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SUMMARY

The underlying cause of the increase in taurine concentration
in the haemolymph and nervous system of stressed insects, and the

effects of taurinanoﬂJﬁhe nervous system, was studied in the locust

(Schistocerca americana gregaria). The results may be summarised
as follous.
1. Taurine was present in all tissues of the locust investigated,

and was partioulariy concentrated in the flight muscle -and eye.

2.  When insects were poisoned with the GABA antagonist picrotoxin,
a radistribution of taurine was observed in which the concentration
of the amino aoid_mas increased in haemolymph, nervous tissue, and
fat body, and fell in flight muscle and éya;vThare was no gross change
in the whole body content of taurine. Flying'and insectioida poisoning

also increased tautine concentration in ths haemolymph.

3. Exogenous 14C-taurine introduced into the naamolymph aocumulatad
in flight muscle, eye and thoracic ganglia and was retained for a
oonsiderable perioo. No metabolism of 14C;taurine by these tissuas
was observed. Clearance of ~*C—taurine from haemolymph was inhibited
by low-temperatures and strucural analogues of taurine (hypotaufine;
/gi—alanine andvGABA), suggesting that this process requires energy

and is carrier mediated.

4. Taurine appears to be bioaynthasised via two possible. pathways:
‘in the’looust. From cysteine to oysteine'solphiniovaoid and there-~
after‘via gither hypotaurine or oyateio acid to taurine. Taurine
biosynthesis is much greater during the first days of adulthood

than in fully mature adult locusts. Flying and picrotoxin poisoning
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both increase taurine biosynthesis in vivo in all locust tissues.

5. 3H—-Taurine was not taken up into locust synaptosomes (in
contrast to what is seen in mammals), whereas 3HfGABA was readily
accumulated. Taurine and nipecotic acid both caused a concentration-

‘depéndent decrease in 3H—GABA uptake into synaptosomes.

6. Locust syhaptosomes were observed to accumulate 4SCa++, and
this was greatly increased when synaptosomss were depolérised by
either veratridine or high K+_concentration. Taurine caused a con- .
centration—depehdent decrease in 4SCa++ uptake into depolarised and
resting synaptosomes,'but was relatively less effective in the

45 ++ o
latter case. GABA and leucine did not reduce "Ca = uptake into

veratridine-depolarised synaptosomes, but verapamil and tetrodo-

toxin were both effective in this respect.

7. . Taurine was observed ‘to cause a concentration-dependent decrease
in 3H—ACh release from locust synaptosomes following veratridine or

Kt depolarisation.

8. Taurine was observed to cause a Concentration—dependent increase
in 3H—-GABA release from syhaptosomes. Since nipecotic acid had a
similar effect it is suggested that this is due to inhibition of

3H—GABF\ reuptake after depolarisation-induced release.

9. Release of both 3ACh and 3H—GABA from synaptosomes was observed
to be calcium-dependent. Veratridine-induced releasé of transmitters
was found to be abolished by tetrodotoxin.

10  Mitochondria isolated from flight muscle or thoracic ganglia

4
SCa++

readily accumulated , and this was dependent on the external
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phoshhate concentration. In the presence of an inhibitor of
, ’ ;
mitochondrial ealcium uptake (ruthenium red) or‘'a strong calcium
chelating agent (EGTA) a Naf—requiring efflux of calcium was ob-
' . - 45 . 4+ .
served. Taurine had no effect on "Ca = uptake into mitochondria,
but was observed to decrease Na+-dependent calcium efflux, and

could thereby decrease intracellular free calcium concentration.

11, Taurine binding sites were detected Qsing a membrané pfe— 
paration derived from whole locust heads. Endﬁgénuus faurine (or -
some other éubstance which inhibited binding) was tightly retained
by the preparation sinée 3H—-taurine binding was only observed
after overnight dialysis of the‘membranes;bBinding was absent at
0°C and in the absence of Na+. washihg the membrane preparétion
with distilled water after incubation with'3H~taﬁrine,‘indicated
that the association of taurine with the preparation més nDt due

to accumulation within vesicles.

12. Iontophoretically applied taurine and‘ﬁnﬁA.onEo locust
somata hyperpolérised the.cell and decreased mémbrane resistance,
althodgh GABA was considerably more ef fective iﬁ this respect.
Both amino acids shéwed similar reversal poféntials (aboutv—75mU)

‘when tested on somata held at a series of membrane potentials.

13. The pharmacology ofvtaurine and GABA in locust somata was

Qery similar. The éffecfs of both compounds were réducéd by TAG;

a compound mhi¢h has been proposed as a specifié taurine‘éntagonist.
Responses to both‘amino acids were abolished by picrotoxin, and
augmented by the benzodiazepine, flunitrazepamQ These data suggest.

that taurine and GABA may be acting at a common site.



SECTION. ONE

INTRODUCTION



l.1 General introduction -

Taurine‘(2—amin0ethahesulphonicvaeid) is widely distributed
in both lower and higher organisms and frequently constitutes the
most abundant componeht of the free amino acid pool (Jacobsen and
Smith, 1968). However, because taurine ie a !non;essentiali amino
acid, is not incorborated inte proteins, and'ie comparatively
metabolicaliy inert, iﬁs possible physiolegical functions have
largely Qone unstudied,’elthough research in tHie area has now
intensified;<Evidence now etrongly supporfs a role fof taurine
in the physiolegy and pathophysiolegy of excitable fiesues (Phillie,
19783 Grosso and Bressler, 1976), amongst ofherjpostulated functions.
Many inveftebrates have been shown to cunfain taurine, often at -
strikingly high coneentrations (Jacobsen and Smith,f1968) and a
role for taurine in osmoregulation ofimarinevinVertebretes has been
proposed (Jaeobsen and Smith, 1968). Within the.class Insecta a
number of stqeies'have revealed the presence of taurine in a variety
,of‘insect species but the studies have been generally qualitative‘and .

only rarely has this been examined in specific tissues.

1.2 General anatomy qf the locust end orqanisation of the nerubue eystem'
A simple diagram showing the dorsal veiw ofva dissected locust is:
shown in Figure l.1. The tissues indicated are those whichbhave been
used in the present stﬁdy, | |
Although species differences exist, the insect nervous system
broadly consists Df’cerebralvganglia and a UenfrelvnerVe cord composed

of ganglia linked by paifed interganglionicbconnectives (Lane, 1974).



Simplified diagram of dissected locust
showing those tissues sampled for taurine content

Cerebral>ganglia

Nerve cord
Pro-
S Meso- Thoracic
Fliont == gangl i
muscles el : -
. SEL Meta
Gut
Fat body
(diffuse)

Figure 1.1 Ahatomy of the locust‘.



The ganglia of the ventral nerve cord may be all séperate, aé in‘
the locust (Fig. l.1), or may show varying dgrees bf fusion acﬁor—r
ding‘to species. |

The‘gahglia of the nerve cord are composed of a cortex of nerve
cell bodies (édmaﬁa), ensheathed by glial célls, surroundihg a
central neurppile, while the connectives consist only of axonal pro-
cesses, invésted by glial cells (Lane,>1974). The neuron is the most
importanﬁ celi type of the nervous system. The nucleus lies within
the mainvpart qf thégsoma, or cell body. The dendrites, which may -
be highly branched, receive nervous\input,‘ while the axon propagates
and tranémits nervous signais to other néurons or effector cells.

The functional point of contact between neurons is the synapSé.
No synaptic contacts occur &n the cell bodiéé~of insect neuroné, but
do so within the neuropile of the ganglia, mhiﬁh is a Mass of'intér_
- woven neuﬁal probeéseé. Most syhapses in the insect are chemicallyA "
mediated with a synaptic cleft of 5-25 nm between the pre- and post— .
synaptic elements (Osborne, 1970). It is generally considered thé#
the chemicais, or neurotransmitteps, which mediate synaptic trans-
mission aré located in vesicles in the presynaptic terminal. The
arrival of an action potential at the nervé terminal leads to thé
release of neurotranshitter into the synaptic cleft. The trans—
mitter bindé fo specific receptors on the postsynaptic element
and thereby elicits a response. This may take the form of oﬁenning
an ion dhannel or activating second messenger syéfems in the post-
synaptic #ell. The release of neurctransmitterbis genéraliy consi—.
deped to be preceeded by and dependent upon ah influx of calcium
idhs in repbnse to the depolarisation induced by the incoming aétibn‘

potential (Miledi, 19733 Llinas and Heuser, 1977).



The excitability of the nervous system is dependent upon the
maintenence of ionic gradients across the neural membrane, and this.y
in turn requires metabolic energy. The major ions which are.involved
are K+, Na+; c1~ and_Ca++ as well as organic anions located intra-
cellularly. The ionic gradients ecross the membrane result in a
1ou K*, high Na* concentration outside the cell with the inverse
bolding true inside. The extraceilular Cl™ concentration is much
vgreater than the intracellular level wbile theippposite applies for’:k
Ca++. The membrane is relatively permiable to k™ but has much lower
permeabilities to Na+, €1~ and Ca'l, These‘ionic,pradients 1eed to
a net potential difference across the nerve cell membrane with
the inside of the cell being in the region of 100e150 mV. negative
compared with the outside. Selective channels exist»mitbin'the-nerve-
cell membrabe through which specific ions can paes, and when these
cbannels are opened (for example by a change in the membrane poten-
tial) the ion will naturally flow down its electrpchemical gradientQk.
The actien pptential is largely the result of a transient increese
in the membrane permeability to‘Na+ which leads to a rapid shift
in the membrape potential towards and.beyond 0 mV. This in‘turn leede
to an increese in permeability torK+ which terminates the action
potential and leads to the repolarisation process. A prolonged ip—
crease in the permeability of the membrane to‘a given ion will re;
sult in.that ion redistributing itself across the membrane until its
~electrochemical gradient is zero and there is no net driving force
upon that ion. This generally.occurs when the membrane potential.has

been shifted to such an extent that it overcomes any concentration



difference for a given ion across the membrane. The pbtentiél atv'.
which this occurs is described as the reversal potential for fhe ‘
ion in question. This varies according to the,ionic composition
of the ceilé

Synapfosomeé are a majbr preparation used,in the study of thé
nervous system and have been used extensivaly'in‘the présentvwbrk.
Synapfosomés are formed from fhe sheared off terminals of neurons
obtained during Homogeﬁisation (Gray and Whittaker, 1962). Thév
terminals then réseal to form a vesicular preparation which appears
to retain many QF the properties of intact nerve terminals. Thus
synaptosoméé are able to transport metabolically important sub-
sténdes such as choline (Nérchbanks, 1968), which is the prebursor
df the neurotransmitter ACh within the synaptosqmé (Marchbanks and ;
Israel, 1971). Furthermore, it is possible to‘obtain the reléaée of
neurotansmitter substances from synaptosomes. Indeed it has been
observed thét following electrical stimulation of synaptosomes
those amino écids which are considéred'to be neurotransmitters aré';
praferentialybreleased (Bradford, 1970). Recéntly the methodskusedr‘
to obtain mammalian synaptosomes hava béen appiied'to inéect'nervous
tiséue (Breer, 1981). These synaptosomes appéar to retain many of
their fﬁnctirna; propertiés in much the same way as those of mam4k
malian origihwv:. They arevable to accumulate choiine.and thié is
metabblised iﬁto'ACh which can fhen be released Under depolarising
conditions-(Breer>and‘knipper; 1984). This releaselof‘ACh is Ca++
dependent. GABA is also transportéd by insectrsynabtbsomes (quddn

et al., 1982). An electronmicrograph of a synaptosomal preparation



obtained from the nervous system of Schistocerca qreqaria is shouwn

in Figure 1.2.

1.3 The stress response in insects

Since the observations by Sternberg and Kearns (1952) that»fhe
blood of DDT poisoned ccckrcaches‘contained toxins other than DDT
many studies have been undertaken in an attempt to identify and
characterise these toxic factors. Furthermore Beaumont (1958) found
thaf stress induced by prolonged immobilisation cf cockroaches also
caused the appearance of tokins'in the haemolymph, and that injection
of this.haemclymph into an unctressed roach caused the development
of 'streés sympfcms‘. These symptoms are an inifial period of hypef—
excitability, followed by paralysis and eventual death. An apcarently 
identival form of paralysis can be induced in thé cockroach Naupoeta |
cinerea when a subcrdinate roach has an aggresive encounter with
a dominant male (Ewing, 1967).

The source of the toxins involved inkthe stress response is
‘unclear, althcugh a number of studies have indicéted the nervoué
system. After prolonged high frequency stimulation of the nervous

system of Periplaneta americana in vitro a substance which was

chromatcgraphicélly similar to that found in the:blocd of DDTApcim
soned roaches appeared in the perfusate (Sternberg et al., 1959).
The substance(s) affected nerve-conduction in a manner very similar
to thatyof the DDT-induced toxinj at low concentrations spontaneous
activity was increased, whiie high concentrations (corresponding »
to those occuring in the haemolymph) caused a blcck in conduction.

Cook et al. (1969) studied the distribution of the substance in



Figure 1.2 Electron micrograph of a synaptosomal preparation

from S. gregaria. (Magnification X 32666, courtesy of Dr 3. M.

Pocock) .



physically stressed P. americana and found that it occurred in
decreasing concentfations in nerve cord, whole head, whole body

(minus nerve cord) and legs respectively. Administration of the

substance to Musca domestica‘produced a paralysié.of rapid onset
which lasted fof a number of hours. |
Attempts to identify the neuroactive substance(s) produced
during stress have met with only limitedkSUCess. Sfernberg et als
(1959) found the compound to be chemically and chfomatﬁgraphically 
distinct frpm ACh, adrenaline, noradrenaline , hiétamine, GABA
and 5-hydroxytryptamine, énd subsequently suggeéted that an ester
of avcarboxylic acid might be the suﬁstance on the basis of chem—
ical tests (Hawkins and Sternberg, 1963). However, Colhoun (1960)
suggested that a catecholamine migh£ bé the neuroactive agent, while -
Tashiro et al. (1972, 1975) considered L-leucine and its metabolite
isoamylamine to be probable candidates. | | |

Recently taurine has been added to the list of'proposed compounds;

Following treatment with a variety of chlorinated hydrocarbon insect— ”f~

icides, as well as after physical stress, the taurine concentration
in the haemolymph and nervous sYstem of S. gregaria was markedly

increased (Jabbar, 1982; Jabbar and Strang, 1985). Taurine content

in the haémolymph of P. americana was also increased (Jabbar and
Strang, 1985). It was not considered that the source of this taurine
was the nervous sysfemfsince fhe latter seemed to be unable to-
synthesise téurine in vitro when 355—méthioninevwas used as precuréof
(Jabbar, 1982). The concantration of taurine occurring in the nervous

tissue of S. gregaria is equivalent to concentrations which reduce



spontaneous activity in isolated nerve cord of P. americana (Jabbar

and Strang, 1985).
Haemolymph taurine concentration is also increased under conditions
which are within the normal physiological range. Van Der Horst et

al. (1980) studied the effects of sustained flight on the level of

free amino acids in the haemolymph 6? Locusta migratoria. After’Zlhr
of flight, tauriné concentration had increased by as much as ten
fimes, while a doubling was observed after as little as 15-30 minutes.
Since a common factor in both physical and bhemicél‘stress is intense.
muscular activity, it seems possible that thelmusuiature might  be

acting as a source of the taurine.

1.4 Occurence and distribution of taurine

In mammals taurine ocbursbat high concentrétions_in excitable
tissues such aé nerve and muscle (Sturman, 19733 Grosso and Bressler,
1796). Taurine distribution in insects, however, hés received much
less attenﬁion than has béen»the case in mammals.

Po—Chedly‘(lQSQ) reported the @resehée of taq?inevat pelatiVely"
low concéntrations'(U.Z/Amoles/g) in the eggs of Ehevbeetle fen;brio )

molitor, and taurine waé found in the pupae of Calliphora erythrocephala

but not in the pupae of Phalera bucephala (Agrell, 1949). Levenbrook

and Dianamarca (1966) followed taurine concentration in the whole body

of Phormia reqiné from the larval through to the adult stages. During
this period taurine concentration rose from ﬁfxmolés/g to leAmoleé/g-
wet weight of tissue. The quantity of taurine determined was not
altered by acid hydrolysis, indicating it to be wholly in the free
state. No role for taurine in the developmental process was suggeéted,

and as will be considered later the increase was probably associated
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with the development of adult struckures in which taurine is highly
concentrated. Clark and Ball (1952) investigated gqualitatively. the

free amino acids in the whole body of a number of insect species.

Taurine was present in the larvae of Estigmene acraea and the adult

forms of the mosquitoes Culex tarsalis, Culex stigmatosoma and Culex

incidens as well as in the adult cockroach Blatté orientalis . A
number of reports have appeared in the literature Concerning the

presence of taurine in specific insect tissues. The paragonia of the

fly Drosophila melanogaster (Chen and Diem, 1961) and the salivary
glands of a number of diptera (Blummel, 1956) were found to contain
" taurine. Pratt (1950) found taurine to be present in the haemolymph

‘of M. domestica, the larvae of Apis mellifera and the adult of Onco-

péltus faéciatUs s, but not in the blood of the léfvaé of Prodernia

endava, Gallina mellonella or the adult cockroaches P. americana or

Blatella germanica. However, subfequent studies have shown taurine

to.occur in thé haemolymph of P. americana (Stevens, 1961; Rakshipal :

and Singh, 1976; Jabbar and Strang, 1985). Taurine has also been

found in the blood of the blowfly larva Calliphora augur (Hackman,b

1956), in -the larvae of Calliphora vigina (2.Zflmoies/m1; Evans

and Crossley, 1974), where it was observed to be located almost
exclusively in the plasma fraction as opposed to the haemocytes
~ which are known to contain a high concentration of some amino acids

such as glutamate (Evans and Crossley, 1974). Bodnaryk (198la)

found the pupal blood of Mamestra confiqurata contéined taurine at
a concentration of 2.%pkmoles/ml, while the adult locust S. qreqaria,
the insect of primary interest in the prasent study, has about
2f*moles/ml of taurine in the haemolymph (Jabbar and Strang, 1985).

Very high concentrations of free amino acids (in the millimolar
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range) in the haemolymph appears to be characteristic of insectsk ‘f
(wyatt, 1961), In pdntrast to this, the concentration of taurine in
vertebrate blood is approximately U.%}Lmole/ml (Huxtable and Barbeag,
1976). '

The tissue in which taurine generally,occUrs at the highest
concentration is muécie; Taurine is by far the most abundant free
amino acid iﬁ mammals and skeletal muscle accounts for about 75 %’ -
of the total:body stores. Taufine concentrations in skeletal muscle
ars generally in the 5~l§fkmoles/g wet weight range, while in cardiac
- muscle the concentration may be even grezater, heing, for‘example,'
about 39»»mole/g'in the rat (Grosso and‘Bressler, 1976). Although
few studies have considered taurine in insect muscle, those that
exist indicate that in some cases the concentfa£ion may be very high
indeed. |

Kermack and Stein (1959) reported the presenbe'of taurine‘in the

thoracic’muscles of L. migratoria; however, there must be some dbubt

as to the true identity of the compound as it was stated to be aeéte

royed by acid hydrolysis in 6N’HCl, conditions undef which tauriné is
stable, Bodnaryk (lQBla) investigated taurine diétribution during

pupal development of M, confiquraﬁa and observed that in the dia-

pausing pupae more than 90 % of the amino acid was in the haemolymph{,
However, when pupae start to develop adult structures these accumulate

taurine from the haemolymph. In adult M. configurata more than 90 %

of the taurine syntheslsed during metamgrphoéis occurs in the thorax

and is almost certainly located in the large flight musecles (Bodnaryk,"

1981h).

In L. migratocia taurine concentration in pure flight muscle has

been gstimated during the peried from three daya.ﬁ:ibr to the final
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ecdysis up to twenty days afterv(Vanimarrewijk et al., 1980). During
this peridd taurine cdncéntration»rose from G;Q/Lmoleé/g‘to 54.5/#—
moles/qg wet weight. In contrast to this most other amino acids, with
the ekceptions of arginine énd broline, declined in concentration
(Van Marrewijk et al., 1980). Twenty’days after the final écdysis
taurine apcounted for about 40 % of the total free émino acid pool
of the flight muscle (Vah Marrewijk et al., 1980).

Taurine has been found in the nervous system{of a number of in-

sects. In L. migratoria the concentration in the brain and ventral

nerve cord has been estimated as 2%/Amoles/g wet weight (Osborne,

1971). In the nervous system of the stable fly Stomyxys cacitrans

taurine concentrations of 37 and lqukmoles/g dry»peight'were‘found
in the cersbral and thoracic ganglia respectively (Holman and Cook,
1981). In S. gregaria taurine occurs in both the cérebral'(0.4%/A
moles/g) and thoracic (O.B%ﬁxmoles/g) ganglia (Jabbar andrstrang,
1985). In the.honey bee brain very high'cbncentrations of taurine
haye hesn ?eported:‘3€/Amoles/g wet weight (Frontali, 1964).
Bodnaryk (1981a) studied changes in brain taurine content’dufing

pupal development of M. configurata. THe taurine concentration rose

from U.éfkmoleé/gbaﬁ the start of metamorphbsis to some 1U.§/umoles/gv
on day 16 of pﬁpation, then fellvto'thebadult’1evel‘of about l.%/f~‘
moles/qg at adult emergence after .32 days. The highest concentration
of tauriné in the brain corresponded to the period of intensive brain
develapmant, and Bodnaryk (198la) therefore suggeétéd a possible role
for taurine in the developmenkal process.

By comparison, in mammals brain taurine concentration falls in

the 2—%/Lmoles/g range (see Grosso and Bresslar, 1976), which is
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similar to that found in some of the insect species studied. Taurihe
appears to be differentially distributed throughout the mammalian
brain (Palkovits ét al., 1986) and may be concentrated in nerve
terminals~(thtro et al., 1930).

One part of the vertebrate ﬁervous system in which taurine occurs
at very high‘concénffatiohs is the retina (Voaden et al., 1977).» ,

Interestingly, the large optic lobes of M. configurata contain é high

concentration of %taurine, especially during deVBlopmeht (Bodnaryk,‘
1981a) but no other estimate of taurine Concentration'in insect eyé
-appears to have beén made.

The availablé data therefore indicate a quaiitative similarity
in the Jistribqtion of taurine in insects and ih,hamméls. Ih Qeneral
taurine occhs at highest ooncentrations in the so-called excitabiev
tissues, muscle:and nerve. This suggests that taurine may sérve

similar roles in terrestrial invertebrates and mammals.

1.5 Biosynthesis and metabolism of taurine

a) Biosynthesis

Biosynthetic péthmays for the formation of taurine in QertebfatGS»
are reasoﬁably weliyestablished (Jacobsen and Smith, 19683 0ja and
Kontro, 1983) .but Qery little comparable work has been performed in
insects. The postulated pathways involved in taurine biosynthesis
are shown in Figure 1.3.

M domesticé administered either SSS—methicnine or‘zss—cysteine
were observed to form chteine sulphinic acid, Cysteic acid, hypotau;‘
rine and‘taurine (Hilchey et al., 19583 Cbtty et ai., 1958), indicating
that these insects are capable of forming taurine via two biosynthetic
pathuays (see Fig. 1.3). Henry and Block (1960, 1961) found °s-

taurine after administration of SSS—cysteine to the cockroaches
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Metabolism of Taurine
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P, americana and B. germanica, but the intermediates between cysteine

and taurine‘were nbt-iﬁdicated. Xenic (symbiont containing) cock-
roaches are able to incorporéte the sulphur moiefy of inorganic
sulphate iﬁto a numbe: of organic compounds including tauriné, while
cockroaches reared undér aseptic conditions are unable to do so (Henfy
and Block, 19603 1961). Chandler and Anderson (1976) observed that

D. melanogaster fed 3SS-sulphate incorporated 35S‘into cysteine, cysteic

acid and taurine as well as a number ofvother compounds. These authors
did not investigate any possible cuntrihﬁtion from microbes in the
incorporation of 35S—sulphate into organic moleculés.

The only study in insects indicating‘taurine biosynthesis via

the 'cysteamine' pathuay (see Fig. 1.3) is that of Bodnaryk (lQBlb)

using the moth M. configurata. Following injection bf a single dose
of 35S-cysf,eine into 2-day-old non-diapausing pﬂpae,_radioaétivity
appeared in cysteamihe, hypotaurine and taurine, But no biosynthesis
df either cysteine sulphinic acid of qysteic acid was observed (Bod-

naryk, 1981b).

b) Metabolism

Only inorganic sulphate and isethionic acid (see Fig. 1.3) have
been seriously considered as possible breakdown products of taurine
(Jacobsen and Smith, 1968), and little wofk has been done on the sub- o
ject. | | . . |

Cotty et al. (1958) detected isethionic acid in whole body extracts

of M. domestica after injection of 3SS-cysteine. In vitro metabolism

of 358—taurine to isethionic acid by dog heart slices was observed‘by

Read and Welty (1962), while rat brain and heart in vitro and in vivo
were found to metabolise taurine to isethionic acid, but the rate of

conversion was very slow (Read and Welty, 1962). Lahdesmaki and Kor-
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honen (1978) found the metabolism of taurine into isethionic acid by

rat brain in_vivo and in vitro to be so small that they discdunted

any pussibiliﬁy thaf such mefabolism could have any significant role

in control of the bréin taurine pool. This situationvis made more
complex byvthe'obseration of Fellman et al. (1980) that in many of

the ion exchangé procedures used to isolate isethionic acid the latter
is eluted with contaminants such as éceyltaUrine. Fellman et al. (1986)
could find no métaboliém of taurine to isethionate by mouse or rat
tissues in vitro, but some metabolism occured in ino. Since metabolisml
was not observed in germ free micé but could be demonstrated in the

presence of gut microbes (Pseudomonas sp.) in vitro it was suggested

that metabolism of taurine to isethionate is due to action of the gut

flora (Fellman et al., 1980).

1.6 Effects of taurine on thé nervous system

Taurine has become established as a strong candidéte as an inhibi-
tory neurotransmitter in both vertebrates and inverfebrates (Phillis,
.1978). Taurine was obsérved to have pronounced depréséant actions on
single neurons in cat spinal cord (Curtis and watkins,AIQED) and on
reflex actiQity of toad spinal cord (Curtis ef al., 1961); Taurine,
like GABA, mediétes a postsynaptic inhibition by enhancing chloride
conductance (Sonnhof et al.;v1975; Homma, 1979; Taber et al., 1986).
The pharmacology of taurine is céﬁlex since its inhibitory actions
are so similar td those seeﬁ with GABA and glycine as well asf?alanine.
Strychnine has been found to éntagonise the actions of taﬁrine on frog
spinal cord, whilé GABA and surpriéingly glycine were unaffected

(Barker et al., 1975a,b). However, picrotoxin and bicuculine blocked
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the actioné of  GABA and taufine in frog spinai cord (Barker et al.,
1975a), while bicuculine was found to block the actioné of GABA but
not taurinekin neurons of cat brain stem‘(Haas and Holsi, 1973).

Tauriﬁe has a hyperpolarising effect on lobster axon and fhis
_shows a reversal potential at about -85 mU‘(Greuner and Bryaﬁt,
1975). These authors suggested that the response was due to increaéed
€1~ conductance in additién‘to an increaée in Kfvconductance.
Nistri and Constanti (1976) studied the action of taurine on lobster
muscle fibre and’frog spihai cord. In fhe former preparation tau-
rine caused a chloridé—dependent increase in membrane conductance
without markedly altering membrane potential and a substantially
similar effépt to GABA was seen also. However,.whereasbthe action
of GABA was considerably reduced by picrotoxin;fcomparatively little
reduction in the response to taurine occurred. in the frog prepara-
tion, on the. other hand, taurine caused small Na+-dependent depola-
risations which were antagonised by both étrychnine and picrotoxin.
in a non-competative manner (Nistri and Constahti, 1976).

Taurine has been found to reduce both spontaneous activity and
evoked excitatory postsynaptic potentials (EPSPs) in the A6 ganglioni

of P. americana (Hue et al., 1978, 1981). The above authors found

taurine tp be equally effective in reducing the amplitude of inhibi-
tory postsynaptic potentials. These actions of taurine appeared to
be chloride—dependent>(Hue et al., 1978). In contrast to this_tau—
rine doéé nof appear to affect axonal transmission (Pelhate et al.,
1978). After 30 min of superfusion with 20mM taurine no effect on

evoked action potential amplitude or resting potential was seen in
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the abdominal nerve cord of P. americana. Additionally, taurine had

no effect on - K* conductance in the axonal preparation (Pel-
hate et al., 1978). These results contrast with the effects of tau-
rine on the axon in crustacea (Greuner and Bryant, 1975). Together

the above data indicate that, at least in P, americana, the effects

of taurine are entirely mediated at the synaptic level. Taurine has
also been observed to cause a dose-dependent decrease in spontaneous

firing of P. americana nerve cord in vitro (Jabbar and Strang, 1985).

Hue et al. (1979) have observed that taurine may act both pre-
and postsynaptically to cause inHibition,of neural tfansmiésion.
Bbth taurine and GABA were found to cause a small presynaptic depola-
risation, an effect which would decrease the amplitude of an incoming
action potential (Davidson and Southﬁick, 19713 Gallagher et al.,
1978).vThe fesponses of both taurine and GABA were sensitive to
picrotoxin antagonism, while only taurine masvantagoﬁised by strych-
nine (Huevet‘al,, 1979). As judged by monitoring EPSPs, taurine appears

to reduce the release of ACh, a major excitatory neurotransmitter in

insects (Florey, 1963; Pitman, 1971) in the A6 ganglion of P. americana
(Hue and Chanelet, 1984). This effect was not antagonised by highi |
externai calcium, 4eaminqpyridine of £hé putative tauriné antagonist‘
TAG, but was reduced by picrotoxin. Taurine has been observed tor
hyperpolarise isolated soﬁata obtained from S. gregaria (two out of
five cells responded) during bath application of the amino acid (Giles
and Usherwood, 1985).

"A major obstacle in establishing taurine as a neurotransmitter
has been the lack of specific agonists or antagoniéts‘for taurine,

Recently TAG has been proposed as a specific taurine antagonist
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(Girard et al.,11982) since it reduces responses to taurine but'not.
GABA or/@ialanine in rat’cortical and ﬁurkinje neufons (Yarbrough
et al., 1981). However, iﬁ the cat»épinal cord the inhibitory actions
of taurine, ﬁg—alanine, glycine, and’to a lesser extent GABA, were
all reduced by TAG (Curtis ot al., 1982).

In addition to the electrbphysiological data there ié a consider-
able body of biochemical data supporting a neurotransmitter or neuro~
modulator role fer taurine (see Kuriyama, 19803 Ba:beau‘et al., 19753
0ja and Kontrd, 1978). Depolarisation-induced release of taurine
from brain slices (Davison and Kaczemak, 1971; Collins, 1980) and
synaptosomes (Placeta et al., 1986) has been observed. Taurine is
enriched in synaptic Qesiclé fractions from onine brain (Kontro et
ai,, 1980) and a calciqm—dependent'etflux from rat cerebellum in vivo
has been demonstrated (Bernadi et al., 1977). Taurine is also released
from retinae under depolafising conditions (Paséntes;moraleé etAélt;
1973; Salceda and Pasantes—Morales, 1975).

There ié substantial evidence that taurine can modulate the
release of neurotransmitters. Taurine has been found to reduce ACh
release from a number of preparations. In rat superior cervical
ganglion taurine inHibited K+—evoked, but not spontaneous reléase of
ACh, and similar results were obtained far ACh relaase from fét
cortical. slices (Kuriyama et al., 1978). Taurine, GABA and_glytine
were all foﬁhd to reduce light-evoked release of ACh from rabbit
retinae, and this effect was blocked by strychnine in the case of
taurine and'giycine but not GABA (Cunninghah and Neal, 1983).>Taurine
has also been observed to antagonise the effects of evoked‘ACh release
in guinea pié ileUm. Increased contracture of the guinea pig ileum

3
‘
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following 4-aminopyridine (4-AP) perfusioﬁ was found to result
from increased ACh releage (Arzaté et al., 1984) and this was
antagohised by tauriﬁe in a conceﬁtration—dependent manner. On
the other hand, taurine had no effect on respenses to exogenously
applied ACh indic‘:akting a presynaptic action (Arzate et al., 1984).
In the same preparation GABA was similar in action but less po-
tent than taurine, while glycine mujf;alanine had no effect.
Taurine ;1so'appears to modulate catecholamine release.
Kuriyama et al..(1978) found taurine to inhibit.both the uptake
and release of noradrenalineyfrom rat cerebral cortical slices.
Taurine prodgces a concentration—dependent decrease in dopamine
release induced by 4-AP from rat striafal éynaptosomes (Arzate
et al., 1986). Both taurine and GABA were observed to decrease
dopamine in the striata of unanaesthetised rats (0'Neil, 1986).
Interestingly dopamine has been found to reduce K'-evoked tau-
rine release from rat retinée in vitro (Pycock and Smith, 1983).
Compared with ifs actions oh'other neurotréﬁsmitter systems,
thé affects of taurine on GABA release are lesé clear. Namimé
et al, (1983) reported an inhibitory effect of taurine on kK-
evdked GABAVréléase from rat cerebellar slibes; Thié effect qf
taurine-wasbantagonised‘by‘bicuculine and the authors therefore
suggeéted a modulatory effect of taurine on GABA autoreceptors
mhich would presumably be located presynaptically (Namima et al., 
1983). A previous study however, has indicated that taurine enhances
K'- or veratridine-induced release of GABA from fat cortical slices
(Leach, 1979). This effect of taurine was not considered to re-

sult from an inhibitory action on GABA uptake or because of a
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taurine—-GABA exchange sincé in the absence of depolarising stimuli
taurine had 1ittle effect (Leéch, 1979). Nipecotic acid, an inhibitor-
of neuronal GABA uptake (Krogsgaard-Larsen and JUhhéton, 1975) was
found to have a similar spectrum of action as taurine on GABA re-
lease, but was more potent (Leach, 1979). In vivovstudies havé

shown that perfusion of rat hippocampus with saline containing milli—
molar GABA concentrations greatly increases extracellular taurine
levels (Lerma et al., 1985), while perfusioﬁs with nipecotic acid

in the saline increase both GABA and taurine concentrations in the
extracellular fluid (Lerma et al., 1984), Additionally, taurine
appears to modulate the GABA-benzodiazepine complex, increasing flu-
nitrazepam binding in unwashed membrane preparationé (De Robertis,

1984),

1.7 Transport of taurine in vivo and in vitro

Portman and Mann (1955) studied the distribution of 35S—taurine
ih‘rats, 24 hr after édministration directly into the dﬁodenuh.'Allv
tissues investigated accumulated taurine although there was gfeat
Variatioﬁ from one tissue to another, with muscle being the most
enriched. Possible accumulation in the brain was not examined. After -
intravenous adhinistration of 35S—taurine in rats (Awapara, 1957) |
the amino acid was found to accumulate to a considerable extent iﬁ
heart and épleen, less so in skeletal muscle, kidney, intestine,
the gonads and brain, and very 1ittie in liver. HoméVer, while the
level of 3SS—taurine had declined coﬁsiderébly in most tissues after
12 days, the amount remaining in heart, skeletal mqscle and brain
was pfoportionately much greater.

Similar results were obtained by Sturman (1973) after injection
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of 35S—tauri_ne into fats. Most tissues, such as the visceral organs,
accumulated tayrine rapidly but this was followed by an equally

rapid decline. In bréin; as well as cardiac and skeletal muscle the
accumulation of taurine was comparatively slou, ahd the subsequent
decline in Sss—taurine was less rapid than that observed in other
tissues (Sturman, 1973). Attempté to disrupt‘taurine homeostaéis;

such as prolonged fasting, vitamin B-6 defficiency (the latter:is a -
co-factor in taurine biosynthesis), or administratibn of large amounts
of taurine, had almost no effect on tissue‘taurinevconcentrations |
(sturman, 1973). Sturman (1973) concluded that tuo taurine pools must
exist in the body:.a small rapidly exchanging pool, énd a much larger
inaccessible pool with a much longer half-iife.

These data are in good accord with those of Matsubara Qt al.
(1985) who measured plasma 358—‘and laC-taurine after administration
of an intravenous bolus to rhesus monky's. The results once agéih |
indicated the existence of tuo taurine pools, a small rapidly-
exchaﬁging pool~and a large slowly-exchanging pooi.

‘ Numeroué studies exist on the transport of taurine into the
nervous system and preparations derived froh it. Taurine is trans-
ported into rafvbrain slices (0ja, 1971) by’satUraEle and‘non—
saturablé-transpbrt systems, the former of‘which is energy-dependent
and'competetivély inhibited by structufal analogues of taurine such
as hypotaurine,/@ ~alanine and GABA (Lahdesmaki and 0ja, 1973). in
some studies active transport of taurine into brain slices has not
been inhibited in the presence of GABA (Kaczamarek and Davison, 1972).
High affinity taurine uptake was observed in brain slices obtained

from eight different areas of rat brain, with varying rates of uptake
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which were not related to the endogenous taurine concentration
(Collins, 1974).
Bodnaryk (198la) studied the uptake of taurine into the brain

of M. confiquréta after injection of a single dose of lAC—taurine

into the haemocoel of either diapausing or non—diapéusing pupae.
Only a very small fraction of thé dose was accumulated in the brains
of the non-diaanSing pupae and even in the diapausing pupae ohly
0.2 % appeared in the brain (Bodnaryk, 198la). No other ﬁublicationé
on the uptake pf taurine into insect nervous system in viv0 appears
to exist. |

Taurine ‘is transported into‘mammalién synaptosomes by a high
affinity transpopt éystem (Km 4.7§f&N) and this process appeérs to
“be entirely Né+;depéndent (Hruska et al., 1978). Taurine uptake is
inhibited by avnumber of substances includinngABA, hypotauriné :
and,g-alanine, and most effectiVBiy by chlopromaziné, althdugh the
‘latter is an antipsychotic drug and is not a structﬁrél analogue of
taurine (Hruska, 1978). Other reports have indicated a'higher_Km for
taurine transport into synaptosomes (4§A%M; Kontro and 0ja, 1978).
Taurine transport has‘been found to be calcium-dependent in scme
systems_(Wheler.et al., 1979) and there is euidénce that a specific
population of synaptosomes from rat brain accumulate taurine (Sié—
ghart and Karobath, 1974).

Mﬁch of the characterisation of taurine transport has been
performed Qsing either neuronal or glial cell cultures.vTaﬁriné
is transporteduinto neuroblastoma cells by a high afFinity uptake
system (Km lU.%/&M) and this is reduced by hypotaurine and GABA

(Holopainen et al., 1983a).
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Borg et al.‘(1979) studied the transportkqf taurine into a
number of cells iines of both neﬁronal and glial origin., Many
compounds were found to inhibit taurine uptake and the differencesv
from one cell line to anothef were slight; Exclﬁding metabolic
poisons, hypﬁtaurine and'/g~alanine were by far the most effective
uptake inhibitors, witﬁ GABA being next mostkpotent (Borg et al.,
1979). Somewhat surprisingly, in one report GABA has been found
‘to increase taurine uﬁtake, into cultured mouse. brain astrécytes,
élthough ﬂg—élanine had a marked inhibitory effect (Schosboe et
al., 1976). |

In both neQr0nal and astrocyte cultures taurine, GABA and
/g-alanine weré'all found to be transported by high affinity up-
take systems (Larsson et al., 1986). However, in glioma cells
only taLvlrinev and fS-alanine were observed to have high affinyi‘ty'
uptaké, while-GABA was transported by a lo@ affinity system
(Martin and Shain, 1979). Since in both studies téurine, GAEA
and [g—alanine were ali found mutually to inhibit the transport
of each other it was suggeétedvthat they share a common carrier
(Martin and Shain, 19793 Larsson et al., 1986).

Taurine transport is Na+—dependent (Borg et al.,11979) althoﬁgh
high Na+ conpéntrations (abovs 250 mM) reduce taﬁrine uptake (Hoio—
painen'et'al.;.lQBZb); Taurine transport may be méakly dependent
on K+ up to ld mM (Borg et al., 1979) but no requirement for Ng++
exists (Borg et al., 1979; Kontro, 1981; Kurzinéer'and Hamprecht,
1981). Reports differ as to the'Ca++ dependency for taurine uptake;
none was found by Holopainen et al. (1983b) using neuroblastoma
cells, but some requirement in glial cells has been observed

(Borg et al., 1979).
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Taurine ‘is éctively transported.into vertebrate retina (Pasantes—.
Morales et al., 19723 Lake et al., 1977), with characteristics similar
to those reported into preparations derived from other parts of the
nervous systém (Kennedy and Voaden, 1976).

It has recently been observed that taurine‘upfake occurs into

cultured neurons from P. americana (Beadle et al., 1987). Using

autoradiography, taurine was observed to accululate in cell bodies,
with little appearing in dendritic processes, and no taurine was taken

up by glial cells in culture (Beadle et al., 1987).

1.8 Interactions of taurine with calcium

Taurine is considered to be a putative modulakor of cellular
calcium homeostasis. Many of the effects of taurine on nerve and
muscle appear to be due to the effect of this amino acid on the
intracellular féee calcium concentrétion. Thus although most of the
actions of taurine on the nervous system have already been considered,
the actions of taurine which are specifically'relafed‘to calcium
will be déscribed seperafely. |

Remtulla et al. (1979) observed that both taurine and GABA fe;
‘duced passive calcium uptake into rat brain synaptosomes. In a
subsequent study,'uéing the same preparation, Pasantes-Morales and
Gamboa (1980) stpdied'the effects of taurine, GABA;_glycine, glutamate
and /g—alaniﬁe of paséive calcium accumulation. vatﬁe compounds
tésted oniy_taurine and /3—alanine inhibited calcium uptake, while
the others had no effect. These authoré were unable to obtain an
incréase in calciuh uptake under high K+ depolarising conditioﬁs,

‘and the effect of taurine on this parameter was therefore not studied.

A previous report, however, had indicated no effect of taurine on
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calcium accumulation in resting synaptosomes (Kuriyama et al., -
1978). On the other hand, the inhibitory effeét of morphine on
calﬁium uptéke'has been found to be reversed by taurine ih‘mouse
brain synaptosomes (Yamamoto et al., 1981). Homever, the same
authors observed that taurine reduced K+—stimulatéd calcium Qp-
take by 25 %,vwhile GABA had no such effect (Yamamoto et al.,
1981). Taurine has been observed to abolish.calcium spikes in the
dendrites of Purkinje cells, and it was suggested that this might
be due to inhibition of calcium uptakebinto the cells (Okamoto

ot al., 1983a,b).

A number of reporfs exist on the effect ofvtaurine on calcium.
transport ih.retinal prepératioﬁs. At high calcium conéentrations,
in the millimolar range, taurine has been found to decrease Calciumk
transport by retinal subcellular fractions (Pasantes—Morales et
al., 1979;.L0pez—Colome and Pasantes-lMorales, 1981). On the 6ther
hand, whén‘fhé calcium concentratioh‘is in.the micromolar'range, 
taurine appears to increase calcium apcumulatiﬁﬁ\with refinal sub— 
cellular fractions (Lombardini, 1983; Lombardini, 1985a,b). The
latter effecf appears to be quite specific for taurine since hypo—
taurihe, ﬂ;—élanine, GABA, cysteine sulphinic ééid and isethiaonic
acid do not stimulate such calcium upfake (Kﬁo and Miki,11980).

Taurine'aisobmodulates calcium binding‘to muscle intracellular
membranes. Taurine increases total calcium content of guinea pig
heart (Dolara et al., 1973) and ventricular strips (Franconi et

al., 1982). It has been observed that calcium binding to cardiac
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sarcolemma is increased’in the presence of taurine (Chovan et al,,"
1979; Chovan et’al., 19803 Sebring and HUxtablé, 1985). Taurine
also inéreéseé calcium binding to‘skeletal muscle sarcoplasmic »
reticulum (Huxtable and Breésler, 1973;’Dolara et al., 1986). Al-
though it has been reported that taurine has no effect on calciuﬁ
binding to sarcolemmal membranes (Remtulla et al., 1978), the

" evidence to the contrary‘appears overwhelming.

Finally, there is some evidénce that taﬁrine may affect calcium
homeostasis in mitochondria. Mitochondria have an avid uptake System
for calcium and can accumulate 1arge amounts oflthe ion (Nicholls
and Akerman, 1982), Insect mitochondria also transport calciﬁm and
this appears to be eséentially similar to the situation found iﬁ '
vertebrates (e.g. see Dawson et al., 1971). Tau:ine waé observed
to increase energy-dependent calcium uptake into rat liver mito—v
chondria at high calcium concentrations (Dolara et al., 1973). How-
ever, Kuriyama et al. (1978) found no effectyofjtauriné on calcium
uptake into rat brain mitochondria, but did observe a decrease in ;
calcium efflux fromkthe séme preparation in- the presence of taﬁrine.
The‘data concerning taurine, calcium and mitochoﬁdria are therefore

sparse and equivocal.

1.9 Evidence for taurine binding sites

Taurine bihding sites have been demonstrated in nervous tissue
using preparatibns derived from brain and retina. Taurine binds to
presynaptic membranes, but the number of sites, at least in calf

brain, is very much less than is the case for GABA or glutamate
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(Turpeenoja and Lahdesmaki, 1983).

Evidence exists for both sodium-dependent and éodium—independént
binding of taurine. In preparations from calf brain taufine binding
was found to be Na+—independent, but was>Ca++—deﬁendent.(Lahdesméki-
et al., 1977). Binding of taurine to mouse cerebral cortex has also
been observed to.be Na+—independent (Kontro and 0ja, 1986). In rat
brain preparations both‘sodiumAdependent and indeﬁendent binding
was observed; thevformer being considered as binding to transport
proteins, and the latter to true 'receptors' (Nafnela and Kontro,
1984). |

Lopez—ColOme and Pasantes—Morales (1980) reported Na+-dependent
taurine binding to_chick.retinal'membranes, These*authors‘did not
consider this to be the result of interaction with transport sités,
although displacemenﬁ studieé did not support the’veiw that ﬁaurine
was binding to a postsynaptic receptor. Sodium dependent binding
has also been observed in rat retinal preparatiohs, and this waé
considered to be composed of an interaction of taurine with true
binding sites (i.e, 'receptors!) as weil as a contribution ffom
transport sites (Lombardini and Prien, 1983). A general problem
encountered in demonstrating taurine binding has been difficulty:in
removing sufficient éndogenous taurihe. Repeated washing is appa-—
rently insufficient (Lombardini and Prien, 1983), while repeated
freezing and thawing or Triton X-100 treatment feVeals‘low numbers
‘of sites (Marnela and Kontro, 1984).

The othér'tissue thch has been studied in some depth to detect

possible taurine binding sites is cardiac sarcolemma and sarcoplamic
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reticulum. Taurine binds to rat sarcolemmal preparations and

this is_ﬁH— and témperature—dependent (Kulakowski et al.,1978).
Bothkigh and low affiniﬁy binding sites have been obéefved in

rat and pig sarcolemma (Kulakowski et al., 1981) and it seems
fhat these may modulate calcium binding (Chovan et al.,1980).
Subcellular fractionation indicates that spebific binding is
greater in fractions which are enriched in éarcoplasmic retiéulum,
and this would be consistant with a calcium modulatory role for_.

taurine in the heart (Quennedy et al., 1986).

1.10 Aims of the present study

The present work was stimulated by the observation that
taurine concentration is elevated in the hasmolymph of locusts
and cockrbaches_streSsed‘by insecticide poisdhiﬁg or prolonged
physical activity (Jabbar, 1982). The aim of the present study
was in general terms to expand upon.this obseruation in ordér
to determihé a) fhe origin of the taurine accumulating in haem;
olymph and gaﬁiia_and b) to study the effects of Laurine on the
locust nervous systém.

It was recognised from the start, homevsr; thaf no compre-
hensive study of taurine in insects has beén uhdertaken, and what
data exists is fragmentary due to superficial studies on many
insect species. It was therefore impo:tant in the present study
to obtain as much basic information concerning taurine in the
whole inéédt aé pqssible, to create a contextvinto which later
results ﬁould be assimilated. To an extent this fequired an app-~

roach in which taurine and its possible physiological functions
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in the locust took precidence over simply seeing taurine as a
‘substancé of importance only under unphysiological conditions.
Indeed, it was feit that an understanding of what rble, iF‘any,-
taurine might have in the sfrees response in insects could only
be relevant:against a background of greater undérstanding of
taurine in insects in general. Much of the work in the present
study has followed paths already taken bybwbrkers who have stu-
died taurine in mammals. However,,taurine is not a substance

like GABA or‘ACh where a'Vast literature alﬁyquvexists from
mammals. Thé preseqt work clearly suggesfs that much of what
apﬁlies to taurine in mammais also appearé'to hold for tHe locuét,
suggesting that a cont%ﬁation of these>studies might generate
data in insects which might later be useful to mammalian physio— 
logists, rarther than the reverse.

As statéd the experimental approach to tHe étﬁdy was iﬁitially o
tobestablish a background of basic information‘concerning taﬁriné
in the locust. This first required a study of the distribution
of taurine in tﬁe locust and,-aé'Far as‘possible,'its’route of
biosynthesié. With this information it:became possible to evélﬁate
the changes~in homeostasis of taurine which occur during stress.

This was followed by 'a series of experimenté to‘invéétigate
effects of taurine on the locust nervous system. The latter ex—
periments were all performed in vitro using s&naptosomes, isolated
somata, and mitochbndria.

AFinaliy, a study was taken to investigate possible Einding
sites for taQrine in the locuStf In this case it was decided to
use a whole head preparation, which is quite common in insect work,

rather than embark on the much more time consuming approach of
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investigating specific tissues.



SECTION TuO

MATERIALS AND METHODS
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2.1 Materials

Insects

Adult 10CUsts,'SChistocera americana gregaria of both sexes,

were obtained. from Larujon Locust Suppliers Ltd., Colwyn Bay,
Wales, and were fed on bran and maintained at SDPC. Juvenile

locusts, cockroaches (Blatta orientalis) and flour beetles

(Tenebrio molitor), were kindly supplied by Dr Ann Lackie of the
Zoology Department, Glasgow University, and were bred in that
department. The latter were fed on cereal cakes and flour respec-

tively,

Radiochemicals

All radioChemicalé were purchased from Amersham Internatiénal
PLC, Amersham, Bucks. |
45Calcium (1ci/mmol)
(methyl-"H)Choline Chlorids (80 ci/mmol)
L-(355)Cysteihe (47 mCi/mmal)
(G—SH)-Dansyl Chlofide (13.5 Ci/mmol)
(2,S—SH)4—amino—n—butyric acid (64 Ci/hmol)
(SH)-Inulin (22 Ci/mmol)
(U=1%C)Taurine (115 mCi/mmol)

(l,Z—SH)Taurine (29 €i/mmol)

Fine Chemicals and enzymes

The following chemicals were obtained from Sigma Chemical Co.,

London, U.K.:~

Aminooxyacetic acid

Bovine serum albumin
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Cysteamine

Cysteine

Cysteic acid

Cysteine éulphinic acid

Cystine o
Ethylenéiglyéol Bis—(lZaminoethyl ether),N,N,N',N'—tetraacetic acid
N—ethylmaleamide |

Glutathione (oxidised)

GlutafhionE'(reduced)
N-2-hydroxyethylpiperizine-N'~2ethanesulphonic abid
Hyﬁataubine | |

Isethionic acid

Nipecotic abid

Ninhydrin

Picrotoxin

Ppotéase type VII P-5255

O~-phthalaldehyde

Taurine

Tetrodotoxin

Verapamil

Veratridine

The following chemicals were obtained from British Drug House
Chemical Co., Poole, U.K.:-
Arginine

/3-alanine

4—amino-n-butyric acid
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Dansyl Chloride

DihYdroxyécefate phosphate

Folin and Ciocalteau reagent

Glycine |

.Hyamiﬁe hydroxide (10 % solution in methanol)
KCN |

Nitrilotriacetic acid 

Uxoglutarate

Proline -

The following chemicals were obtained from Fisons Scientific
Apparatus, Loughbrougﬁ, U.Kes—
Mercaptoethanol
Perchloric acid (72 %)

Sucrose

The following chemicals were obtained from the Boehringer-
Manheim, Corporation, London, UKoz~ |
Adenosine-5'~diphosphate
Adendsine—s'—tfiphosphate
Lactate dehydfogenaée
Nicotinamide adenine dinucleotide (reduced)
Phosbhoeﬁolpyruvate~
Pyruvic acid -

Tris (hydroxymethyl)-aminoethane

. : o :
6-aminomethyl 3-methyl-4H-1,2,4~benzthiaziazine-1,1-dioxide hydro-

chloride (TAG) was supplied by Merck Sharp and Dohme, Pennsylvania, U.5.A.



- 35 -

Methods

2.2 Extraction of taurine from insect tissues

Insects were immo bilised by cooling at ~20°C for 15 min,
before the femoval of tissue samples, which were immediatély
ffozén in liquid nitrogeniand then grdund to a pouder using
pestle and murfar. The still-frozen sampies were immediately
transferfedvinto pfeweighed plastic 6entrifuge tubses (Eppen—_
-dorf) containing 0.5 ml of HClD4 oh icg. The tissues were théh
dispersed by homogenisation with a loose fitting-tsflon homo-
genisor, driven by an electric motor. The.tube was thenvreweighed
to find the weigﬁt ofAthe tissue saﬁple. When the amounts of
tissue were foo smali toymake this a prabticable method, the
wet weight of the tissue was estimated by protein content. A
canversion factor was applied to determine the‘wetvmeight ffom
protein content (Clement and Strahg, 1978)
| After centrifugatiﬁn for ten min at lU,UDDQ, the supernatant
was removed and thé pellet washed with a further 0.5 ml of HClD4’
in the same way. The resultihg supernatahts ware combined and
the acid neutralised by the addition of one tenth volume of 2M
K2C03f The pfecipitéted potassium perchlorate Qas removed by
centrifugation at 10,000g for 5 min, and the supernatant was then
removed. |

HaemolYmph_éamples‘were taken according. to the method of
Clement and Strang (1980), and the protein precipitated with an

equal volume of 0.3M HClGA. The samples were then processed as
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described above for tissue samples. The extraction and estimation

procedure is shown in the form of a flow diagram in Figure 2.1l.

2.3 Isolation of taurine

Taurine was isolated using ion exchange chromatography
?after the method of GarVin (1960). A ZDDf}l portion of thé
HClU4 extraét was passed through the ion exchange column shown
in Figure 2.2. The taurine was.eluted using a total of 3.0 ml
of distillea water. The first 0.5 ml of eluent was discarded
since ‘only the following 2.5 ml cohtain taurine. This
method OF taurine isoiatinn is‘possible due to the very low
pKa of the acid group on the taurine molecule (-0.3). fhe
Tecovery of‘taufine was estimated using an internal standard,

and was observed to be almost 100 %.

2.4 Confirmation of the purity of the isclated'taurine

To check the purity of the taurine sample after passégé
through the ion-exchange column the eluent was reacted with
an equal Voiume of danéyl chloride at pH 9.0 andvsubjected to
two-dimensional chromatogréphy 6n polyamide layers_(British
Drﬁg House).fThevsolvent used in the First dimension was 3 %
Formié acid and ih the second dimension was either téluene:
acetic acid (9:1 v:v)‘or ethyl acetate: 2-propan§l: ammonia
(1024:3 vsivsv). After development the chromatogram was visua-
lised under u.v. light to determine the position of the

fluorescent derivatives.
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Tissue Dissected B Haemolym?f Removed -
Frozen in Liquid Nitrogen - Mixed with Equal Volume
Ground with Mortar + Pestle of 0.6M HC10;,
Homogenised in 0.5M] ———p— I
of 0.3M HC10, l

Centrifuged 100009 for 15 min

- |

Pellet Washed with 0.5ml Supernatant Removed
(or Equivalent Haemolymph L
Volume) of+0.3M,HCth_‘
Centrifuged 100009 for 15min

{

Supernatant Removed

/

Pellet Discarded

' COmbined Supernatant Neutralised
with 0.1 Volume 2M KHCOB'

\

Centrifuged at 49C 100009 for 10 min

Supernatant Removed —s-Pellet Discarded

Supernatant Passed Through
~lon Exchange Column

Taurine Estimated Fluorimetrically

Figure 2.1 Flow diagram illustrating the procedure for

the extraction, isolation and estimation of taurine.
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o
—2ml Plastic Syringe

— Dowex-1-c1 (1.,0cm)

“ Dowex—SO -H (2.5cm)
Glass W
;_]r_ = 001
~f—Test Tube
Effluent

Figure 2.2 Ion exchnge column used for the isolation

of taurine from other amino-containing compounds.
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2.5 Estimation of taqrine

Taurine wés estimated by forming its o—pthalalddhyds deriva-
tive which was then quantified by spectrofluorimetry (Roth, 1972).
A ZUQﬁLl pb:tioh of the effluent from the ion exchange column wés
taken and mixed with 3.0 ml of the reagent mixture. The latter was
composed of C.DSM borate buffer (pH 9.5) 90 ml of which was mixed
with 1.5 ml of the o-pthalaldshyde contéining solution (10 mg/ml
in methanol) and 1.5 ml of mercaptoethanol. Thé‘sample was then

left for 5 min prior to fluorimetric estimation.

2.6 Inductioh of stress in locusts

Lindane (a gift kindly supplied by Dr J. Donellan, Shell, U.K.)
was dissolved in dimethylsulphoxide and given iq.a dose of 100tg
per insect. Picrotdxin was dissolved in 0.9 % NaCl and given in a
dose onZQ,&g'pér insect. Injections were made in a 10p1 volume
into fhe thorax. Controls received only solvent. After different .
periods_of time‘up to 6 hr at room températuré tiésuevsamples were
taken._ |

Enforced flying was achived by freely suspending locusts by
clips attached to tHe cuticle at the back,in a stream of air at
30%c. At the-end of 2 hr flying haemélymph samples were'taken fbr

analysis.

2.7 Assay for thoracic Ca++_ATPase (myosin ATPase)

The method wés a mOdificétimn of one personally communicated
to me by Dr J. C; Dow of the Biochemistry Deparfment at Glasgouw
University. Locusts were immobilised by cooling, eviscerated and

the wihgs and lege remeved: Thoraoet were fihely ehepped with
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scissors before theyiwere homogenised.with a bladed ouerﬁead
homogeniser. The tissue (1—3 thoraces) was homogenised for 10 sec .
in 10 ml of ice-cold 25 mM Tris buffer (pH 7.5) containing lmM
EGTA.kThisrwas sufficient to completely disrupt the'muscle tissue,
and longer periods of homogenisation were found to reduce the

. activity of the enzyme. Two 3 hl samples of this homogenate were
thenAfakeﬁ into conical flasks in ice containing_z ml of 20mM

Mg++ ATP. To the experimentél flask waé’then added 3 ml of 100mM
,CaCl2, while the blank received 3ml‘of Qater. After mixing, and
while tﬁe'flasks were still at DDC,_duplicate 0.5 ml samples were
taken from each, and mixed with an equal volume of HClU&.’The
assays were then incﬁbated for 10 min at 30°C and further samples
taken. The acidified samples were centrifuged at 10,0009 for 5

min and samples (lUD/ll) taken to estimate the release of iﬁorgae
nic phbsphate”in a final volume of 700M 1 by a micro-modification
of the method of Rockstein and Herron (1951). Blanké were found

to have 20-30 % of the activity of the full assay.

2.8 Assay for arginine kinase

The method was amodification of that used to estimate creatine
kinase activity in mammals, based on the producti@n of ATP (Bernt
and Bergmeyér,'1965). The reaction was followedvby épeotrophotu—
metry at 340nm. The assay mixture had a volume of 1.2 ml and
contained‘fiﬁai cﬁncentrations of components as follows: 0.5M
glycine_buffep pH 9.0, 20mM I"Ig++ ATR, 1mM phosphoénolpyruvate,
0.2mM NADH, ZUmM arginihe, 7U‘U pyruvate kinase and 100 U lactate
dehydrogenase. The activities of tissue extracts_were noted before

and after addition of arginine, and the net increase in rats géve
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a measﬁre of the activity of the érginine kinase. When muscle
homcgenatés were being aésayed, the mixtqre contained 10mM KCN
to prevent adventicious oxidatioh‘of the NAﬁH, but this was not
found to be necessary with thevhaemolymbh sampies.

Haemoiymph was sampled by carefuliy puncturing‘the ventral
- thoracic cuticle, and drawing the resultant drop 0% haemolympﬁ
into é graduated 5 M1 micopipette by capillary aqﬁion only.

More disruptive methods were found to cause tissue damage giving

a falsély high activity of arginine kinase. Dupliﬁate_(%}*l),
samples were added to the assay‘mixture and tﬁé activity follerd
for 5 min befbre and after the additidn of arginine.

To assay the activity of the soluﬁle enzyme in thevflight
muscle, samples of muscle were taken from dooled locusfs, weighed
‘and then homogenised for 1 min in 1 ml of the glyéine-buffer 
dontaihing 1mM mercaptoethanol and 0.3M sucrose (the latter to
_prévent any contamination of the cytoplasmic wifh mitochondrial
arginine kinase). The homogenates were then centrifuged'ét 10,0009 .
for 15 min, befﬁre removing the supernatant which was diluted ten-
foid in the homogenising buffer before taking l)ul sampies for

assay.

2.9_Estimation of haemolymph volume

The volume of haemolymph:in the living lnsect was estimated
by the indi:ect isotope dilution procedure of Loughton and Tobe
(196§). 1mCi of an aqueous solution of 3H—inulin was injected
into the thoracic cavity in a volume of lDf*l. 30 min after in-

jection, when the inulin had become distributed throughouf the
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body cavity, the thorax was punctured and a graduated 101 micro-
pipette used tﬁ'také duplicate:lﬂfﬁl samples of Haemolymph for
determinatinn of radioabtiVity by scintillaéion counting. The
total haemolymph volume was calculated from the dilution of the

isotope.

2.10 Uptake oF‘U—l4C—taurine into locust tissues in vivo
14

C-taurine was given in a dose of 0.25/uEi/g body weight
of locust. 14C—taurine had previously been diluted in insect

saline (mM NaCl 2143 KC1 3.15 CaCl .6H,D 2.05; Na,HPO, . 12H 0 2.4;

4
NaH2P04.2H20 0;2; NgClz.GHZD 6.6; glucose 16.7) so.that a volume -
of lOfkl/g was administered using an Hamilton syringe.

Haemolypmh was collected by the method of Clement and Strané
(1980). Tissue samples Qere taken of eye, thoracic ganglia and
flight musﬁle and taurihe was extracted as describedbin section

2.2. Tissue weight was estimated by protein content. Supernatant

was taken for sbintillation counting.

2.11 Effects of structural analoques on U—lAC—taufine clearance

from _haemolymph

To study the effects of strubural analogues on'14C4taUrine
clearance from ﬁhe haemolymph, isethionic acid,b/g—alaniﬁe, hypo-
taurine and GABA.mere injected in a dose of lfLmole/g in‘lD/A1
of inéect saline using_ah Hamilton s?ringe, by punbture at the
base»of a leg.'

All inhibitors were administered 5 min prior to injection
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of laC—taurihe. To study the effects of cold on taurine clearance
from the haemolymph insects were imhobilised by cooling ih‘a deep
freeze for 10 min before injection of laC—taufihe, aﬁd were kept in
ice thereafter. In all cases where the effects of inhibitors were

P

. 1/
studied haemolymph was collected 1 hr after injection of 4C—tau-f

rine.

2.12 Metabolism of 14C—taurine by locusts in vivo

Tissue extracts were taken into 75 % ethanol and resolVed-oh
celiulose thin layer chromatography (TLC) plates (Merck). The
extracts were double—developed in one-dimension as desribed belouw."
After resdlytion 0.5 cm bands wesre scraped from the plate so that
fhe entire plateﬁwas analysed for radioactive spots. The position:
of taurine and isethionic acid on the plate was dete:mined using
standards. Taurine was visualised with 1 % ninhydrin in acétbne,
while isethionic acid was'viéualised using 0.1 % 2,6 dichloro-
flubrescene.‘Aftér scraping the plate therbénds wefé then trans-

fered to scintillation vials for counting.

2.13 Estimation 0f>end0qenous levels of taurine and its precursors

Estimafion’of taurine and its precursors was made usihg the
procedureiof,nsbopné (1973), using 3H—dansyl chloride derivatives.
Taurine and its pﬁtgntial precursors were extracted from haemolyph,
eye, thoracic ganglia, flight muscle and fat body into 75 % sthanol.
A 5/*1 portion of the supernatant was reacted with an eqﬁal volume
of 1mM 3H—dansyl chloride in acetone, buffered to pHvQ.O with bi—b

carbonate buffer. After allowing 30 min for the reaction, 5/&1 of
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the mixture mas then spotted onto a polyamide TLC plate and resolved
in two dimensions as descfibed in section 2.4. Visualisation of the
spots under u.v,. light was aided by fhe addition of carrier amounts
of unlabellad‘dansyl—amino acids to‘theblabeiled extract. Identified
spots were cut out, tranferred to scintillatian vials containing
0.5 ml of scintillation grade Hyamine 10-X Hydroxi&a, and léft to
elute overnight prior Lo sointillation counting. Quantification Ufk
-the unknowns was maae by bomparing the counts incorporated into

the samples with standards in which knowﬁ ammounts of amino acid

were reacted with 3H—dansyl chloride,

2.14 Natabolism of 3SS—gysteine in vitro

Samples of eye, thoracic ganglia, flight muscle and fat body
vere taken and transferred to tubes containing D.S‘ml of insect
salinavwith ID[LCi of 358—cysteine. Samples were incubated at SUOC
for 6 hr with a fine stream of 95 % 02/.5 % CO, continuously passed‘
tﬁrough the meaipm. In order to prevent evaporation of the saline
the gas mixture was first paasad through water at SDOC.vsamplesA
were extracted:into 75 % ethanol containing 10mM N;ethylmaleamide.
The latter reacts with free SH groups and enhances the fasolutidn
of cysteine andlcysteamina from other sulphuf containing compoands

during TLC (Cotty et al., 1958).

© 2415 Two-dimensional chromatography and autoradiography

Supernatant from studies in vitro of 5S—metabolism was resolved
using two-dimensional chromatography. Cellulose TLC plates were cut .
to give an 8 cm run in both dimensions. S5M1 aliquats of supernatant

were applied to the plate. The chromatagram was double-developed in
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the first dimension usihg butanol:acetic acid:H20 (112633 vsviv) as
solvent and then once in the second-dimeﬁsion using methénol:pyridine:
HZD (25:1:5>v:02v) as solvent.

The plates were then auforadiographed tq locate the radioactive
spots. The plates were taped onto cut‘sheeté of aluminium and, in a
dark room, lit only.by a safety lamp, Kodak X-omat AR film was then
ftaped into poéitioh over the TLC plate and sandwiched between an?
other cut sheet of aluminium. The sheets were then tightly clamped

together and covered with light proof urapﬁing and left for up to

9 days..At the end of this period films wete unuraped under safety
»lamp and developed for 5 min in deVelopér and 5 min in fixer. Com-
'pounds,were identified by comparison with standards visualised uith.
ninhydrin. |

Y
H

2.16 Metabolism UF-SSS—cysteine in vivo

. Locusts were‘injected witﬁ a dﬁse of 20mCi of 355—bysteine»
in 10M1 of insect saline, and at times thereafter samples were
| taken of haemolYmph, eyé,thoracic ganglia, flight muscle and fat
‘body. Tissues were homogenised’in 75 % ethanol (0;5 ml) containing
10mM N-ethylmaleémide; After homogenisation the samples were centri-
fuged at 10,0009 for 5 min, and the supernatant was then taken for
ahplication on to cellulose TLC plates. lU/UJ of supernatant was
spotted on to each plastiﬁ backed cellulose TLC plate. Each sample
was run in triplicate along side each other to méximise the amount
ofbmateriél recovered. The TLC plate was cut so that each run was
exactly 8 cm. The plate was double-developed in butandl:acetic acid:.

- H,0 (11:6:3 vsvsv) and after drying was dipped into a 1 % solution
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of ninhydrin in acetone and heated for 5 min in an oven at 100%C
to reveallamino—ﬁontaining material. At either side of each TLC
plate a set of standards was run in order to locate the bands con-
taining taurine and its prebursors. The bands corresponding to
taurine and its'precursors were then scraped into scinfillation
vials for couhting. -

To study the effects of picrotoxin and flight'onvzss-cystéine
metabolism locusts were treated as described in secfion 2.6. In
the case of flown locusts, 35S—cysteine was administered 4 hr ﬁrior

to the 2 hr of flight.

- 2417 Preparation of synaptnsomes

Synaptosomes were prepared using a modificafion of the method
of Breer (1981). Thoracic and cerebral ganglia were ﬁomogenised in
an hand held homogeniser in 5 ml of 0.25 M sucrose buffered to pH
7.5 using 100mM Tris adjusted with HCl. After centrifugation at
5009 for 10 min the supernatant was collected and the pellet.was
rehomogenised in a further 5 ml of buffered sucrose and centrifuged
again. This was repeated once more giving a combined total of 15
ml of supernatant which was then centrifuged at 15,000g fﬁr-45 min.
The resultingvsynaptosomal pellet was then very gently resdspendedb

in buffered sucrose. Preparation was performed in a cold room at 4°c.

2.18 Uptake of 3H-taurine and 3H—GABA into synaptosomes
Synaptosomes were incubated in insect saline containing Z/MCi
of labelled amino acid and in the case of the GABA experiment S0

AOAA to preVEnthABA metabolism. About lUQ/Ag of synaptosomal pro-
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tein uas incubated with 2001 of insect saline at 30°C. The in-
cubation was stoﬁped‘by'the addition of 2 ml of ice-cold saline,
followed by rapid filtrétion through 25mm diameter filters (0.45
pm pore’size). The filters were then washed with a further 4 ml
of coid saiine, and were then placed in a scintillation vial con—
taining 1 ml of 2 % Triton X-100 for 1 hr prior to countiné.

The concentrations of taurine and GABA were 340 and 170nM
respectively, Iﬁ one experiment however, lmM unlabelled taurine

3 .
was present in addition to the H-taurine.

v of '
2.19 Effectataurine and nipecotic acid on synaptosomal GABA uptake

Synaptosomeé were incubated for 2 min in insect saline containing
3 ’ :
2/4Ci of "H-GABA and the incubation was stopped as descibed above.
Taurine concentration was in the range of 1-12mM, while nipecotic

acid was present at concentrations between 0.01-1.0mM,

2.20 Uptakeyof 450a++ into synaptosbmes and effect of inhibitofs
Synaptosomeé_mere incubated under the conditions described
in section 2.18, with g/»ci of 45Ca++ in the séline. In éxperiments
other than those in mhich‘the time course of 45Ca++ uptake into
resting synaptoéomeé was studied, the incubation time was 3 min.
Synaptosomes’were-depolarised uéing either K+ (100mm) or veratri-
dine (lUQ/AN) the latter of which was dissolved in a small volume .
of dimethylsulphoxide prior to being added to the saline. Ankequal
volume of DMSO was added to the saline of control samples. Taurine

was present in the 5-20mM range, GABA and leucine were present at

- 10mM, tetrodotoxin at LuM and verapamil at 10pMM.
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2.21 Release of H-ACh and 3H—GABA from synaptosomes

Experiments in which syhaptosohes were perfused were performed
using.insect saline whicﬁ contained 5qr~M ADOAA when 3H—GABA was
used. In order to preloéd the synapfosomes the entire resuspended
'synaptosomaljpellét was preincubated for 5 min in BDQfAl of insect
saline. This was then'trénsferred to a tube containing 12.§fACi
of either “H-choline or -H-GABA in 501 of saline, and was incuba-
ted for a further 15 min at 30°C. Locust synaptosomes incubated
with 3H—-choline have been observed to release 3H—ACh when stimula-
ted with high K" or veratridine (Breer and Knipper, 1984). The
synaptosomés Qere fhen loaded on to Whatman GF/B filters (about
90,»9 synaptosomal protein per filter) in the apparatus used for
superfusion shown in Figure 2.3. The»flom rate was set at 1 ml/ min
and 20 ml of saline was passed over the synaptosomes to allow the
preparation to stabilise, after mhich 2 ml fractions were collected
using a watspn-Mérlow fraction collector. Synéptosomes were depoia—
rised by challenging with either high K+ concentration (lUOhN) or
veratridine (lDDfAM) at the times indicated in the Figures in the
results section. The collected fractions were then transferred to
’sciﬁtillation vials for counting. |

Drugs werebadded by carefully pouring insect saline.containing
a knouwn druglﬁqncentration into the syringe mouﬁfed on each filter
unit (Fig. 2.3). Since_the residual volume of the filter unit was
only lBQ}Al, the time between adding the drug and its arrival at
the synaptosomes was very small, Taurine was présent in the 5-20mM
range, nipecofic acid was used at 1lmM, and tetrbdoﬁoxin was used

at a concentration of %ﬁkm. When release of neurotransmitter was
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Super fusion
saline
Synaptosomes preloaded With

H-choline or 3H-GABA

A
8

«— Fraction
collector

Figure 2.3 Apparatus used for superfusion‘of synaptosomes.
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studied in the absence of Ca++, EGTA was present at 1mM,.

2.22 Prépération of flight muscle and nervous tissue mitochondria
Mitochondria from flight muscle Qefe prepared from the combined}1,
flight muscles 6f 12 locusts,_dissected(on ice, wiped clean of
adhering fat body, and transferred into 20 ml of ice-cold medium
(0.25M sucrose, 5mM Tris, lmM EGTA) at pH 7.4. 5 ml of the same
medium containing 3.5 mg of protease (Sigma, type VII, P-5255)
was added to the isolated flight muscle which was digested for
12 min on ice using an overhead homogeniser with a very loose-
' fitﬁing pestlé to stir andkd%;ggregate the mixture every 2 min.
The mixture‘was then fiitered through gauze and centrifuged for
10 min at 10,000qg and.the supernatant diécarded. The pellet was
bcarefully resuspendedf&ﬂ ml of mediﬁm and centrifuged at 800g
for 5 min. The supernatant was removed and centrifuged at 10,000q
to sediment the mitochondrial pellet‘which was then resuspendea
in 0.6 ml of 0.25M sucrose buffered with 5mM Tris at pH 7.4. Thé
entire procedure is illUStfated in the flow diagram shown in
FigUre 2.4,
Mitoechondria from nervous tissue were prepared by homo-
genising the thoracic ganglia of 20 locusts in 1 ml.df medium
(as described.abOVE) for 1 min at 1000 rpm, in an all glass
hoaﬁgégisér. The supernatant was then taken and a further 9 ml
of medium was added ﬁo it and this was centifuged at 800g for
5 min. The supefnatant was removed and centrifuged at 10,0009

for 5 min to sediment the mitochondrial pellet, which was
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Muscle tissue dispefsed in isotonic medium with the help of homogenisation
~and protease, then filtered through cheese-cloth. (S1)

Centrifuged at 10,000g (7500 rpm) for 10 min

[ I
Supernatant (Sp) , Pellet

(discard) | ' l

Resuspend in original
volume of medium

Centrifuged at 800g
- (2500rpm) for 10 min.

|

] ; » .
Pellet (P4) Supernatant
(discard) :
Centrifuged at10,000g for
5 min. R
: , : |
i o |
Supernatant (Sg) Pellet (Po)
(discard) ‘ (resuspended in small

volume of isotonic medium)

Figure 2.4 Flow diagram illustrating the procedure for the

preparation of mitochondria from locust flight muscle.
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resuspehded as described for flight muscle mitochondria. All
préparaﬁive'probedures for both muscle and nervous tissue mito-

' o
chondria were performed at 0-4 C.

2.23 Estimation of the purity of the fliqht‘muscle mitochondfia

| Since the methodblogy for obtaining mitochondria from ganglia
and the enzymic characterisation of the preparation‘was performed ih
our laboratory previously, the latter was not repeated‘in the present
worke. This did not apply to the flight muscle preparatlon, however,
and this was therefore characterised by assaylng the enzymes NAD- )
llnked-glycerol—phosphate dehydrogenase (GPDH), which is resticted
to the cytoplasm, and glutamate dehydrogenase, which is found only
in the mitﬁchondrial matrix.

Both énzymes were assayed by folloming‘tﬁe Dxidation of NADH
by the decline in absorbance at 340nm. Enzymes were assayed in a
medium of 0.3M sucrose buffered at pH 7.4 (50mM Tris adjusted with
HC1) containing 10mM KCN and 0.2mM NADH. Assays were performed at
30°C. The Fihal cqncehtrations of other components were as,fdllows:.
in the case.of glutamate dehydrogenase thE‘assay also contained
10mM oxeoglutarate and ZmM ADP while the GPDH assay contained D SmM'
dlhydroxyacetone phosphate.
After initial rates of activity had been established for at

least 5 min, Tfiton X-100 was added to the CUVet£e to give a>final
concentration of 0.2 %. This released any occluded enzyme, and the

new activity was assayed for a further 5 min.
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2.24 Incubation of mitochondria

' Mitochondria were incubated in a medium of the following
composition: 0.25M sucrose, 1l0mM KH2P04, SmM'prdline, 1mM pyruvate;

1mM nitrilotriécetate (a relatively weak buffer of free calcium),

16 M bovine serum albumin, 1mM ADP ahd'0.2,¢Ci of 45Ca++

45

, at 30°C.
To study the effect of taurine on efflux of
4SC

catt from mitochon—I
dria, tﬁey were first loaded with att by incpbation for 2 min,.
at which point further éalcium_accumulation mas preVented by the
addition of either_ruthenium rea (an inhibitor of mituchondrial
calcium‘uptaké) or EGTA to give final concentrations of ijN and
SUO/LN respecfively. NaCl was added to a concentration of leN in
order to activate Na+—dependent catt efflux from the hitochondria.
Taurine was present atIQDmM concentration. All incubations weré
performed in 20041 of medium to which 201 (about 70M-g of prée
tein) of the mitochondrial suspension were added. Incubations were
stopped as described for synaptosomes in section 2.18, after which
filtgrskmeré'placed in vials containing 1 % Triton X-100 to lyse

the mitochondria for 1 hr prior to scintillation counting.

2.25 Preparation of meﬁ%anes from whble locust head

Taurine binding was studied using me@?anés‘brépared from
whole locust heads. The heads of 30‘locusts were rémUVBd,'the an-
‘tennae cut offg and then transferred into 50 ml df ice-cold Van
Harrevald's saline (composition (mM): NaCl 205; KC1 5.45 CaCl,.
6H20 13.63 MgC12.6H20 2.65 Tris 5.0 adjusted to pH 7.7 using HCi)

and homogenised using an overhead bladed homogeniser for 30 sec
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in a cold room at 4°C. The homogenised heads were then filtered
through gauze and the filtrate was then rehomogenised using ten
strokes of an all glass motor driven homogeniser. Tﬁe filtrate

- was then centifuged at 5000g for 10 min and the supernaﬁgnt was
then filfered again through cotton wool, The filtrate was then
centrifugéd at 15,000g for 30 min, after which the supernatant
was discarded and the pellet resuspended-iﬁ 20 ml of saline and
centrifuged again at 15,000g for 30 min. The pellet was resuspen-
ded in 20 ml of saline and dialysed overnight against a large
volume ofann Harrevaid's saline to remove tﬁe éndogenous taurine
that had not been removed by the washings. After dialysis the
preparation was céntrifuged again at 15,Uﬁﬂg.for 30 min, and theh

resuspended in 10 ml of saline.

2.26 Incubation of the membrane preparation

0.5 ml of the membrane preparation in Van Harrevald's saline
were incubated with'Z/ACi of 3H'—taurine,.alone or along with 1lmM
Unlabelleq taurine. Most incubations were parfqrmedkat room temp-
_ erature (2508), except when the temperature~dependency of binding
was studied, in uhich case the experiment was performed at 0°C.
To study the Na+—dependency Qf'bihdihg the NaCl in the saline
was replaﬁéd by the same concentration of choline chloride, Most
‘incubatipns were terminated by centrifugation in which 0.4 ml of
the incubatibn mixture was transferred to 0.4vml tubes with an
velongated tip to receivs the pellet‘(Starstedt, 72702 tubes,
Leicester, .U.K.) and then centrifugéd at lS,DUﬁg‘For 30 min. The
supernatént was removed by suction and discarded and the tip of
the tube was cUt of f exactly at the point of the membrane pellet.

The tip was then cut transverseiy, through the membrane pellet,
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into three parts which were placed in a scintillation vial
contéining 0.5 ml of soluene to’solubiliée the pellet prior

to couﬁting° In one experiment incubation was términated by
the addifioq of 2 ml of ice-cold saline and rapid filfration
through Whatman GB/C filters. The filters were then washed
with either 5 ml of cold ssline or distilled water. Filters
~were then pléced in sbiﬁtillation vials containing 1 ml of

2 % triton overnight prior to counting. The latter experiment
was performed in order to assess whether association of taurine
with the membrane preparation maé the result of uptake into |

vesicles formed by the. preparation.

2.27 Preparation of dissociated locust somata for intracellular

recording

Thoracic ganélia from locusts were desheathed andvdiésociated :
mechanically, without enzyme treatment, by repeatéd passage through
a pasteur pipette. Ganglia were dissociated, and subsequent recbrd—
ings were made in a saliné of the folloﬁing compositioﬁ (mM): NaCl
2143 KC1 3.1 CaCl2 9,03 Hepes 5.0 adjusted tﬁ pH 7.0 witﬁ 1m Tris.
7 Dissociated somata Qere plated on to plastic petri dishes (5 cm
diameter) in‘a.final volume of l.SIml per dish;rand were éllowed'
to stand fér at least 10 min to allow the cell bodiesbfo adhere to

the dish.

‘2.28 Intracellular recording from locust somata

Petri dishes were mounted on the stage of an inverted optics
microscope using phase contrast optics to locate the cell bodies.

Cell diameters ranged from 10-100p m, and in genefal somata with

diameters in the 30-70 pm range were used for impalement. Intra-
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cellular electrodeé were pulled from thin walled, fibre-fused,

glass napilliaries which were back-filled with 1M potassium
acetatevat pH 7.0, The electrodes were mounted on a micromanipu-
lator (Carl Zeis Jena, D.D.R.) and connected via a silver/ silver
chloride wire to the headstage of a nigh input resistance preamp-
lifier (Winston 1090/ BR1, Winston Electronics Co., UsSoho)e The‘
amplifier was equipped Qith an active bridge cirbuit which permitted
passage ofchrrent'through the recording eleétrode to polarise the
cell, Stimulating pulses were genératea\uéing a Grass S44 stimulator.
Potentials were mnnitored on an oscilloscope (Iwatsu S§5-5702) and

hard-copy recordings were obtained using a BBC SE120 pen recorder.

2.29 Application of taurine and GABA.

Taurine (0.5M, pH 8.0) énd GABA (1M, pH 4.5) were iontophorésed
thfouéh"recnrding pipettes' (section 2.28) using the current pulses.
from a model 160 micro—iontophoresisvprogrammer_(IHOPQI° Inc., UOSQAQ)..
Pipette tips were positioned approximétely 4-5pm from the cell
under test. To prevent diffusion of the amino acid from the pipstte
‘tip negative hoiding currents of 40-50nA uvere applied.

Since the éjection_purrents for tgurine and GABA'wére found to
differ considerébly to obtéin a given response ffom the cell an
estimate of the quantities of amino acid ejected was made uéing
labelled amino acids. 3H--taurine and 3H—GABA were e5écted into petri
dishes containing 1.5 ml of saliné using ejection currents of 400
and 40nA respectivély for a 5° min period. The saline was then trans-

ferred to scintillation vials for counting.
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2.30 Drug application to locust somata

Potentia} effectors of taurine or GABA mediated responses were 
applied by afsimple bolus perfusion method. Drugs were prepared at .
twice the étated conceﬁtration and loaded in disposable'syringes, |
- connected uié a perfusion line to the saline bath. Gentle positive
pressuré was applied to expel the drugs and a volume sufficient to
double the bath volume was added. Drug application was therefore
all-or-none, and no wash—-out facilities were availéble using”this

procedure.

2,31 Protein estimation

After solubilisation of samples in 0.1M NaOH, containing 1 %
sodium dodecylsulphate, protein was estimated by the method of. Lowry

et al. (1951) using bovine serum albumin as:standard.

2.32 Scintillation counting

Samples‘For scintillation counting were mixed with eithe;
Ecoscint or Instagel and countedlon a Beckman LS 6800 scintillation
counter; To obtain efficiencies, in order to derive dpm, a channels
ratio method was Qsed. The efficiencies were approximately 40 %‘for

3H and 70-80 % for ‘4c, ®s and *Sca™.



SECTION THREE

RESULTS
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3.1 Separation and estimation of taurine

Aftef paséage of tissue extracts through the ion—éxchange V
column all amino—containing matefial was retained on the column
with the exception df taurine. This was confirmed by making
dansyl derivatives of extracts before and after passage through
“the cblqmn. The latter were resolved by TLC on polyamide plates
whiéh were visualised under u.v. light (Fig; 3.1).

A range of taurine concentrations over‘uhich fluoresence was
directly propprtiqnal to concentration was established using stan-
- dards (Fig. 3;2), and tissue extracts were estimated within this

range.

3.2 Distribution of taurine in the adult locust

‘Table 3.1 shows the concentration of taurine in various tissﬁes
of S. gregaria. The amino acid was found in all tissues examined,
and was present at partiCUlarly high concentration in the flight
muscle (25}hmol/g). The concentration in the eye was also reiati—
vely high, but was considerably less than that in flight muscle

(Table 3.1).

3.3 Distribution of taurine in juvenile locusts

For the sake of simplicity individual tissues were not investi-
gated, but the.taurine concentration was measured in head, thorax
and abdomeﬁ. Concentrations of taurine in the abdomen and head varied
1ittlé at different stages between hatching and adulthnod, averaging

l.?ﬁbmol/g in abdomen  and 2.lfkmol/g in the head. The concentration



Figure 3.1 Chromatograms on polyamide layers of dansylated extracts

of whole locust body before (A) and after (B-D) passage through the
ion exchange column. Chromatograms were photographed under u.vG lighto
In all cases the first dimension (1) was run in 3 % formic acid. The
second dimension was run in either toluenesacetic acid (9:1 wv:v) for
A and B, or ethyl acetate:88 % ammonia:2-propanol (40:30:100 wv:v:v)
for Cand D. Dansyl taurine 1is indicated by the letter T, while the

arrow points to dansyl hydroxide.
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Figure 3.2 Standard curve for the fluorimetric assay for taurine.
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Table 3.1 Taurine distribution in the adult locust
Taurine concentration
(pmmol/g wet weight)
™ : !

Tissue - - S5.D.

Whole body = - |  6.20 £ 0.84
Haemolymph , 1,49 ¥ 0,56
 Gut - 0.72 Y o.01
. Fat body 1.01 £ 0.3
Eye o 7.17 £ 1,31
Cerebral ganglia 1.51 ¥ 0,17

' Thoracic ganglia | 2 fom
Flight muscle 25,63 + 3,17

Results are the mean of 4-6 locusts in each case

", Table 3.2 Relationship of taurine concentration to

the activity of myosin ATPase in the locust thorax

Specific activity
of ATPase
(mmol Pi released/g Taurine

wet weight per/min) (Fmol/g) Ratio

Instar ~(a) . (b) (a/b)
5 ' 23 3.3 7.0
6 (1 day after) 38 ' 4.4 8.7
6 (25 days after) 50 ’ 11.3 4.4

Values are the averages of duplicate estimates of

myosin ATPase. Taurine concentrations taken from Fig 3.3
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in the héaﬂ shéwed some tendehcy fo rise as the%ldéust became more
mature, giving an adult concentration of 3.7 & 1.9}Amol/g compared
with 1.6 < o.siimdl/g in the first instar. In the case of the thorax
there was a slow increase during the larval stages, with a final
dramatic increase during the first