularly in terms
of the data generated in the hande ef the present experimenter. It
should now be apparent that the isolated nerve ehdings appear to retain
a considerable degree of functional integrity. Perhaps most important
from the physiological viewpoint, is the - evidence that synaptosomes’
exhibit some of the special properties of intact nerve terminals;

depolarising agents reversibly increase the Na+, K+ and Ca++ permeability

)
of synaptosomes, and the ensuing Ce++entry can be correlated with the
release of neuraltransmittef substances, This sequence of events has
been well documented at periphal‘nerve terminals, and the data presented
here indicate that similar processes exist at mammalian central endings
which have been subjected to the rigours.of homogenisatiohs and I .
fractionations, |

That the integrity of synaptosomes is well maintained is made very

clear by their response not only to depolarising agents ) but also by
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thoir rate of recovery in torms of measured internal‘K+ and rate of
uptake of roleased neuroactive amino acids subsequent'to termination
ol the stimglating response by TTX, The roles of Na+.and K+ are made
abundantly obvious.

The movement across the synaptosomal membrane of Na+ and K+ has
been the particular theme of the presenf chapter. A natural ppogression
is a study of Ca++ involvement and the following chapter ﬁnvestigates'
‘the usefulness of a particular ca*t antagonist on transmitter release’
studies in relation to the Ca++ dependency of-a variety'of.depolarising

agents
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CHAPTER_FOUR.

IN VITRO APPROACHES TO BRAIN METABOLISM II.

ON THE THEME OF THE ROLE OF ca'’,

INTRODUCTION,

"RESULTS.

1) Rates of oxygen utilisation, and levels of potassium retention
achieved by synaptosomes under depolarising conditions, and in the
presence of, or absence of, Ca++.v

2) The spontaneous release of amino acids from synaptosomes
incubated in the presence and absence of Ca++.

3) The evoked release of amino acids from synaptosomes incubated

in the presence and absence of Ca++,

4) The effect of verapamil concentration on the inhibition of
veratrine evoked amino acid release,

5) The effect of increasing Ca++ concentrations on the inhibition
by verapamil of the veratrine evoked release of amino acids.

6) The inhibition by verapamil of the tityus toxin evoked release
of amino acids from rat cerebrocortical énd spinal cord / medulla
synaptosomes.

7) The effecf of verapamil_on the elevated potassium stimulatioﬁ

of cergbrocortical synaptosomes.

DISCUSSION.

1}~ Spontaneous amino acid release.

2) Evoked amino acid release,

3) Contrasting the neurotoxic actions of tityus toxin and veratrine.

4) Summary.
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INTRODUCTION,

.It is now well known that Ca++plays a critical role in the release
of neurotransmitters at synapses, and in the secretion of hormones
(e.g. MILEDI , 1373). Release occurs spontaneously at a rate
proportional to the level of resting intracellular Ca.++ zDﬁNCAN &
STATHAM , 1977; ERULKAR et al,, 1978; HUBBARD et al., 1968; MILEDI ,
1973) (Ca™ ),

++ ++
is a function of a transient increase in (Ca )in resulting from Ca

, while evoked release due to nerve action potentials

influx from extracellular space during the action potential (DODGE &
RAHAMIMOFF, 1967; HODGKIN & KEYNES , 1957; KATZ , 1969). Presumably
fhe‘intracellular site at which Ca++ acts to permit transmitter release
is the same whether release is spontanedus or evoked (HUBBARD et al.,
1968). The electrophysiological studies of KATZ & MILEDI (1967, 1969)
on squid giant axon synapses have demonstrated that presynaptic
terminals show a depolarisation dependent increase in Ca++ permeability
. and the subsequent entry of Cé++ions has been shown to be essential ‘
in the stimulus - coupled release of neurotransmitter (KATZ & MILEDI ,
1967). There is also evidence that Ca++ may regulate the activities )
of various eﬁzymes in the nerve terminals (KAKIUéHI & YAMAZAKI , 1870 ;
OHASHI et al,, 1970). The studies of NICHOLLS & SCOTT (1980) demonstrate
that ‘the mitochondria, possessing a sophisticated mechanism for
regulating the distribution of Ca++ ions across their inner membrane,
based on a steady state cycling of Ca++ between independent Ca++ uptake
and efflux péthways, play a predominant role within the cytosol of the
isolated synaptosome; whereas previous studies (KENDRICK et al., 1977;
BLAUSTEIN et al.,, 1978; RAHAMIMOFF & ABRAMOVITZ , 1978) emphasise the
role of ATP - dependent Ca++ accumulation by intrasynaptosomal reticular
. membranes. ICHIDA et al., (1980) , provide data on high potassium
depolarised synaptbsomes indicating that Ca++ binding on the synaptic
plasma membrane may be as important as a Ca++ reservoir or regulator of
Ca++ in the nerve terminals as the mitochondria. '

The stimulated Ca.’-'+ uptake by synaptosomes shares many of.the
properties of the Ca++conductance mechanisms in a variety of tissues
including vertebrate cardiac muscle, invertebrate muscle, and squid
axons (8ee reviews by BAKER , 1972, and REUTER , 1973) , and BLAUSTEIN ,
(1975) provides evidence to show that the gipolarisin% agents potaésium,
veratrine, and scorpion venom stimulate Ca uptake and illustrates a

++ +
Ca dependent high K stimulated release of acetylcholine (see also
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DE BELLEROCHE & BRADFORD , 1972) and noradrenaline, and a partially Ca''
dependent veratrine and scorpion venom stimulated release of noradrenalin,
'The dependence of the release of GABA on extracellular Ca++ has not
been uniformly observed in brain slices or synaptosomes; the effect of
omitting Ca++ from the ineubation medium has depended on the nature of
the releasing stimulus. The release of exogenously labeleé GABA
evoked by elevated K+ from brain slices was consistently reduced in the
absence of Ca++ (SRINIVASON et al., 1969; MULDER & SNYDER, 1974; VARGAS
et al,, 1977; REUBI et al., 1977; NEAL & BOWERY, 1979) as was the
release of ehdogenous GABA (NADLER et al., 1977). Elevated k' also
reléasedLexogenously or endogenously labelled and endogenous GABA
from synaptosomes in a Ca++dependentmanner (DE BELLEROCHE & BRADFORD,
1972; REDBURN et al., 1976; COTMAN et al., 1976; HAYCOCK et al.,1978).
In contrast, the release of exogenous, labelled GABA ffom brain
slices induced by electrical stimulation was not reduced by omitting
cat™ (kATZ et al,,1969; SRINIVASAN et al., 1969; HAMMERSTAD et al.,
OKADA & HASSLER, 1973; ORREGO & MIRANDA, 1976), although partial Ca™'
dependence of electrically released endogenously formed (140) GABA
was also reported(POTASHER , i978 ). Valdo and Orrego. (1978) reported
that the release of endogenous GABA evoked by sine-wave stimulation
was suppressed if the Ca++ content of the medium was reduced from
1 to 0.1mM, but increased again when Ca++ was entirely eliminated.
Short exposure to veratridine'induced a release of both exogenously
labeled and endogenous GABA-from brain slices; which was partially ~
dependent on extracellular Ca++ (NADLER et al., 1977), but Benjamin &
.Quastel (1972) have found that the absence of Ca++ potentiated endbgenoué
GABA release from- brain slices induced by. 1 hour exposure to '
protoveratridine. The release of GABA from the brain in vivo, whether
induced by electrical stimulation (IVERSEN et al., 1971) or by elevated

+
K (CLARK & COLLINS , 1976) was suppressed in the absence of Ca++

All manner of explanations have been cont;ived to account for
the less consistent dependence of neuroactive amino acid rélegse on
external Ca++ than tnat of other transmitters such as acetyl choline
or noradrenaline. SRINIVASAN et al., (1969) suggested that sufficient
Ca++ was left in thé tissue even when Ca++ was omitted from the
incubation medium to support release by electrical stimulation. MULDER&
SNYDER (1974) having found a greater catt dependence gf the release
of transmitter amino acids froﬁ brain slices induced by high K+ than

for electrically induced release, concluded that release
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induced by electrical stimulation is not as physiological as that
induced by depolarisation with high K+ (c.f. LEVI et al;,1980.).

COTMAN et al., (1976) observed a residual , Ca++bdependent, high K
induced release of GABA from synaptosomes. and tentatively suggested
that this might have originated from other subcellular elements than
synaptosomeé. VARGAS et al., (1977) compared the release of exogenously
labeled noradrenaline and GABA from cortex slices induced by electrical
stimulation and by elevated K+ in the presence of different concentration
of Ca++. Théy concluded that exogenous GABA is not taken up into
synaptic vesicles but is located in the cytoplasm of terminals, as is
noradrenaline subsequent to reserpine administration , and the release
of transmitters from the cytoplasm requires more infensive stimulation
and is less dependent on Ca++ thanAthat from synaptic vesicles, -

The purpose of the present experiments was to look further at the
whole question of Ca++ dependency of both basal and evoked amino acid
transmitter release from synaptosomes, and concentrating particularly
on the validity of a role for Verapamil (iproveratril) as a Ca++
antagonist which blocked the evoked release of neuroactive amino acids
caused by veratrine and scorpion vemom toxin tityus toxin, the active
qomponent of the venom of the Brazilian yellow scorpion Tityus
‘serrulatus. ‘ o

Sufficient has been said, fér the moment, abbut veratrine.-
Scorpion venom has been shown to.increase the release of aqetyicholine
from slices of rat brain (GOMEZ et al;, 1973) and segments of guinea
pig ileum (DINIZl& TORRES, 1968) . It enhances the releage of
preloaded €14C ) glutamate and (14C ) GABA from rat cortical
synaptosomes (TSE et al., 1980 ) and there is evidence that it releases
catecholamines from rat myenteric plexus (TAFUN et al., 1971). Tityus
toxin, the active component of the venom which has been used in these
studies, appears to work by depeolarising nerve terminals through an
action at the active Na''channel (LINDEN & RAFTERY,,1976). Thus, its
actions are prevented by added tetrodotoxin., Application of tityus
toxin directly onto the sensori-motor cortex of awake rats (COUTINHO
NETTO et al., 1980) produced contralateral myoclonic forelimb jerks,
which is the charateristic response to similar application of veratrine
or electrical pulses (DODD & BRADFORD, 1976) thus supporting a
depolarising action for tityus toxin. The in vivo release of aspartate,
glutamate and GABA activated by the toxin is prevented by TTX, which

also prevented the in vivo limb jerking response from occué@hg ahd
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indicates that Na+ channel activation is the mode of action, (COUTINHO
NETTO.et al, 1980).. The Ca++ dependence og this release , and the
release measured as&a‘consequence of in vitro admin;stration'was far
from absolute (COUTINHO NETTO et al., 1980) and was similar in extent
to that found by TSE et al., (1980) for exogenous (140 ) glutamate
and (140 ) GABA release from synaptogﬁe;?

In recent years,; verapamil has become an increasingly dimportant
agent both as a tool for studying movements of Ca++ and as a potentially
useful therapeutic agent for treatment of certain cardiac arrythmias
(SINGH et al., 1978) ., Evidence has also been gathered suggesting
. that it may be useful for the treatment of hypertension (LEWIS et al.,
1978). The actions of verapamil have been studied extensively on the
cardiac action potential. The drug has little effect on the fast
depolarisation phase of the action poteﬁtial (TTX sensitive Na+
conductance ) but blocks the prolonged‘depolarisation phase (ROSEN . = .
et al,,1974; BAYER et al., 1975), which generally has been thought
to be carried by ca™ ions. Thus the conélusion was reached that the
actions of verapamil are due to a'raéher specific blockade of "slow" Ca’'
channels (SINGH et al., 1978). Thisﬁblockade of Ca*" channels has also
‘ been suggested as the explanation fdfﬁthe ability of verapamil to
block vascular smooth muscle contraction, thus causing peripheral and
corodary vasodilation (MC MURTRY et al., 1976), In addition to its
action of blocking slow Ca++ qurfents, Shigenobu (MC LEAN et al., 1974;
SHIGENOBU et al., 1974) has shown that verapamil can block "slow" Na
-currents. These slow Na+ currents (distinct from TTX sensitive action
potential currents) are generally small under most conditions but they
can be easily observed in certain systems (MC LEAN et al., 1974;
SHINGENOBU et al., 1974). ' '
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It is perhaps worth drawing attention, at this point, to the fact
that the data presePtgd in this chapter has little medical 5ignificance,
since the few studies that have been located (e.g. MANGIARDI et al., 1978
SHOMERUS et. al., 1976) ikdicate that the serum concentration of
verapamil achieved clinically probably is somewhere in the range of 1lpM:
However, the purpose of the present investigations is more concerned
with the potential for utilisation of verapamil as a tool for the
study of Ca++ dependence of synaptosémal amino acid release’ mechanism

than with its clinical mode of action.
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RESULTS,

(. _
1) Rates of oxygen utilisation, and levels of potassium retention

achieved ‘by synaptosomes under depolarising conditions, and in the

++
presence of, or absence of, Ca ,

TABLE 4.1 summarises data obtaiﬁed subsequent to incubation'of

synaptosomes in high external potassium (56mM) , veratrine (75pM)
and tityus toxin (50nM) , and the extent to wh{;h these data were
altered in the presence of, or absence of; Ca++. The rate of oxygen
"utilisation by cerebrocortical synaptosomes increased hyk34% in the
absence of Ca++ from the incubation medium and this was reduced as a
consequence of administration of the Ca++ antagonist verapamil (200uM)
to the incubation medium, Intrasynaptpsomal potassium levels remained
unchanged from the Ca+t containing control under these conditions.
Veratr;ne (75uM) addition increased the respiration of cerebrocortical
synaptosomes in Ca++ free medium by 176% (a level comparable to that
achieved in the presence of O, 75mM Ca + (see previous chapter)). A

more extensive loss of internal pota351um occurred, however. Potassium
loss from veratrine stimulated synaptosomes in the presence of Ca++

was 44% » whereas loss in the absence of Ca +t as a result of stimulation
was 61%. Prior addition of verapam11 (200uM) to the suspension
substantially reduced the increase in synaptosomal respiration- resulting
. from the administration of veratrine, and the loss of potassium was "’ also |
markedly reduced in the presence of the Ca * antagonist.

‘Elevated levels of external potassium (56mM) did not increase
cerebrocortical synaptosomal oxygen utilisation to the extent described
by some authors, and this was probably a consequence'of the use of a
more 'physiological' level of Ca++ in the medium (0,75mM). Other
authors have used external Ca++ concentrations of 1.2mM, and some as
high as 3mM Ca++. However, an increase of 20% in rates of respirafion
were recorded under these conditions.

Tityus toxin (50nM) evoked a 276% increase in cerebrocortical °
synaptosomal respiration and thus hqg a substantially greater effect on
this parameter than did the administration of 75uM veratrine, although
potassium loss was not as extensive.(36%). Tityus toxin also caused a
loss of potassiu%fgpinal cord / medulla synaptosomes, and this loss was

diminished by prior administration of 1uM TTX or 200puM verapamil.
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DATA LEGEND,

RE : TABLE 4.1. [ 0

EFFECT OF ELEVATED .‘POTASSIUM, VERATRINE, AND TITYUS TOXIN ON THE
RESPIRATORY RATE AND POTASSIUM CONTENT OF RAT CEREBRAL CORTICAL AND
SPINAL CORD / MEDULLARY SYNAPTOSOMES IN THE PRESENCE AND ABSENCE OF
CALCIUM AND VERAPAMIL, '

Rat cerebrocortical synaptosomes were incubated in Xrebs phosphate
medium at 3mg / ml. in Warburg respirometer vessels, and spinal cord /
medullary synaptosomes were incubatéd in KfebS‘phosphate medium at _
lmg / ml. in 5ml. conical flasks, at 37'C. All incubations were for -

a total of 40min,., Calcium containing medium was O.75mM in respect of
Ca++ ions. | '

‘ 'Verapamil (final conc. 200pM) was present for the entire duration
of the experiment. Veratrine (75uM), Tityus toxin (San), and
potassium (56mM) were added for the 1ast¥10min of incubation.

At the end of the experiment, the sﬁspensions were sedimented in
a bench top ultracentrifuge. The bziletsfwere extracted with acidified
methanol, and after being taken to;ﬁryness, potassium levels were
measured by  seans of a flame photoméfér. Protein contents were assayed
by means of the Folin reagent. ,

Respiratory measureménté were calculated to give the npmol 02
utilised / 100mg protein / h., and potassium contents were calculated
as pequiv, K+ / 100mg profein. Data can be compared directly with the
data presented in Table 3.1.‘ Data is presented as means + SEM for a
minimum of six experiments. _

CONTROL (-Ca’') RESPIRATION is significantly different (p< 0.05)

+

from VERAPAMIL (-Ca’®). CONTROL (+Ca*™) RESPIRATION is not significantly
different from VERAPAMIL (-Ca++).



¢ 90

TABLE 4.1 s

)

EFFECT OF ELEVATED POTASSIUM; VERATRINE, AND TITYUS TOXIN ON THE

RESPIRATORY RATE AND POTASSIUM CONTENT OF RAT CEREBRAL CORTICAL AND

SPINAL CORD / MEDULLARY SYNAPTOSOMES IN THE PRESENCE AND ABSENCE OF

CALCIUM AND VERAPAMIL.

CEREBROCORTICAL.,

CONTROL (+Ca™™)

CONTROL (-ca'™)
++
200uM VERAPAMIL (-cat™)
++
75pM VERATRINE (-Ca ')

, -
56mM POTASSIUM (+Ca )

v
++
50nM TITYUS TOXIN (+Ca )

75pM VERATRINE + 200uM VERAPAMIL

56mM KT + 200uM VERAPAMIL (+ca’t)

cat™ / VERAPAMIL (5:1) + VERATRINE

SPINAL CORD / MEDULLARY.

CONTROL (+Ca’™)

++
50nM TITYUS TOXIN (+Ca )

POTASSIUM

uequiv.K+/100mg

34.2

31.4,

31.7

;@3.2

22 +

25.6

20.1

22.1

15.8

’ ++
50nM TS-TX + 75uM VERATRINE (+Ca ) -14.2

50nM TS-TX + 1pM TTX (+Ca’t)

50nM TS-TX + 200pM VERAPAMIL (-Ca’ ') 17.2 +

16,5

1+

BE

2.2

1+

2.7

2.4

'+
=
o]

14+
W

(2)

1+
-
N

1.6

1+

+ 0.7

1.3

I+

RESPIRATION
umoi.02/100mg./h.

56.5 + 3
76 + 6.2
62.5 + 6.6
156 + 15
67.5 + 4.4
213 + 18.2
69 + 8
59.2 + 4.7
n.d.

n.d

n.d.

n.d.

n.d.

n.d.
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The parameters measured here (TABLE 4.1) indicate that the
depolarising agents iﬁitiated a2 normal sequ?nce of events, and therefore
the extent to which éhése values were altered by the absence of Ca++
and / or the presence of berapamil are particularly intriguing. These
changes will be discussed, in addition to0 the changes observed in other

parameters measured, below,

2) The spontaneous release of amino acids from synaptosomes incubated

in the presence and absence of Ca++

‘Cerebrocortical synaptosomes were incubated in the presence (O.75mM)
or ahsence of Ca++_in the incubation fluid. Analysis of the amino aci&s
accumulatihg extrasynaptosomally revealeq that not only did synaptosomes
incubated in the absence of Ca' ten; to be 'leaky', in that a small
accumulation of non - neuroactive amibo’acid occurred (FIG. 4.la; b),
but also a significant rise in neuroactive amino acids accumulation
was observed., The well documented prqsencé‘of high affinity transporters
for aspartate, glutamate, and GABAMingcerebrocortical synaptosomes

would be expected to reduce such an d&gumulation even if a degree of

4~

leakiness was a contributing factor tEithis. "In the absence of Ca ,

GABA accumulation in the medium was increased by 138% ['and that of

glutamate and aspartate by 100% and 117% respectively. This additional- release
of all amino acids was prevented By prior administration of 200pM

" verapamil (FIG. 4.la; b),- ‘ |

-} Iﬁcubation'of synaptosomes in Ca++ - free medium containing O.5mM

EGTA resulted in an amino aéid accumulation in the medium, the profilé

of which was identical to the accumulation 6bserved in Ca'*.'+ - free

medium alone (FIG. 4.1a; b). However incubation in 5mM EGTA evoked

a very substantial release of aspartate and glutamate, but no additional
accumulation of any of the other 14 amino acids measured. Aspartate

and glutamate release increased by 408% and 795% respectively over the

Ca++ - free controls (FIG. 4.la; b) and a substantial.loss of potassium
occurred. It is intriguing that SmM EGTA did not release any additional

GABA over and above the accumulation observed in the absence of Ca++

alone.

3)*The evoked release of amino acids from synaptosomes incubated in the

++ : ,
presence and absence of Ca -

Elevated levels of external potassium specifically evoked the release
of‘aspartate, glutamate, and GABA from cerebrocortical.synap?osomes

‘ . ++ L . . -+
incubated in the presence of Ca . This release was to a degree Ca -



DATA LEGEND,

RE : FIG, 4.1a, 4. lb

THE SPONTANEQUS RELEASE OF AMINO ACIDS FROM CEREBROCORTICAL SYNAPTOSOMES
INCUBATED IN THE PRESENCE AND ABSENCE OF CALCIUM,

Cerebrocortical synaptosomes were incubated in the presence (O,75mM)
or absence of calcium in Krebs phosphate medium for a total of 3Omin..
Also present, as appropriate,vfor the duration of the experihent were
Verapamil (200uM), or EGTA (0.5mM or 5mM),

At ‘the end of the experiment, .the suspensions were sedimented in
a bench top.ultracentrifuge. The supernatants were taken to dryness in
a vacuum‘deﬁéibator. Samples were extracted with methanol, and
dissolved in appropriate volumes of 0,025 HCl. Aliquots were taken to
measure amino acid levels using an autﬁanalytical system, |

The data preseﬁted is the mean + SEM obtained from a minimum of
six experiments. Amino acid levels are\presented as nmol / 100mg
protein, the latter being measured in the extracted pellet by means of
the Folin reagent. | :
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THE SPONTANEOUS RELEASE OF AMINO ACIDS FROM_CEREBROCORTICAL SYNAPTOSOMES
INCUBATED IN THE PRESENCE AND ABSENCE OF CALCIUM,
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FIG. 4.1b .

THE SPONTANEOUS RELEASE OF AMINO ACIDS FROM CEREBROCORTICAL  SYNAPTOSOMES
INCUBATED IN THE PRESENCE AND ABSENCE OF CALCIUM.
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dependent, (FIG,"4.2a; b), in that in the absence of ca*™ in the incubation
medium, the evoked release was reduced by 28% for aspartate, 20% for
glutamate, and 58% }cr GABA. Since in the absence of both Ca'' and
elevated K+ (FIG, 4.1a; b), there is an accumulation of these anino acids

in the medium, it is perhaps not surprising that extrasynaptosomal amino
acid levels do not return to the levels obtained in Ca++ containing controls
when the effect of Ca++- free K stimulation is examined. More relevant

to the speculations presented below, - however, 'is the slight increase in
23Na uptake by synaptosomes under elevated K stimulation observed by .

GODDARD & ROBINSON (1976), The non - Ca' '~ dependent component of K'

_ stimulated release may be attributable to this Na'- influx by a mechanism

to be described below.
The evoked release of neuroactive amino acids from synaptosomes in

o+t
the presence of 75pM veratrine and in Ca containing medium produced

+4
’

the expected response (FIG, 4. 2a- b). . In the absence of Ca
however, the veratrine evoked accumulation of glutamate was increased
by a further 56% over the level obta1ned 1n the presence of Ca

worth
It is perhaps/noting at this point that veratrlne in the presence of

Ca++ evokes a 1400% increase in the‘felease of glutamate when compared

to a Ca containing control, and veratrine in the absence of Ca

" evokes a 1000% increase in the release of glutamate when compared with

a CBT+ - free control. Thus , although the absence of Ca++ from the
incubation medium increases the level to which glutamate accumulates
extrasynaptosomally, in fact the percentage increase againsc the Ca¥+ -
free control is smaller than that achieved in the presence of Ca++
(This illustrates the importance not only of examining the relevant
-control (whlch is obvious), but also of defining clearly the control
against which a change is compared. This is particularly important dn
regard to the literature describing preloaded amino acid'data; since
actual Ievels of accumulation are rarely recorded, and only the "%

t e

increase against 'control is discussed). Using a similar argument,
the percentage increase in aspartate and GABA release evoked by veratrine

++
in the absence of Ca when compared with a Ca++ - free control is also

reduced against the percentage increase in release evoked by veratrine

oo
in the presence of Ca and compared with a Ca++ containing control.

Tityus toxin evoked: a 1380% increase in release of aspartate,
1800% for glutamate, and 2140% increase in the release of GABA from
cerebrocortical synaptosomes incubated in the presence of Ca++, The

accumulation of the other 13 aminotacids measured was unchanged. In the
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DATA LEGEND,

RE : FIG. 4.2a, 4.2b.

THE EVOKED RELEASE OF AMINO ACIDS FROM CEREBROCORTICAL SYNAPTOSOMES
INCUBATED IN THE PRESENCE AND ABSENCE OF CALCIUM.

Cerebrocortical synaptosomes were incubated in Krebs phosphate
medium at 3mg / ml in Sml. conical ?1asks in a shaking water bath-at
37'C for a total of 30min.. Calcium containing medium was made (O,75mM)
in respect of Ca++. Stimulating agents were added for the last 1Omin.
of incubation as appropriate, at final cdncentrations, potassium (56mM),
veratrine (75pM), and tityus toxin (50nM). EGTA concentration was 0.5mM,

At the end of the experiment, the suspensions were sedimented in
a bench top ultracentrifuge, and the supérnatants were taken to dryness,
and extracted with methanol. Sampleéfwere autoanalysed for amino acid
content., Pellet protein contents were measured by means of the Folin
reagent.. Amino acid levels are expressed as nmol / 100mg protein.

Histobars represent data collected irom a minimum of six
experiments and are the mean + éEMﬁé Control data were obtained from
Ca++ - containing incubations; Da%é'for threonine and serine are
presented as representative of non:iineuroactive amino acid levels
measured. 4

For aspartate and glutamate, k~catt dqata are significantly
different (p<0.05) from both K'+ Ca** and CONTROL. Similarly, T6 - TX
+ Ca™* data are significantly different (p< 0.0l) from TS - TX (-Ca™™
+ EGTA). | '
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THE EVOKED RELEASE OF AMINO ACIDS FROM CEREBROCORTICAL SYNAPTOSOMES .

INCUBATED IN THE PRESENCE AND ABSENCE OF CALCIUM.
Y~COORDINATE VALUES' = nmol amino acid accumulation in medium / 100mg prot.
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FIG, 4.2b '

THE EVOKED RELEASE “OF AMINO ACIDS FROM CEREBROCORTICAL SYNAPTOSOMES
INCUBATED IN THE PR:'F‘;SENCE AND ABSENCE OF CALCIUM,
Y—~COORDINATE = nmol. amino acid accumulation/100mg protein.
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absence of Ca"'+ anq the presenée of 0,5mM:-EGTA , the release of
aspartate, glutamate and GABA evoked by tityus toxin (50nM) was
reduced to the extent illustrated in FIG, 4.2a; b.

4) The effect of verapamil concentration on the inhibition 6f veratrine

evoked amino acid release.

The data reported above were obtained from experiments made
using verapamil at a concentration of 200pM. FIG. 4.3a; b, illustrates
the inhibition of veratrine evoked endogenous amino acid release from.
cerebrocortical synaptosomes incubated in the abéence of Ca++, and
increasing verapamil concentrations (30pM - 200pM) and FIG. 4.3c
illustrates the inhibition of veratrine evoked eiogenous (preloaded)
amino acid release under similar conditions. Verapamil at 30uM was
thp lowest concentration which elicited e significant inhibition of
evoked release by 75uM veratrine and the imaximum inhibition was
achieved using a verapamil concentréﬁion §f 200pM., Thus to take the
release of endogenous glutamate as gb exaﬁple , 30uM verapamil reduced
the evoked release by 21%, 75pM vergﬁgmil by 46%, 150pM verapamil by
75%, and 200uM verapamil by 86%. FIG; 4.3b illustrates a lack of an
effect of increasing verapamil concentrations on the accumulation of
threonine and serine, and these ‘exemplify the lack of an effect on .the
accumulation of all non - .neuroactive amino acids measured. .

- When a stock solution of Ca++ and verapamil at relative concentrations

5 : 1 was éddgd to a cerebrocortical synaptosome suspension to give
final concentrations of 1mM Ca++ /- *200uM vefapamil, the veratrine
_evoked release of aspartate and glutamate was uninhibited in contrast to
the release of GABA, which was inhiﬁited to the same extent as the '
addition of 200pM verapamil alone (FIG. 4.3a; b). The purpose of
making this experiment was to investigate whether verapamil was likely
to be exerting an effect by means of a simple Ca++ chelafion, and an
estimate was made from the structural formula that five moles of Ca++
could theoretically be chelated by one mole of verapamil., The data
presented for GABA here, and data to be presented below, tend to argue
against such a mechanism of action, ét least for the major part of
the action of verapamil. However, the lack of any large inhibition of
the evoked release of glutamate and aspartate under this protocol

remains anomalous, and consequently. the question requires further
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DATA LEGEND, |

RE : FIG. 4.3a, 4.3b, 4.3c. \

THE EFFECT OF VERAPAMIL CONCENTRATION ON THE INHIBITION OF VERATRINE
EVOKED AMINO ACID RELEASE, |

Rat cerebrocortical synaptosomes were suspended in Krebs phosphate
medium at 3mg / ml. in 5ml, conical flasks in a shaking waterbath at
37'c. '

For preloaded (U - 14cy GABA release studies (FIG. 4.3c),
suspensions were incubated for 15min. with 10pM of the GABA isotope
(200nCi / ml,) prior to washing and resuspension.

Suspensions were incubated for a total of 30min.. Verapamil was
present for the last 15min. and veratrine for the last 10min. of
incubation, as appropriate. VERAP / Cé++ comprised the addition of
a stock solution of verapamil and caléiﬁm to give final concentrations
of 200pM and 1.2mM respectively. Calciug was absent in all other
incubations. The final veratrine concen%ratiqn was 75uM.

At the end of the experiment,Aﬁhe suspensions were sedimented in

a bench top ultracentrifuge. TFor i:;tope counting, the supernatants

were decanted into 20ml of liquid sgintillant and taken for counting.
For amino acid determinations, the supernatants were taken to dryness
and extracted with methanol, and aliquots in 0,025 HCl were
autoanalysed. Protein determinétiohs were performed on extracted
pellets using the Folin reagent. Amino acid release is expressed as
nmol amino acid in incubation fluid / 100mg. protein. Isotopic GABA
.release is expressed as % increase in label in incubation fluid over
catt - containing controls. '

Histobars represent the data obtained from a minimum of six
experiments and are the mean + SEM. Data for threonine and serine
are included as representativé of all non - neuroactive amino acids

measured.,
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4.3a

FIG,

THE EFFECT OF VERAPAMIL CONCENiﬁATION ON THE INHIBITION OF VERATRINE

EVOKED AMINO ACID RELEASE,

.:amthQ SwpOT / wWNTpew UF UOTIBTNWNOOE PFOB Ooujwe °Tomu

Ca

GLUTAMATE

600 =

300

2400~

. 1800

1200

600—

TOULNOD

snoon¢mm
+
LVHIA

WHOS Tavud
+
LVHIA

wrig 2 dvaa
L _
LYUEA -

Wriog “davud
+ .
LVUIA

++mw\m<mm

LVHIA

LVYIA



(¢ 102)

" FIG., 4.3b .

THE EFFECT OF VERARAMIL CONCENTRATION ON THE 'INHIBITION OF VERATRINE
EVOKED AMINO ACID RELEASE,
Y-COORDINATE VALUES = nmol amino acid accumulation in medium / 100mg prot.
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 FIG. 4.3c
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study.
FIG, 4.3c illd;trates the extent to which exogenous GABA
accumulated in the incubation medium in the presence and absence of
Ca++ , and when synaptosomal release was evoked by veratrine (75uM)
and inhibited by increasing concentrations of verapamil., Endogenous
GABA accumulation in the inéubation medium in the absence of ca** was
significantly elevated, but no such rise in accumulation of exogenous
U - 14C) GABA was recorded. This contrast was not a consequence of
'the»préloading procedure since amino acid analysis of such an incubation
revealed an.amino acid profile of a nature identical to that recorded

in FIG. 4.la; b. Similarly, the evoked release of exogenous (U-14c)
GABA by 75pM veratrine was small (350%) when compared with the releasé
of endogenous GABA evoked by the same means. This was despite the

fact that the preloading concentration{for - 14C) GABA was in the
high affinity range for the transporter. Either a great proportion of
the evoked accumulation of eﬂdogenous GAQA was reléased from non -
transmitter pools, or a large propo:;ion;of exogenous GABA was not

taken up into transmitter pools.“ Bbﬁh fofhs of transmitter were released by
similar @echanisms and FIG, 4.30 emi%asises the relationship by the

fact that increasing concentrationsﬁgf verapamil progressively

inhibited the veratrine evoked release of (U - 140) GABA from
synaptosomes to an extent which was similar to that observed for

endogenous amino acids.

' ++
5) The effect of increasing Ca concentrations on the inhibition by

‘'verapamil of the veratrine evoked release of amino acids.

Experiments were made to determine whether the inhibition by
verapamil (200pM) of the veratrine (75pM) evoked release of amino acids
froh cerebrocortical synaptosomes was antagonised by increasing
concentrations of Ca' ' (0.25mM - 4mM). FIG. 4;4a; b illu#trate that
an increase - in accumulation in the medium of all amino acids occﬁrred
as the Ca++ concentration was increased from 0.25mM to O.75mM , but
that increasing the Ca++ concentrat%on further to 4mM was ineffective
in antagonising the inhibition attributable to4verapamil (200pM).

These results are in contrast to those obtained when a stock solution
of Ca++ / verapamil (1mM / 200uM) was added to the suspension (FIG. 4.3a

and b ) of synaptosomes, and this dilemma is discussed below.

6) The inhibition by verapamil of the tityus toxin evoked release of
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DATA LEGEND,

RE : FIG. 4.4a, 4.4b. B

THE_EFFECT OF INCREASING CALCIUM CONCENTRATIONS ON THE INHIBITION BY
VERAPAMIL OF THE VERATRINE EVOKED RELEASE OF AMINO ACIDS.

Rat cerebrocortical synaptosomes were incubated in Krebs
bicarbonate medium at 3mg / ml. in 5ml conical flasks in a shaking
waterbath at 37'C.' Incubation was for a total of 30min.., Calcium,
at relevant concentrations,was present from the start of the incubation,
Verapamil (200uM) was present for the last 15min., and veratrine (75uM) was
present for the last 10Omin. of incubation.

At the end of the experiment, the suspensions were sedimented iﬂ
a bench top ultracentrifuge. The supe;natants were taken to dryness,
and extracted with methanol...Protein estimations were made of the
extracted pellet., Amino acid release:to the medium was calculated as
nmol / 100mg. protein. v

Histobars represent data obtaiqed ffom six experiments and are

means + SEM,
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FIG. 4.4a
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THE EFFECT OF INCREASING Ca CONCENTRATIONS ON THE INHIBITION BY
VERAPAMIL OF THE VERATRINE EVOKED RELEASE OF -AMINO ACIDS.
Y—-COORDINATE VALUES = nmol amino acid accumulation in medium / 100mg prot.
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FIG. 4.4b N

THE EFFECT OF INCREAS ING Ca++ CONCENTRATIONS ON THE INHIBITION BY
VERAPAMIL OF THE VERATRINE EVOKED RELEASE OF AMINO ACIDS,
Y—COORDINATE VALUES = nmol amino acid accumulation in medium / 100mg prot.
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aminb acids from rat cerebrocortical and spinal cord / medullary

synaptosomes., { .

Tityus toxin (50nM) evoked a significant release of aspartate,
glutamate, and GABA from cerebrocortical synaptosomes, and of glycine
and GABA from spinal cord / medullary synaptosomes, The rglease of
glycine and GABA from spinal cord /.medullary.synaptosomes was
further enhanced by the additionnlmin. subsequently of 75pM veratrine
(FIG. 4.5a; b; c¢). No significant accumulations of any other amino
acids were observed in the incubatioh mediﬁm, and threonine is
illustrated as an example (FIG. 4.5b). The tityus toxin-evoked release
of the neuroactive amino acids was'substantially reduced in the
presence of 1pM TTX , and further reduced by addition of 200pM
veraﬁamil. Thus , in cerebrocortical.synaptosoﬁes, the evoked release
of aspartate , glutamate, and GABA was reduced by TTX by 58% , 64% ,
and 79% , respectively ; and by verapamfi by 87% , 85% , and 89% ,
respectively. Similarly , in spinaL cord./ medullary synaptosomes,
the tityus toxin evoked release of éﬂycine and GABA.was reduced by
TTX by 24% , and 60% , respectively%% and by verapamil by 53% , and
86% , respectively. a N

. Clearly, two distinct binding sites exist for veratrine and
tityus toXxin respectively onlthe components that modulate Na© flux
through the filter of the Na+'¢hannel of synaptosomes as evidencedvby )
their differential~respon§e to TTX ( i.e. veratrine evoked release is
completely blocked, whereas tityus toxin evoked release is not '
compietely blocked ), and the enhan ‘enﬁof the tityus toxin-evoked
release by veratrine added subsequently ( 50nM tityus toxin is on the
plateau of a concentration curve for evoking release of amino acidé '
from synﬁptosomes - data not shown ), Furthermore, it is clear that
the response of tityus toxin and veratrine-evoked release respectively
to verapamil administration is very similar‘as evidenced by FIG. 4.5a;

b; ¢; and FIG, 4.3a; b.

7) The effect of verapamil on the eXevated potassium stimulation of

cerebrocortical synaptosomes.

In view of the data presented above showing that 200uM concentrations
of verapamil inhibit the evoked release of amino acids from
synaptosomes depolarised by 75uM veratrine in spite of the presence of

0. 75mM Ca++ in the incubation medium, a natural progression of this
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DATA LEGEND,

RE : FIG, 4.5a, 4. 5b 4.5¢c. .

THE INHIBITION BY VERAPAMIL OF THE TITYUS TOXIN EVOKED RELEASE OF
AMINO ACIDS FROM RAT CEREBROCORTICAL AND SPINAL CORD / MEDULLARY
SYNAPTOSOMES.,

Rat cerebrocortical and spinal cord / medullary synaptésomes were
suspended in Krebs phosphate medium.at protein concentrations of 3mg / ml,
and lmg / ml., respectively, in 5ml., conical flasks in a shaking water
bath at 37'C. Incubation lasted for a total of 30Omin,. Verapamil (200pM)
was added 15min. after the start of incubation, TTX (1pM) after 19min.,
and veratrine (75uM) and / or tityus toxin (50nM) after 20min. '

Histobars labelled SC contain data obtained from spinal cord
derived synaptosomes, and histobars labelled CC contain data obtained
from cerebrocortical synaptosomes, {

At the end of the experiment, the sgspensions were sedimented in
.a bench top ultracentrifuge. The supernétants were taken to dryness, and
extracted with methanol. A11quots Were taken in 0,025M HCl for
autoanalysis of amino acids. Proteln content of the methanol extracted
rellets were assayed by means of thewFolln reagent. Amino acid levels
in @he incubation fluid are expréssed as nmol / 100mg, protein.

Histobars represent the data as mean + SEM obtained from six

experiments.
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FIG, 4.5a

THE INHIBITION BY. VERAPAMIL OF THE TITYUS TOXIN EVOKED RELEASE OF

AMINO ACIDS FROM RAT C'EREBROCORTICAL AND SPINAL CORD / MEDULLARY

SYNAPTOSOMES , ‘ : ' .
Y—COORDINATE VALUES = nmol amino acid accumulation in medium / 100mg prot,
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FIG. 4.5b
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THE INHIBITION BY VERAPAMIL OF THE TITYUS TOXIN EVOKED RELEASE OF

AMINO ACIDS FROM RAT{CEREBROCORTICAL AND SPiNAL CORD / MEDULLARY
SYNAPTOSOMES.

Y~COORDINATE VALUES = nmol amino acid‘accumulation in medium / 100mg prot.
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THE INHIBITION BY VERAPAMIL OF THE TITYUS. TOXIN EVOKED RELEASE OF

AMINO ACIDS FROM RAT CEREBROCORTICAL AND SPINAL CORD /_MEDULLARY

SYNAPTOSOMES.
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A

observation was toxinvestigate the effect of vergpamil on the
depolarisation of gyﬁaptosomes evoked by 56mM potassium when the
synaptosomes were incubated in the presencé of 0.750M ca't. TABLE 4.1
shows that no significant effect of the verapamil administration was
observed on the slighty elevated rafe of oxygen utilisation caused as
a consequence of the elevated K+ levels. Similarly, ZOOuM,verapamil
did not influence the extent to which aspartate, glutamate, and GABA
were released from cerebrocgrtical synaptosomes in the presence of
both Ca++ and elevated K+.
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DISCUSSION.

The basic assumption in this discussion is that calcium
concentration inside the nerve terminal controls transmitter release
(e.g. KATZ & MILEDI , 1967). The exact location of the action of
“intracellular ionised Ca++ is still pnknown, but for simplicity it

can be assumed that the free Ca++ ion concentration near the inside

of the presynaptic membrane détermines transmitter felease, and this
will depend on a balance between.several brocesses : (a) the resting
Ca++ influx and the Ca++ influx following depolarisation (BAKER et alf,
1971) which raises(Ca++)in ; (b) the opposing ca’t efflux, which
lowers (Ca++)in (BAKER & BLAUSTEIN , 1968; BLAUSTEIN & HODGKIN , 1969;
BAKER et al., 1969; DI POLO , 1973; MQLLINS & BRINLEY , 1975) ;

(c¢) intracellular Ca++ buffers such as the mitochondria (LEHNINGER ,
1970; NICHOLLS & SCOTT, 1980), and other\Ca'  binding systems such as
ATP - dependent Ca++ accumulation byiintfasynaptosomal reticular
membranes (KENDRICK et al., 1977§-B§§USTE1N et al., 1978; RAHAMIMOFF &
ABRAMOVITZ, 1978). Thus the régula%aon of the intracellular Ca+f
concentration is a complex process dépending'on the contributions of

the various components.
1) Spontaneous amino acid release,

The partial inhibition by TTX of the sbontaneous release of
-neurpactive amino acids from synaptosome suspénsions (data not shown)
incubated in the presence of Ca++ durihg unstimulated periods suggests
that, like cerebellar slices (OKAMATO & QUASTEL, 1973), there may be
spontaneous electrical activity that results in the release of amino
acids, Undoubt%&ly also, the oscillations of the incubation flasks
and the relatively large fluid - tissue ratieo- in the synaptosome
suspensions may provide mechanical agitation and continuous washing of
the synaptosomes, resulting in a proportion of synaptosomes breaking
up and releasing their contents to Ehe medium, and this too will
contribute to the accumulation of amino.acids during unstimulated
periods. but would not be TTX sensitive.

The larger spontaneous release observéd with Ca++ deprivation was

attributed by JOHNSTONE (19275) to an inhibition of residual uptake as



( 115 )

the rate.of Na+ - dependent transport of amino acids is probably a
function of the magﬁitude of the Na+ - K+ gradient and the membrane
potential, both of which are reduced by Ca++ deprivation (SHANES, 1958).
Héwever, it seems simplest to assume thaf the increase in the
spontaneous release of transmitter results from‘an inqrease in the
intrasynaptosomall.Ca++ concentration and the fact that an increase in
spontaneous release of transmitter was observed in the absence of
appreciable amounts of ca’™ in the incubation fluid (there may or may
not be small amounts of Ca++ remaining asspciated with the membrane of
the synaptosomes) suggests that the méin soufce of Ca++ for this
elevated spontaneous release is intrasynaptosomal’and, according to
NICHOLLS & ScOTT, (1280) , derived from mitochondrial stores.

qenerally, verapamil is thought to-'block TTX insensitive late
phase ca’* channels (SINGH et al., 1978) . However, it might be
tentatively suggested that verapamil abolished the increased
spontaneous activity in the absence of ei%ernal Ca++ by interfering
with Ca++ translocation within the sypaptééomes leading to a fall in
(Ca++)in

ca’™ or receptor obligatory for soméﬁéort of quantal release.

, or that verapamil blocks afpresumed internal binding site for

" Possibly this could be the same clasS'Bf receptor activated
with intracellular injection of Ca & (MILEDI, 1973). That verapamil
should enter the synaptosome is possible as a consequence of its
highly lipophilic property and verapamil is known to inter fere with
mitochondrial Ca + translocation, albeit at hlgher concentrations -than
those used in the present studies (FREY & JANKE, 1975). '
If verapamil were to be blocking an internal Ca - binding site and
 the (Ca )iﬁ increase is an absolute prereq:lslte for transmitter amino
acid relggse, and it is assumed that in Ca - free incubation fluid
the increased spontaneous release of these amino acids is a consequence
of an elevated (Ca++)in derived from internal stores, it is interesting
to invoke the data of CARAFOLI et al., (1974) evidencing a Na® promoted
release of Ca = from mitochondria, In addition, BAKER et al., (1969)
vshowed that the absence of Ca++ from the bathing medium inhibited Na+
efflux from squid axon and that the =2ntry of one Ca++ ion is linked to
the efflux of two to five Na+ ions depending on the médium. The fact
that TTX inhibits the spontaneous release of neuroactive amino acids
from synaptosome suspénsions indicates that Na+ influx is occurring,
and if, in the absence of external Ca++ , the internal Na+ concentration

.. ++ . .
were to rise sufficiently to promote Ca release from mitochondria,
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the end result would be an increase in spontaneous release of amino aéid
which would be susc%ptible to bloéking by verapamil,

That such a mechanism is worthy of some small consideration prior
to dismissal is enhanced by the fact that in squid axons, internal
levels of EGTA inhibit Ca' - dependent Na' efflux, and this would assist
in the explanation oi the data illustrating the lack oann inhibitory
effect of O,5mM EGTA on elevated spontaneous amino écid reiease from
Ca++ deprived synaptosomes, and'since the reduction in extracellular °
Ca."'+ reduces the depolarisation requlred to open regenerative Na
channels and delays their 1nact1vat10n (FRANKENHAEUSER & HODGKIN, 1957;
‘ HILLE, 1968), the depolarisation elicited by 5mM EGTA could thus be
explained, since the Ca++ required to elevate (Ca++)in must come from
somewhere if this elevation is to be an absolute prerequisite for
transmitter amino acid release.

Inevitably, the principal argument to be cited against the
proposed .role. for Na+ promoting Ca++ effiux from synaptosomal
mitochondria is that in intact neurons , even a single action potential
rarely increases the internal sodlum concentration by more than 10 %
That this is true is not in questlon, but in view of the mounting body
of evidence supporting specialised mechanlsms of subcellular
compartmentation, there is no evidence to support a notion that ioniq
channels will not also be subjected to the rigours of being

compartmentalised.
2) Evoked amino acid release. v . N

The evoked release by veratrine and tityus toxin of transmitter
amino acids was blocked by the presence of TIX or verapamil. In view of
the data.illustrating that separate addition of Ca++ (at least for the
concentrations examined) did not reverse the antagonism by verapamil
of veratrine stimulated release, it was decided to examine the effect
of verapamil on amino acid release from synaptosomes incubated in
elevated K+ concentrations and in the presence of 0,75mM Ca++.

Verapamil did not reduce the level of K+ stimulated release of aspartate,
glutamate, or GABA from synaptosomes, in spite of the fact that Ca++
deprivation did inhibit the releasing effect of elevated K+.
Consequently, if external Ca++ is a prerequisite of elevated Kﬁ~
stimulated amino acid release, and Ca++ mobilisation internal to the

synaptosome is a prerequisite to veratrine and tityus toxin stimulated
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amino acid releaset\and the latter is verapamil - sensitive while the
former is not,'theniit is surely necessary to invoke the idea that
sebarate Ca++ receptors are utilised by K+ stimulated processes, and
b& veratfiné or tityus toxin stimulated proceSSes, and furthermore,
that the subsequently released transhitters originate from separate
synaptosomal pools. Several lines of evidence lead to such an
hypothesis :

a) An increase in (Ca++)in
transmitter (KATZ & MILEDI, 1967; MILEDI, .1973).

_ b) Elevated potassium stimulated,’Cafi-dependent transmitter efflux

is essential in-stimulus coupled release of

primarily derives from bound (possibly vesicular) pools (e.g. CARROLL &
GOLDBERG, 1975; 1976).

¢) Elevated potassium stimulated, Ca+i-dependent transmitter efflux
does not require Na' at the time of release (COTMAN et al.,, 1976) and
conforms to characteristics of stimulus - secretion coupling.

d) catt promotes the release of catecholé@ines in the presence of
vératrine and in the case of biogenic¢ amiﬁes, ﬁhich are largely stored
in synaptic vesicles, the influx of"":ra++ elicited by vefatrine

(BLAUSTEIN 1975) triggers an exocytotlc release(RAITERI & LEVI, 1978),

e) Isolated brain m1tochondria possess an active Ca t .uniporter and an
Na - dependent Ca efflux pathway, a mltochondrlal membrane potential
sufficiently high to prevent Ca+? efflux occurring by reversal of the
Ca++ uniporter, a sufficiently high matrix Ca++ content to saturate the
Ca++ efflux pathway, and can be shown to regulate the extramitochondrial
_free Ca++ concentration within the cytosol of intact synaptosomes
(NICHOLLS & SCOTT, 1980).

£) There is evidence for Ca e dependent Na+ efflux in synaptosomes

from mammalian brain (BLAUSTEIN & WIESMANN, 1970).

It is thus tempting to propose that K+ stimulated, Ca++- dependent
transmitter efflux is effected by a Ca++ receptor (I) which utilises
extrasynaptosomal Ca++ and triggers the secretion of transmitter from
bound (possibly vesicular) pools. Contrastingly, it might be proposed
that agents such as veratrine and tityus toxin, whose primary action is
at the site of the active Na+ channe¢l but whose action in stimulating
the release of neuroactive amino-acids is not dependent upon an
external source of Ca++, and whose evoking stimulus is inhibited by the
Ca++ antagonist verapamil, utilise the rapid influx of Na+ to mobilise
mitoéhondrial stores of Ca++ via the mitochondrial)Na+- dependeng Ca++

efflux pathway, and the subsequently elevated cytosolic Ca++ triggers
the release of sequestered but relatively unbound tranémitter through -
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an ac+ion at a Ca++ receptor (II), Verapamil could then be thought of
as antagonising a cémponent of receptor ({I) , ‘but not receptor (I),.

‘If these suggegfions were to be utilised as a yorking hypothesis,
it becomes necessary to explain the data contained in TABLE 4.1,
which describes the inhibition by verapamil of stimulated respiration
caused by the #ddition of veratrine. That the veratrine induced
stimulation of respiration is due only to enhanced ion cycling across
the plasma membrane is shown by the‘évidence that it is inhibited by
the addition of either oligomycin or ouabain as is the case for basal
respiration (SCOTT & NICHOLLS, 1980); This' demonstrates that the
- changes in respiratory rates are not secondary consequences of an
altered cytosolic ionic composition on adding veratrine. The working
hypothesis requires that verapamil does not interfere with the active
moveménts of Na+ and K+ across the synaptosomal membrane, and
consequently the inhibition of stimuléted respiration is required to be
explained in terms of a mechanism other tpan an inhibition of TIX -
sensitive Na+ influx. :

The surprising feature of the 'igrapamil action in terms of its
ability to block, or at least interi@ere with, the responses which
- usually follow depolarisation of syﬂ;ptosomes, i;e.degreased potassium
accumulation and acceleration of respiration, are - of fundamental
importance. This suggests that the agenf was preventing'Na+channe1 activation -
by veratrine and tityus toxin. Such non - specificity would, of course,
destroy the‘va;ue ofrveraﬁamil as a tool for measuring Ca++ involvement
in neurotransmission proéesseé. Concern over this question of specificity
has been expreséed in the literature (EAIBHURST et al,, 1980), and high
concentrations have been reported to block the fast transient Na+ current.
VAN DER KLOOT & KITA, (1975), reported that mM range concentrationé'block
the-actiQe sodium current in crﬁstacean muscle, although pM range
concentrations do not appear to affect sodium channels (KOHLHARDT et al.,

1972). : .
. .
The possibility that Na , once entered into the nerve endings as a

result of veratrine addition, mobilises an amount of intrateraiinal Ca++
‘sufficient to trigger neuroavtive amino acid release appeared remote to
Levi and Raiteri (LEVI & RAITERI, 1980), and indeed a major criticism of
whether an appreciable Ca++ transport could occur across the mitochondrial
inner membrane during the lmsec. of the initiation of membrane
depolarisation and neurosecretion., Similarly, the point mentioned

above with respect to the extent to which an action potential will

+ I 3 ’
increase the internal Na concentration is relevant to their argument.
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LEVI et al., (1980) believe thaé the large release of neuroactive amino
acids in responsé fb.veratrine,occurs from™ the cytoplasm by the
depolarising action of veratrine independently of Ca++. However, the
data presented here would appear to show that a mobilisation of ca’t
which is antagonised b& verapamil is a necessary prerequisite to amino
acid transmitter release, whatever the source of the transgitter pool,
although clearly a great deal of additional work is required on aspects
such as the the degree of compartmentation between Ca++ efflux sites

on the mitochondria, and Ca++ receptor sites on the internal

presynaptic membrane.
3) Contrasting the neurotoxic actions of tityus toxin and veratrine.

it is thought that there are three separate receptor!sites for
neurotoxins associated with voltage sensitive sodium channels in
excitable cells (e.g. CATTERAL , 1979) , \and that each of these resides
on a separate subunit of a multi - subunlt complex comprlslng the
functional sodium channel. These subunlts may undergo conformational
changes that are dependent on voltage and are coupled through protein -
protein interactions such that the conformat10na1 state of one subunit
influences the conformational states of the others. HODGKIN & HUXLEY,
(1952c) showed that there was a delay in activation of sodium channels
following a depolarisation., This delay has been interpreted in terﬁs
of a requirement for multiﬁle changes of state to occur before
activation of the ion channel, and these multiple events may be
conformational changes in each of the three subunits.

Recepfor I binds the inhibitors saxitoxin ahd tétrodotoxin, and
occupancy of this site inhibits ion transport by the sodium channel.
Réceptor site II binds veratrine and the activators batrachotoxin,
aconitine, and grayanotoxin, and occupancy of this site causes a
shift in the membrane potential dependence of activation and an inhibition
of inactivation resulting in a persistant activation of a fraction of
sodium channels at the resting membrane potential. The toxins act
through an allosteric mechanism by hinding selectively to the active
state of the sodium channel and causing a shift of ion channels to the
active state according to the law of mass action. Since bhinding ofAtoxins
to this site dramatically alters the voltage dependent regulation of ion
channel activity, it is likely that this receptor site resides on an

important regulatory component of the sodium channel.



(120 )

Receptor site I1II binds the polypeptide toxins scorpion toxin and
sea anemone toxin. Occupancy of this site inhibits inactivation of
sodium channels in voltage -~ clamp experiments and enhances persistant
activation of sodium channels by veratrine, This heterotropic
co - operative interaction between the polypeptide toxins pcting at
receptor site III and the activating toxins acting at receptor site II
indicates that these two receptor sites undergo conformational changes
that are strongly coupled. '

The data presented in FIG. 4.5a; b; c, indicate that tityus toxin
affects synaptosomes in a manner which would be anticipated from the
information presented above, and the enhancement by veratrine of GABA
and glycine release evoked by tityus toxin from spinal cord / medullary
synaptosomes is predictable. TSE et al., (1980) showed that the release
of prelocaded (U—14C) GABA and glutamate evoked by 1lpM tityus toxin from
cerebrocortical synaptosomes was completely blocked by prior addition
of 15uM TTX. In the present experiments the release of endogenous
aspartate, glutamate, and GABA evoked by 50nM tityus foxin from
cerebrocortical synaptosomes., and glycine and GABA from spinal cofd /
medullary synaptosomes were iﬁcompletely inhibited by prior addition of
1pM TTX. Contrastingly, the evoked release of these amino acids by
veratrine was completely blocked by prior addition of 1mM TTX.
Presumably then, tityus toxin is.also exerting an effect on another
component of the ion channels, or the toxin has an additional action of
blocking transmitter reuptake. Separate experiments (data not. shown)
indicated that uptake of neuroactive amino acids was not modified by -
tityus toxin. -

Returning now to the role of verapamil, it is intriguing to see’
that verapamil inhibited the release evoked by veratrine or tityus-toiin
of aspartéte, glutamate, GABA, and glycine from cerebrocortical and
spinal cord / medullary synaptosomes to the same extent, despite the
fact that not only do veratrine and tityus toxin act on separate
components i,e. site II and site III respectively, of the éctive Na+
but also the degree to which their response is inhibited by TTX is
different for each toxin.

If LEVi et al., (1980) were correct in their assertion that the
release of neuroactive amino acids from thg cytoplasm is elicited by
the depolarising action ( i.e. that the large influx 9f Na+ makes the

nerve ending membrane more permeable to neurotransmitters free in the
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cytoplasm ) of veratrine - and presumably also 6f scorpion venom -
independently of Ca++ , then the question must arise as .to why the
release caused by the two depolarising agents is unequally inhibited
by TTX, yet equally blocked by verapamil. If the hypothesis is '
invoked that Na+ influx caused by the two agents mobilises
intrasynaptosomal Ca++'then clearly the antagonism by verapamil of an
internal Ca++ receptor will block the evoked release to the same

degree for both toxins

The theme of the previous two chapters has been the roles of
ioﬂic channels in nerve celis, and the extent to which these channels
are modulated by administered agents. The information gained as a
consequence of putting the synaptosome preparation to use in this
manner will be called upon again in the proceding chapters which will
investigate the manner in which tremorgenic compounds,and anticonwulsant
compounds that antagonise the in vivo tremor,exert their actions

through modulation of the concepts discussed already.
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CHAPTER FIVE

ACTIONS OF IN VIVd ADMINISTERED TREMORGENIC FUNGAL'

TOXINS ON NEUROTRANSMITIER RELEASE FROM SYNAPTOSOMES.

(1) INTRODUCTION. .
(2)- RESULTS.
1) Tremorgenic and other effects of the mycotoxins.
a) Sheep. '
b) Rats.,
2) Effects of tremorgens on reépiratory rates and potassium content
of rat brain synaptosomes.
3) Effects of tremorgens on amino acid release from rat brain
synaptosomes,
4) Effects of tremorgens on intrasynaptosomal amino acid levels.
5) Effects of tremorgens on amino acid uptakeé by synaptosomes.
6) Recovery of rats from mycotoxin induced tremor.
7) The effect of orally administered Penitrem A mycelium on amino -
acid and dopamine release frbm synaptosomes éubsequenily,prepared
from sheep, '

(3) DISCUSSION,

.
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INTRODUCTION,

Over the past decade, several indolic mycotoxins, metabolites of
both soprophytic and plant parasitic fungi, have been shown to cause
tremor, incoordination, and convulsions. in laboratory and farm animals
(WYLLIE & MOREHOUSE, 1977; COLE et al.,1977; MANTLE et 2al.,1977).

Some tremorgenic mycotoxins are extremely potent, and the possible
involvement of these substances in certain naturally occurring
neurological disorders of animals has been reviewed (MANTLE et al.,
1978), Several pharmacalogical studies on the tremorgens Penitrem A
and'Verruculogen have been published (STERN , 1971; WILSON et al., 1972{
HOTUJAC & STERN , 1974; HOTUJAC etal., 1976; SOBOTKA et al., 1978) ,

and the present study describes biochemical changes in neurotransmission
in animals affected by these tremorgenic mycotoxins.

Of the 15 or so tremorgenic mycotoxihs that have been isolated to
date, four groupings are outstanding based on chemical similarity.

'They are the Penitrem group, the Fumitremorpien - Verrﬁculogen group,
the Paspaline group, and the TryptoQuivaline group. The first two.of
these groups form the basis of-this study. |

The chemical structures of none of the members of the Penitrem
group have been elucidated to date, although Penitrem A was first
reported in the literature in 1968 (WILSON et al., 1968).  These studiés
have been hampered by insufficient amounts of material, %heir'extremely
complex chemical nature, and,the lack of adequate crystals for use in
single crystal eréy diffraction studies.  Penitrem A, however, is_
known to be a chlorine containing metabolite isolated principal%y from

Penicillium cyclopium ', that, with the exception of an indole NH , has

has a fully substituted indole nucleus containing at least 2 - OH groups;
one which readily acetylates and one which does not (CIEGLER et al.,
1976) , and H1 nuclear magnetic resonance and infra red spectra indicate
an H - bonded carbonyl function and at least 5 methyl groups. It has a
molecular formula of C__H, K NO_Cl (WILSON, 1971), Fungi kndwn to

37744 6
produce the Penitrems are P, crustosum, P, palitans, P. puberulum, and

P, cyclopium, all members of the subsection Fasiculata, section

Asymetrica (CIEGLER & PITT , 1970).

There have been several reported cases where fungi capable of
producing Penitrems have been implicated in toxic syndromes of cattle,

horses, and sheep (e.g. WILSON et al., 1968; CIEGLER , 1969).
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. Seven tremorgenic metabolites belonging to the Fumitremorgen -
Verruculogen group have been isolated and idehtified,:including, in
most cases, their stereochemistry. This family of compounds is
characterised by 6 - 0 - methyl indole, one or more mevalonate units,
and a diketopiperazine ring system derived from tryptophan.and proline
or hydroxyproline. Verruculogen, the first reported member of this
group (COLE et al,, 1972) , was originally isolated from a mold

identified as P. verruculossum, but has also been found to be produced

by Aspergillus caespitosus, A. fumigatus, and P, estinogenum.

Verruculogen contains a novel 8 - membered non - endo peroxide ring.

VERRUCULOGEN

Substances preventing.intentional tremor ( penicillamine and
a - methyl DOPA ) have not shown any effect on Penitrem A induced ~
tremor in mice, and high doses of anticholinergic drugs snhanced ihe :
tremor_(STERN, 1971) , pbssibly as a consequence of reduced brain'
acetylcholine. Similarly, chlorophenoxamine, an antihistaminic agent
and anti-Parkinsonism drug enhanced the tremor, while mepyramine, an
antihistaminic drqg inactive against Parkinsonism, was inactive in its
influence on Penitrem A induced tremor. Glycine, GABA, mephenesine,
meprobamate, and diazepam all prevented the tremor (STERN, 1971) , and
these substances are thought to inhibit interneurons in thé spinal cord
(CURTIS & WATKINS, 1965; GOODMAN & GILMAN , 1966; CURTIS et ai., 1968).
Amino-oxyacetic acid, a drug raising brain GABA levels (CURTIS et al.,
1968) by inhibiting GABA transaminase (POPOV & MATTHIES , 1969)
prevented Penitrem A induced tremor in mice. STERN (1971) concluded
that Penitrem A produces tremor by inhibiting the intgrneurons which
inhibit the « - motor cells of the anterior horn.

WILSON et al., (1972) studied the effects of Penitrem A on
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.transmission in rat phrenic nerve - diaphragm p}eparations, where
acetylcholine is the transmitter. They conclﬁded that the tremorgen
may act at pre - and post - junctional sites and thus produce an
increased sensitiQity of the post - junctional membrane and also an
increase in the release of transmitter.. Their observed increase in
miniature end plate potential frequency indicated that the toxin
stimulated or facilitated spontaneous release of acetylcholine, and
the observed increase in amplitude could be due to increased 'packet
size" , or increased sensitivity of the acetylcholine receptor to
normal '"packet sizes" of acetylcholine.
. CYSEWISKI et al., (1975) studied the effects of Penitrem A in

orally dosed calves and observed marked tremor, muscular rigidity,
and tonic - clonic convulsions. Marked increases in concentrations of
plasma lactic acid, pyruvic acid, glucose, and creatine phosphokinase
activity were found coincident with the development of severe tremors.
The changes in lactic and pyruvic acids were explained by a shift to
anaerobic glycolysis in skeletal muscle, and the glucése concentration
increase as a result of 8 - Q‘fold increase in plasma catecholamines,
which are known to have a hyperglycaemic effect. No alterations in
muscles were observed by gross eéamination and light microscopy, and
the increases in ﬁlasma enzyme activities were apparently the result of
leakages of enzymes from muscle in response to the muscular activity.
A direct effect of the toxin on the muscle by increasing the permeability
6f the cell membrane waé not excluded. The only gross tissue changé
Vobserved was an accumulation of lipid content in the liver concom;tant
with depletion of liver glycogen, explained by the release of
catecholamines and other hormones that stimulate lipolysis and

mobilisation of free fatty acids.

In studies on Verruculogen induced tremors in mice and 3 - 7 day old
chicks, HOTUJAC et al., (1976) reported that Verruculogen acted as an
antagonist of GABA function in the CNS, They were able tb.abqlish
Verruculogen induced tremors in chicks with injections of GABA, which
in these animals easily traverses the blood brain barrier. They also
found that brain GABA levels were substantially reduced in mice treated
with the toxin, substantiating the suggestion that Verruculogen induced

tremor is mediated by a loss of inhibitory function. The effects of
Verruculogen on neuromuscular transmission and contractile activity

of directly and indirectly stimulated rat phrenic nerve - hemidiaphragm
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proparations indicate that post - tetanic potentiation is enhanced by
Verruculogen, suggesting a post junctional action, Reduction in
contractile activity resulted from both post junctionaliand musculotropic
inhibitory effects. SOBOTKA et al,, (1978) observed that even at very
high doses of Verruculogen there were no changes in acetylcholine,
noradrenaline, or dopamine levels, or oﬁ écetylcholine esterase activity
in mouse whole brain. '

That the present chapter should concentrate on amino acid
accumulation conseguent upon Vérruculogen and Penitrem A induced tremor
and convulsions is not without precedent in the literature. The roles
of glycine, GABA, and glutamate in particular in tremor and convulsive
symptoms are fairly well substantiated and documented, .

CURTIS & JOHNSTON (1974) have shown that antagonism of the inhibitory
action of glycine explains the convulsive action of strychnine and a
number of alkaloids and other substances of diverse structure.

A convulsant of clinical interest in relation to glycine is the

toxin of Clostridium tetanus, Similarities between the effects of

tetanus toxin and strychnine were first noted by Sherrington and
subsequently the toxin was found to biock strychnine sensitive inhibitions
of spinal moto - neurones. The poisoned neurones were still however '
sensitive to glycine and it has been shown that spinal and supra - spinal
inhibitions mediated by GABA are\also affected , and again the post -
synaptic sensitivity of neurones to this amino_acﬁd is unchanged (CURTIS
& al ., 1973). Tetanus toxin thus appears to have a presynapfic action
at central synapses which release glycine and GABA and such an effect.
can account for ﬁany clinical features. '

Althoggh the dramatic clinical improvements achieved in certain
forms of Parkinsons syndrome by the use of L - DOPA have focussed
attention on the importance of a nigro - striatal pathwéy (LLOYD et al.,
1975) , there is increasing evidence that GABA also has a significant
role as an inhibitory transmitter of interneurones in the extrapyramidal
system. From experiments in cats and rats, GABA appears to be the
transmitter of caudonigral (OKADA, 1976), pallido - nigral (MCGEER &
MCGEER , 1976) ., and caudopallidal pathways (OBATA & YOSHIDA , 1973).
High levels of GABA and GAD occur in the various components of the
human basal gahglia, and in Huntington's chorea, there appears to be
a selective loss of GABA levels with reduced levels of both the amino
acid and the enzyme (MCGEER & MCGEER , 1976; BIRD & IVERSEN , 1974;
URQUHART et al., 1975). In contrast, in Parkinson's disease, although
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GAD ‘levels are reduced, there appears to be no cbrresponding reduction
in either GABA levels or the number of cells in the striatum
(HORNYKIEWICZ et al., 1976), Tne restoration of GAD levels to near
normal values after prolonged therapy with L - DOPA has suggested that
the reduced enzyme levels are secondary to the loss of nigro - striatal
dopamine releasing neurones which results in reduced function of the
GABA éystem. As yet, no therapeutic measures have become available for
.either Parkinson's disease or Huntington's chorea which might influence
GABA synapses.

The convulsant action of benzyl penicillin is of clinical interest
and-antagonism of the inhibitory action of. GABA (CURTIS et al., 1972)
appears to be the best explanation for the effects of this compound
whén administered topically to the cereBral cortex or after massive
systemic doses , especially when blood brain barriers are lowered by
hypoxia. Ampicillin, a derivative of low consulvant potency, is a
very weak GABA antagonist. .

The convulsant action of a number of compounds has been interpreted
in terms. of GAD inhibition. Defective GABA production could account
for convulsions arising from pyridoxine deficiency, as well as for
those which follow administration of pyridoxine anti. - metabolites,
the hydrazides, and other carbonyl trapping agents (TAPIA, 1975).

A number of amino acids of plant and fungal origin are structuraliy
related to glutamic acid, and.also excite neurones (JOHNSTON, 1974).

These include B - N - oxalyl - L - a , B diamino propionic acid, ’

isolated from the seeds of the chick pea Lathyrus sativus; ibotgn;c"

acid, an isoxazole related to muscimol -and isolated from Amanita muscaria;

kainic acid, a pyrrolidone derivative from the seaweed Digenia simplex

and used as an antheimintic; domoic acid, from certain marine algae, and
again with anthelmintic properties (BISCOE et al., 1975) and quisqualic
acid, an ascaricidal from the seeds of the plant genus Quisqualis.
Compounds of this type are convulsants when administeréd'tq youné
~rodents, but not in adults (JOHNSTON«, 1973). Hence, under normal
conditions, blood brain bafriers presumably limit the access of amino
acids such as these to neurones, but under conditions where such
barriers are of lowered effectiveness, convulsant activity might be
expected.

It is the amino acids rather than acetylcholine or the monoamines
which are currently emerging as the compounds of special interest to

epilepsy. Glutamate increases the firing rate of neurones present in



(128 )

cerebellar slices in vitro (OKAMATO & QUASTEL , 1973) , and causes
sharp and massive depolarisation of cells in &erebral cortex slices
(BRADFORD & MCILWAIN, 1966). Small amounts of glutamate introduced
intracerebrally readily cause convulsions (HAYASHI, 1954; HENNECKE &
WEICHERT , 1970) , and even systemically administered glutamate produces
seizures in 10 - day old rats (JOHNSTON , 1973) , and in adult rats at
higher concentrations (BHAGARAN , 1971; BRADFORD & DODD , 1977) , and
and release of glutamate from experimentally produced epileptic foci
has been observed (KOYAMA , 1972; DODD & BRADFORD , 1976) and the
release showed a close correlation with the onset of seizures as
indicated by EEG or muscular hyperactivity. The complementary change
was observed to occur in the epileptic focus produced in cat cortex by .
local freezing and there was a reductioﬁ in glutamate content which
correlated with the time of onset of epileptiform EEG activity (BERL

et al.,, 1959),

With these fairly well defined roles for neuroactive amino acids
in mind, and also the previous literature mentioned a$ove, describing
interactions between the tremorgenic mycotdxins and amino acids, the
experiments to be described in the following section were performed
to investigate whether, subsequent to administration of the mycotoxins
to animals, the pérameters which have been discussed in previous chapters
were altered in a way that might-assist in the formulation of a |

biochemical expla nation for the observed disorder.



(129 )

RESULTS.

1) Tremorgenic and other effects of the mycotoxins.’
a) Sheep, |

Three sheep at the Royal Veterinary College Field Centre wefe
dosed by stomach tube with aqueous suspensions of P. cylopium mycelium
confﬁining Penitrem A, initially daily with 450mg (equivalent to
approximately 15mg Penitrem A), and then as required to maintain a
coﬁstant level of general tremoring. The treatment periods were 50,
51, and 52 days; and the number of doses 37, 38, and 43; and total
Penitrem A 515, 580, and 650mg respectively. Tremors of the head were
the first signs of an effect, followed by more generalised body tremors
associated with incoordination, hind lég abduction, and a staggering
gait, When made to run, the sheep showed the typical unison action
of the hind limbs and eventually collapsed on most occassions. After
a few minutes they would regain their feet and walk awayvsomewhat .
improved, Stress, such as being forced to run, alwayé exacerbated the
degree of tremor. The doses were regulated So that prot:acted
recumbency was not a feature. ‘ _

Tremoring was well established in all sheep after three doses of
Penitrem A, althodgh a variation in the speed of response was seen
which was not related to body weight. When not disturbed, sheep
continued to eat readily and they maintained body weight despite the
severe whole body tremoring and occassional convulsions which were ~
elicited. Body temperature was not found to vary. Subsequent to
culling, gross observation and light microscopy of samples of most
tissues showed no changes in character from sheep dosed with water
alone. A

b) Rats,

Aqueous suspensions of P. estinogenum containing Verruculogen were

administered to female (250g) Sprague Dawley rats by the‘intrapéritoneal
“route (80 - 800mg mycelium / kg). Characteristically, neufothic doses
induced a sequence of hypef - responsiveness to stimuli (eyes closed,
ears pinned back, and occassional vocalisation), general immobility,

and a whole body tremor best described as an ‘'intention' tremor, since

" it generally occurred when the animals moved. The rear legs were
splayed outwards and backwards. Tremor occurred with;n 5 -~ 30min.

following injection and subsided within 4 - Sh. at doses of between
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80 - 500mg mycelium / kg. At the highest doses of Verruculogen, most of
the rats exhibited intermittent bilateral clonic - tonic seizures that
terminated in death within two hours. At the lower doses of Verruculogen,
convulsions occurred rarely and for short periods, and mortalities
were not observed. | | )

Penitrem A administered in the same fashion to rats at doses of
0.15 - 2mg / kg for pure toxin, and 80 - 500mg / kg for Penitrem A -

containing mycelium (P. cyclopium) induced a similar pattern of response

to that described above for Verruculogen although the symptoms were
additionally characterised by a rigid outstretched tail which either
lay.flat on the cage base, or rose in the air. However, at higher
doses of Penitrem A (above 500mg mycelium / kg) seizures were seen less
often, and these rarely resulted in death.

Application of several crystals of Penitrem A to the sensorimotor’
cortex of rats exposed at one side resulted in contra - lateral body
tremor within half an hour of the animal recovering from the nitrous .
oxide anaesthesia. Within 1 - 2h. this tremor spread'to the ipsilateral
side, perhaps as a consequence either of Penitrem A reaching the biood
stream in sufficient concentrétions, or by diffusion over the surface

of the cortex.
Effects of tremorgens on aspects.of central nervous system biochemistr&.

The data presented in the proceding sections of this chapter were
obtained from synaptosomes which were prepared from animals (rats or
sheep as apprqpriate) which were dosed with Verruculogen or Penitrém A
prior to culling. Rats were in most cases injected intra - peritoneally
with 400mg mycelium'/ kg. unless otherwise specified, and were culled
at aboﬁt 45min. subsequent to onset of tremor, as described in METHODS.
The sheep data were obtained from those animals described in a previous
sections of this chapter. ’ '

Data obtained from experiments made under conditions 6f in vitro

application of toxins are described in the following chapter.

2) Effects of tremorgens on respiratory rates and potassium content of

rat synaptosomes,

Following in vivo administration of the mycotoxins, synaptosomes

which were prepared from cerebral cortex were incubated in Krebs -
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DATA LEGEND,

RE : TABLE 5.1, , | ,

RESPIRATION AND POTASSIUM CONTENT OF RAT CEREBROCORTICAL AND SPINAL /
MEDULLARY SYNAPTOSOMES PREPARED FROM ANIMALS PREVIOUSLY DOSED WITH
MYCOTOXINS,

‘Synaptosomes prepared froﬁ rats previously injected intra -
peritoneally with 400mg / kg mycelial mycotoxin were incubated in
‘Krebs phosphate medium containing 10mM glucose in Warburg respirometer
vessels at 37'C. Stimulation began at 35min., and lasted 1Omin..
Veratrine was added to a final concentration of 75uM where appropriate.
Subsequent to incubation, the synaptosomal pellef, obtained by
sedimentation of the suspension in a bench top ultracentrifuge, was
extracted with acidified methanol, which was taken to dryness, The
solute was dissolved in an appropriate volume of 0.025M HCl. This
extract was analysed for potassium by means of a flame photometer,

The values presented here were obtained from 51x or more experiments
and represent the mean value + SEM. No determinations were made in
those instances labelled nd. The respiration data obtained from

synaptosomes prepared from rats dosed with Penicillium estinogenum

mycelia were from'only two experiments,



TABLE 5.1

RESPIRATION AND POTASSIUM CONTENT OF RAT CEREBROCORTICAL AND SPINAL CORD / _MEDULLARY SYNAPTOSOMES PREPARED FRdM

ANIMALS PREVIOUSLY DOSED WITH THE TREMORGENIC MYCOTOXINS PENITREM A (P. CYCLOPIUM) AND VERRUCULOGEN (P, ESTINOGENUM)

UNTREATED

CEREBROCORTICAL

SPINAL / MEDULLARY
P. CYCLOPIUM

. CEREBROCORTICAL

.

SPINAL / MEDULLARY

P, ESTINOGENUM

CEREBROCORTICAL

SPINAL / MEDULLARY

28

22

27

22

22

CONTROL

1+

I+

I+

I+

1+

POTASSIUM CONTENT

(p.equiv.K+ / 100mg protein)

STIMULATED

16

16

18

15

17

16

14

1+

1+

1+

RESPIRATION

(pmol.o2 / 100mg protein / h.)

CONTROL

STIMULATED

121.7 + 12

126 (2)

( zet )
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phosphate medium containing 10mM glucose. They showed linear rates of
respiration over at least 60min. In the presence of depolarising
concéntrations of veratrine (75uM) , there was a significant increase
in oxygen uptake and in lactate production. The effect of veratrine
was to cause an increase (161%) in oxygen taken up in control
synaptosomes. The respiratory rates of synaptosomes prepafed from
animals injected with Penitrem A or Verruculogen were increased by a
small, but significant amount, and by 81% and 94% respectively by
veratrine addition.

Potassium loss during verdtrine stimulation was extensive,
élthough no significant differences were observed cerebrocortical
synaptosomes prepared from control or tremorgen treated animals.
Similar results were obtained from spinal cord / medullary

synaptosomes (TABLE 5.1)
3) Effects of tremorgens on amino acid release from synaptosomes.

Penitrem A (pure toxin for three experiments, remainder with

mycelium) administered to rats increased the release of endogenous

glutamate (213%), GABA (455%), and aspartate (277%) from cerebrocortical

synaptosomes subsequently prepared‘and incubated (FIG. 5.1), but was
without effect on these or other amino acids in spinal cord / medulla
synaptosomes (FIG. 5.2), Verruculogen given in an amount designed to
elicit a similar degree of tremoring produced (in cerebrocortical
synaptosomes) a much larger increase in glutamate (1300%), and »
aspartate, but was apparently without effect on GABA (FIG. 5.3).

The other nine amino acids measured were not changed by these
treatments, and values for alanine, threonine, and serine are included
(FI1G, 5.1 - 5.3) as representative of this group.

The effect of Verruculogen administered to rats on amino acids
release from spinal cord / medullary and cereballa s&naptosomés
subsequently prepared is illustrated in FIG. 5.4 ; 5.5.. .

Administration in vivo of these two agents also affected the
extent of any further release of neuroactive amino acids induced by
the depolarising agent veratrine (75uM) (i.e. the depolarisation
induced signal). Thus Penitrem A caused a reduction in the stimulated
release signal of putative amino acid transmitters pompared with
cerebrocortical synaptosomes prepared from control animals, The

glutamate signal was reduced by 33%, and those of aspartate and GABA
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SYNAPTOSOMES WERE SEDIMENTED IN A BENCH ULTRACENTRIFUGE AND THE CLEAR SUPERNATANT WAS PURIFIED AN
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by 46% and 11% respectively., ihese reductions in the effectiveness
of veratrine to reiéase transmitters must be seen in the light of the
considerable increases in the background release of these compounds

- caused bj the administration of Penitrem A prior to yhe addition of
veratrine (FIG., 5.1) .

Somewhat different results were obtained when the amino acid
release from spinal cord / medullary. synaptosomes was measﬁred subsequent
to the animals being doses With Penitrem A, For this preparation, the
background levels of amino acid release from synaptosomes prepared from
Penitrem A treated rats was similar fo those for synaptosomes prepared
from control animals., However, on addition of veratrine, the stimulus
induced release of glycine and GABA was reduced by 67% and 32%
respectively when compared with the signai obtained from control
animai synaptosomes (FIG, 5.2)

Cerebrocortical synaptosomes prepared from animals injected with
Verruculogen were found to produce high iévels of glutamate and
aspartate in the incubation medium as coﬁpared with those produced by

control synaptosomes (FIG. 5.3). iqﬁthis‘case, however, the additional

B

amounts of transmitter amino acids péleased by veratrine stimulation

remained‘approximately equivalent td’%hose produced by'veratrine in
synaptosomes from rats not treated with the mycotoxin (FIG. 5.3).

FIG. 5.4 illustrated the results obtained from release studies on
synaptosomes preparéd from the spinal cord / medulla of rats treatéd
with Verruculogen. It was observed that there was no significant
difference between either spontaneous or stimulus evoked amino acid
‘releése from synaptosomes prepared from aqimals previously dosed with
Verruculogen, and those animals dosed with water. FIG. 5.5 provides
similar information for rat cereballa synaptosomes, which were prehafed
'by the s;me procedure as for spinal cord / medullary synaptosomes. In
this region, however, it was found that the evoked release of GABA was
reduced by approximately 50% subsequent to Verruculogen pretreatment
of rats,

"The data contained in FIG. 5.6 ~-Sha$ = the TTX and verapamil
(200pM) dependency of the increased.background aspartate and glutamate
medium levels found in cerebrocortical synaptosomes prepared from rats
dosed with Verruculogen. TIX (1lpM) reduced these levels by 56% for
both aspartate and glutate, and verapamil reduced the elevated background
levels down to those observed for cerebrocortical>synaptosomes prepared

from control animals (FIG. 5.6). Calcium - free medium alone, or
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F1G,3. EFFECT OF P.ESTINOGEN (VERRUCULOGEN) ADMINISTERED IN VIVO (QUO_MG/KG)>0N AMING ACID RELEASE BY

RAT CEREBROCORTICAL SYNAPTOSOMES.  SYNAPTOSOMES WERE INCUBATED AT 37°C IN KREBS-PHOSPHATE MEDIUM
CONTAINING 10 mM GLUCOSE FOR 45 MIN., THE LAST 10 MIN. OF INCUBATION BEING IN THE PRESENCE OF VERATRINE,

T0 A FINAL CONCENTRATION OF 75 wm, WHERE APPROPRIATE.  SUBSEQUENT TO INCUBATION, THE SYNAPTOSOMES

WERE SEDIMENTED IN A BENCH ULTRACENTRIFUGE AND THE CLEAR SUPERNATANT WAS PURIFIED AND ANALYSED EMPLOYING

AN AMINO ACID ANALYSER.  HISTOBARS REPRESENTING VALUES OBTAINED FROM UNTREATED RATS (U) AND DOSED RATS (D)
ARE THE MEANS & S.E.M. FOR SIX OR MORE EXPERIMENTS.  THE BLACKED PORTION OF EACH BAR INDICATES THE

VALUE OBTAINED FOR AMINO ACID RELEASE TO THE INCUBATION MEDIUM IN THE ABSENCE OF VERATRINE, AND THE

WHITE PORTION, THE VALUE OBTAINED IN THE PRESENCE OF THE DEPOLARISING AGENT,
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EIG.4,  EFFECT OF P. ESTINOGENUM (VERRUCULOGEN) ADMINISTERED IN VIVO (400 me/ke) ON AMINO ACID RELEASE

BY RAT SPINAL CORD/MEDULLARY SYNAPTOSOMES. SYNAPTOSOMES WERE INCUBATED AT 37°C IN KREBS-PHOSPHATE KEDIUM
CONTAINING 10 MM GLUCOSE FOR 45 MIN., THE LAST 10 MIN. BEING IN THE PRESENCE OF VERATRINE, TO A FINAL

- CONCENTRATION OF 75 wm, WHERE APPROPRIATE.  SUBSEQUENT TO INCUBATION, THE SYNAPTOSOMES WERE SEDIMENTED

IN A BENCH CENTRIFUGE AND THE CLEAR SUPERNATANT WAS PURIFIED AND ANALYSED EMPLOYING AN AMINO ACID

ANALYSER, HISTOBARS REPRESENTING VALUES OBTAINED FROM UNTREATED RATS (U) AND DOSED RATS (D) ARE THE MEANS _
+ S,E.M, FOR SIX OR MORE EXPERIMENTS,  THE BLACKED PORTION OF EACH BAR INDICATES THE VALUE OBTAINED FOR
AMINO ACID RELEASE TO THE INCUBATION MEDIUM IN THE ABSENCE OF VERATRINE, AND THE WHITE PORTION, THE VALUE

OBTAINED IN THE PRESENCE OF THE DEPOLARISING AGENT,
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FI6,5.  EFFECT OF P, ESTINOGENUM (VERRUCULOGEN) ADMINISTERED IN VIVO (400 mo/ke) ON AMINO ACID RELEASE
BY RAT  CEREBELLAR SYNAPTOSOMES. SYNAPTOSOMES WERE INCUBATED AT 37°C IN KREBS-PHOSPHATE MEDIUM
CONTAINING 10 MM GLUCOSE FOR 45 MIN., THE LAST 10 MIN, BEING IN THE PRESENCE OF VERATRINE, TO A FIMAL
CONCENTRATION OF 75 wm, WHERE APPROPRIATE.  SUBSEQUENT TO INCUBATION, THE SYNAPTOSOMES WERE SEDIMENTED
IN"A BENCH CENTRIFUGE AND THE CLEAR SUPERNATANT WAS PURIFIED AND ANALYSED EMPLOYING AN AMINO ACID
ANALYSER. HISTOBARS REPRESENTING VALUES OBTAINED FROM UNTREATED RATS (U) AND DOSED RATS (D) ARE THE MEANS |
+ S.E.M, FOR SIX OR MORE EXPERIMENTS.  THE BLACKED PORTION OF EACH BAR INDICATES THE VALUE OBTAINED FOR
AMINO ACID RELEASE TO THE INCUBATION MEDIUM IN THE ABSENCE OF VERATRINE, AND THE WHITE PORTION, THE VALUE

OBTAINED IN THE PRESENCE OF THE DEPOLARISING AGENT.
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DATA LEGEND.

RE : FIG, 5.6.

THE EFFECT OF TTX AND VERAPAMIL ON THE RELEASE OF AMINO ACIDS FROM
SYNAPTOSOMES SUBSEQUENT TO THE ADMINISTRATION OF VERRUCULOGEN TO RATS,

Cerebrocortical synaptosomes were‘prepared from rdts'previously
injected intra - peritoneally with Verruculogen (400mg mycelium / kg).
Synaptosomes were suspended in Krebs phosphate medium (Ca++- free),
at 3mg / ml., in 5ml conical flasks on a shaking waterbath at 37'C,
Incubation was for a total of 30Omin. and in the presenée of 1pM TTX
or 200pM Verapamil as appropriate,

At the end of the experiment, the sdspensions were sedimented in
a bench top ultracentrifuge. The supernatants weré taken to drynesé
and extracted with methanol. Aliquots were taken in O,025M HC1 for
amino acid autoanalysis., Amino acid levels measured in the incubation
fluid are expressed as nmol / 100mg synaptosomal protein, the latter
being measured by means of the Folin reagent.

Histobars represeht data obtained from six experiments, and are

the means + SEM.
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calcium - free medium plus O.5mM EGTA did not influence the elevated
background accumula%ion of amino acids as ; consequence of Verruculogen
administration. The accumulations of threonine, sefine, glycine, and
alanine levels are illustrated as an example of the lack of any effects

of these treatments on non - neuroactive amino acids.
4) Effects of the tremorgens on intrasynaptosomal amino acid levels.

Measurement.of the total amino acid content of cerebrocortical
and spinal cord / medullary synaptésomes prepared from rats treated
with Penitrem A in vivo as the mycelium (TABLE 5.2), and of
cerebrocortical, spinal cord / medullary, and cerebellar synaptosomes
prepared from rats treated with Verrucdlogen administered in vivo as
the mycelium (TABLE 5.3), did not produce a detectable lowering of the
tissue content of these compounds with the exception of cerebellar‘
synaptosomes, which exhibited a significﬁht lowering in their content
of GABA. The cerebrocortical and s@énal cord / medullary tissue data

were observed in spite of the action;of the tremorgenic mycotoxins in

releasing glutamate and aspartate td%ihe incubation medium. However,
as the additiohal amounts of these amino acids released were of the
same.ofder of magnitude to the S,E.M. values for the mean tissue
contents, then detecting a significant decremént or more possibly

an elevation in the tissue contents would be difficult (the former
particularly so, if.any substantial re - synthesis of the amino acids
occurred following their loss to the medium). It is worfhy of note,
however, that the content of GABA is not reduced in cerebrocortical
synaptosomes preparéd from rats treated with Penitrem A or Vérruculogen,
and consequently diminished GABA contents cannot explainAthe lack of
a releasing effect for this amino acid. It is nevertheless possible
that an interference with the distribution of GABA between releasable

and non - releasable pools may occur.

5) Effects of tremorgens on amino acid uptake by synaptosomes.,

Since it was conceivable that the extrasynaptosomal aspartate and
glutamate accumulation from cerebrocortical synaptosomes prepared from

rats injected with the mycotoxins could have been due to an inhibition

of re - uptake by the tremorgens of these amino acids, the high affinity
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DATA LEGEND.

RE : TABLE 5.2, 5.3.- \

THE EFFECT OF TREMORGENIC MYCOTOXINS ON INTRASYNAPTOSOMAL AMINO ACID
CONTENTS. .

Cerebrocortical and spinal cord /medullary synaptosomes were
prepared from rats previously injected intraperitoneally with Penitrem A
mycelia (400mg /kg), TABLE 5.2, and cérebrocortical, spinal cord /
medullary, and cerebellar synaptosomes were.prepared from rats
previously dosed with Verruculogen mycelia (400mg / kg), TABLE 5.3.
‘Synaptosomes were suspended in Krebs phosphate medium in 5ml conical
flasks in a shaking waterbath at 37'C. Incubation lasted for a total 6f
30min, the last 1Omin. being in the presence of veratrine (75pM) as
appropriate.

At the end of the experiment, the éuspensions were sedimented in a
bench top ultracentrifuge. The synaptosomal pellets were extracted with
acidified methanol, which was taken to dry;ess. Aliquots were taken in
0.025M HCl for amino acid autoanaiysié. Péllet protein was measured

by means of the Folin reagent.

All data are expressed as nmol amino acid / 100mg protein, and are

the mean + SEM for six experiments.



TABLE 5.2

THE EFFECT OF PENITREM A (P. CYCLOPIUM) ON INTRASYNAPTOSOMAL AMINO ACID CONTENT.

CEREBROCORTICAL

CONTROL (U)

STIMULATED (U)

CONTROL (D)

STIMULATED (D)

ASPARTATE

2791

1021
2640

1135

SPINAL / MEDULLARY

CONTROL (U)

STIMULATED (U)

CONTROL (D)

STIMULATED (D)

2638

1869

2593

1355

1+

588

159

600

207

205

195

299

180

THREONINE

159

144
164

122

418

349

316

+ 14

+ 13
+ 28

+ 12

+ 66

63

Y

283 + 28

SER INE

471

508

329

311

962

502

639

I+

L I+

I+

1+

1+

84

13

34

59

151

116

46

702 + 76

4143

2507

2140

1775

1934

1995

. GLUTAMATE

+ 673

+ 292

+ 1790

+ 408.-

+ 231

+ 165

+ 379

+ 523

GLYCINE

962 + 40

576 + 109
916 + 108

433 + 72

2117 + 222

1605 + 246

2719 + 477

1895 + 579

ALANINE

617

597

779

398

620

527

589

549

1+

t+

49

96
130

72

99
66
106

105

"

1124 + 146

405 + 44

1343 + 233

450 + 77

1514 + 270

1033 + 119

1363 + 253

1109 + 280

( ¥91 )
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TABLE 5.3 '

THE EFFECT OF VERRUCULOGEN (P. ESTINOGENUM) ON INTRASYNAPTOSOMAL AMINO ACID CONTENT.

ASPARTATE THREONINE SERINE GLUTAMATE GLYCINE ALANINE GABA
CEREBROCORTICAL
CONTROL 4340 + 840 340 + 72 621 + 73 7124 + 1146 615 + 59 1138 + 174 1684 + 131

VERRUCULOGEN 4179 + 496 240 + 54 548 + 89 7453 + 938 533 + 96 942 + 157 1864 + 192

SPINAL / MEDULLARY

CONTROL 3255 + 728 268 + 39 660 + 77 3549 + 799 3424 + 691 940 + 183 2469 + 423

VERRUCULOGEN 2519 + 643 365 + 72 545 + 101 3890 + 753 2744 + 580 1006 + 127 1888 + 397
CEREBULLUM
CONTROL 3006 + 1987 216 + 145 477 + 164 4622 + 1219 490 + 157 739 + 119 2261 + 540
VERRUCULOGEN 1164 + 1340 302 + 157 ~ 427 + 184

- : ' 2604 + 1890 507 + 167 575+ 98 597 + 130

( ST )
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uptake rates of (U - 14C) glutamate and also of (U - 14C) GABA were
studied (data not shown) over lmin, time periods, during which time
significant re - release of radio -~ label would not be expected to
occur, There was no significant difference between the uptakes of
v - 14C) glutamate or (U - 14C) aspartate by synaptosomes prepared

from predosed or untreated animals,
6) Recovery of rats from mycotoxin induced tremor.

At the doses of tremorgens administered to rats in these exoeriments,
the time taken for them to lose all signs qf tremor varied between four
and six hours. When rats were allowed to recover in this manner, and
were then sacrificed, the amino acid accumulation in the incubation
fluid of cerebrocortical synaptosomes subsequently prepared was not
' significantly -different from the amino acid profiles observed for
control rats (data not shown), Consequently, it may be anticipated
that the amino acid accumulations as a result of mycotbxin administration
were intimately associated with the observed tremor, and that the
dysfunction of releasing mechanisms correlated with the time during

which tremoring was apparent.

7) The effect of orally administered Penitrem A mycelium on amino acid
and dopamine release from synaptosomes subsequently prepared from sheep..
Synaptosomes prepared from the corpus striatum of sheep dosed
orally over a period of several weeks with Penitrem A, when incubated
in Krebs - phosphate medium containing 10mM glucose showed (FIG. 7) an
increase in the background levels of aspartate (68%), glutamate (62%),

and GABA (100%). In the cases of aspartate and glutamate, these
increases were sufficiently large that 75uM veratrine administration
did not release any further quantities amino acids. However, the'
veratrine stimulated GABA signal was not significantly chaﬁged by the
pretreatment from veratrine stimulated signals obtained from cbntrol
animal signals. - '

The spontaneous and stimulus induced release of dopamine from
synaptosomes of sheep corpus striatum were measured (FIG, 5.7), employing
preparations from contrql and Penitrem A treated sheep. There was found
to be no signifiéant difference in the extent of dopaﬁﬁne release by the

separate synaptosome preparations.



F16.7. EFFECT OF P.CYCLOPIUM (PENITREM A) ADMINISTERED IN YIVO TO SHEEP, ON AMING ACID AND DOPAMINE
RELEASE BY SHEEP CORPUS STRIATUM SYNAPTOSOMES SUBSEQUENTLY PREPARED. AMINO ACID RELEASE WAS MEASURED
FROM SYNAPTOSOMES INCUBATED AT 379C IN KREBS-PHOSPHATE MEDIUM CONTAINING 10 MM GLUCOSE FOR 30 MIN., THE
LAST 10 MIN. OF INCUBATION BEING IN THE PRESENCE OF VERATRINE, TO A FINAL CONCENTRATION OF 75 wh,
WHERE APPROPRIATE. '

DOPAMINE RELEASE WAS MEASURED FROM SYNAPTOSOMES INCUBATED AT 37°C IN KREBS-PHOSPHATE MEDIUM
CONTAINING 10 mM GLUCOSE, 1.8 mM L-ASCORBATE, 0,54 MM NIALAMIDE, AND 10 ws L- U-'%C -TYROSINE
(513 mCi/mmoL) FOR 30 MIN., THE LAST 10 MIN. OF INCUBATION BEING IN THE PRESENCE OF THE DEPOLARISING AGENT,
TO A FINAL CONCENTRATION OF 75 wm, WHERE APPROPRIATE.

i AT THE END OF INCUBATION, BOTH EXPERIMENTAL GROUPS WERE SEDIMENTED AT ROOM TEMPERATURE IN A

BENCH ULTRACENTRIFUGE, AND THE CLEAR SUPERNATANTS WERE ANALYSED FOR AMINO ACIDS OR DOPAMINE AS APPROPRIATE.
* THE AMINO ACID SAMPLES WERE PURIFIED AND ANALYSED EMPLOYING AN AMINO ACID ANALYSER.  THE DOPAMINE SAMPLES
WERE EXTRACTED WITH PERCHLORIC ACID (FINAL CONC. G.4 M) CONTAINING SODIUM METABISULPHITE (15 M), CARRIER
DOPAMINE (0.5 smoL) AND INTERNAL STANDARDS OF L- i-14C -VALINE (7.5-12.5 nC1) AND NORLEUCINE (30-100 nmoL).
THE EXTRACTS WERE FRACTIONATED AND ANALYSED.

HISTOBARS REPRESENTING VALUES OBTAINED FROM UNTREATED SHEEP (U) AND DOSED SHEEP (D) ARE THE MEANS
+ S,E.M. FOR THREE SHEEP IN EACH CLASS. THE BLACKED PORTION OF EACH BAR INDICATES THE VALUE OBTAIHED FOR
RELEASE TO THE INCUBATION MEDIUM IN THE ABSENCE OF VERATRINE, AND THE WHITE PCRTION, THE VALUE CBTAINED IN
THE PRESENCE. OF THE DEPOLARISING AGENT,

LT )
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Incubations of sheep spinal cord /medullary synaptosomes were
performed in both K;ebs - phosphate and Krebs - bicarbonate media, and
satisfactory results in that glycine and_GABA release were evoked by
vératriné.administration, were found only in the latter. The data
presented in FIG, 8 for amino acid release from spinal cord / medullary
synaptosomes prepared from Penitrem A treated sheep are ndtable only in
that background glycine levels were decreased. The data was obtained
from only one sheep, and is the mean of results obtained from incubations
berformed in triplicate. Similarly unfortunate incubations of sheep
~ cerebrocortical synaptosomes yielded no infarmation of any validity
to further a comprehension of amino acid accumulations as a consequence
of Penitrem A administration to sheep. Possible reasons for this

lack of success have been discussed in a previous chapter.
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FIG 8. EFFECT OF P.CYCLOPIUM (PENITREM A) ADMINISTERED INVIVO (SHEEP) ON AMIND ACID RELEASE BY
SPINAL/MEDULLA ~ SYNAPTOSOMES.  SYNAPTOSOMES WERE INCUBATED AT 37°C IN KREBS-PHOSPHATE MEDIUM
CONTAINING 10 mM GLUCOSE FOR 45 MIN., THE LAST 10 MIN. OF INCUBATION BEING IN THE PRESENCE OF VERATRINE,
TO A FINAL CONCENTRATION OF 75 wm, WHERE APPROPRIATE,  SUBSEQUENT TO INCUBATION, THE SYNAPTOSOMES

WERE SEDIMENTED IN A BENCH ULTRACENTRIFUGE AND THE CLEAR SUPERNATANT WAS PURIFIED AND ANALYSED EMPLOYING
AN AMINO ACID ANALYSER.  HISTOBARS REPRESENTING VALUES OBTAINED FROM UNTREATED RATS (U) AND DOSED

RATS (D) ARE THE MEANS + S.E.M. FOR THREE INCUBATIONS, = THE BLACKED PORTION OF EACH BAR INDICATES
THE VALUE OBTAINED FOR AMINO ACID RELEASE TO THE INCUBATION MEDIUM IN THE ABSENCE OF VERATRINE, AND THE
WHITE PORTION, THE VALUE OBTAINED IN THE PRESENCE OF THE DEPOLARISING AGENT, :
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DISCUSSION.
(.

No consistent changes could be detected by light microscopy in the
structure of neural tissue taken from man& brain regions of sheep
previously chronically dosed with Penitrem A and showing severe symptoms
of tremor over an 8- week period. As these same shegp were used in
the present- studies, this sugggests that the primary site of ﬁction of
the tremorgens is at the biochemical level and even over iong periods
is not reflected at the histological level. Thus, studies at the
neurochemical level are most likely to provide a description of the
‘mode of action of these agents.

Previous studies have provided evidence that central amino acid
transﬁ;tter systems may be afﬁépcted by-the fungal mycotoxins Penitremn
A and Verruculogen (STERNet al., 1971; HOTUJAC et al., 1974; 1976),
and an action on periphal cholinergic s&napées was indicated by the
enhancement by Verruculogen of miniature éhd plate potential frequency
and post-tetanic potentiation in a phrenlc nerve-diaphragm perparation.
Mechanisms of action involving central dopaminergic, nor-adrenergic,
or cholinergic transmitter systems seem to be unlikely since both
'mycotoxins administered at high doses were without influence on the
levels of catecholamines and had no effect on acetylcholinesterase
activity (SOBOTKA et al., 1978; WILSON;=1971;,WILSON et al., 1972),

The results reported herg support a mechanism in whicﬁ a primary |
site of action of both Penitrem A and Verruculogen is presynaptic
- and involves central synapses operated by amino. acid transmitters.
'Since'the total contents of amino acid transmitters were unchanged
in synaptosdmés from tremoring animals, interference with transmitter
synthesis seems én unlikely mode of action. This question is, howevéf,
of.particﬁlar importance, especially in respect of the data obtained
for intra-cerebellar synaptosomal GABA levels. A knowledge of the
distribution and compartmentation of amino acids in brain.tissue at
the subcellular level and the effect of drugs on this distribution are
critical to a complete understanding of the roles of neuroactive amino
acids in brain. Unfortunately, real .or putative technical difficulties
have hindered resgarch in this area. Specifically, it has Been claimed
that fhe observed distribution of GABA after subcellular fractionation
does not reflect the in.vivo situation, due to the loss of, for insténce,
GABA from the organelles during either the homogenisation process or

centrifugation procedures, or due to the extensive redistribution of
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+

GABA during fractionation (NEAL & IVERSON, 1969; TACHIKA et al, 1972)"
Synaptosomes from sheep corpus striatum showed effects of the
mycotoxin on amino acid transmitters but none on dopamine synthesis or
release, indicating that the mycotoxins show some degree of specificity
in their action. |
Al though both mycotoxins had an action specifically on amino acid
transmitters rather than other other amino acids, the qualitative
differences in their acfions are sufficient to indicate differences
in their precise mechanisms of actian. Thds, whilst Penitrem‘A
pretreatment increased the release of_tranémitter amino acids from
* incubated synaptosomes, it reduced the release signal due to veratrine.
This reduction was particularly well illustrated in the sheep corpus '
striatum, This reduction does not appear to bé related to the high
background amino acid levels in the incﬁbation medium caused by the
mycotoxin, since a similar reduction iﬁ‘the veratrine induced signal
occurred with spinal cord / medullary syqaptosomes, where, interestingly,
no such background release was evoked. '

Verruculogen, on the other handj produced high background levels

of transmitter amino acids from cortfcal synaptosomes without causing
~a reduction in the signal due to aﬂdéd veratrine. Thus, whilst both
agents showed the capacity to cause specific accumulation of
'tranémitter amino acids in the incubation medium, only Penitrem A
modified the amplitude of the veratrine-induced signal. As no effect
of the two toxins on (U -lgc ) glutamate or (U —140 ) GABA uptake
could be demonstrated, it is unlikely that the increases»in background
levels in the medium are due to inhibition of amino acid transmitter
uptake. Instead, a direct enhancement of release is 1ndlcated

The low level of intrasynaptosomal GABA in synaptosomes prepared
from the ‘cerebella of Verruculogen dosed animals is intriguing. . There
is no evidence to indicate that GABA synthesis or metabolism in the
cerebellum (although for example, two multimolecular forms of GABA-T
exist (TARDY et al., 1976))is any different from other bfain regions,
and the low levels found here are inconsistent with the unchanged
levels observed for the other brain regions studied. The response to
veratrine stimulation, although perﬁéps smaller than might have been
expected, was unchanged from the release observed in control cerebellar
synaptdsomes; HOTUJAC et al., (1976) reported that Verruculogen
behaves as a GABA antagonist in the CNS and that whéle brain GABA

levels are substantially reduced in mice treated with the toxin.

C.erebellar synaptosomes exhibit fairly low levels of respiratdon in
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suspeﬁsion (data not shown), and the respiration rate does not increase
on vératrine stimulation, It would thus seem plausible that cerebellar
synaptosomes prepared by the methods used here do not perform as '
satisfactorily as cerebral cortical synaptosomes for example, as in
vitro aids to the study of nerve terminal action in situ. Nevertheless,
the low level of GABA observed is of:igreat importance. GABA is an
inhib{fory transmitter feleased on to granule cells from Golgi axon
terminals (BISTI et al., 1971), and golgi cells readily accumulate
radiolabelled GABA (HOkFELT'& LJUNGDAHL, 1972). GABA is likelly to be an
inhibitory transmitter on those basket and golgi cells which receive
collaterals from Purkinje axons, and is the transmitter released onto
Purkinje cells from basket and stellate axéns. (e.g, CURTIS et 31.,
1970; BISH et al., 1971). Consequently, any disturbance of GABA levels
in this brain region is likely to result in severe dysfunction of

these neural pathways, particularly in respect of the well known
function of tﬁe cerebellum enabling smooth, coordinated, effective
locomotor responses to occur.

The data obtained for dopamine release from sheep corpus striatum
is in agreement with the work of STERN, (1971) who demonstrated that y-
hydroxy butyrate, an agent increasing brain dopémine levels, and also -
L—dopa} the dopamine precursor, were without an effect on Penitrem A
induced tumou:. Similarly, o-methyl-m-tyrosine, which selectively
depletes dopamine levels, was without any effect; ‘and conséqugntly it
may be anticipated that there is no similarity between Penitrem A i
induced tremof and Parkinsonian tremor with respect to biochemical
changes in thé corpus striatum,

The unfortunate fact that both Penitrem A and Verrucu&oéen lose
their bioloéical aétivity with storage in terms of tremor observed .
subsequent to adminstration and also the biochemical changes observed
concomitant with this tremor, whether the tremorgens are stored as the
mycelium or as the purified compounds at 4°C and even at -20°C, has
hindered the study of any effects of the mycotoxins on sefotonin,
another indole compound, accumulation in synaptosomes. Clearly such a
study is-highly.relvant to the problem, and data will be éollected in
the future. Activity loss ﬁroblems have also prevented the study of
the dependency of amino acid: accumulation upon TTX and verapamil in
synaptosomes prepared_from animals injected with Penitrpem A. Such a
correlation with Verruculogen is of great importance when the actions of

the mycotoxins are compared and contrasted. This question will also be

resolved in the future,
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The small eleyation in reéﬁiration of synaptosomes prepared from
rats previously injécted with one of the two mycotoxins, and the
absence of any loss of potassium from these synaptosomes are intriguing
wﬁen it iévéonsidered that the subsequénf amino acid accumulation in
the medium of synaptosome suspensioné is to some extent TTX &ependent,
and totally verapamil dependent (at least for Verruculogen). These data
corroborate the findings that the mycotoxins do not influence the
gptake of transmitter amino acids, and thﬁy their action is'specifically
one of release effecting. .

Since the amino acid accumulation from synaptosomes resulting
from mycotoxin pretreatment is so much smaller than observed when
synaptosomes are depolarised by means of , for instance, veratrine
administration, it may not be éurprising that alterations in respiration
rate and intrasynaptosomal potassium levels are absent or at least
only small., Potassium (56mM) stimulatiog produced only a very small
increase in respiration rate for control\éynaptosomes, and indeed the
evoked release of transmitter amino acids by this means is very much
smaller than the levels evoked.by veratrlne. Similarly, the levels
of amino acid accumulation subsequent to tityus toxin stimulation are
" different from those observed with veratrlne stimulation, despite the
fact that both agents act via the active sodium channel. Consequently,
the data point towards a mechanism of action of the mycotoxins as an
active one at the TTX dependent sodium channel, and that the subsequenf
amino acid release is Ca+f— channel - or at least verapamil - sensitive.

The tremor observed when rats are injected with either Penitrem A -
or Verruculogen is so nearly indistinguishable that it is probably a
cOnsequence of those biochemical changes described above which are.
similar. The contrasting changes , such as the differing response té
vératrine stimulation, or the evidence that biochemical changes are
observed at the spinal cord subsequent to Penitrem A administration,
but not subsequent to Verruculogen, may be additional refinements
which illustrate the activity of the compounds at sites distant from
a possible common modulator site. The fact that the structure of
) Penitrem A is not yet known makes it difficult to speculate further
on this point. Furthermore, the data showing that GABA accumulation
is elevated, albeit only slightly , from synaptosomes prepared from
Penitrem A pretreated aniﬁals do not correlate well with the lack of
an effect of Verruculogen on extrasynaptosomal GABA accumulation.

The notion that glutamate and aspartate should be specifically
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released when GABA_is not might appear to be verging on the heretical,
but this indeed see%s to be the case, There is no obvious reason why
GABA should not be released also, i.e. with the exception of'the
cérebellﬁm; intrasynaptosomal levels of GABA are not reduced. These
data are particularly intriguing, and perhaps it might be worth
warning the reader that a similar situation arises in a later chaptér,
except that on that occassion, GABA is released specifically in
cerebrocortical synaptosomes subssequent to the administration of

fwo GABA y - analogues, whilst aspar?ate and glutamate are not.

The biochemical observation common to both of the tremorgenic
mycotoxins is the elevation in extrasynaptosomal accumulation of
aspartate and glutamate from the cerebral cortex. Work is in progress
at the present time on an inQestigatipﬁ of amino acids in the effluent
of a cannula implanted on the sensorimotor cortex of tremoring rats,
and corroboration of the above data from in vivo experiments will be
of great value. Clearly, further work may provide evidence of other
similarities e.g.,serotonin (as mentioned-above), but for the present,
the accumulation of glutamate and a§§artafe stands out to be the most
likely parameter to be associated d}%ectly with the tremor producing
mycotoxiﬁs. That this effect is the actual source of the tremor
syndrome, or merely a consequence of it , is difficult at this stage
to decide, but it is present only for the duration of the tremor and
subsides with the animals' recovery from the observed tremor.

The data contained in, and discussed in, a later chapter
concgrning the biochemistry of two novel anti - convulsants would
.appear to substantiate the relationship between tremor and the
anomalous release of excitatory and inhibitory transmitters. Thus,
when tremorgenic moulds are ingested in sufficient quantity by sheép.
ih the field, or administered experimentally, a subsequent loss of
coordination of neural mechanisms controlling muscle actibn would be
the expected result. The non - polar properties of the mycotoxins
would enable them to pass the blood brain barrier and gain access to
many of the synapses present. The pattern of clinical response
observed to follow administration t» rats and sheep fits in well with
such proposed sites of action for these tremorgens,

This reversible biochemical pathology and the absence of '
histopathology is in accord with the course of certain naturally

occurring neurological disorders in sheep and céttle, concerning
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which, evidence for the involvement of tremorgenic mycotoxins has
recently been proposed (MANTLE et al., 1977; DI MENNA & MANTLE, 1978;
MANTLE et al., 1978).

The present chapter has comprised data and discussion whichyhas
concentrated upon the consequences of the administration to sheep and
rats of the tremorgenic mycotoxins. Clearly, the next step is to
investigate whether similar data is 6btained when the compounds are
administered directly to in vitro preparations. This question is

adidressed in the proceding chapter.
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CHAPTER SIX.

ACTIONS OF IN VITRO ADMINISTERED

TREMORGENIC FUNGAL TOXINS,

(1) INTRODUCTION.
(2) RESULTS.
1) In vitro additions of the purified tremorgenic mycotoxins to
synaptosome suspensions.
a) Penitrem A,
b) Verruculogen. ’
bl) Ethanol.
b2) Mulgofen EL - 620 and Eﬁ:— 719 emulsifiers.

53) Nylon gauze administratibn of Verruculogen.
b4) Liposomal administration of Verruculogen.
2) In vitro additions of the purified tremorgenic mycotoxins to ..
synapses in situ.
a) Effects of the tremorgenic mycotoxins at the locust
'_neuromuscular Jjunction. ’
b) Effects of Verruculogen on the giant dopamine neuron of the

water snail.

(3) DISCUSSION,
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INTRODUCTION, N
. [

The non - polar character of the purified tremﬁrgenic compounds
Verruculogen and Penitrem A has beeﬁ'described in the previous chapter.
Consequently, that particular chapter described data obtained by means
- of administration of the tremorgens to animals in the form of mycelial
aqueous suspensions, or.the pure combound solubilised in organic solvents
and saline, and synaptosomes were subsequehtly Prepared.

The present chapter describes experiments made to investigate the
action of the tremorgens when applied in vitro to neurological preparationms.
In an earlier chapter, the.problems of working with non - aqueous solﬁsle
substances were described in relation to the toxin T extracted from

46
Gymnodinium breve red tide organisms, In that case, the toxin was soluble

in a limited number of organic solventé only, and attempts to generate
even low aqueous concentrations proved to be unsuccessful. In order to
manoeuvre around thiS‘problem, an idea of dissolving the toxin in organic
solvent, measured amounts of which wére layered onto small nylon gauzes
and dried, was employed. The hylonfﬁauze was then submerged in the
shaking synaptosome suspension. Pré;umably, the shaking action of the
flask enabled synaptosomes, or clumps of synaptosomes to make direct
contact with the toxin covered gauze, or possibly very small but
sufficient quantities of the toxin may have. become solubilised during
the course of the experiment. In any event, a very specific action of
of the toxin on'cerebrocortical synaptosome suspedsions was observed,
_alfhough it was difficult to subsequently identify the precise quantity'
of toxin which‘elicited the observed effects.

Similar problems have been found with other compounds which show
a high degree of hydrophobic character. DE BELLEROCHE & BRADFORD (1977)
dissolved veratrine in 30% gthénol, and added an aliquot of this to
their synaptosome suspension (final'ethanol concentration approximately
0.3% v/v). Such ethanol concentrations aﬁpéared to have little or n6
effect on the parameters measured. in their subsequent experiments, but
nevertheless, a procedure which requires the addition of fairly high
concentrations of neuroactive compoﬁn@s clearly necessitates additional
"study of parameters not under direct examination in order to impart
sufficient confidence in the data obtained in such a manner.

In addition to the use of ethanol to-assist in the administration

of the tremorgenic compounds Verruculogen and Penitrem A to synaptosome

suspensions, the present chapter describes novel procedures whose use
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has been investigated. One such method has already been referred to
above, and describgd-in a previous chapter, i.e. the idea of dissolving
the substance under study in a convenient solvent and pipetting aliquots
onto nylangauze which is submerged in the synaptosome suspension.
Despite the crudeness of this manner of administration, results were
nevertheless forthcoming. . '

A method also used in the present studies required that the
tremorgenic compounds be administered to synaptosome suspensions in the
form of an emulsion. These were made by means of -the use of commercial
non - ionic surfactants : Mulgofen Ei - 620 and Mulgofen EL - 719 (GAF,
Great Britain, Ltd.). These surfactants are polyoxyethylated vegetable
oils that that are generally recommended for the emulsification of oils,
fats,‘waxes, polyester resins, vinyl resiﬁs, organic solvents, and fatty
acids. The Mulgofen surfactants are predominantly hydrophilic, though
EL - 719 is the more water soluble of the two, due to the larger
percentage (by weight) of combined efhylépe oxide, The other significant
difference is that EL - 620 is anhyd;ous,:while EL - 719 contains
approximately 3% water, since the Hfﬁrocarbon solubility of many
non - ionics is increased by the pr;ggnce of a small amount of water.

A further method used in the pfeSent studies required that the
tremorgenic compounds be administered to synaptosome suspensions by
way of incorporation of the toxins in a liposome preparation. Such an
approach is not entirely without precedent, since, for instance, séverél
areas of cell membrane research have fruitfully employed artificial
lipid vesicles., Such vesicles have been useful as reconstitution
>vehiéles for the identification (RACKER, 1972; RACKER & EYTAN; 1975;
GOLDIN, 1977) and purification (KASAHARA & HINHLE, 1977; GOLDIN & RHCDEN,
1978) of proteins that catalyse transmembrane transport processes aﬁd in
studies sf the permeability of the lipid bilayer (BANGHAM et al., 1965;
PAPAHADJOPQULOS et al., 1971; TOYOSHIMA & THOMPSON, 1975). Liposomes
have recently been employed to deliver a variety of materials to cells
(GREGORIADAS, 1977; POSTE & PAPAHADJOPOULOS, 1976; RAHAMIMOFF et al,,
1978) as a consequence of vesicle fusion with the cell membrane, and this
technique can cause specific modification of various aspects of the
physiological or metabolic behaviour of the cell,

Unilamellar liposomes of reasonably homogenous dimensioné have been
prepared by sonication of aqueous lipid dispersions: (HUANG, 1969;
"BARENHOLZ et al., 1977), and by injection of solutions of lipid in organic

solvent into aqueous medium (KREMER et al., 1977), and by removal of
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detergent from dete;gent - solubilised iipid suspensions (GOLDIN, 1977;
MILSMANN et al,, 19}8). The use of mild détergents, such as the bile
salt sodium cholate, makes this latter technique particular;y useful
wﬁen it iéﬂhecessary to reconstitute membrane components into the
bilayer or to entrap soluble proteins for delivery to cells; the possible
denaturing effect of intense sonication or of organic solvents on the
biological activity of the protein of interest is avoided.

The extent to which the liposome retains its drug contents in vitro
6r in vivo is influenced not only by.the biological environment with
_ which liposomes come into contact, but also by their structural
characteristics as well as those of the associated drugs (GREGORIADIS, 
1979; KIMELBERG & MAYHEW, 1978). For instance, liposomes containing
charged lipids retain certain drugs through electrostatic bonding
(GREGORIADIS et al., 1977) and lipophilic drugs can be anchored into
the liposomal lipid phase (GREGORIADIS, 1973; JULIANO & STAMP, 1978;
DINGLE et al., 1978)., On the other hand:;entrapped macromolecules, such
as enzymes (GREGORIADIS & RYMAN, .1972; WEISSMANN et al., 1975), nucleic
acids (DIMITRIADIS, 1978; OSTRO et g@., 1978), polymers (DAPERGOLAS
et al,, 1976), and viruses (WILSON %%éal., 1977) or viral components
(MANESIS et al., 1979), are unable to cross the lipid bilayer because of
their large size.

One variant in the liposomal structure that could cause retent;on
of drugs is cholesterol content. Indeed, studies on the use of liposomes
as membrane models have shown that cholesterol, by increasing the packing
of ppospholipid molecules (LADBROOKE et al., 1968; DEMEL & DE KRUYFF,
.1976) reduces bilayer permeability to non - electrolyte and electrolyte
solutes (DE GIER et al., 1970; DEMEL et al., 1972; PAPAHADJOPOULOS et al,
1973), Consequently, in the present studies whole brain -lipids wefe'
ektracted from rat brain, with or without cholesterol, and liposomes
assaciated with.Verruculogen were prepared and administered to rat
cerebrocortical synaptosomes, 7

Studies of the response of synaptosomes to various incubations are
highly relevant, and this point has been discussed in previous sections.
It is important nevertheless to pursue parallel studies when possible
on the response of in vitro preparations of synapses as close to an
in situ condition as possible. Thus, parallel studies of the response
to in vitro administration of the tremorgenic compounds were carried v

out on synapses in situ, and to this end were used the giant dopamine

neuron of the water snail Planorbis corneus, and the distal fibres of
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the extensor tibialis muscle of the locust (Schistocerca gregaria)

metathoracic leg. (n'

" The European water snail Planorbis corneus possesses a giant
dopamine contalning neuron in its left pedal ganglion (MARSDEN & KERKUT,
1970; OSBORNE et al., 1975; POWELL & COTTRELL, 1974). It can be
reliability identified in an in vitro preparation, so that

electrophysiological recordings and subsequent quantitative histochemical
or biochemical analyses can be performed on the same cell. The typical
uﬁipolar structure of molluscan neurons allows selective investigations
_of the cell body which can be completely separated from dendritic and
axonal arborisations., This neuron thus appeared tq provide ideal
conditions for a further analysis of the mechanism of action of the
tremorgenic toxins. Since the giant dopaminergic neuron has been found
to respond .to cholinergic substances administered either to the medium,
or iontophoretically (GER & ZEIMAL, 1976; LOGAN & COTTRELL, 1975;
ZEIMAL et al., 1975); experiments were mgde to examine these responses.
The giant dopaminergic neuron pgovidés two kinds of information :
On the one hand, it can be considerqé as a model system for more
selective analyses at the cellular lé%el, while on the other hand, it is
 of intereét to investigate whether inéertebrate dopamine neurons react to
changes of activity in a way similar to mammalian dopaminergic neurons.
The latter were examined in the previous chapter, but in spite of
common features in dopamine metabolism (OSBORNE et al., 1975), a
similarity in the response to activation could not be expected with
certginty because, for instance, the molluscan- nerve cell body occupies -
a different position with respect to the afferent input to the neuron.
It was.Usherwood (see USHERWOOD, 1974) who first demonstrated
spontaneous miniature end plate potential activity at the insect
néuromuscular Jjunction, Using the giant South American cockroach,

Blaberus giganteus, he recorded randomly occurring spontaneous potentials

of up to 1lmV, from single muscle fibres of the extensor tibia. He
observed considerable variations in both their amplitude and rise times,
and these findings are consistent with the multi - terminal nerve
innervations known to be present in insects (HOYLE, 1955).

Miniature end plate potentials have also been recorded from the
metathoracic extensor tibia muscle fibres of the locust Schistcerca
gregaria (see USHERWOOD, 1974) and it is now well established that
glutamate is the excitatory transmitter at these'synapses. USHERWOOD,

(see 1974), using a perfusion system, demonstrated the electrically
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induced release of this amino aéid from the isolated retractor unquis
nerve muscle prepafétion. Topical application of glutamate to locust
muscle has been shown to elicit an excitatory response (BERANEK &
MILLER, 1968; see USHERWOOD, 1974), and similar results have been
obtained with grasshopper muscle (USHERWOOD & GRUNDFEST, 1965) and
cockroach muscle (KERKUT et al., 1965), thus providing further evidence
for the role of glutamate as the excitatory transmitter at'insect
neuromuscular junctions.

Usherwood has also shown that only very circumscribed areas on the
muscle fibres were sensitive to glutémate, fhe magnitude of the glutamate
response at these sites being directly proportional to the quantity
6f'g1utamate applied. The distance between the application site and
recording electrodes was also found to be critical (USHERWOOD, 1974).
The giutamate sensitive areas were shown to coincide with exciiatory
synaptic sites (BARENEK & MILLER, 1968; USHERWOOD & MACHILI, 1968).

Depending on the response elicited in the muscle fibre, it is
possible to determine the site of action of any added agent. An
increase or decrease in the miniatufé end plate potential frequency
suggests an action on the presynapt{é;terminal, and conversely a change
in the amplitude of spontaneous potéhtials ihdicates an action on the
post synaptic membrane. Thus the system provided another ideal
preparation to study the site and mode of action of the tremorgenic

mycotoxins,
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RESULTS,
.
1) In vitro additions of the purified tremorgenic mycotoxins to

éynaptosbmé suspensions.
a) Penitrem A,

Attempts were made to dissolve Penitrem A in Kreb's phosphate
medium, but these were in all cases gnsuccessful to the extent that
analysis of the medium for Penitrem A (3ml. methanol + 180ul. conc.
sulphuric acid, heated at 70'C for 20min., and read at 630nm.) subsequent
to prolonged centrifugation to remove suspended material, proved to be
‘negative, Penitrem A was, however, soluble in absolute ethanol to an
extent that final medium concentrations of Penitrem A were obtainable
up to approximately 30pg / ml., when the Penitrem A was taken up
initially in absolute ethanol and aliquo;s were added to the synaptosome
suspension to give a maximum final e;handl concentration of 0,1% v / v.
Synaptosomes were prepared from she?% cerebral cortex, rat spinal cord,
cerebellum, and cerebral cortex. A;imentioned in the previous chapter
cerebellar synaptosomes did not perform well in incubation, in that
their veratrine response was very poor, and large backgfound levels of
all amino acids were observed when synaptosomes from this region were
prepared in the manner described for spinal cord / medulla tissue, As
mentioned in an earlier chapter, the problems associated with sheep
cerebral cortex had been overcome by raising the synaptosomal protein
'concéntration in the incubation medium.

Whén Penitrem A was added to these incubations (as an ethanoliq
solution? subsequent to a 20min. eqﬁilibration period, and for 40Omin.,
the amino acid accumulations both intra - and extra - synaptosomally
were not significantly different from those of the relevant controls.
Data for such control accumulations have been presented in earlier
chapters and need not be duplicated here, but TABLE 6.1 illustrates as
an example, the data obtained for the extra - synaptosomal accumulation
of amino acids from rat cerebral coritex synaptosomes incubated in the
presence of increasing concentrations of Penitrem A, ‘

Also included in TABLE 6.1 are the data obtained from two experiments
where synaptosomes were incubated in the presence of the acetylcholine
esterase inhibitor, eserine. Acetylcholine was subsequently measured

by means of the guinea pig ileum bioassay. The data are the mean of two
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DATA LEGEND,

RE : TABLE 6.1. .

EFFECT OF ETHANOng“ééMINISTRATION OF PENITﬁEM A TO SYNAPTOSOMES
SUS?ENSIONS ON _AMINO ACID AND ACETYLCHOLINE RELEASE;i

Rat cerebrocortical synaptosomes were suspended in Krebs phosphate
medium in 5ml conical flasks in a spaking water bath at 37'C, Subsequent
to a 20min, equilibration period, aliquots of ethanol alone, or ethanolic

solutions of Penitrem A were added as appropriate, to give a . final

' ethanol concentration of 0,1% v/v, and. Penitrem A concentrations

ranging between lng/ml and 30pg/ml, as indicated. Incubation continued
for a further 40Omin.. v

At the end of the experiment, the suspensions were sedimented in
a bench top ultracentrifuge, and fractions were extracted and analysed
for amino acid content. Pellet protein was estimated by means of the
Folin reagent. .

The amino acid data are the means + SEM for values obtained from
six experiments, ;

In experiments made to determine;;he effect of‘Penitrem A on
acetylcholine levels, the Krebs phospﬁ;te medium was made lmg/ml in
Qespect of eserine sulphate, At the end of the experiments, the pH of
the two fractions was brought down to 3 - 4 with HCl. Acetylcholine
levels were determined by means of the guinea pig ileum bioassay,

(PATON, W.D.M, (1957), Br..J. Pharmac. Chemother., 12, 119). The data.
presented here are the means of two experiments.

The amino acid data is presented as nmol amino acid / 100mg protein,

and the acetylcholine data as ng ACh / 100mg protein,



TABLE 6.1.

EFFECT OF ETHANOLIC ADMINISTRATION OF PENITREM A TO SYNAPTOSOMES SUSPENSIONS ON AMINO ACID AND ACETYLCHOLINE RELEASE.

ASPARTATE THREON INE SER INE GLUTAMATE GLYCINE . ALANINE GABA ACH (MED.) -ACH_(_PEB_L'I.:. )
(nmol amino acid accumulation in medium / 100mg. protein.) (ng ACh / 100Omg protein)
CONTROL. 63 + 2 254 + 11 347 + 13 93 + 3 217 + 13 437 + 24 21 + 2 200 260

-

CONT + ETOH. 105 _t 16 243 + 45 292 + 18 213 +70 185 + 21 368 + 47 15 + 1T 194 267
>1ug. PEN. A, 114 '+ 24 233 + 40 272 +19 165 + 33  166°%¥13 409 ;.2? 65 + 22 244 265
5ug. PEN, A, 148 +36 255 + 12 319 + 47 209 + 48 166 + 25 444 + 68 68 + 22 265 330
10pg. PEN. A. 104 + 20 236 + 35 285 + 23 160 + 24 189 + 37 465 + 68 70 + 22 292 338
15pg. PEN. A, 174 + 51 364 + B9 443 + 9% 295 + 88 264 + 70 602 + 128 93 + 24 323 330

30pug. PEN. A, 117 + 24 302 + 16 351 + 19 214 + 46 205 + 28 546 +43 61 + 21 . 254 273

( 89T )
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estimations, and it\would appear that as a proportion of the total
acetylcholine for eéch experimental condition, Penitrem A also had no
effect on intra - or extra - synaptosomal acetylcholine levels,

It is perhaps worthy of emphasis that the maximum Penitrem A
concentration used in these experiments (30pg / ml.) produced an
observable tremor when injected intraperimentally to 250g rats within
5 - 15min, of injection, and this compares with the 40Omin. incubation
time during which synaptosomes were in contact with Penitrem A in the

experiments described.

b) Verruculogen.
1) Ethanol

A scheme similar to that described for Penitrem A was applied to
Verruculogen. Verruculogen also proved to be insoluble in Kreb's
phosphate medium to the extent evidenced by the assay performed (3Sml.
ethanol + 2ml, conc. sulphuric acid, inc;bated for 40min., at 70'C,
and read on a Farrand spectrofluoriméter)von the medium subsequent to
prolonged centrifugation and pelletlng of suspended material. It was
possible to dissolve Verruculogen 1n absolute ethanol and make an ethanol
addition to the incubation fluid to the extent of 40pg. Verruculogen /
ml. Kreb's phosphate medium (final ethanol concentration 0.1% v/v).

Experiments within this range of Verruculogen concentration were
performed on suspensions of sheep cerebrocortical, and rat cerebrocortical
cerebella, and spinal cord synaptosomes. The data obtained for sheep
eerebrocortical, rat cerebella, and spinal cord synaptosemes incubatedkin
the presence of 40ug / ml. Verruculogen were not significantly different
from those‘values obtained from the respective control inCubations,.data
fer which have been presented in previous chapters. . '

When additions of Verruculogen dissolved in ethanol were made to
rat cerebrocortical synaptosomes after a 20min. equilibration period,
and for a total of 40min., in the range lpg - 40pg Verruculogen /

ml. incubation fluid, a rather anomalous situation arose. The data for
the six experiments performed are presented in FIG, 6.1, Aspartate
accumulation in the medium was elevuted by 125% at Verruculogen-.
concentration of 20pg / ml., and by 215% at Verruculogen concentration
40png / ml,, Similarly, glutamate accumulation to the incubation fluid
was elevated by 173% and 291% at Verruculogen concentrations 20pg / ml
and 40pg / ml respectively. GABA accumulation, and indeed the

accumulation of all the other amino acids measured, of which data is
presented for threonine, serine, glycine, and alanine, were not
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DATA LEGEND.

RE : FIG, 6.la, 6.1b,

AMINO ACID RELEASE FROM SYNAPTOSOMES INCUBATED IN THE PRESENCE OF
VERRUCULOGEN, ADMINISTERED AS AN ETHANOLIC SOLUTION,

Rat cerebrocortical synaptosomes were suspended in Krebs phosphate
medium in 5ml conical flasks in a shaking waterbath at 37'C. Subsequent
to an equilibration period of 20min., aliquots of ethanol alone, or
ethanolic solutions of Verruculogen were added.as appropriate, to give
a final ethanol concentration of 0,1% v/v, and Verruculogen concentrations
ranging between lug/ml and 40ng/ml, as indicated. Incubation continued.
for a further 40min..

At the end of the experiment, the suspensions were sedimented in
a bench top ultracentrifuge, and fractions were extracted and analysed
- for amino aciq content, Pellet protein was estimated by means of the
Folin reagent.

The histobars represent the data obtained from six experiments, and
are the means + SEM, Values are expressed as nmol amino acid / 100mg

protein,
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6,1la.

FIG,

AMINO ACID RELEASE FROM SYNAPTOSOMES INCUBATED IN THE PRESENCE OF

VERRUCULOGEN, ADMINISTERED AS AN ETHANOLIC SOLUTION.
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nmol amino acid accumulation in medium / 100mg. protein.
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FIG, 6.1b.
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AMINO ACID RELEASE FROM SYNAPTOSOMES INCUBATED IN THE PRESENCE OF

VERRUCULOGEN, ADMINISTERED AS AN ETHANOLIC SOLUTION.
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significantly changed from those observed in thé relevant control
incubations. The anomalous aspect of these data existed in the

_ observation that elevations of aspartate and glutamaté occurred in only
three of the six experiments performed - hence the larger than usual
values for S.E.M,. In fact, when the data were extracted from the
three experiments in which elevations of glutamate and aspartate were
observed, from those in which elevations were not observed, the mean
glutamate level increased to 2039nmol glu. / 100mg. protein (+ 1020%),
and the mean aspartate level increased to 855nmol. asp. / 100mg. protein
(+ 829%), when rat cerebrocortical synaptosomes were incubéted in

40ﬁg Verruculogen / ml incubation fluid. _Intrasynaptosomal potassium °
levels were not altered from those measured in control synaptosomes,
AAs can be seén from the data presented in FIG. 6.1 (the data being
obtained from all six experiments performed), the levels of ethanol
used for administration of the toxin did not significantly alter the
parameters which have been measured here.

The experiments give a clear impression that the.Verruculogen
molecule does exert an influence on synaptosomes, and that influehce
is of a nature similar to thaf obtained and measured in synaptosomes
prepared from animals previously dosed intraperitoneally with
Verruculogen. Ho&ever, the fact that any influence of Verruculogen on
aspartate and glutamate release from synaptosomes exhibited only a '
50% 'success rate! was an intolerable situation. Indeed, when
experiments were subsequently performed to investigéte whether the ~
in vitro addition of Verruculogen at these concentrations and
administered in this manner caused an extrasynaptosomal accumulation of
glutamate and aspartate, the release of which was Ca++, verapamil, or
TTX dependent, the data obtained was so variable, and the S.E.M.'s were
so large, that quantitative, or even qualitative conclusions could not
be reached. )

Consequently, a search was made for alternative methods for the
administration to synaptosomes suspensions of the purified‘tremorgenic
compounds, such that reliable, quantitative measurements of the effects
of these compounds, and also modulation of these effects by other
agents in an in vitro capacity, could be obtained.

2) Mulgofen EL - 620 and EL - 719 emulsifiers.
Verruculogen was solubilised easily into both of these surfactants.

The final surfactant concentration subsequent to the preparation of

the emulsions with Kreb's phosphate medium to produce stock solutions,
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and "further dilution on addition of an aliquot of these stock solutions
to the synaptosome suspensions was approximatély 0.2% v/v in each case.
If proved impracticable to reduce this concentration further because

not only were very small quantities of Verruculogen available, but also
the highly viscous nature of these surfactants made it impossible to
measure in a quantitative way smaller volumes than ten or so pl.. An
alterhative order of solubilisation was attempted in terms of making

an emulsion with a smaller surfactant composition prior to adding this

to the Verruculogen, but when the procedure was tried in this order,

thq Verruculogen did not solubilise to the same extent. When emulsions
were made in the aforementioned manner, however, and aliquots were
injected intraperitoneally to rats, the onset and degree of tremor
observed subsequently were indistinguishable from the extent of occurrence
of the same parameters when the toxin was injected in solvent only, and .
in the same Quantity. Control animals injected with the surfactants
alone showed no response, ]

When cerebrocortical synaptosomes were prepared from control
animals and incubated in Kreb{s phosphate medium for 20min. to equilibrate
and aliquots of the surfactant emulsion alone (to a final surfactant
concentration of 0.2% v/v) were added to the suspensions of synaptosomes
for a period of 46min., all amino acids levels measured extra--—
synaptosomally were elevated (TABLE 6.2), However, by far the greatesf
accumulation increase in the medium occurred for aspartate, glutamate,
and GABA, and the levels to which these amino acids accumulated were in
some respects reminiscent of a veratrine evoked release of these gminb
acids, The same data were obtained when Veeruculogen was included in
the emulsion to a final concentration of 50ug / ml..

It was concludéd with every good reason that the Mulgofen
emulsification method was unlikely to prove fruitfull in terms of
assisting in the administration of Verruculogen to synaptosome suspensions
Whether or not the emulsifiers contained some componenf which was
evoking the release of these neuroactive amino acids to the extent to
which they accumulated was‘beyond the scope of the preserit study. It is,
of course, more feasible that the synaptosome membrane became leaky as
a consequence of micelle / membrane interaction, as evidenced by the
accumulation extrasynaptosomally of all the other amino acids measured,
and as examples of these, data for threonine, serine, glycine, and

alanine are included in TABLE 6.2.
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DATA LEGEND,

RE : TABLE 6.2.

EFFECT OF MULGOFEN SURFACTANTS ON THE INCUBATION FLUID AéC_U_MLI_LA_'I‘_I_QI;I_
OF AMINO ACIDS FROM CEREBROCORTICAL SYNAPTOSOMES.

Rat cerebrocorticﬁl,synaptosomes were suspended in Krébs phosphate
medium -in Sml conical flasks in a shaking waterbath at 37'C.. Subsequent
to an equilibration period of 20min., aliquots of Mulgofen EL - 620,
or EL - 719 wgre'added to give final surfactant concentrations of 0.2%
v/v. Incubation continued for a further 40Omin.,

‘At the end of the experiment, the suspensions were sedimented in
a bench top ultracentrifuge, and fract;ons Qere extracted and analysed
fér amino acid content. Pellet protein was estimated by means of the
Folin reagent.

The data wéfe obtained from four experiments, and are the mean

values + SEM. Values are expressed as nmol amino acid / 100mg protein.



TABLE 6.2,

EFFECT OF MULGOFEN SURFACTANTS ON THE II‘fCUBATION FLUID ACCUMULATION OF AMINO ACIDS FROM CEREBROCORTICAL SYNAPTOSOMES.

ASPARTATE THREON INE SERINE GLUTAMATE GLYCINE ALANINE GABA
(nmol amino acid accumulation in medium / 100mg. protein)
CONTROL, 97 + 11 226 + 31 299 + 34 286 + 71 198 + 30 422 + 43 40 + 11
EL - 620 928 + 103 326 + 41 486 + 72 3513 + 743 354 + 85 672 + 146 515 112
- EL - 719 752 + 101 274 + 38 380 + 66 ' 2869 + 672 285 + 48 573 + 73 484 97

( LT )
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:3) Nylon gauze administration of Verruculogeh.
Chapter Three described a method by which another aqueous insoluble

neuroactive agent (Ta toxin) was successfully administered to

synaptosome suspensiogs. The toxin was initially dissolved in an
appropriate solvent, and aliquots were spread over lcm2 pigces of nylon
gauze and allowed to evaporate to dryness. The nylon gauze containing
crystalline material was then added to the incubation flask containing

the synaptosome suspension. The data presented in that chapter illustrated
the fact that the method, though very crude, was applicable when problems
Such as aqueous insolubility needed to be overcome, and the results
obtained corroborated the data published by other laboratories .using

the same toxin, but on different biological systems,

This same method was used to administer Verruculogen to rat
cerebrocortical synaptosome suspensions., Verruculogen was pipetted onto
the nylon gauze from a cold chloroform solution at up to 200ug Verruculogen..
per nylon gauze. Subsequent to incubating the synaptosomes for 20min, to
equilibrate, the gauzes were added to the incubation flasks, ensuring
that they were submerged and moving freely with the shaking motion of the
waterbath, for a further peridd of 40min.. At the end of the incubations,
amino écid levels intra - and extra - synaptosomally were measured, as
also were pellet potassium levels. The data thus obtained for these
paramaters did not differ in profile from the data presented in préviohs
sections for control synaptosome incubations.

When a small quantity of radiolabeled Verruculogen became évailable
as a result of the Penicillium fungus being grown up on radiolabeled -
substrates, an estimation was made of the maximum amount of Verrucﬁlogen.
which would have become available to the synaptosome suspension under
these conditions. When 200ug Verruculogen (radiolabeled) was pipetted
onto a piece of nylon gauze and incubated in Kreb's phosphate medium
at 37'C for 40min;, only 12.7pg of Verruculogen could be measured (from
radiolabel counting) in the medium after the gauze had been carefully
removed. Some or all of these counts may well have originéted from
a small quantity of the material being dislodged from the gauie as a
result of the shaking motion of the waterbath. Thus, unless synaptosomes
had made diréct contact between a proposed membfaneous receptor, and a
Verruculogen mﬁlecule, then taking the concentrations of Verruculogen
required to evoke an effect when administered in ethanol, it comes as
no surprise that effects were not observed when the m}cotoxin was

administered in this manner.
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4) Liposomal administration of Verruculogen. .

. Preliminary experiments have been performed using liposomes as
carrier preparations for Verruculogen, the intention being that if
liposomes were prepared from lipids extracted from rat brain, there
might be a greater chance of the liposomes becoming integfated within
the synaptosomal membrane, thus improving the likelyhood of Verruculogen
molecules coming into éontact with proposed receptors on synaptosomes
for this compound: Liposomes were prepared which either comprised
cholesterol, or were made in the absence of cholesterol, which is
thought to determine the lability/stability of the liposome structure.

When liposomes were prepared in the presence of Verruculogen, and
aliquots were injected intraperitoneally to rats, the rate of onset and
the degree of tremor conformed to the levels of those parameters
observed when Verruculogen was injected in solvent at the same
concentration. '

Cholesterol containing liposomes were added to suspensions of rat
cerebrocortical synaptosomes, the volume additions being 1Opl., 40pl.,
100ul., and 200ul., equivalent to approximately O0.25mg., 1lmg., 2.5mg.,
and 5mg. of total brain lipid.-estimated by weight measurement only.

The liposomes were added to the incubation for a period of 4Omin.,
subsequent to an equilibration period of 20min.. The data obtained
from these experiments, and others performed when Verruculogen had been
incorporated ih to the liposome preparation procédure to give a final
synaptosome incubation fluid content of 2.5pg., 1O0pg., 25pg., and 59pg;
of Vérruculogen per ml. are presented in TABLE 6.3. Neither increasipg
liposome content in the incubation fluid, nor the presence of increésing
amounts of Verruculogen affected the accumulation in the medium of
threoﬁine,:serine; gl&cine, or alanine to a significant extent when
compared with control values in the absence of these additions.
However, increasing addition volumes of liposome (100pl., 200pl.) did
vhave a small but significant effect on the; extrasynaptosomal
accumulation of aspartate, glutamate, and GABA - these aécumulations
were elevated at the 200pl. addition level by 400%, 590%, and -150%
respectively. - .

A similar trend was oﬁserved when Verruculogen was present in the
liposome preparation, i.e. no éignificant effect . on neuroactive amino
acid accumulation at 10pl., or 40ul. (equivalent to 2.5pg. and 1lOpg.
Verruculogen / ml. incubation fluid). However, at the level of 200ul,

liposome addition (equivalent to 50pg. Verruculogen), the aspartaté and
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DATA LEGEND,

RE : TABLE 6.3.

" AMINO 'ACID RELEASE FROM SYNAPTOSOMES INCUBATED WITH VERRUCULOGEN
ADMINISTERED VIA A LIPOSOME CARRIER,

Rat brain lipids were extracted, and liposomes were prepared in
the presence of, and in the absence of Verruculogen, as described
under METHODS, |

Rat cerebrocortical synaptosomes were suspended in Krebs phosphate
medium in Smi conical flasks in a shaking waterbath at 37'C, Subsequent
to an equilibration period of 20min, aliquots of liposome suspension
with or without Verruculogen were added to the flasks, as approbriate.
The volume additions were 10ul, 40pl, 100pl, and 200pl. In those flasks
to which Verruculogen was added, the incubation fluid content ranged
" between 2,5ug/ml and 50pg/ml.. -

At the end of the experiment, suspensions were sedimented in a
bench ultracentrifuge, and fractions were extracted and analysed for
amino acid content. Pellet protein content was determined by means of
the Folin reagent,

The data were obtained from four experiments, and represent the

means + SEM. Units are nmol amino acid / 100mg protein.



TABLE 6,3.

AMINO ACID RELEASE FROM SYNAPTOSOMES INCUBATED WITH VERRUCULOGEN ADMINISTERED VIA A LIPOSOME (+CHOLESTEROL) CARRIER.

ASPARTATE THREON INE SER INE GLUTAMATE GLYCINE _ ALANINE GABA

(nmol amino acid accumulation in medium / 100mg protein)

50pg VERR/200pl LIP,.536 + 79 281 ._t 42 470 + 70 721 + 108 307 + 45 612 i 101 26 + 5
25pg VERR/100pl LIP,239 + 39 211 + 35 358 + 56 306 + 61 239 + 36 448 + 64 15 + 4
10pg VERR/40pl LIP, 158 + 22 226 + 29 372 + 58 153 + 24 258 + 39 460 + 69 14 + 4
2.5pg VERR/10pl LIP,111 + 18 167 + 25 332 + 51 107 + 16 . 215 + 34 399 + 60 14 + 4
200p1 LIP, 389 + 58 221 + 33 368 i 56 528 + 74 | 250 + 38 510 + 92 25 + 6
100p1 LIP, 229 + 35 215 + 33 347 + 53 262 + 39 228 + 34 437 + 69 . 16 + 5
40ul LIP, 154 + 27 237 + 36 357 + 61 182 + 42 251 + 37 499 + 76 16 + 5

.

" 10p1 LIP. 774 13 1654 26 . 2704 43 75 + 14 154 + 24 313+ 63 10+ 4

( LLT )
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glutamate extrasypaptosomal accumulations were significantly higher than
the accumulations oﬁserved when a 200pl, addition of liposomes alone
was made.‘ Thus, aspartate levels in the'hedium were elevated by 38%,
apd glutapaie levels by 37%. These were'preliminary experiments, and
further experiments presently under way indicate that a practicable
improvement to the technique involving raising  the Verruculogen content
of the liposome stock suspension will underline the usefullness of this
particular technique, ‘

When liposomes were prepared frop cholesterol free brain lipid
_ extracts, some rather extraordinary results:were obtained which related
very closely with the data shown in TABLE 6.2, Very high extrasynaptoeomal
levels of aspartate, glutamate, and GABA were measured, but no changes
were observed in the accumulation of other amino acids. These data are
of course of great interest but of no direct relevance to the project in
hand, and further investigation of this phenomenon has been left for

\ i
another time, !

2) In vitro administration of the purified tremorgenic compounds to

synapses in situ.

a) Effects of the tremorgenic mycotoxins at the locust neuromuscular

junction.

The action of Verruculogen on miniature end plate potentials was

'~_studied using a system which allowed small volumes of the toxin solution

(in absolute ethanol) to be applied to locust neuromuscular Jjunctions,
The locust-muscle was chosen as it appears to employ glutamate as its
neurotransmitter (USHERWOOD, 1974).° .
The recording electrode was positioned in the muscle fibre post -
synaptic to the junction, and the resting potentials of the fibres whose
responses were to be studied were selected to be in the range -50 to -80mV.
The resting rate of spontaneous miniature end plate potential production
was recorded on a multichannel pulse analyser, which allowed pulses of
different amplitudes to be sorted and integrated and their frequency
‘displayed on a multichannel pen recorder. When Verrgculogen (500png/ml of
absolute ethanol) was applied in 10pl, amounts to the muscle surface, a
substantial rise in miniature end plate potential frequency occurred

which was detectable within lmin., and rose to a maximum response (300% -

400% increase in rate) within 5 - 7min., before falling to the original
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'EIG.6. THE EFFECT OF VERRUCULOGEN ON THE RATE OF DISCHARGE OF mmmum—: END-PLATE POTENTIALS MEASURED

ON EXTENSOR TIBIALIS MUSCLE PREPARATIONS FROM SCHISTOCERCA GREGARIA,  AFTER PENETRATION OF A MUSCLE
FIBRE WITH A HIGH AND STABLE MEMBRANE POTENTIAL (50-80 mV), AND DETECTING MINIATURE-END-PLATE POTENTIALS,

THE ADDITION PIPETTE WAS MOVED INTO POSITION AT A STANDARD DISTANCE OF 2-3 MM, FROM THE RECORDING
ELECTRODE.  SMALL VOLUMES (10 wL) OF ABSOLUTE ETHANOL, OR VERRUCULOGEN (500 we/mL IN ABSOLUTE ETHANOL)
WERE EJECTED ON TO THE FIBRE AND THEIR EFFECTS ON MINATURE-END-PLATE POTENTIALS WERE RECORDED ON A PULSE
COUNTER WITH A PEN RECORDER OUTPUT, THE FIGURE PRESENTED HERE INCLUDES THE RESULTS FROM ONE EXPERIMENT
WHICH WAS TYPICAL OF THE SIX EXPERIMENTS PERFORMED, '

( 621 )
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control rate over a similar period (FIG, 6.3). The concentration of the
mycotokin at the szgle surface was likely to be about 25ng / ml..
Subsequent additions produced almost identical responses, and after

- periods of 12 - 18min. following the first application of Verruculogen,
control rates of miniature end plate potential production and
transmembrane potentials in'the fibre were unchanged showing that

there was no long term effect of the mycotoxin on these parameters. In
addition, the magnitude of the response to Verruculogen at this time

was unchanged. Addition of KCl (75 - 300mM) in locust - Ringer produced
its expected membrane depolarisation in pfdportion to concentration,

and this was accompanied by a reversible rise in miniature end plate ;
potential frequency,

Penitrem A additions were without effect on either membrane potential
or miniature end plate potential frequency. Although, as mentioned
above, this mycotoxin is also up fo a point soluble in absolute ethanol,
the compound came out of solution when égected from the addition pipette

and probably did not make proper con;actfwith the muscle fibre,

b) Effects of Verruculogen on tié giant dopamine neuron of the

water snail.

The giant dopamine neuron of Planorbis corneus was reliably located

on the ventral surface of the left pedal ganglion on the basis of its .
characteristic position between the statocyst and the medial edge of
the ganglion,'and of its size. 1In addition, a yellowish pigment spot
‘was ‘often detectable. .

In the absence of any additions, the neurons of different snails
had membrane potentials between -90 and -30mV.. In different neurons,
the spontaneously active spikes ranged in size between 40 and 80mV. with
a duration of about lOmsec.. Spontaneous firing rates varied from one
cell to another up to a maximum of 10Hz., and with few exceptions, the
neurons fired at a regular rate over prolonged periods of time.

The data obtained when Verruculogen (500ug / ml, absolute ethanol)
was administered to preparations at-final concentrations of approximately
25ng / ml incubation fluid, of the water snail giant dopaminergic neuron
are presented in FIG. 6.4. The mycotoxin was administered to five
neurons, labeled GDN 1 to GDN 5.

Verruculogen had no direct depolarising action, but induced a

characteristic bursting pattern of firing. This was seen in neurons
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DATA LEGEND.,

RE : FIG, 6.4 / GDN -~ 1 to FIG. 6.4 / GDN - 5,

EFFECTS OF VERRUCULO&EN ON THE GIANT DORAMIﬁE NEURON OF THE WATER SNAIL,
PLANORBIS .CORNEUS,

The giant dopamine neuron of the water shail was reliably
located on the ventral surface of the left pedal ganglion. ‘Membrane
potentials were measured in the absence of any additions, and were
found to be between -90mV and -30mV,

Verruculogen (500png / ml absolute ethénél) was administered to
.preparations to giQe final concentrations of approximately 25ug / ml.
incubation fluid. The mycotoxin was administered to five neurons,

labelled GDN - 1 to GDN - 5.
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FIG. 6.4 / GDN - 1

EFFECTS OF VERRUCULOGEN ON THE GIANT DOPAMINE NEURON OF THE WATER SNAIL.

Membrane potential = -75mV : Low spontaneous activity.

20 :
mV g 4 ;

~ W 3¢

40pl Verruculogen.,
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s 0
Verruculogen + 1lmin, + 2min, + 3min.
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FIG. 6.4 / GDN - 2

EFFECTS OF VERRUCULOGEN ON THE GIANT DOPAMINE NEURON OF THE WATER SNAIL.

Membrane potential = -60mV.

-

Regular spontaneous firing pattern.
Constént current pulses (1lnA, 500msec duration) through recording

electrode..

Control. (See overleaf for Verruculogen addition.)

20

mV ' : ' ‘u




continued).
OGEN ON THE GIANT DOPAMINE NEURON OF THE WATER SNAIL
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FIG. 6.4 / GDN - 3.

EFFECTS OF VERRUCULOGEN ON THE GIANT DOPAMINE NEURON OF THE WATER SNAIL,

Membrane potential = -65mV

Low spontaneous bursting pattern.

Control Verruculogen (20nl)

Verruculogen + 8min.
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FIG., 6.4 / GDN - 4.

EFFECTS OF VERRUCULOGEN ON THE.GIANT DOPAMINE NEURON OF THE WATER SNAIL.

1 ]
Doposan e 1SOull

|
ACK 1SOuA !

Controls : Effects of iontophoretically administered

Acetylcholine and Dopamine.

i i

|
ACh 1SOuA Dopawiue 1SOud

Verruculogen + 4min. (30pl).

Recovery observed 8min. after wash.
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FIG. 6.4 / GDN - 5.

EFFECTS OF VERRUCULOGEN ON THE GIANT DOPAMINE NEURON OF THE WATER SNAIL.

Membrane potential = -80mV, Low spontaneous activity.

Control, 5sec/cm.

3min. after Verruculogen,

(20p1).

30min. after wash.




’

( 188v)

.

with very low spontaneous activity (GDN 1, GDN 5 in FIG. 6.4), and the
effect was more prayounced on a neurone wtth‘regular spontaneous firing
(GDN 2 in FIG. 6.4); In a neuron with spontaneous bursting patterns
(GDN 3 in FIG. 6.4), Verruculogen induced more bursts at shorter
intervals and with more spikes per burst.

Constant current pulses of 1lnA. and 500msec. duration passed
through the recording electrode indicated that the membrané resistance
of the neuron was unchanged on addition of Verruculogen (GDN 2 in FIG.
6.4), and the reversibility of the action of Verruculogen is illustrated
in GDN 5 (FIG. 6.4) where, 30Omin, after washing, the bursting pattern
response to Verruculogen had disappeared. ‘

The giant dopamine neuron GDN 4 was exposed to acetylcholine and
dopamine. When dopamine or acetylcholine‘were administered
micr&iontophoretically (150pA., final concentration approximately 10'5M),'
a characteristic depolarisation of the neuron was observed, However,
this was abolished by administration of Verruculogen 4min. prior to the
addition of acetylcholine and dopamipe, énd recovery was observed

within 8min. subsequent to a wash (GDN 4).



¢ 189 )

DISCUSSION,

™
]

C
Administrations of Penitrem A to synaptosomes prepared from sheep

cérebral cortex, rat spinal cord, cerebellum, and cerebral cortex, and
to the locust neuromuscular junction preparation, were without
significant effect on the principal paramaters investigated in these
experiments, even Whén the maximum concentration (approximétely 30pg/ml)
was presented to these preparations. In contrast to these data,
WILSON et al., (1972), when they administered Penitrem A directly by
perfusing isolated rat diaphragm with a 60ué/m1 suspension in their

' modified Locke's solution, evidenced an elevation in miniature end
plate potential frequency which  lasted for 60 - 90min., even after
washing, in addition to an increase both in end plate potential
duration, and the mean miniature end blate potential amplitude,

Concepts were raised in the GENERAL INTRODUCTION in respect of
approximations made of extra - cellular épd intra - cellular fluid
spaces, and the likely concentrations of ﬁeuroactive agents at the
synaptic cleft. 1If it is assumed thét, from Wilson's experiments, the
Penitrem A concentration at the synéﬁtic region approaches 60pg/ml
‘(approximately 10_4M - and this must £e a maximum level in view of the
fact. that WILSON et al., (1972) presented the phrenic nerve ~ diaphragm
preparation with a Penitrem A suspension), then it becomes anomalous
that in.the present experiments, no effects were observed when Penifrem
A was administered at 30pg/ml..

Three explanations are outstanding for the lack of an effect of
Penifrem A on the preparations studied here. (1) The zlterations
observed in amino acid accumulation in synéptosome suspensions
prepared from the spinal cords and cerebral cortices of animals
bfe - injected with the mycotoxin were secondary effects, in that the
primary action of the tremorgen was at another part of the nervous
system, or that the amino acid accumulations observed in.those
experiments were merely consequences of the generated tremor rather than
the cause. However, the spinal cord and cerebral cortex would appear
to be, from the precedents which have been described earlier, likely
candidates for a primary source of action for Penitrem A ; and
secondly, if the primary source of the action were to lie at another
nervous system region, it would be unlikely that the observed

synaptosomal phenomena would survive the duration and rigours of the
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preparation of cerebrocortical 6r spinal medullary synaptosomes,

Explanation (2}_£or the lack of aneffect when Penitrem A was
administered in vitro would be that the mycotoxin was activated by
metabolism subsequent to injection, but prior to action. Since the
common feature of the tremorgenic mycotoxins are their nidole nuclei,
then activation at this point might appear the more likely. The
metabolism of indoles in the rat has.been described.by KING et al.,
(1966), and principally involveé scission of the pyrroléAring. Such
a required activation would, however, also be unlikely, since WILSON
et al., (1972) reported direct effects of Pénitrem A when administered
in vitro. '

Explanation (3), and probably the most likely one for the lack
of any action of Penitrem A in the presenf experiments is that the
conceﬁtration of dissolved mycotoxin ﬁhich was available to the synaptic
region was not sufficiently high.

The data obtained to date for Verruéﬁlogen, on the other hand,
not only augers well for future egpe;imen%s, but provides additional

valuable information for the present;

Unfbrtunately, Verruculogen
administered as an ethanolic solutié_zto synaptosome suspeﬁsions elicited
" no effect on the parameters measured;in sheep cerebrocortical, or rat
spinal medullary and cerebella synaptosomes. The release from
synaptosomes of aspartate and glutamate which were observed when the
mycotoxin was administered to rat cerebrocortical synaptosomes, |
however! compliments the data obtained from synaptosomes prepared from
rats pre - injected with the mycotoxin.  The individual datum points
6btained from this manner of in vitro administration indicated that
at the concentration of 40pg/ml., Verruculogen was highly effective
in releasing aspartate and glutamate from rat cerebrocortical .
s&naptosémes. Presumably, in the three experiments in which positive.
effects were not observed, the hydrophobic nature of the mycotoxin
resulted in sufficient quantity faliing out of solution, . thus reducing
the release evoking concentration below a threshold level. However,
the degree of intolerability of this situation was evidenced by the
lack of any significant effect of verapamil or TTX on synaptosomes
incubated in the presence of Verruculogen.

The administration of Verruculogen in ethanol to the 1ocustb
neuromuscular junction preparation, and the snail.giant dopaminergic

neuron, proved to elicit the responses described on every occassion.
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The important point is the observation that the Verruculogen moiety
as such is the actﬁ?e component eliciting ‘these effects. Presumably,
then, the alterations in synaptosomal release of amino acids were
more 1ikély to be the cause of the observed tremor in animals, than a
consequence of it, | ,

The low reproducibility of data obtained from experiments made fo
investigate the effects of ethanolic Verruculogen administfation to
synaptosome preparations required that alternative methods were
examined. The Mulgofen emilsions, at the surfactant concentrations
employed, proved to be of little valﬁe.’ Presumably, detergent type
action which reduced the integrity of the synaptosome membrane was
the major feature of the observed leakiness, but other actions cannot
be egcluded and are beyond the scope of the present study.

The experiments made using the nylon gauze technique for the
administration of Verruculogen to synaptosbme suspensions did not
evidence any biochemical changes in the }arameters measured, This ﬁas
principally a consequence of the, extremely small quantity of Verruculogen

which may have dissolved in the 1ncubation medium, The failure to

observe any changes also illustratef;the requirement for a solubilised
' administration technique to be utlllsed since synaptosome - crystalline
toxin interactions (which must inevitably have occurred with high
incidence) did not activate presumed'receptors or channels which may

be available for activation when the toxin is solubilised. -

It is not possible at this moment in time to be too optimistic
over the value of the liposome preparation as.a technique to administer
'Verrﬁculogen to synaptosome suspensions. ‘The lipid extraction from
whole prain utilised a crude procedure, and rather than attempt to
purify fprther the lipid extracts, it may in the future be preferablé
fo prepare liposomes from commercially available lipids. 1In this
manner, the liposome composition could be strictly controlled with
regard to the degree of lipid packing and bilayer permeability.
Furthermore, the absence of potential neuroactive compounds, which
may have been present in the extraction procedure used here, could be
relied upon (for instance, see BALCAR & MANDEL, 1976).' Nevertheless,
the technique is a simple one to perform and control, and warrants
further investigation as a method for introducing aqueous insoluble
compounds to aqueous biological systems.

The large and reversible increase in the rate  of miniature end
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.
plate potential generation at the locust neuromuscular junction
. preparation treate%.with Verruculogen strongly implies thatlthe agent
increases the outpu¥.of glutamate at this synapse. The effect was of
relatively .short time course and was completely reversible. In
contrast to what is ob;erved subsequent to KCl additions, there was
observed no displacement of muscle membrane potential, indicating that
if the toxin causes enhanced miniature end plate potential frequencies
by acting as a depolarising agent, the quantity of glutamate
subsequently released was insufficient to depolarise the post -
junctional site. The combined actions of Verruculogen and depolarising
agents on the locust neuromuscular Jjunction preparation have not been
examined to date. However, when this question was examined in the |
giant dopamine néuron of the water snail,'Verruculogen administered
prior to acetylcholine and dopaminé abolished the characteristic
depolarisation of the neuron observed‘in the absence of the mycotoxin.
This may have been a consequence of recegtor desensitisation, but for
the moment the mechanism of the effgpt mﬁst be left unexplained. As
in the locust preparation; therehWagiobsetved no membrane
depolarisation, and the membraﬁe registance of the neuron was unchanged
on addition of Verruculogen. B

‘The common data to emerge from these two types of-preparation are
those showing elevated spontaneous activity at these neurons. Can ‘
the elevated spontaneous activity here be correlated with the elevation
in aspartate and glutamate release from synaptosomes treated with
Verruculogen?‘ KATZ & MILEDI (1967) have shown that in the frog .- -:
‘sartorius neuromuscular junction preparation,.there was no significant
change in the frequency or size of spontaneous potentials in the
presence of tetrodotoxin, Consequently, it is not permissible to
compare the elevated spontaneops activity recorded in the presence
of Verruculogen in the locust neuromuscular junction and the water
snail dopaminergic neuron with the elevated release of transmitter
observed in synaptosomes, since in the latter case the response was
at least partially inhibitted by tetrodotoxin.

It has not yet been possible to determine the TTX sensitivity, or
indeed the verapamil sensitivity, oé_the responses observed in the
neuronal preparations when Verruculogen is present in the superfusion
fluid. Such experiments are necessary in order to compare or contrast

the résponses with those observed in synaptosome suspensions.
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An additional anomaly exists in the responses of the two types
of preparation to d§polarising stimuli. In synaptosome suspensions
prepared from animaié dosed previously with Verruculogen, the
transmitter signal observed in response to veratrine was not
significantly different from the signal observed in synaptosomes
preparedvfrom control animals. This is in contrast to the inhibition
by Verruculogen of dépolarising stimuli in the water snail'dopaminergic
neuron. Such a contrast is unlikely to be a conSequence only of the
fact that in the one situation Verruculogen was administered 'in vivo',
and in the other, 'in vitro'. ' ‘

External calcium is not required for the appearance of miniature
end plate potentials. However, tests at frog neuromuscular junctions
in which various metabolic inhibitofs, such as ruthenium red, cause
mitochondria to release their stored calcium into the terminal
cytoplasm., The result is an increased release of miniature potentials
(ALNAES & RAHAMIMOFF, 1975), Spontaneouéﬁrelease, like the amount of
evoked release, therefore, can be interpréted as in CHAPTER FOUR as a
reflection of the calcium concentfat%on within terminals, which is
normally kept at a low and constant?éalue. Thus, the total inhibition
- by verapamil of the release of transh&tter ffom synaptqsomes prepared
from. Verruculogen injected animals may not preclude a comparison
between the spontaneous potentials observed in the present chapter, and

the transmitter release observed in the previous chapter.
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CHAPTER SEVEN,

EFFECTS OF y - ACETYLENIC GABA AND y - VINYL GABA
SYNAPTOSOMAL GABA ACCUMULATION. '

" (1) INTRODUCTION,
(2) RESULTS,
1) Protection afforded to rats by y - acetylenic GABA against
whole body tremor induced by the tremorgenic mycotoxin Verruculogen.
2) Purity and stability of y — vinyl GABA and y - acetylenic GABA,
.3) Extrasynaptosomal accumulation of preloaded (U - l4_C) GABA when
incubated in the presence of y - vinyl GABA and y - acetylenic GABA,
4) Release of endogenous GABA from\gerebrocortical synaptosomes
-incubated in the presence of Y.~ acétylenic or y - vinyl GABA,
5) Effects of y - acetylenicvééd y —'vinyl GABA on (U - 140) GABA
uptake into cerebrocortical sfgéptosomes.
6) Time course of the accumulaéion of amino acids in synaptosome
. suspensions subsequent to the addition of y - viﬁyl GABA,
(3) DISCUSSION.
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INTRODUCTION

{

Neurobiologists“have for some years explored the functional
roles of GABA in the mammalian central nervous system by altering the
brain GABA content of laboratory animals with drugs. Brain GABA
content has been elevated by using inhibitors of 4-amino-butyrate;
2~-oxoglutarate amino transferase (EC 2,6,1,19, GABA amino tfansferase,
GABA-T), the first enzyme in the degradative pathway for GABA, Also,
the ability to increase GABA content in human brain may eventually
prove to have practical significance.' - .

A deficiency of GABA has been demonstrated in certain regions of
autopsied brain obtained from patients dying with Huntington’s chorea
(PERRY et al.,, 1973; BIRD & IVERSEN, 1974; URQUHART et al., 1975).
In addition, activity of the enzyme-that synthesises GABA, L-glutamate
l-carboxylase (EC 4.1.1.15, glutamic acid decarboxylase, GAD) is
reduced in the same brain regions of the§§ patients (BIRD & IVERSON,
1974; URQUHART et al., 1975)., Efforts to elevate brain GABA content by

administering high doses of the GABAiT inhibitor isonicotinic acid

hydrazide (isoniazid) have produced iﬁmited clinical improvements in

. patients with Huntington’s chorea (PﬁﬁRY et al., 1977, 1979a).
Elevation of brain GABA might have beneficial effects in some forms of
human epilepsy (MELDRUM, 1978), and possibly also in schizophrenia.
ROBERTS (1972) has suggested that abnormalities in brain GABA metabolism
may be involveq in schizophrenia, PERRY et al., (1976b) have found in
autopsied brain from patients dying with séizophrenia a reduction in
the mean GABA content of the nucleus accumbens and the thalamus as
marked as that in Huntington’s chorea., A deficiency of GABA function
has also been demonstrated or implicated in tardive dyskinesia
(PALFREYMANetal., 1978) and Parkinsonism (BARBEAU, 1973),

As GABA itself does not readily cross the blood brain barrier, its
oral administration would not correct a deficiency of GABA in brain
(ROBERTS & KURIYAMA, 1968). Hence the concept requiring that an
inhibitor containing a latent reactive functionality which is liberated
as a result of a target enzyme’s own mechanism of action has been

”

enunciated. Such inhibitors, which have Seen designated "K cat
inhibitors, or "suicide enzyme inactivators" are expected to be
highly specific because they should only inhibit those enzymes which
can accept them as substrates. Several inhibitors, which function
by a mechanism requinng activation by GABA-T prior to that enzyme’s

irreversible inactivation have been designed and synthesised (FOWLER &
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.

JOHN, 1972; JUNG & METCALF , 1975; LIPPERT et al,, 1977), or isolated
from natural source$ (KOBAYASHI et al., 1976).

GABA-T, being éhpyridoxal phosphate ( Py CHO) - dependent enzyme,
operates via a tautomerism of the Schiff base formed between GABA and
PyCHO. The Schiff base function activates the adjacent C-H bond, so
that proton abstraction is facilitated. Repfotonation leads to the
tautomeric Schiff base which is hydrolysed to the products, succinic
semialdehyde and pyridoxamine. In order for further transamination of
GABA to proceed, the holoenzyme must be converted back to the pyridoxal
form. This is achieved with the advent of another substrate,

" a-ketoglutarate, which undergoes Schiff base formation with the
pyridoxamine, The seduence is then reversed with the amino group of
pyridoxamine being transferred to a-ketogiutarate, thus regenerating
PyCHO'and glutamic acid. Two forms of brain enzyme have been - oA
characterised, one being associated with free mitochondria, the other
with a synapfosomal fraction (BUU NGUYEN ‘& VAN GELDER, 1973; TARDY et al
1978). . :

Y ~ acetylenic GABA and y- Qiny} GABA. are two catalytic irreversile
inhibitors of GABA - T (JUNG ef al.,}1977; JUNG & METCALF, 1975).

- They cause a sharp decrease of whole -brain GABA~T activity and a

dose dependent increase in brain GABA concentration, (JUNG et al., 1976;
1977). In vivo, both drugs elicit a:complex response such as sedation
and lowered body temperature (SCHECHTER & TRANIER, 1977a) and an
increase in the control and stimulated release of GABA to fluid
superfusing thé rat sensorimotor cortex (ABDUL! GHANI et al., 1980).
LOSCHER (1979) and BOHLEN et al., (1979) have shown an increase in

GABA levels in cerebrospinal fluid followihg_intraperitoneal_injection

of y - acetylenic GABA and y-—vinyl GABA,

0
OH ' OH
NH,, | | NHy
vy -_ACETYLENIC GABA : "~y =_VINYL GABA

At a dose of 100 mg / kg i. p. in mice, y - acetylenic GABA
induces a long - lasting inhibition of whole brain GABA ~ T activity,

which-drops to nearly zero within 2h. and is still only 15 - 20 % of

control 24h.after administration. As a consequence brain GABA levels
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rise to about 4 times control leveds at 8h., then slowly return to
conérol values, (JUNG et al.,, 1977a). vy - Vinyl GABA enters the brain
less 'readily than does vy - Acetylenic GABA, hence higher doseé are
required to induce a comparable inhibition of GABA -T , Thus a single
dose of 1500 mg / kg i.p. in mice reduces brain GABA -T aétivity to
approximately 20 % of control, this level of inhibition being maintained
for at least 48h. Conéomitaﬁt with this inhibition of GABA - T ,

brain GABA concentrations rise to about 5 - 6 times control levels, and
are still mowe than double control after four days (JUNG et al., 1977b)

Both y - acetylenic GABA and y - vinyl GABA protect mice against
convulsions induced by audiogenic stimuli, electroshock , °° -
thiosemicarbazide, isoniazide and strychnine, the pattern of pfotection 
mirroring that of whole brain GABA elevation (SCHECHTER et al., 1977a,b)
Neither compound protects.against seizures induced by picrotoxin or
bicuculline,‘suggestipg that their anticonvulsant activity is not
secondary to their sedative effect (SCHECHTER & TRANIER, 1977b).

In view of the protection affo;ded by y - acetylenic GABA against
the tremor induced in rats by tremorgenic mycotoxins, a study was made
of the accumulation of GABA externally of synaptosomes as a consequence
of y - vinyl GABA and y - acetylenic GABA administration, with. :
particular emphésis on the relevance of the inhibition of GABA -T to

this accumulation.
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RESULTS.

1) Protection afforded to rats by y - acetylenic GABA against whole

body tremor induced by the tremorgenic mycotoxin Ve}ruculdgen.

'Wﬁen rats were injected intraperitoneally with Verruculogen
(400mé mycelium / kg), whole body tremor was observed in 5 - 10 min.,
as described in a previous chapter. When y — acetylenic GABA was
injected intraperitoneally (100mg / kg) half an hour prior to the
administration of Verruculogen, no tremor was observed for the
subsequent 8h., when tremor induced by Verruculogen alone would have
subsided, When y - acetylenic GABA was injected intraperitoneally,
‘(IOOmg / kg) half an hourvsubseguent to the administxration 6£
Verruculogen, the tremor induced by Verruculogen subsided within a
further half én hour / 40min., and was not observed to re - occur.
These experiments werevperformed on six rats and in every instance,
control animals were injected with one or other of the agents alone.
The observed effects on individual rats occurred within + 10min. of
the mean time for the effect to be observed.. The rats injected with
Yy - acetylenic GABA exhibited a tendency towards sedation, but were
observed to feed and drink normally, and would climb the bars of the
cage at regular intervals. Some of the rats injected with Verruculogen
alone showed some convulsing about 2h., subsequent to dosing Sut this

tended to subside by about the third hour.

2) Purity and stability of y - vinyl GABA and y - acetylenic GABA,
The possible breakdown of y - vinyl GABA and y - acetylenic GABA
to GABA was examined, and for this purpose, cerebrocortical synaptosomes
were incubated in Krebs - phosphate medium at 37'C for 20min.. Tissue
was then sedimented and lysed in cold water. Incubatién'medium;
membranes, and lysate were collected individually, and the drugs were
then incubated (5mM) for S5min., at 37'C with each of the'fractions. No
detectable GABA was generafed in this period. Also, y - vinyl GABA was
introduced directly onto the sensorimotor cortex of rats through a
céntinuous superfusion cannula line at 100pM for 17Omin.. No larger

GABA peak was observed (4pmol. / min.. / sq.cm.) than followed i.p.

injection of y - vinyl GABA (Spmol. / min. / sq.cm.)}, when lower
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DATA LEGEND.

RE : TABLE 7.1.

AMINO-ACID ACCUMULATION IN INCUBATION FLUID OF SUSPENSIONS OF RAT
CEREBROCORTICAL SYNAPTOSOMES IN THE PRESENCE OF y - VINYL GABA OR
y ~_ACETYLENIC GABA,

VQerebrocortical syhaptosbmes were suspended in Krebs phosphate _
medium in 5ml conical flasks in a shaking waterbath at 37'C.i Subsequent
to an equilibration periodﬁof Soﬁin., Y - acetylenic GABA or y - vinyl
GABA were added as appropriate, to final concentrations of 5mM(
Incubation continued for a further Smin,. |

At the end of the experiment, suspensions were sedimented in a
bench top ﬁltrécentrifuge, and the supernatants were decanted and taken
to dryness in a vacuum dessicator. After a methanol extraction, samples .
- were dissolved in 0.025M HCl, and autoanalysed for amino acid levels.
| The data were obtained from six experiments, and are the mean
values + SEM, Data is presented as nmol amino acid / 100mg pellet

protein,
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TABLE 7.1

AMINO ACID ACCUMULATION IN MEDIUM CONTAINING SUSPENSIONS OF RAT

CEREBROCORTICAL SYNAPTOSOMES AND y -~ VINYL GABA OR y - ACETYLENIC

GABA TO FINAL CONCENTRATIONS OF 5mM.

CONTROL y_~ VINYL GABA (5mM) y - ACETYLENIC GABA

ASPARTATE 71 + 25 77 + 10 72 412

THREONINE 134 + 13 198 + 25 154 + 16

SERINE 293 1 35 343 + 19 324 +18

GLUTAMATE 207 + 85 233 + 60 . 2481 50

GLUTAMINE 34 + 13 31 + 8 37 + 13 |
GLYCINE | 159 + 12 213 + 26 174 + 11

ALANINE 222 + 15 231 + 24 250‘i 11

+ 17 n.dqd.

GABA 22 + 12 171
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concentrations prevailed in tissue and superfusate., The possibility
that GABA was a con%aminant of the drug samples was dispelled by
analysing 5mM samples of SmM y - vinyl QABA under conditions where

5.- 50pm61:.GABA could be detected. This implies that aﬁy contamination

was less than one in 105 parts of the drug. .

3) Extrasynaptosomal accumulation of preloaded (U - 14C),GABA when
incubated in the presence of y - vinyl GABA or y'- acetylenic GABA,

Y - Acetylenic GABA and y - vinyl GABA at 1mM concentrations _
caused a significant increase in preloaded (U - l4c) GABA release from
cerebrocortical synaptosomes incubated in. Krebs ~ phosphate médium
for 30min. pribr to administration of the drugs for 10min.. The
accumulation in the medium of GABA associated radiolabel corresponded
to 23% (p<0.025) and 57% (p<0.005) respectively over the levels found
in control incubations (FIG., 7.1),. This\pffect increased with drug
concentration to 46% with y - acetyl?nic.GABA (5mM), and to 96% with
Y - vinyl GABA (5mM). The minimum é%fective dose with y - acetylenic
GABA was 0.5mM (12%), and with y - ;%nyl GABA, 0.25mM (22%).

Tetrodotoxin (1pM) added to the incubated synaptosomes lmin. prior
to y - acetylenic GABA (5mM) and y - vinyl GABA (5mM and O.5mM)

14

significantly inhibited the accumulation in the medium of (U - ~°C)

GABA by 46%, 35%, and 60% respectively (FIG, 7.2). The release of
4

(U - 1 C) GABA from synaptosomes in the presence of either drug at

5mM concentration was totally inhibited in the absence of Ca’' when

verapamil was added to 100uM,

4) Release of endogenous GABA from cerebrocortical synaptosomes incubated

in the presence of y - acetylenic or y - vinyl GABA,

When y - vinyl GABA at-a final concentration of 5mM was added to
suspénsions of cerebrocortical synaptosomes for 5Smin. subsequent to
a2 30min. incubation in the absence of the drug, GABA concentration was
greatly increased in the medium, from a control value of 22 + 12nmol /
100mg protein to 171 + 17 nmol / 100mg protein. However, no change
occurred (TABLE 7,1) in the accumulation of other amino acids. Similar
results were obtained with y - acetylenic GABA (5mM), although it was
not possible to separate y - acetylenic GABA frdm GABA itself in the
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DATA LEGEND,

RE : FIG. 7.1.

EFFECT OF y - VINYL GABA AND y - ACETYLENIC GABA ON THE RELEASE FROM
SYNAPTOSOMES OF EXOGENOUS (U - “%c) capa, |

Rat cerebrocortical synaptosomes wére suspeﬁded in Krebs phosphate
medium in S5ml conical flasks in a shaking waterbath at 37'C.' Also
present was 10pM (U - “%C) GABA (200nCi / ml). Incubation was for 15min..
Suspensions were then washed and resuspended in fresh medium. Subsequent
to an equiliﬁration period of 30min., appropriate concentrations of the
two drugs were added and incubation continued for a further 10min..

At'the end of the experiment, suspensions were sedimented in a
bench top ultracentrifuge, and the supernatants were decanted into
scintillation vials containing liquid scintillant., Radio - isotope was.

" counted thereafter. Pellet protein content was determined by means of
the Folin reagent.

The data presented are the means + SEM for the number of experiments
noted above datum points. Data are plotted as % increase in GABA
measured in the incubation fluid in the presence of the drugs over those

levels measured in control experiments.
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DATA LEGEND.

RE : FIG. 7.2. _

EFFECT -OF TETRODOTOXIN AND VERAPAMIL ON THE RELEASE OF EXOGENOUS GABA
FROM_SYNAPTOSOMES INCUBATED IN THE PRESENCE OF y - ACETYLENIC GABA OR
y ~ VINYL GAPBA, |

Rat_cerebrbcortical synaptosomes were suspended in Krebs phosphate
medium in 5ml conical flasks in a shaking waterbath at 37'C.‘ Also
present was 10pM (U - 140) GABA (200nCi / ml). Incubation was for 15min,.
Suépensions were then washed and resuspended in fresh medium.} Subsequent
to an equilibration period of 29min., TTX (1uM), or verapamil (100uM)
were édded as appropriate. One ininute later , one or other of the drugs
were added at appropriate concentrations. Incubation continued for a-
further 1Omin.. |

At the enq of the experiment, suspensions were sedimented in a
bench top ultracentrifuge, and the supernatants were decanted into
scintillation vials containing liquid scintillant. Radio - isotope was
counted thereafter. Pellet protein content was détermined by means of
the Folin reagent. |

The data presented are the means + SEM for the number of experiments
noted above datum points. Data afe plotted as % increase over relevant

controls.
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analytical system employed.

_Following intraperitoneal administration of y - acetylenic GABA
(100mg / kg) or y - vinyl GABA (1000mg / kg) for periods of 6h., and
14h., respectively, animals were sacrified and cerebrocortical - -
synaptosomes were prepared and incubated in Krebs phospha@e medium for
30min., before addition of 75uM veratrine and / or 1lpM TIX..

‘The release of endogenous GABA from synaptosomes prepared from
animals pretreated with the drugs was much higher than from controls
treated with saline. No change in release was observed in any of the
other amino acids measured. In the presence of depolarising
concentrations of veratrine (FIG. 7.3a; b; ¢) , a large increase in
the release of glutamate, aspartate, and GABA occurred. Other amino
‘acids remained unaffected. However, this well established veratrine
stimulated release of putative amino acid neurotransmitters was much
larger when the animals were pretreated with y - acetylenic GABA and
y - vinyl GABA prior to the preparation of synaptosomes. The evoked
release of endogenous aspartate, glutamate, and GABA in all cases was
totally inhibited when the sypaptdsomes were incubated with TTX af
a final concentration of 1pnM (FIG. 7.3a; b; c).

Interestingly, when the veratrine data from FIG, 7.3 is expressed :
medium amino acid~/ medium amino acid + intrasynaptosomal amino acid
(from TABLE 7.2), the percent of total GABA released by veratrine
following drug pretreatment is similar to that seen in the saline
control situation.

No changes .were observed in the accumulation intrasynaptosomglly
of any amino acid other than GABA, for whiéh Y - acetylenic GABA and
y - vinyl GABA administered in vivo caused a increase of 3 - 4 fold
in the content of this amino acid in the synaptosome preparation
(TABLE 7.2).

5) Effects of y - acetylenic GABA and y - vinyl GABA on (U - 14@) GABA

uptake into cerebrocortical synaptosomes.

y - acetylenic GABA and y - vinyl GABA at 1ImM concentrations
caused a significant (p€0.001) inhibition of (U - 14C),GABA high affinity
uptake corresponding to 21%, and 36% respectively (FIG. 7.4). This
inhibition was increased with rising drug doncentrat;pn'to a plateau of
70% with y - vinyl GABA in the 3 - 5mM range, and up to 50% with

y - acetylenic GABA., No significant effects on uptake were obtained
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DATA LEGEND,

RE : FIG, 7.3a, 7.3b, 7.3c, and TABLE 7.2, '

ENDOGENOUS AMINO ACID RELEASE FROM SYNAPTOSOMES PREPARED- FROM RATS
PREVIOUSLY INJECTED WITH y - ACETYLENIC GABA OR y - VINYL GABA,

Following intraperitoneal injection of y - acetylenic GABA (100mg/kg),
or y - vinyl GABA (1000mg/kg) for'periods of 6h.,, and 14h., respectively,
animalé ware killed and cerebrocortical synaptosomes were prepared and
incubated in Krebs phosphate medium in 5ml conical flasks in a shaking
waterbath at 37'C. Subsequent to an equilibration period of 3Omin.,
veratrine (75pM) and/or TTX (1pM) were added for a further 1lOmin..

At the end of the experiment, suspensions were sedimented in a
bench top ultracentrifuge, and fractions were extracted and autoanalysed
for amino acid content. Pellet protein contents were detefmined by
. means of the Folin reagent.

Data are fhe means + SEM for values obtained from four experiments,

and are expressed as nmol amino acid / 100mg protein.
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TABLE 7.2

BEffect ofW(—Acetylénié GABA and y-Vinyl GABA on intrasynaptosomal amino acid content

( nmoles/100 mg Protein )

Giutamate

Glycine .

Serine

Pre-treatment| Treatment Asﬁartate Valipe Alanine Leucine GABA
Control j75&i248 4335+393 672+38 '594127 16548 662i23' 266420 1164i45
Saline Tetrodo- | 591300 . W750s661 615496  S75:22  a7ha8 59545 238446 1158s82
) Veratrine 1871i228;2:.4h08i381 4874106 441426 14349 . L85ih2 197411 7“311§fw
‘Verat.+TTX| 35434606  4393+418 ' 602:495 = 588153 . 180+1h  642+453 223417 1305462
| Control ‘2877i164 Liq74495 - 749469 f62Q186 | 17741k 51&1{6 .23913 3698+748
éxgietyleﬁi; T§§;§§°' 20304225 40104168 772§§gﬁ3@$é1ti5; 204433 567430 282:46 '35§1ih56
Veratrine | 16254135 43074564  535+123 . 571674 166410 439472 22426 26784167
Verat.+TTX 28411222 - L4683+618 815+134 593451 173121 526i§7 1 235+35 4168+252
- Control 33964399 47153259  879+188 654+l 216+45 - 690486  304+15 46284396
y~Vinyl GABA T§2§23°‘ 29854160 < booeboh  981s22k 468472 203422 714436 291410 45391837
Veratrine 1679i177 | 41764143 549100 562494 18345 Ly5.25 230+12 3243460
Verat.+TTX | L704+534 | 8573100 481486  191x11 592+22 2llierh 47514691

32594322

( 112 )
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DATA LEGEND,

RE : FIG, 7.4, 7.5, 7.6.

EFFECTS OF y - ACETYLENIC GABA AND y - VINYL GABA ON THE UPTAKE OF
(u - Yc) GABA INTO CEREBROCORTICAL SYNAPTOSOMES.

Cerebrocortical synaptosomes were incubated in Krebs phosphate
medium in 5ml conical flasks in a shaking waterbath at 37'C for an
equilibration period of 20min.. vy - Acetylenic GABA or y - vinyl GABA
at concentrations cited on the figures, were then added (in the case of
FIG., 7.6, lmin subsequent to the addition of 1pM TTX). Incubation
continued for a further Smin. prior to addition of the GABA radiolabel,
10uM, 200pCi / ml.,. Except in the case of FIG. 7.5 (where incﬁbations
times are cited), incubation continued for a further 5min..

At the end of the experiment, suspensions were sedimented in a
bench top ultracentrifuge, and the pellets were extracted. The extract
was decanted into scintillation vials containing liquid scintillant.
Samples were. taken for radio - label counting.

Data are presented for the number of experiments noted above datum
points (with the exception of FIG. 7.6, where n = 6), and are the

means + SEM.
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with concentrations below O,5mM of either drug. Similar effects on
uptake were obtained ‘after imin., and 2.5min,, incubation with G - 140)
GABA using both drugs at both concentrations, in an attempt to ensure
that significant quantities of GABA which had been. taken up were not

re - released (FIG. 7.5). '

At this point , it was difficult to rule out that there was a
ireal component of inhibition of GABK uptake by y — acetylenic GABA
and Y - vinyl GABA, which is a critical consideration foi a valid
interpretation of the release studies. These compounds are structural
analogues of GABA, and at these concentrations, they may compete with
GABA for the transporter. If the observed inhibition of uptake was
due to the TTX - or verapamil - sensit?ve‘release process, then TTX
or verapamil should prevent the apparent effect of the drugs on uptake.
This was tested by means additional upiake experiments, and a time
course experiment of the kind described’in a previous chapter.

FIG 7.6 illustrates the data obtalned when the inhibition of
(U - C) GABA high affinity uptake as a consequence of y - acetylenic
GABA and y - vinyl GABA adminlstrat;gn was measured in the presence of
1pM TTX. TTX administration signifigently abolished a proportion of
the apparent inhibition of uptake, and the remaining component of the
v -‘14C) GABA accumulation appeared to be a real inhibition of GABA
uptake by the agents. ,

When the release and uptake inhibition of (U - 140) GABA .were
measured under similar conditions, but using 1mM and 5mM GABA to
replace y - acetylenic GABA and y - vinyl GABA in these experiments, the
following results were obtained.

GABA at lmM increased the degree to whlch prev1ously preloaded
(v - 140y GARA accumulated in the medium by 238%, and 5mM GABA by 234%
over controls, to which 'cold' GABA was not added. Intriguingly, this
efflux over the 5min. incubation period was not 51gn1flcantly TTX

14

dependent, and the (U - "°C) GABA accumulation in the presence of the

active Na© channel blocker was 217%, and 187% respectively.
Similarly, when the uptake of (U - 140) GABA was measured into
synaptosomes incubated in the preseoce of 1lmM and SmM GABA, the
percent inhibition was 90%, and 95%, respectively , relative to the
control synaptosomes, to which no cold GABA was added. Again, the
inhibition of (U - 14C) GABA uptake was not significantly dependent

upon prior addition of 1M TTX (89.5%, and 94.3% inhibition respectively)
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DATA LEGEND,
RE : FIG. 7.7. [, | \ _
TIME COURSE OF THE ACCUMULATION OF AMINO ACIDS IN SYNAPTOSOME
SUSPENSIONS SUBSEQUENT TO ADDITION OF y -  VINVL GABA,

Cerebrocortical synaptosomes were suspended in Krebs phoéphate
medium in 25ml conicai flasks in a shaking waterbath‘at 37'6.‘ Subsequent
to an equilibration period of 1lOmin., samples of volume OJSml. were
taken at the relevant times shown. These namples were immediately
sedimented in a bench top ultracentrifuge, and fractions were separated,
'and stored until the end of the experiment in cardice / propanol. ‘

At the time indicated by (1), y - vinyl GABA was added to a final
concentration of SmM, as appropriate. At the time indicated by (2),

TTX wns added to a final concentration of 1pM, as appropriate. Graphs
with notation (*) are control experiments. Graphs with the notation
(0 *» represent experiments to which y\r vinyl GABA was added.

At the end of the experiment, all f;éctions were extracted, and

autoanalysed for amino acid content.féPellet protein contents were
determined by means of the Folin reaéépt.
Each datum point is the mean of three experiments. Individual

experimental values lay within 10% of their mean.
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FIG. 7.7

(. : " !
TIME COURSE OF THE ACCUMULATION OF AMINO ACIDS IN SYNAPTOSOME
SUSPENS IONS SUBSEQUENT TO ADDITION OF 5mM y -~ VINYL GABA,
Y - COORDINATE = nmol amino acid accumulation / 100mg protein,
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In spite of the difficulty of providing an explanation for these
data, it is perhaps sufficient for the purposes of the present
investigation to observe that the lack of TTX dependency of these
effects indicates that y - acetylenic GABA and y - vinyl GABA are
exerting their effects through a mechanism which cannot simply be
described in terms of acting at presynaptic GABA receptors. or being
recognised as GABA

6) Time course of the accumulation of amino acids in synabtosome

suspensions subsequent to addition of y - vinyl GABA,

On addition of y -~ vinyl GABA to cerebrocortical synaptosome
suspensions, there was a large and rapid accumulation of endogenous
GABA in the incubation fluid, and this accumulation continued but at a
slower rate for the remainder of the experiment (FI1G. 7.7) when
no further additions were made, At 60m1n., GABA accumulation had
increased by nearly 2000% relative. to the control incubated in the
absence of y - vinyl GABA, When lpM TTX was added, there was a rapid
fall in the level of endogenous GABAQmeasured extrasynaptosomally,
which quickly reached a steady stete;within 5mind.. . In the presence
of TTX, GABA accumulation no longer increased, but then neither did it
fall significantly below the plateau level. A similar profile was.
obtained when verapamil (100pM) was added at the same time, but
independently of TTX (data not shown). '

. Measurement of synaptosomal pellet content of GABA over the period
of the incubation revealed that the administration of y - vinyl GABA
(5mM) did not result in a significanf increase in the levels of
GABA - rather, y - vinyl GABA mainfained intrasynaptosoﬁel GABA content
at a steady level, in contrast to the control incubations, where
internal GABA levels fell significantly during the experimental
period. ' '

The accumulation in the incubation medium and the intrasynaptosomal
contents of all other amino acids measured - apart from GABA - showed
no change as a consequence of y - vinyl GABA administration; although
B - alanine (also a substrate for GAEA - transaminase (BEART &
JOHNSTON, 1973)) levels were not measured, These amino acid profiles
were similar to those described for other time- course experiments’

in an earlier chapter.
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DISCUSSION S
O ~ ’

In this study, y - acetylenic GABA and y - vinyl GABA, at
concentrations above 0.5mM and 0,25 mM respectively, cause a
.synaptosomal release of GABA which is apparently dependent upon TTX =
sensitive Na'channels and verapamil sensitive Ca++receptors or channels,
These results suggest that the drugs may be depolarlsing the
synaptosomes in some way that appears specific for GABA since
endogenous glutamate and aspartate areMnot released by these drugs in
vitro (in contrast to what is seen with veratrine), While the .
mechanism for such an action is unclear, these findings are intriguing,
providing they relate to the drug s action in vivo.

In vivo , y - acetylenic GABA and y- vinyl GABA were found to
elevate GABA levels in the cortex superfusate (ABDUL GHANI et al.,1980).
That this effect is TIX- or verapamil- sensitive has not been detefmined
to date. It is poséible that the in vivo results are explained by the
data presented showing that pretreatment}of animals with Y — acetylenic
GABA or y -vinyl GABA leads to elevated synaptosomal GABA levels and
an elevated resting GABA release whlch was not significantly TT% -
sensitive. ' The action of verapamll on this elevated release from
synaptosomes prepared from rats pretreated with the drugs has not yet
been determined., Thus it is difficult to reach the conclusion that
levels of at least 0.5 mM (y - acetylenic GABA) and 0,25 mM (y - vinyl.
GABA) are reached in vivo following intraperitoneal injection. It is
not sufficienf to measure total brain levels of the drugs following
"administration because substantial concentration of the drugs may occur
for instance at nerve terminals, ' A

PERRY et al., (1979) have shown evidence for reduced total brain
GAD activity subsequent to chronic administration to rats of y - vinyl
GABA, The data presented indicate that some inhibition of GABA synthesis
may be occuring, and for instance at the end of the time course
incubation, total GABA levels (intra - plus extra - synaptosomal GABRA
levels) in the presence of y - vinyl GABA were only 93 % higher than
in the absence of y - vinyl GABA, S}milarly there was an increase of
3061% in GABA levels as a consequence ofvpretreating rats with a
single dose of y - vinyl GABA 14h., prior to sacrifice. FONNUM%& WALBERG
(1973) estimated that the intraterminal GABA concentration was
approximately 60 mM, and that there is sufficient GAD present to

synthesise this amount 5 ~ 6 times per hour. This is an important
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question as there is much evidence that GAD activity can‘act as &
regulator of cerebral excitability. An equation has been developed
which relates excitablity to th GAD activity and GABA levels, with

the former being the major factor.(WOOD & PEESKER, 1974). There
appears to be a threshold level of GAD activity below which convlsions
occur (TAPIA et al., 1975). This implies that there is a relatively
rapid turnover of transmitter GABA and that newly synthesised GABA is

. usually readily available for release from GABA terminals. 3 -

Mercaptopropionic ecid, a potent competitive inhibitor (WU & ROBERTS,
1974) of GAD, produces convulsions, decreased GAD activity, and
decreased GABA levels in rets seven minutes after intraperitoneal
injection (KARLSSON et al., 1974).

During short term incubations, ohapgeS-in GABA content subsequent
to drug administrations are negligible, and it may be concluded that
blockade of GABA - T leading to an accemulation of GABA in a compartment
from which it spills out into the medium\is not a contributory factor
in the release of GABA at least in these in vitro studles.

It is not possible to rule out: that there is some inhibition of

GABA uptake by y - acetylenic GABA and y - vinyl GABA, which is an

] important consideration for interpretlng the release studies. The

1nhibition of uptake of (U C)— GABA during incubation times of 1 min.,
‘and 2.5 min., (during which time only a very small proportion of GABA
taken up could be subsequently released) shows that these compounde; L
which are after all, structural analogues of GABA, and at these L
concentrations, hay compete with GABA for the transporter. However,

a significant component of the observed inhibition of uptake is due to

a TTX - sensitive release pro6ess, and indeed, in the preeeqoengffrqxlul~~

a proportion of the inhibition of GABA uptake was negated; It is
intriguing nevertheless that verapamil blocks the entire eccumulation
of exogenous GABA in the medium.when this compound is added prior to
y - acetylenic GABA or y- vinyl GABA, (Fig 7.2)

The conclusions that can be reached at this stage are that
a )
Y - acetylenic GABA and y - vinyl GABA cause an accumulation of
GABA intrasynaptosomally and extrasyeeptosomally.
b )
A component of the extrasynaptosomal GABA accumulation is caused -

by an inhibition of GABA uptake and may be a direct consequence of

TR
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.
structural analogues of GABA competing with GABA for the transporter.’
c) X ‘ )

A component oé“fhe extrasynaptosoqal GABA accumulation is caused
by an action of the drugs at active Na® channels and can be blocked
by a Ca++ antagonist, _

The question mark hanging over the precisé role of evoked GABA
release, inhibited GABA uptake, and total GABA accumulation for the
action of y - acetylenic GABA and y - vinyl GABA as possible A
therapeutically relevant anticonvulsant agents and especially as
antagonists of Verruculogen induced tremor;is particularly important,
and consequently it is inferesting to note that many anticonvulsant
agents are not only inhibitors of GABA - T, but also have effects on
GAD and often on GABA uptake,

‘Aminooxyacetic acid is a potent cémpetitive inhibitor of GABA - T
(SCHOUSBOE: et al,, 1974), and is one of the most widely used agents
for increasing the levels of GABA in the brain. Unfortunately,
aminooxyacetic acid seems to have other éffects that must be taken
into account. The anticonvulsant aétion'gf aminooxyacetic acid appears
to involve at least two mechadisms;ﬂonly one of which is concerned

with the GABA system (WOOD & PEESKER) 1975; MURAKAMI et al.,1976).

The depressant action of aminooxyacetic acid on spinal reflexes does
not.appear to involve GABA. (BELL & ANDERSON, 1974). It is a carbonyl-
trapping agent which is a quite potent competitive inhibitor of GAD
(WU & ROBERTS, 1974) and which inhibits most if not all transaminases
(SCHOUSBOE et al., 1974) and the transport of many amino acids and
-amines (JOHNSTON & BALGAR, 1974). '

Sodium di -n propyiacetate (sodium valproate) is used clinically
in the treatment of,epiiepsy (SIMON & PENRY, 1975). Sysfemic
administration of sodium valproate protects against seizﬁres and
increases brain levels of GABA (SIMLER et al., 1973). Although the
agent has been reported to be a competitive inhibitor of GABA - T
(SIMLER et al., 1973), it has a more potent actionon succinic semialdehyde
dehydrogenase, the next enzyme in the metabolic sequence from GABA - T
than on GABA - T itself. (HARVEY et al., 1975), Sodium valproate does
not influence GABA uptake at 1 mM (EALFAR & MANDEL, 1976), A
pharmacokinetic study on the anticonvulsant action of valproate in
monkeys indicated that it has multiple effects (LOCKARD & LEVY, 1976)
and studies using mice have shown a clear anticonvulsant action in the

absence of significant changes in the levels of brain GABA (ANLEZARK
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et al., 1976)4and consequently it seems probable that sodium di -n-
propyl acetate has»qther actions, besides effects on GABA degradation,
that contribute to its anticonvulsant action.

The. active site directed irreversible inhibitor of GABA - T
ethanolamine - O - sulphate, introduced by FOWLER & JOHN(1972) is being
used e#tensively to study the effects of incréased levels of GABA,

The agent forms an initial réversible complex with the enzyme followed
by irreversible inactivation by a péeudo first ofder process in vitro
Unlike aminooxyacetic acid, it does not inhibit GAD (FOWLER & JOHN 1972),
but like aminooxyacetic acid, ethanolamine - O sulphate is a weak
inhibitor of GABA uptake in rat brain slices. (BEART & JOHNSTON, 1973)
and unlike sodium valproate, does not inhibit succinic semialdehyde -
dehydrogenase (ANLEZARK et al., 1976).‘ Ethanolamine -~ O - sulphate

does not elevate brain GABA after systemic administration and must be
injected direcfly into the brain for ﬁnilateral injection into the
substantia nigra to study the role of GABA in rotational behaviour

(DRAY et al.,1975) and bilateral injgctisn into the globus pallidus to
assess the possible control by GABAjof anéaccumbens - pallidal

pathway (PYCOCK & HORTON, 1976). i

Gabaculine, the active site ipﬁibitor of GABA- T was discovered

in a culture filtrate of Streptomyces toyocaemis subsp.,1039, and was
chafacterised by KO@AYASHI et al., (1976) as ( - ) - 5 aminocyclohexa -
1, 3 - diene ~ 1 - carboxylic acid. Gabaculine is much more potent"
than ethanolamine - O - sulphate or y - acetylenic GABA, (KOBAYASHI et
al., 1977), and is a relatively weak inhibitor of GAD and a moderately
‘potent inhibitor of GABA uptake. It does not ‘act as a GABA agonist
with respect either to the sodium independent binding of GABA .to
membranes from rat brain or to GABA receptors on cat spinal‘
interneurons (ALIAN et al,. 1977). Systemically administered gébaculine
increases brain-levels of GABA and protects against picrotéxin induced
convulsions.(MATSUI & DEGUCHI, 1977).

Although GABA is considered to be a major inhibitor& transmitter
in the brain, its precise role in modulating central nervous system
excitability in general and in the mechanism of seizure inducing and
seizure protecting drugs remains co;jectural. However, it is clear
that y - acetylenic GABA and y - vinyl GABA produce elevation s in
brain GABA concentration after peripheral administration, aﬁd this is
associated with a differential anticonvulsant activity in animal

systems, Similarly, both agents cause an accumulation of extrasynaptic

GABA despite the fact that the precise mechanism and the relative roles
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of accumulatioﬁ components remains in question., Although suggestive,
this association is not sufficient to ascribe a cause - effect
relationship between protection against Verruculogen induced raised
levels of excitatory transmitters extrasynaptically which are
presumably eliciting the tremor symptoms, and increased brain GABA
concenﬁ%tions. In addition to their inhibitory effects on GABA - T
activity, y - acetylemic GABA and y -~ vinyl GABA have a less potent
but significant irreversible action on brain GAD, and although less
likely, these changes in GAD activity could play a part in tremor
protection., Furthermore, being structural analogues of GABA ,

y - acetylenic GABA and y - vinyl GABA may ‘act as direct GABA agonists
‘at receptor sites, and also of course, an inhibition of GABA uptake
mechanisms may prolong the action of this inhibitory transmitter.
Elucidation of a mechanism for tremor brotection at the neurochemical
level must await the success of in vitro additions of tremorgenic
mycotoxins or their active metabolites go synaptosomes with concomitant
releasing effects similar to those observed subsequent to the
preparation of synaptosomes fron anlmals 1n3ected with the toxins,

Such a mechanism may well involve presynaptlc receptors and will

surely further our understanding of the role for amino acids as

neurotransmitters.
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CONCLUDING REMARKS,
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Nerve endings from many brain regions appear td.survive the rigoufs
of the preparative téphniqnes with sufficient biochemical and
morphological complexity to provide a functioning in vitro nerve
terminal ﬁfébaration; Chemical events which occur as hardly detectable
trace signals in slices or other more intact systems become at once
localised and amplified in the synaptosome preparation. The synthesis,
storage, and depolarisation evoked release of transmitters Become
amenable to study, together with the actions of pharmacological agents
on these processes. Comparing the in vivo actions of such agents with
their effects on these in vitro prepafations:allows their level of action
.to be clarified - at least, for instance, whether primarily on cell )
body or on nerve ending. However, these possibilities are circumscribed
by the'degree of the damage, both biochemiéal and morphological,
sustained by terminals and the extent to which they are degenerating
and malfunctioning as a system in vitro. Nevertheless, synaptosomes
prepared from mammalian brain show considgrable biochemical versatility,
performing in many ways like small whole cells when incubated in

nutrient salines of approprlate comp031t10n Evidence is presented to

support the hypothesis that they are"ible to develop a membrane
'potential an important property which" would prov1de a good overall
index of their capacity to accumulate certain ions and maintain their
structure and metabolic integrity. On the basis of the evidence
presented in the earlier chapters, and elsewhere, one may be confidént :
about the performance of synaptosomes over at least several hours
following isolation, during which time they are able to disﬁlay a range
bf iﬁpressively sophisticated properties linked to the processes of
neurotransmissioﬂ and neurosecretion,.

The.project has been concerned with the function of amino acids
of relatively simple chemical structure as‘excitatory and inhibitory
transmitters reguiating the activity of neurons throughout the
mammalian central nervous system. Attention was drawn to the suggestion
that these substances deserve consideration as major central transmitters
involved with the relay of afferent information from the spinal to the
cortical level, the control of cerebral pyramidal and cerebellar
Purkinje cells, and of other cortical, subcortical, and spinal
neurons. -

The precise mechanism by which calcium exercises a role in the

modulation of the release of the transmitter amino acids was brought
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into question early in CHAPTER FCUR.' The lack of conclusive evidence
to define a solely fptrg - terminal source of the calcium required to
elevate (Ca++)in (coﬁsequently evoking transmitter release from
synaptosones) does not detract from the validity of the suggestion.
The finding of an answer to the question was not assisted by the
proposition that at the concentrations used in those experiments, the
calcium antagonist vefapamil may also exert an actioh at acfive sodium
channels, Nevertheless, the finding that extra - terminal sources of
calcium were not necessary for the release of transmittef amino acidé
evoked by agents which act at the active sédium channel is an
‘intriguing one. It will be interesting to investigate the dependence
of the release of acetylcholine and dopamine (which are likely to be
secreted by exocytosis) evoked by sodium.cﬁannel active agents, on
extra - terminal sources of calcium, and whether their release is also
inhibited by verapamil,

Verapamil was used in addition to tetrodotoxin throughout the
studies described here., The mechgnism andﬂspecificity of action of
tetrodotoxin has been documented hérééand elsewhere, and it is
important to appreciate that the coné;guences of tetrodotoxin
-administration were by no means idenf&éal with those of verapamil
administration. Thus, since the study of the mechanism-of action of
verapamil is still progressing, it is reasonable that the effects of this
compound on the parameters measured throughout the studies, should have -
been included in the write - up. Even if these modulations cannot
. be explained with confidence at the present, the data will be of
interest and importance in the near future, when the precise mechanism
of action has been elucidated. ‘

The data presenfed in CHAPTERS THREE and FOUR established the
validity 6f using synaptosomal suspension techniques and procedures
for the study of the effects and mechanism of action of the fungal
tremorgenic mycotoxins. Two toxins, Penitrem A (extracted from

Penicillium cyclopium), and Verruculogen (exﬁracted from Penigi;lium

estinogenum), were studied, The effects on amino acid release from
synaptosomes prépared from animals dosed with each of the mycelia were
in some ways comparable, and in other ways quite contrasting, despite
the similarity in tremor observed in animals subsequent to injection
to animals of the two toxins., The intriguing common feature of their

effect was the very large elevation of aspartate and glutamate release
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from rat cerebrocortical synaptosomes, and from sheep corpus striatum

synaptosomes., P, cjélopium also elicited a small addifional release

of GABA from these preparations, but this effect was entirely absent

in the caée”of'P. estinogenum. That the raised levels of amino acid

release were iphibited (by different'degrees) by TTX and verapamil is,
however, anomalous. (Recent experimedts on shéep cerebrocortical
synaptosomes haée produced the same type of data - but not included
here), Agents which depolarise by action at active sodium channels
aiso elicit raised levels of synaptosomal respiration,'which is
~required to provide additional ATP necessarjkto fuel the Na+ - K+ - ATPase
in order to return to a status quo. Similarly, potassium loss is
recorded from the synaptosome pellet, Neither of these parameters were
significantly altered in the experiments performed. Perhaps
depolarisation was occurring, but the change in membrane potential was
not sufficiently large to alter these pargmeters at the sensitivity
level at which they were measured.: In sugh a case, why was GABA not
released also by the treatments? . These quéstions remain to be

answered by work which is progressinégon tﬁese features. It is valid
to presume, however, that release, b1;whateve; mechanism, of the
'excitatory amino acids in a dischordah% manner, could well upset the
delicate balance required for control of posture and movement of
affected animals.

In order to study the mechanism of such actions, it was necessary B
to gain greater control of experimental conditions. It was at this point
that enormous problems were encountered in respect of the aqueous
insolubility of the purified tremorgenic compounds. Most solvents, even
at very low.concentrations, are likely to influence neural biochemi;try
in some manner, even if no~obvious effect is observed on those pafame£ers
under study. However, extremely low solvent concentrations could not
be used because the compounds under investigation then came out of
solution. The example of ethanol was given‘in CHAPTER SIX, and of the
six experiments performed, an effect was observed in oniy three., This
effect that was observed was, however, highly compatible with data
presented in the previous chapter. 9f other techniques for presentation
of the tremorgens to synaptosomes which were used, the liposome
technique may well prove to be valuable. Work is progressing to improve
this procedure.

Also presented in CHAPTER SIX was data describing the action of the
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tremorgens at synapses in situ.J‘Again, no evidence of depolarisation
of thesé synapses w&}.recorded, and the effect was limited to an
elevation in the frequency of spontaneous potentials, Work is
progressing on investigations of any TTX or verapamil sensitivity of
this paramater. Nevertheless, an increase in spontaneous potential
frequency essentially describes a situation analagoug to the elevated
release of transmitter from synaptosomes, The end reSult‘wsuld be
similar despite the fact that the mechanisms may not, |

' CHAPTER SEVEN describes the study of two irreversible inhibitors
of GABA -~ transaminase. Since adminiétratidh of these compounds,

.y - acetylenic GABA and y - vinyl GABA, alleviated the tremor associatéd
with injection to animals of the fungal mycotoxins, it was necessary to
explain why and how, The data evidenced a dual effect of the agents at
the lével of GABA accumulation. On the one hand, GABA uptake was
inhibited, but on the other, strong evidence was presented which
indicated that GABA release from synaptos%mes was elevated in a manner
which was not dependent on an inhibigion éf GABA - T, As in the case
of Verruculogen, it was intriguing fg?t, in this case, only GABA was

released - and in a TTX and verapami

gdependent manner,

It seems a little naive to assuﬁéithat in a brain system which
requires very delicate balance between inhibitory and excitatory
circuitry, that an imbalance in excitatory transmitter release as in the
case of the tremorgens, can be balanced by an elevation in inhibitofy
transmitter release using an essentially crude procedure, However, since
the motor activity of the animals treated in this manner was not
éignificantly depressed, such an.explanation is an obvious one.

The prbject has enabled a description of the actions  of tremorgenic
mycotoxiqs on amino acid release. Unfortunately, very little progrésé
hﬁs been made on a description of the precise mechanism by which these
actions are produced. This is principally a consequence of the problems
associated with the chemical nature of the compounds under study. Thus,
further work will require approaching the problem in a different manner.
One such path which will be pursued when the compounds have been
produced‘with a sufficiently high spacific radioactivity, will be a
study of the binding characteristics of the toxins to brain and synaptic
regions, A large amount of work is required to be done in this areasa.

The purpose of this project has been to study actions on amino acid

transmitters in order to improve our knowledge of these systems. However,
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it is also important to consider also, other transmitter systems. Data
has been presented f?r‘a lack of apy effect. of the tremorgens on
dopamine synthesis and release., Clearly, serotonin is a transmitter
which should, and will, be investigated for a role in the tremor
syndrome, particularly because of its chemical structure.

Much additional work now requires to be done.
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