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The abbreviations used in this thesis are those recommended in the
Biochemical Journal publication "Policy of the Journal and Instructions

to Authors " revised 1984, (Biochem. J. 217, 1-27), except for the

following;
AP action potential
CNS central nervous system
‘DA ' dopamine
epsp excitatory postsynaptic potential
ipsp inhibitory postsynaptic_poténtial’
Mr relative molecular weight
NA noradrenaline
Pf particulate fraction
SDS sodium dodecyl sulphate
Sf | soluble fraction
TCA trichloroacetic acid, % quoted is always w/v
5-HT - 5-hydroxytryptamine (sérotonin)
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SUMMARY
The effects of octopamine (a.putativé neurotransmitter) cyclic

AMP and calcium on the phosphorylation of protein from the CNS

of the desert locust, (Schistocerca gregaria) were investigated.

Two main approaches were used to study protein phoéphorylation

a) Intact cerebral ganglié were incubated with 32Pi and

b) Homogenates of cerebral ganglia were incubated with [Y32P]
ATP, |

The incorporation of 32P into total pfotein and specific protein

was measured in both cases. The 32P bound to total protein

was measﬁred by precipiﬁating the proteins with TCA and measuring

the radioactivity remaining after treatment of the acid insoluble

residue with acidified chloroform/methanol and ribonuclease.

The 32P bound to specific proteins was measured by solubilizing

the proteins with SDS and separating them by electrophoresis

on 10% polyacrylamide/SDS gels followed by autoradiography.

In intact cerebral ganglia octopamine (10—4 M) stimulated an
increase in - the phoéphorylation of total protein within 10 minutes.
This subsequently decreased to the control level between 3 and

6 hours. A second octopamine-stimulated increase was observed

after 22 hours. The measurement of specific protein phosphorylation
after 10 minutes and 22 hours incubation with octopamine revealed
that it stimulated the phosphorylation of a protein (Mr 39,000).

The phosphorylation 6f 2 other proteins (Mr 21,000 and 25,000)

occured after 22 hours which did not occur after 10 minutes.

xvi



Octopamine aiso stimulated the phosphorylation of the Mr 39,000
pfotéin in homogenates of cerebral ganglia but only under
conditions which favoured the elevation of éyclic AMP levels
prior‘tévthe measurement of. protein phosphorylatioq.

3 M) stimulated the phosphorylation

Dibutyryl cyclic AMP (10
of the Mr 39,000 as well as at least 8 other proteins in intact
" tissue and the pattern of phosphorylation was similar to that

of cyclic AMP in homogenized tissue.

Cyclic AMP (10’—5 M) stimulated the phosphorylation of many
proteiﬁs in homogenates includinghthe Mr 39,000 protein within

10 seconds. The major proportion of cyclic AMP-dependent ﬁrotein
phosphofylatioﬁ resided in the soluble fraction, although
phosphorylation of the Mr 39,000 protein occured in both soluble
and particulate fractions. Cyclic AMP-dependent protein kinase
activity was maximal at a cyclic AMP concentration of 50 uM

and half-maximal at 2.5 uM\with a Km of 50 uM ATP and its time
course reached a maximum within 60 seconds with 10 uM.cyclic

AMP and 10 uM ATP.

Calcium also stimulated total protein phosphorylation in homo-
genized tissue. A maximum was achieved in the presence of

700 uM EGTA with a CaCl, concentration of 1 mM and half-maximal

2
at 400 pM. Calcium (1 mM) stimulated the phosphorylation of
3 proteins (Mr 62,000; 54,000 and 31,000) in:crude homogenate.
In the soluble fraction calcium (1 mM) only stimulated the

phosphorylation of the Mr 54,000 protein no stimulation by

xvii



calcium alone was observed in the particulate fraction.
Incubation of the particulate fraction with calcium (1 mM)
and calmodulin (10 ug/ml), however, resulted in the phosphorylation

of 3 proteins, (Mr 62,000; 54,000 and 31,000).

Cyclic AMP-dependent protein kinase inhibitor prevented the
cyclic AMP-dependent phosphorylation ofvallvproteins from crude
homogenate, soluble and particulate fractions. In addition,

it also prevenfed thé calcium-dependent phosphorylation of
proteins from the crude homogenate and soluble fraction and
calcium/calmodulin-dependent protein phosphorylation from the

particulate fractiomn.

xviii



1 INTRODUCTION



1:1 An assessment of the Invertebrate Nervous System

The central nervous system of insects and other invertebrates
has been a favoured subject for research by 2 main groups;

Pesticide Scientists and Neurobiologists.

Pesticide Scientists study the CNS of both vertebrates and
invertebrates to seé if there are any differences which would
allow pesticides to be highly selective. Neurobiologists study
the invertebrate CNS, either in its own right, or in comparison

to the mammalian CNS, in the hope that this will allow.the simpler
system to be used as a model for the more complex mammalian
system. Invertebrate nervous systems are simpler in that they
contain relativel& fewer ner&e cells than’mammalian,CNS. This may .
make them useful as models, i.e. the experimental use of a
lower, less complex animai, from which vaiid conclusioﬁs can
be drawn about tﬁe structure and function of higher animals,

(Strang, 1981).

One of the most important parts of our knowledge éf the basic
mechanism of neuronal function, the action potential, has been
obtained in an invertebrateVpreparation, the giant axon of the
squid. With this preparation, thevionic basis of electrical
activity in neurones was elucidated, (Hodgkin et al, 1949;
Hodgkin, 1951). To date, there has been no exception to the
observation, that the fundamental mechaniém of neuronal activity
i.e, depolarisation, impulse propagation and neurotransmitter

+

release in response to, Na+, K", C1™ and Ca2+ ion fluxes is

the same in both vertebrates and invertebrates.




Recently, the invertebrates have been used to investigatekthe
molecular and cellular basis of behaviour, as they are considered
by some to have behavioﬁral,complexitysyet'anatqmical simplicity,
(Hoyle, 1975). Studies of the gaétropod mollusc, Aplysia

californicus,show that small systems of neurones are capable

of forms of learning and memory, (Kandei, 1979).

The gill withdréwal reflex of'Aglzsia‘is a behavioural response
to stimulation of the Siphon. This is controlled by 24 sensory
neurones, which make contact with 6 gill moforneurones and

at least one inhibitory cell. bThis reflex exhibits 2 forms

of léarning; habituationkand sensitization. Habituation is

a decreased beha?ioural résponse to an initial stimulus whiph
is presented rebeatedly. It is thought to be the first learning
process in human infénts and it gives rise to both short-

and long-term memory. Sensitization is a form of iearning

and memory where the response to a particular stimulus is
enhanced when it is followed by a more noxious stimulus. As
with habituation,sensitization can be either short- or long-
term and is an independent and oppoéite form of 1earhing. From
these experiménts on Aglzsia, elementary aspects of what are
‘regarded as mental processes have been found to reside in the

activity of a small number of interlinked neurones, (Kandel, 1979).

Just as the electrophysiological properties of all neurones
seem to be almost identical, the underlying biochemical
properties also appear to be similar. Biochemically the action

potential is thought to be supported by the electrogenic pump



the Nat- aﬁd K+~dependent ATPase. Its characteristics seem

well conserved from insects ﬁo mammals. The affinity for ATP,

and requirements for Na+, k" and Mg2+ of solubilized Na'-
K+—dependent ATPase from frozen housefly heads are similar to
those of mammalian‘Na+, K+—dependent ATPases, (Jeﬁner & Doﬁnellan,
1976). The second messengers which mediate the actions of
compounds on the cell surface and translate them into.intré—
celiular responses are also identical in vertebrate and

invertebrate. Cyclic AMP and GMP, and ions such as Caz+, K

+
and Na+, are not only present in all nervous systems but are
ubiquitous in all organisms from bacteria to mammals and appear
to have;ﬁhe same functions. It has been proposed that cyclic AMP
metabolism ih mammals hés evolved fromrlower organisms,‘and

that neurotransmitters may have been intracellular mediators

in primitive cells. It is suggested that they were possibly
involved in transducing information in relation to amino acid
metabolism, as all the putative neurotransmitters are either
derived frdm amino acids (acetylcholine and the catecholamines),
or are amino acids themselves (glycine). It hés also been
suggested that the evolution of the nervous system was preceded
by that of the neurotransmittefs, as some transmitter substances

such as acetylcholine occur in lower organisms, with no apparent

neuronal function, (Tomkins, 1975).



1:2 Advantages of the Invertebrate Nervous System

One of the main reasons that invertebrate CNS has been favoured
by electrophysiologists is that individual neurones are large
in comparison to those in the vertebrate CNS, typically larger
than 900 ym, in some molluécs, (Giacobini, 1969), compared to
the 8-25 uym range in rat‘cérebral cortex, (Rose, 1967). The
larger neurones facilitate’bothfintraceliular potential recording
and the microapplication.of drugs. There afe also far fewer
‘neurones than in a vertebrate tissue of the same size, human
" brain is reported to have.upward'of‘lOlO'nerve cells in a 0.2 mm
thick segment of the granular layer of the cerebral cortex,

(Bullock, 1975). The brains of the honey bee (Apis mellifera)

and housefly‘(Musca domestica), on the other hand, contain totals
5

of 8.5 x 10” and 3.3 % 105 neurones respectively (Willhoft,; 1967
; Strausfeld, 1975). The neurones of human brain also contain
107 more cell to cell junctions than the above insects and with

present day techniques, this would make the human brain almost

impossible to investigate in terms of neurone to neurone signalling.

Because of the much lower number of cells and their larger
size many invertebrates possesé readily identifiable neurones.
A detailed map has been produced of more than 60 identified
neurones in the metathoracic ganglion of the desert locust

(Schistocerca gregaria), using electrophysiological and ion-

tophoretic staining techniques, (Hoyle, 1975). These advantages
which attract the electrophysiologist, however, do not always
facilitate the job of the biochemist. The most obvious

disadvantage being that invertebrate .preparations, especially



insects generally yield only small amounts of tissue. There
is alsd the added drawback,that when insect ganglia are dissected,
this ruptures the tracheal system which permeates all the nervous

tissue in situ. The tracheal system’normally supplies oxygen

directly to the tissue and rupture would result in a diminished
supply of oxjgen to the tissue. This can be offset, to an extent,
by increasing the dissolved oxygen concentration in the bathing

medium, (Clement & Strang, 1978).

1These apart there are additional advantages for the biochemist

in choosing the invertebrate CNS. Unlike mammalian CNS,
invertebrate nervous tissue possesseé considerable mechanical
strength and functions well in vitro. Insect ganglia can
generate spontaneous electrophysiological activity for a consider-
able length of time, (Clement & Strang, 1978). There is no
vascular system present in invertebrate nervous tissue, although
they do possess a '"blood-brain" barrier analogous to that in

mammals.

Because of the large size of some invertebrape neurones, it is
possible to carry out microchemical analysis on individual
neurones, and correlate this to electrophysiological activity.

The stretch receptor neurone of crustacea has been used
extensively as a model for biochemieal and pharmacological

studies in single cells. This neurone is one of the rare examples

of a neurone which is completely isolated from the rest of the
nervous system. It displays all the electrical’characteristics

and properties of nerve cells in general. In the stretch receptor



neurone of the crayfish,it has been possible to apply chemical,
electrical and physiologiéal (stretch) stimuli and measure
metabolism. Enzyme activity_and'oxygen uptake have been measured
‘between periods of impulse activity fecbrding, (Giacobini et
gl,‘1963) and also changes in pyridine nucleotide levels after
prolonged physiologicai stimulation and at rest using micro-
fonrimetfic techniques,_(Giacobini & Grasso, 1966). This has
enabled dynamic changes in oxidation-reduction reactions to

be followed under varying experimental conditions.



1:3 Organisation of the Insect Nervous System

1:3:1 General Qutline

1:3:2

The desert locust (Schistocerca gregaria), the insect studied

‘in the project will be described and is representative of

the class insecta.

The brain‘in arthropods is defined as the main ganglionic mass
superior to the oesophageal canal and consists of the fused
ganglia‘of 3 pre-oral segments. It is the principal association
centre of the nervous system as it directly receives information
from the sense organs in the head and from ascending inter-
neurones and sé initiates.and controls persistent behavioufal
patterns. The ibrain' and a ventral cord of segmentally arranged
ganglia, united by paired longtitudinal connectives constitute
the central nervous system (Figures 1 and 2). The ganglia

can act as processing centres for their individual segment
independently of the others in the cord. Overall, the plan

is central interneurones and motorneurones located within the

ganglia and peripheral sensory (afferent) neurones.

‘'The Ganglion

The génglia are protected by the neural lamella, which is a

"non-cellular sheath of colagen-like fibres embedded in a muco-

polysaccharide mucoprotein matrix. Internal to the neural
lamella, lining the surface of the ganglia is a layer of glial

cells forming the perineurium. These cells are rich in fat

~globules and glycogen granules and carry out the role of storing

and transferring nutrients and metabolites to the neuronal cells.



uor18ued erTduesd

TRUTWOPGE TRUTWII], uaomuocucumz pue -o0sa| £at1ABD TRIQ

IIA uotyduey : / //
, A uotiduen

:oaaw:mwmmmm:aowmoQ:w
”:’- cojwcmw
AQAHm:mw 1B1Q913)) uteag

joB13 AIejuswTly

N3TS Ut eraegods 'g jo walsSAg SNOAISN ayJ], T :oandtyg



Figure:‘Z The Isolated Central Nervous System of S. gregaria

Brain (Cerebral ganglia)

Suboesophageal ganglion
Ganglion I

Mesothoracic ganglion

Metathoracic ganglion
Ganglion IV
Ganglion V

Ganglion VI

Ganglion VII

Terminal abdominal ganglion




In addition, the perineurium provides a 'blood-brain-barrier'
analogous to that of the mammalian CNS. The perineurium
ensheaths an array of‘mOﬁopolar peareshapedineurones. The
neuronal cell bodies (perikarya) are located at the periphery,
sending their axons to tﬁe core of the gahglion where they
branch to form a complicéted structure called the neuropile,
(Figure 3). Each neurone is almost completely ensheathed by
one or more glial cells which form a complex’strﬁcture around
the perikarya, but at synapses the glial sheath is character-
istically absent. Synapses always occur between nerve processes.
No axosomatic synapses have been described in insects, unlike
vertebrate nevous systems.V'Some species, although, have soma-
tosomatic contacts charac;eristic of electrotonic synapses.

There are 2 types of axo-axonic contacts which have been observed;

a) En passent or longtitudinal, where the axon makes contact
in passing, sometimes being a single contact or in some
cases, the fibres anastomise several times before continuing

on their course.

b) Terminal, where axon end knobs make contact with one or

more axonic branches.

At the electron microscope..level, insect central synaptic
endings contain many; small dense-cored vesicles (30-60 nm),
larger dense-cored vesicles (60-150 nm), mitochondriasand
glycogen particles, as in many vertebrate nervous tissues,
(Evans, 1980). It is generally accepted that the small and

large dense-cored vesicles of vertebrate nervous tissue contain

10



Figure: 3 Cross Sections of Cerebral Ganglion

x 48 magnification

A - Neural lamella
B - Perineurial cell layer
C - Neuropile

x145 magnification

Sections prepared by Dr. A.T. Kilpatrick
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- noradrenaline, (Nelson & Molinoff, 1976). Dense-cored vesicles
disappear from mammalian neurones when animals are treated
with'the amine-depleting drug reserpine, (Hokfelt, 1966).
Reserpine does not affect ﬁhe appearance, size, or distribution
of dense—cored_vesicles from cockroach brain, (Mancini & Frontali,
1970), which suggests that they do not contain noradrenaline.
Electron microséopy of the pre-terminal branches‘of a neurone

which innervates the skeletal muscle of Schistocerca gregaria

reveals the presenée of numerous lafge dense-cored vesicles,
similar to those of the insect CNS, (Hoyle et al, 1980). It
is thought that this neurone is octopaminergic, and octopamine
instead of noradrenaline may be stored in the dense-cored
vesicles,'as octopamine is much more predominant in insect
‘nervous tissue thén noradrenaline, (Robertson & Juorio, 1976

.- Evans, 1980).
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1:4 Octopamine

An assessment of the distribution of octopamine and its function
in both vertebrate and invertebrate species in general and
more specifically, its function in locust nervous tissue will

be considered.

1:4:1 Structure and History

Octopamine is a monophenolic amine whose chemical sfructure

is similar to that of the catecholamines, dopamine, noradrenaliﬁe
and adrenaline. It differs from noradrenaline in the absence

of a hydroxyl group on the benzene ring, (Figure 4). It was
first detected in alcohol and acetone extracts from the posterior

salivary glands of Octopus vulgaris, (Erspamer, 1948). It was

found to have an adrenaline-like effect on the blood pressure
and isolated small intestine of rabbits, on the uterus and small
intestine of rats and on the frog heart.

1:4:2 Octopamine in Mammals

e

Octopamine is present in the organs and urine from rats, rabbits,
and humans. After the heart and kidney, the brain has the

highest concentration, (Kakimoto & Armstrong, 1962).

An extremely sensitive enzymatic assay capable of detecting

as little as 50 pg of octopamine, was used to study the distribution
in various regions of rat central nervous system. The region
containing the highest concentration was the hypothalamus, with
l3.52 t 1.78 ng/g of tissue, (Buck et al, 19775. Octopamine has

also been shown to be a normal constituent of rat sympathetic

13




 Figure: 4 Structure of Octopamine and related amines
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nerves, (Molinoff & Axelrod, 1969). It is formed in vivo from
exogenous [3H] tYfamiﬁe and is released by sympathetic nerve
stimulation in the isolated perfused cat spleen, (Snyder et

al, 1964; Kopin et al, 1964). The.differehtial distribution

of endogenous octopamine in rat brain and its presence in
‘sympathetic nerves suggests that it might play a‘role in
mammalian synaptié function, although no octopaminergic neurones
in mammalian nervous system have Been identified. In most
brganSjthe content ofroctopamipe is 5-10% that of noradrenaline and it
disappeérs together with noradrenaline after sympathetic |
denervation. It can also be released from the cat splenic

nerve with norédrenaline, thus it may act as a co-transmitter,
(Molinoff & Axelrod, 1972). However, in rat salivary gland
octopamine does not éppear to be present in npradrenergic
nerves, (Coyle et al, 1974), and the destruction or depletion

of central noradrenergic neurones has no effect on the level

of octopamine, (Harmar & Horn, 1976).

Octopamine may in some céses be a false t;ansmitter. Aromatic
l-amino acid decarboxyiase is present in nervous tissue from

rat and dog brain stem and can decarboxylate tyrosine to
tyramine (the precursor of octopamine), although thé favoured
pathway in mammalian nervous tissue is hydroxylation, (Lovenberg
et al, 1962). This would yield small amounts of tyramine which
would be . converted to octopamine by dopamine B hydroxylase in
the noradrenergic storage vesicles and released on stimulation,
(Kopin et al, 1964). This would account for its relatively

low concentration compared with noradrenaline. It has been

15
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proposed that the hypotensive effects of monoamine oxidase
(MAO) inhibitors are due to octopamine (which has a much lower
pressor effect on blood vessels) beiﬁg released as a false
fransmitter. This occurs'beéause tyramine which is normally
destroyed by MAO is allowed to be taken up into noradrenergic
vesicles énd converted to octbpamine. 'Tyramine‘is found in
rat brain, and its conéentration'in hypothalamus is 11.3 + 3.7
ng/éﬁ (Philips et al, 1974), similar to the concentration of
octopamine in this region, (Buck et al, 1977 P Molinoff &
Axelrod, 1972), and intraventricularly injected tyramine is

rapidly converted to octopamine, (Wu & Boulton, 1974).

It has been.reported that there is an abnormally high urinary
excretion of unconjugated p tyramine in patients suffering from
schizophrenia, (Boulton, 1971) and Parkinson's disease, (Boulton

& Marjerrison, 1972).

In conclusion, it is difficult to assign a role for octopamine
in mammals, whether it is physiological or pathological. The
fact remains that it is normally present in vertebraté nervous
tissue, in relati?ely small concentrations compared to noradren-
aline, which has a well established neurotransmiﬁter role in

mammalian nervous system.

*
ng/g wet weight of tissue.
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1:4:3 Octopamine in Invertebrates

1:4:3:1 Comparison of the Octopamine content of invertebrate and mammalian

Nervous Tissue

Althbugh octopamine was first discovered in Octopus vulgaris,

it has only recently’been associnted with a possible physiological
role in invertebrates, especially in neurél tissue. It has

been found in muchvhigher levels in a wide variety of invert-
ebrates than in mammals. Octopamine concentrations in various

invertebrates can be measured in the Hg/g of tissue range, as

obposed to ng/g in mammals. The earthworm (Lumbricus terrestris)
contains 8.11 ug/éfin the éubpharyngeal ganglion, (Robertson
& Juorio, 1976), approximately 1,000 fold greater than in rat
brain, (Buck et al, 1977 ; Molinoff & Axelrod, 1972). The

highest recorded concentration is in Octopus vulgaris posterior

salivary gland 1.31 mg/éptissue, (Juorio & Molinoff, 1974).
Not only is octopamine in much higher concentrations in invert-
ebrates,but the noradrenaline concentration is generally lower

than in mammals. Schistocerca gregaria brain contains a

noradrenaline concentration of llO'ng/g*tissue, compared to

490 ng/g*in rat brain. An exception to this trend is the
cephalopod class of invertebrates,which also have a high concen-
tration of NA, although they are atynicalkin other respects.
They have high levels of dopamine and 5-HT, but have a lower
DA/NA ratio of 3:1 in nervous tissue, (Robertson.& Juorio, 1976)

compared to the usual invertebrate ratio of 10:1, (Kerkut, 1973).

In all the invertebrate classes investigated with the exception

of the cephalopods, the ratio of octopamine to noradrenaline

17
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1:4:3:2

1:4:3:3

in the nervous system is greater than 1 i.e. octopamine pre-

-dominates, whereas the reverse is true in mammals.

Phylogenetic Distribution

There seéms to be a phylogenetic_reiationship in the octopamine
to noradrenaline ratio, between the‘protostomes and deuterostomes.
Protosmme5comprise the phyla of increasingly higher invert-
ebrates flatworms3 molluscs, annelids and arthropods, (which
consist of the classes crustacea and insecta) where octopamine
increasingly predominates over noradrenaline. The reverse is
true of the deuterostomes which include the echinoderms, and
vertebrates, where the octopamine to noradrenaline ratio is
increasingly lower,»i.e. noradrenaline becomes more predominant,
(Table 1). It has also been observed that this trend occurs

in rat brain from the developing foetus through to adulthood,
(Table 1). This tends to suggest that there may be a role for
octopamine in the developing embryonic nervous system. It has
also been speculated that these 2 trends may be further evidence
for the 'biogenetic law' put forward by Haeckel; (Robertson

& Juorio, 1976), which proposes that the developing embryo

passes through the evolutinnary steps of that partinular species,

(Haeckel, 1908).

Circulating Octopamine

Haemolymph taken from locusts at rest contains - octopamine at a
concentration of 30 nM, which increases to 170 nM during the

first 10 minutes of prolonged flight, and returns to the resting

blevel, (Goosey & Candy, 1980). This is analogous to the rapid

18



*(9.L61) fotrionf pue U0S3I2QOY WOIJ paidepy

*aurTeUaIpEIOU ‘yN {ouTwedoldo ‘y(

T0°0 : 1inpe ‘uteag
(y3atq)
%0°0 uotlelse8 7z Lep ‘ureag
65°0 uotieysed ;T Aep ‘ureag
Ge'T - uot3el}sad g1 Aep. ‘ureag
96T uotielse8 ¢ fep ‘uteag B1BIG9IIDY) BTTBWWER) (3e1) snoTdaAiou snijey
1°0 9AIBU Way BIBUWISPOUTYDY eopTOI91sy  (YsTIIels) soproyluerfay BIpPodoudig
AL R - saqoT o13dQ BISNTTOK epodoTeyda) (pInbs) staedina 08TITO]
(sndogo0
€0 uteag BOSUTTOW epodoteyda) ueoURII9]TPOl) STI3TnA sndoldQ
8°'T utelg - BOSNTTOR epodoaases (TTeUs uspied) esiadse XTIToH
8°'¢ . PI0D 9AISU TBIIUDN epIToUUyY B19BY203TTQ (uiomyjies) STIISeII9] SNOTIQUNT
0I< uteag epodoayiay B9DB]SNI) (1938qO0T) STIUBROTISWE SNIBWOY
. (3snd0T 119s3D)
T°22 uteag epodoiylay BlO9SUT BTJE8013 BDI0003STYDS
v°0T , uteIg epodoIylay e109suUT (yoeoao0d2) euedTiawe BIRueTdTIag
VN/VOx
oTaey onssT], unTAyg SSBI) so10adg

SONSST], SNOAISN UT OTJBY SUTTBUSIPBION/SuUTWEd03IdQ 9Yy], T :9Iqe]

19



rise in plasﬁa catecholamine levels during exercise in man,
(Galbo et al, 1975). Octopamine étimulatés the oxidation of
glﬁcose, treﬁalose, butyréte~and diacyl glycerol in working
perfused locust thoracic muscles,askwell as strehgthening the
muscular éontractiohs in cqncentrations as low as 3 x 10—7M,
(Candy, 197é), It also induces short—term hypertrehalosaemia
when injected into the cockroach and is tﬁought to be the

mediator of the excitation induced hypertrehalosaemia (EXIT)

response, (Downer, 1979).

The origin of this haemolymph octopamine is not known, but

possibilities include its release from:

~a) Central neurons into the circulating haemolymph to act as

a neurchormone.

b) From nerve terminals innervating the flight muscle to act

as a local neurohormone, or:

c) ‘From the principle neurohaemal organ in insects the corpus

cardiacum.

Extracts of locust corpus cardiacum have little effect on
carbéhydrate oxidation, (Candy, 1978), and it has a much lower
concentration of octopamine than nervous tissues, 0.47 p moles
compared to 11.58 p moles in the cerebral ganglion of the locust,
(Evans, 1978). Experimental handling-induced excitation
increases haemolymph levels of octopamine and lipid in locusts.
Octopamine, when injected into locusts, also increases lipid

levels, and both the excitation and octopamine stimulated

20



hypeflipaemia are attenuated by the adrenergic blocking agent,
phenoxybenzamine; (Orchard et.al, 1981). This suggests that

octopamine has a neurohormonal role in insects under stress.
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1:4:3:4 OQOctopamine in Nervous Tissue

1:4:3:4a

Considerable interest in octopamine has been its possible function
as a neurotransmitter, as its highest levels have all been reported

in invertebrate nervous. tissues, the only exception being octopus

salivary gland, (Robertson & Juorio, 1976).

The earliest suggestidn of a possible neurotransmitter role

for octopamine was made by Carlson, (1968) who showed that
synephrine and octopamine were many times more potent than any
other adrenergic compound in Stimuiating luminescence from firefly
lantern. Much evidence has been presented to support this view
and will be discussed in terms of the criteria which must be
fulfilled for a substance to be established as a transmitter,

(Phillis, 1970 ; Storm-Mathieson, 1977), and are listed in Table 2.

Localization

Octopamine is present in the nervous tissues of all invertebrate
species investigated especially insect, (Evans, 1980). The

locust (Schistocerca gregaria) has an octopamine concentration

of 2.43 ug/g tissue, and the cockroach (Periplaneta americana)
3.45 ug/g in their cerebral ganglia, Octopamine is also
associated with other CNS structures such as the ganglionic
chain. Néutral-red a dye which has beeﬁ used to selectively
stain and locate amine containing cells, (Stuart et al, 1974),
stains a median group of cells on the dorsal surface of the
thoracic and abdominal ganglia of the cockroach, (Dymond &
Evans, 1979). These cells are thought to correspond to the

dorsal unpaired median neurones of the locust. In the cockroach
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Table: 2 Criteria for identification of a neurotransmitter

1 Presence and metabolism
It should be possible to localise the suspected transmitter —
either;direCtly by specific stains, fluorescence or autoradio-
graphic markers, or indirectly by selectively staining the
synthesizing and or inactivating enzymes involved in their

metabolism.

2 Release
'Duringystimulation of the presynaptic element, the suspected
transmitter should be released from the nerve ending in amounts
commensurate with its biologicélly efféctive concentration.
It should be possible to collect this efflux for identification
and assay, but this is often difficult in practice due to

the inaccessibility of many synaptic junctioms.

3 Biological actiVity
'The most important criterion for a suspected transmitter
is that it should have the same physiological actions as
the natufal transmitter released on nerve stimulation. Thus
it is essential to establish that exogenous application of
the putative transmitter produces identical changes in
membrane potential, conductance, permeability, ionic
equilibrium potential and type of transient postsynaptic
event (e.g. epsp, ipsp, AP) as well as AP rate. Any sub-
sequent alterations that normally follow synaptic actiom,
such as changes in intracellular concentrations of cyclic AMP

or cyclic GMP, must also be mimicked.

4 Behaviour towards drug action

It is essential that the behaviour of the suspected transmitter
be altered by pharmacological agents in a predictable way.

The effect and time—course of agonists should mimic its action
while antagonists, re-uptake blockers and potentiators, and
other synergists should influence the putative transmitter

in an identical fashion.

from Leake and Walker, 1980.
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cerebral ganglia intense staining with neutral-red is seen in

the mushroom bodies (Corpora pedunculata) in the region of the

globuli celllbody layer around the neuropile. The Falck-Hillarp
technique, whichris a fluorescent stain for catecholamines,

does not reveal any histofluorescence. This suggests that the
amines are not catecholamine in nature, and that the neutral—

" red staining'is due to the presence of arnon—;atecholamine,
possibly octopamine, (Dymond & Evans, 1979). Similar results
have been obtained from the metathoracic ganglion of the locust.
The dorsal unpaired median neurone, (DUMETi), which innervates
the extensor tibia of the locust metathoracic leg, is stained
by neutral-red. Radioenzymatic assay of the DUMETi soma shows
that octopamine is only detected in regions where there is
neutral-red staining, (Evans & 0'Shea, 1978). The globuli
cells of locust cerebral ganglia are also stained by neutral-
red, (Dymond &‘Evans, 1979), indicating that octopamine is

also present in central neurones.
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1:4:3:4b Metabolism -

1:4:3:4bi

1:4:3:4bii

Synthesis

The proposed syﬁthetic‘pathway for octopamine synthesis is the
decarboxylation of tyrosine to tyramine and the subsequent B
hydroleatioﬁ of tyramihe to ‘octopamine, (Evans,vl980). The
enzyme t&ramine B hydroxylase which converts tyramine to

octopamine has been isolated from lobster (Homarus americanus),

nervous tissue, (Wallace, 1976) which has octopamine containing
ﬁeurones, (Evans et al, 1976). Tyramine B hydroxylase has been
characterized and is similar to mammalian dopamine B hydroxylase,
it can convert dopamine to noradrendaline, as well as tyramine
to octopamine.. The enzyme appears to be localized in the
octbpamine containing neurones as the enzyme activity can be
correlated with the octopamine content of various regions of

lobster thoracic ganglion nerve roots, (Wallace, 1974 ).

- DUMETi cell clusters from locust thoracic ganglia are able to

synthesise radiolabelled octopamine and tyramine when incubated
in the presence of [3H] tyrosine, (Hoylé & Barker, 1975). In
the DUM somata the predominant labelled metabolite is octopamine,

in almost twice the amount of tyramine.

Uptake -

In vertebrate nervous system the major mechanism by which the

actions of noradrenaline, dopamine and 5-HT at release sites

are terminated is uptake, (Iversen, 1973). High affinity uptake
mechanisms transfer the released amines back into the presynaptic
terminal, termed uptake I, whilst lower affinity uptake mechanisms

take up amines into non-neuronal tissue (termed uptake II) where
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enzymaticvdegrédétion may takevplace,'(Iversen, 1967). Similar
mechanisms have been described for the nerve cord of the cock-
roach, fof_the uptake of octopaminé, Three components of uptake
are present; high and low affinity sodium sénsitive, and sodium
insensitive components. The sodium insensitive component is
relatively insenSitive to temperature changes, unlike the others.
This - is suggeétive of a diffusive process, although competition
experiments reveal a certain‘degree‘of specificity, (Evans,
1978b). The high affinity component of octopamine uptake has
many parallels withvthe noradrenaline uptéke system into rat

' heart, (Iversén, 1967). The most potent inhibitor of octopamine
uptake into the coékroach nerve cord is tyramine. Structure
activity relationship studies show that the ﬁptake system in
the cockroach prefers phenolamines whereas that in rat heart
prefers catecholamines. Dopamine is less effective than tyramine
and adrenaline less effective thaﬁ synephrine as substrates
for uptake, (Evans,'1978i0 whereas the reverse is true in rat
heart, (iversen, 1967). The uptake inhibitor drugs desimipramine
and imipramine which inhibit noradrenaline uptake into rat

"heart also inhibit octopamine uptake into cockroach nerve cord.

i:4:3:4biii N-acetylation

Another route for the inactivation of released amines would

be enzymatic degradation. The major enzymatic pathway in the
insect nervous system appears to be N;acetylation. The enzyme
N-acetyltransferase replaces a hy&rogen on the amiﬁo group
with an acetyl group. The N-acetylation of octopamine is

predominant in locust brain and thoracic ganglia. The transferase -
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activity is enhanced by the additibn of acetyl co-enzyme A

(Acetyl CoA) and radiolabelled N-acetyl-octopamine is produced

when the tiSsues are incubated with[lAC]Acetyl CoA, (Hayashi'
g;lgl_,1977); No monoamine oxidase (MAO), activity is detected

in locust nervous tissue compared to 2.73 n moles/mg protein/min

of N-acetyl tfansfefaSe activity. MAO is the major amine
‘degfading enzyme in mammals,(KddﬁDﬂn& Anﬁmnxg,1962),and is inhibited
by iproniazed which has no effect .on the N—acetyltransferase

activity, (Hayashi et al, 1977).

1:4:3:4biv  Other Catabolic pathways
Other enzyhic pathways for the inactivation of released amines
include sulphate conjugation of octopamine and dopamine in the
lobster nervous system, (Kennedy, 1978) and B-alanine conjugation
of octopamine in lobster and moth nervous systems, (Kennedy,

1977 ; - Moore et al, 1978).-

1:4:3:4c Release
Octopamine has been shown to be present in localized regions
of the second thoracic nerve‘root of the lobster, (Wallace et
al, 1974) in the same regions as tyramine B hydroxylase, (Wallace,
1976). When the nerve roots are incubated in the presence of
eitﬁer[BH]tyrosine or[BH]tyrahine radiolabelled octopamine is
releaSed, (Evans et al, 1975a). A singie pulse of 100 mM potassium
(a depolarising concentration) causes a sharp increase in the
release of radiolabelled octopamine but successive pulses result

in a decreased amount of [3H] octopamine released each time.

The application of a long potassium pulse of 30 minutes causes
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1:4:3:44d

an initial peak of releaséd octopamine, which declines to a
steady plateau and is:maintained for the duration of the pulse.
The release isfcalciﬁm—dependent, and exposure to 40 mM cobalt
inhibits the po;assium‘induced release. Octopamine is select-
ively ;eleased, no tyrosine is present in the efflux after

equilibration, (Evans et al, 1975b).

Pharmacology

Firing of the DUMETi neurone of locust metathoracic ganglion
causes a slowing ef the intrinsic rhythm of contraction and
relaxation of the extensor tibiae muscles. This effect can
be mimicked by superfusing the muscle with octopamine, (Evans

& 0'Shea, 1978). When the DUMETi neurone is stimulated

‘electrically by antidromic stimulation,Aspike activity in the
soma is recorded. A single spike in DUMETi causes a significant

- lengthening of the period of extensor muscle contractions from

20.8 seconds to 21.8 seconds between contractions. Stimulation
at a frequency of 1 Hz results in a decrease of both the-
frequency and amplitude of contraction. If a 2 minute pulse

of 10-6M octopamine is applied, the muscle contractions are

- abolished, and return 56 seconds after the muscle is washed

~with saline. The effect of octopamine is dependent on the

presence of extracellular calcium, as in the presence of calcium-
free saline it fails to abolish the rhythm and the frequency

and amplitude become highly irregular. The apparent threshold
for the effect of octopamine on the myogenic rhythm is between
10~%and l0_10M, and it i;’comfletely abolishéd by 8 x 1077, The

effect on the myogenic rhythm is found to have a well-defined
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structure activity relationship, ‘the most effective compound
being synephrine follqwed by octdpémine and phenylethanolamine.
.They all have the ability to cause a 100% reduction in the
-frequency‘of conﬁraction. Other’amines are only slightly
effective.‘ The octopamine effect is blocked by the a-adrenergic
receptor blocking agent phentolamine, but not by the B-receptor
blocker propranolol, and is stereospecific for the D(-) isomer

of octopamine, (Evans, 1980). This suggests a reéeptor with

a high affinity for octopamine on the muscle. The DUMETi neurone
can also have indirect effects on the extensor muscle whén

it is stimulated at the same time as the motoneurones. DUMET1
'potentiatés,the ténsion generated in the muscle by spike

activity of the slow excitatory motoneurones (SETi). It reduces
the duration of each twitch contraction by SETi by increasing

the rate of muscle relaxation and increases thé amplitude of

the SETi synaptic potential. These effects can also be mimicked
by the application of exogenous octopamine, (0O'Shea & Evans,
1979). The site of octopamine action is thought to be pre-
synaptic. The presence of presynaptic receptors is revealed

by an increase in the frequency of spontaneous miniature end-
‘plate potentials in the presence of octopamine. This effect

is blocked by phentolamine but ﬁot propranolol., Both the
presynaptic and musclé receptors for octopamine possess some

of the characteristics of vertebrate aQadrenoceptors.v The
phenomenon of potentiating.neurotransmission at the neuromuscular
junction is similar to that observed at the vertebrate neuro-
muscular junétion. The defatiguing effect of both the application

of adrenaline and sympathetic nerve stimulation termed the
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"Orbeli phenomenon", (Orbeli, 1923) is mediated by presynaptic

a-adrenergic receptors, (Bowman & Nott, 1969).

1:4:3:4e Stimulation of adenylate cyclase

Octopamine has been shown to stimulate adenylate cyclase activity
in both intact ahd homogenized invertebrate mervous tissue,

In the intact cockroach throacic ganglion the highest level

of accumulated cyclic AMP occurs in the presence of both theo-
phylline(a phosphodiesterase inhibitor) and octopamine rather

than in the presence of theophylline or octopamine alone. In
homogenates of cockroach thoracic ganglia, adenylate cyclase

is maximally stimulated by an octopamine concentration of 10"_4 M..
No effect’on endogenous phosphodiesterasevactivity is observed
indicating that the increase iﬁ cyclic AMP is due to a stimulation
of adenylate cyclase rather than an inhibition of phosphodiesterase
activity, (Nathanson & Greengard, 1973). Structure activity
studies on the octopamine-stimulated adenylate cyclase of
cockroach brain indicate that it is linked to a highly specific
receptor, Activity is specific for the naturally occuring D(-)
isomer of octopamine which is 200 times more pétent than the

L(+) isomer. Any changes in the molecule reduce potency, none

are found to increase it, the most potent molecule being D(-)
octopamine, (Harmar & Horn, 1977). Octopamine (10—4 M) also
stimulates adenylate cyclase in intact Aplysia abdominal ganglion,

(Levitan et al, 1974) and in homogenates of cerebral ganglia from locust,

(Kilpatrick et al, 1980).
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1:4:4 Sﬁmmary and possible Physiological role of Oétopamine

1:4:4:1

1:4:4:2

In Mammalian Nervous Tissue

No physiological role has as yet been assigned for octopamine
in vertebrates. It_is present in various tissues, such as
neuronal, heart and kidney, (Kakimoto & Armstrong, 1962). It

is associated with noradrenergic neurones in mammalian peripheral

. and central nervous system and it has been suggested that it

may .be a false transmitter or a co-transmitter with noradrenaline,

(Molinoff & Axelrod, 1972).

In Invertebrate Periphéral Nerﬁous System

In invertebrate Species'octopamine is also associated with
nervous tissue.andis bresent inlmxh.larger émounts than in mammals.
Much evidenpe has been presented for its role as a neurotrans-—
mitter and fulfills all the criteria for the identification

of a neurotransmitter as listed by Phillis, (1970), although
not ail in thevsame species. It also complies with Burnstock's,
(1976) re-definition of a neurotransmitter as being a 'substance
that is synthesized and stored in nerves, released during nerve
activity and whose interaction with specific receptors in the
postsynaptic membrane leads to changes in postsynaptic activity'.
Qctopamine éppears to have the same physiological effects in
invertebrates as noradrenaline has in mammals. The metabolic
and neuronal actions of exogenous octopamine are similar to

the arousal of the animal under stress conditions, and the

subsequent activation of a fight or flight syndromé. Octopamine

may indeed be the sympathetic transmitter in insects and the

presence of very small amounts of noradrenaline may be due to
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its erroneous synthesis by the hydroxylation of dopamine, due

to accidental uptake from adjacent dopaminergic nerves, (Robertson

& Juorio, 1976).

In Invertebrate CNS

In many preparations octopamine has also been localized in
spesific regions of the central nervous system and can stimulate
adenylate cyclase in invertebrate brain. Octopamine may also

be a central transmitter in invertebrates.  As in mammalian
nervous systems, studies have concentrated on the peripheral

nervous system rather than the central nervous system because

‘of its greater accessibility. New and more specific approaches

will have to be employed to ascertain the role of octopamine

in insect CNS. A possible approach may be the use of immuno-
cytochemical localization of synthetic enzymes and uptake mechanisms,
as these have been suggested as being the most useful 'markers'

for localizisg a putative sentral neurotransmitter, (Storm-
Mathieson, 1977). Micro—iontophoretic application of octopamine

and drugs to regions in which Qctopamine has been localized,

i.e. the mushroom bodies of the cersbral ganglia of locust and
cockroach, (Evans, 1980) may also provide further evidence

for a central neurotransmitter role.
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1:5 Cyclic Adenosine 3', 5'-Monophosphate (Cyclic AMP)

1:5:1 \History ’
Sﬁtherlaﬁd and Rall, (1957) observed that the actions of adrenaline
and glucagon on dog liver phosphorylase formaﬁion wenemediated
by a heat-stable factor. The factor which accumulated when
liver homogenates were incubated in the presence of ATP and
hormones was subéequently isolated and characterized‘and found
to be cyclic adenosine - 3', 5' monophosphoric acid, (Sutherland
& Rall, 1958; Lipkin et al, 1959). It‘was proposed by Sutherland
that cyclic AMP may have a general role as a 'secondary messenger'.
The first messenger being hormone, drug, or heﬂrotransmitter,
acting on receptors at the cell surface, causing an increase
in the intracellular level of cyclic AMP, which in turn stimulates

a response within the cell.

1:5:2 Localization

The presence of cyclic AMP has been detected in plasma, cerebrospinal

fluid, gastric juice, milk and urine in concentrations of 10_8 -

ld;6 M, (Sutherland, 1971). The source of this extracellular
cyclic AMP is not known although in urine it is thought that

the kidney is a major contributor, (Broadus et al, 1970). Rats
daily excrete several times more cyclic AMP than is contained v
‘in the whole body and a number of observers have suggested that
changes in the extracellular level may reflect pathological states
due to hormonal imbalances, (Murad, 1973). Cyclic AMP is

physiologically an intracellular compound, it cannot readily

enter cells as it is not lipid soluble, it is therefore
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1:5:3
1:5:3:1

1:5:3:1a

synthesized de novo within the cell in response to extracellular

hormonal influences.

Metabolism

Adenylate Cyclase

Distribution

Cyclic AMP is formed from ATP by the enzyme adenylate cyclase

" (EC 4.6.1.1) in the presence of Mg2+ ions, (Rall & Sutherland,

1962) and has been found in every animal tissue so far'examined.ihe enzy-
me has also beeﬁ reported in plant tissues, where it is thought

to be stimulated by various hormones into synthesiziﬁg either

2', 3" or 3', 5' - cyclic AMP which have been shown to participate

in various aspects of plant metabolism, (Newton, 1974).

In broken cell preparations adenylate cyclase activity is almost
always found associated with the particulate fraction but not
the soluble fraction of the :tissue homogenate, (Sutherland &
Rall,-1958). In a few species bf bacteria, adenylate cyclase

activity is found in the soluble fraction. The species

Brevibacterium liquefaciens, contains a high soluble and low
particulate adenylate cyclase activity after homogenization,

(Ide, 1971) although in vivo the enzyme may be membrane-bound.

In purified bovine thyroid membranes, cyclic AMP production

is stimulated by thyroid stimulating hormone. The adenylate
cyclase activity co-purifies with NaT - kT - ATPasé, and 5'
nucleotidase, which are thought to be valid plasma membrane enzyme

markers, (Wolff:& Jones, 1971). :This. is taken as evidence that the gdase

34



1:5:3:1b

is membrane bound.

Structure and Activation of the Adenylate Cyclase System

The present concept of the adenylate cyclase system is that

the catalytic unit is an integral membrane prdtein occupying
sites on the inner surface of the plasma membrane, and the hormone

receptors are integral membrane proteins on the outside of

- the plasma membrane. When the receptor is not occupied the

receptor is not coupled to the enzyme, and receptor occupancy

leads to the formation of a complex between them, (Kahn, 1976).

- The B-adrenergic receptor can be separated from the cyclase

with the detergent digitonin. It is found that a protein with

high specific binding of [3H] dihydroalprenolol (a B-adrenoceptor
antagonist) and a protein with high adenyiate cyclase activity |
are eluted in different fractions from Sepharose gels, -indicating
that the B-adrenergic receptor and the cyclase enzyme are discreet
macromolecular entities, (Limbird & Lefkowitz, 1977). More
evidence for the separate cyclase/receptor concept, has been

provided by studies on the number of receptors, and cyclase:

i) The number of B-adrenergic receptors in rat erythrocytes
varies independently'of the adenylate cyclase, (Charness

et al, 1976).

ii) The B adrenergic receptors of turkey erythrocyte can be
coupled to rat adrenal tumour cells not responsive to
B~adrenergic stimulation of adenylate cyclase by iso-

prenaline. Rat adrenal tumour cells contain adenylate

cyclase but no B-adrenergic receptors, fusion of receptor
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with the tumour cell confers it with the ability to
activate adenylate cyclase in response to B-adrenergic

receptor stimulétion, (Schramm et al, 1977).

iii) ‘In a novel variant of mouse S49 lymphona cells the B-
adrenergicvfeceptorsvare permanently ﬁncoupled from
the catalftic unit of fadényléte cyclase; (Haga et
al, 1977). 1Isoprenaline does not stimulate adenylate
cyclase activity, yet there is a high specific binding

125

of [7"7I] Iodohydroxybenzyl pindolol a valid measure of

f-adrenergic receptor concentration, (Ross et.al, 1977).

It has also been shown by the technique of radiation inactivation
by an electron beam, that coupliﬁg between hormone receptor

and cyclase is oﬁe to éne, and that:the cyclase and receptor

are mobile‘as well as independent."0ccupancy of the receptor

is thought to allow the receptor and cyclase to couple and form

a functional complex which spans the membrane, (Houslay et al,

1977).

Another component of the hormone sensitive adenylate cyclase
complex is a guanylnucleotide binding protein (N-protein), which
on binding GTP activates the’é&clasé, (Rodbell, 1980). In the
frog erythrocyte the regulatory protein N forms a stable complex
with the B—adrenergic receptor in thevpresence of agonist to
form a ternary complex of agonist-receptor-N, which facilitates
thé binding of guanine nucleotides to N-protein. The resulting
N—brotein—GTP qomplex in turn conveys nucleotide-dependent

stimulation of adenylate cyclase, (Stadel ggngl, 1981). It
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is thought fhat as the hormone diséociates from the receptor,
activated N-protein-GTP stimulates‘adenylate cyclase which is
deactivated by the hydrolysis of GTP:to GDP by N-protein, (Rodbell,
1980). The N-protein acts as av'shuttie"between receptor and

cyclase, (Citri & Schramm, 1980).

1:5:3:2 Phosphodiesterase

CYclic AMP is brdken down by hydrolysis to 5'-AMP. The reaction
is catalysed by cyclic-nucleotide phosphodiesterase, (Butcher

& Sutherland, 1962). Phosﬁhodiesterase has a tissue and species
distribution is similar to that df adenylate cyclase. Phospho-
kdiesterase is usually present in the soluble fraction of cell
homogenates although in brain where the highést concentration

is found, the phosphodiesferase activity resides in the membrane
fraction, (Gaballah & Popoff, 1971:; Cheung, 1967). It has
been propbsed that a low Km cyclic AMP specific“phosphodiesterase
is membrane bound and a high Km cyclic AMP or GMP phosphodiesterasé
is soluble, (Thompson & Appleman, 1971). In addition anothér
feature is tﬁat Ca2+ is able to activate phosﬁhodiesterase.
Although only 2 of thev6 phosphodiesterase isoenzymes e#tracted
from rat cerebellum are activated by Ca2+, ( Uzunov & Weiss,

1972). -

Phosphodiesterase is inhibited by the methyl xanthine class
of compounds; caffeine, theobromine, aminophylline and theo-
phylline being the most potent. Papaverine,the isoquinolone

opium alkaloid,is also a potent inhibitor of phosphodiesterase

especially from smooth muscle. Theophylline and other phospho-
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1:5:4

1:5:4:1

diesterase inhibitors are frequently used in the assay of adenylate

‘cyclase activity to prevent the degradation of cyclic AMP or
to potentiate their phySiological effects, (Appleman et al,

-1973; Robison et al, 1968).

Role in Nervous Tissue

Mammalian

The activity of adenylate cyclase is stimulated by an extremely
large number of biologically active molecules, producing cyclic
AMP in a wide»variety of tissues, (Jostr& Rickenberg, 1971;

Weller, 1979). There is increasing evidence that cyclic AMP

may play an important and central role in neurotransmission.

The intracellular actions of many putative neurotransmitters
seem to be mediated by cyclic AMP and possibly cyclic GMP,
(Nathanson, 1977). The criteria proposed for the mediation
of neurotransmission by a cyclic nucleotide, (Greengard, 1978)

are presented in Table 3.

Electrical stimulation of the preganglionic fibres of the rabbit

superior cervical ganglion causes an increase in the intracellular

cyclic AMP level. Dopamine is thought to be the ganglionic neuro-

transmitter which mediates the slow inhibitory ﬁost synaptic
potential (S—IPSP) illicited by electrical‘stimﬁlation. Dopamine
mimics the electrically stimulated S-IPSP, (Libit & Tosaka, 1970).
Dopamine itself increases the level of cyclic AMP in the ganglion
as does electrical stimulation, (Kebabian & Greengard, 1971).

In the presence of theophylline the S-IPSP is potentiated, -

suggesting that cyclic AMP mediates the S-IPSP. The dopamine
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Table: 3 Some criteria for mediation by a cyclic nucleotide

of a;poStsynaptic permeability change

Syﬁaptic activation and cyclic nucleotide levels

1 Electrical stimulation of the presynaptic input should increase
tissue levels of the cyclic nucleotide.

2 This increase in cyclic nucleotide level should be antagonized
by pharmacological agents that block the postsynaptic permeability
change. .

3 The increase should ng& occur w&$ﬁ transmitter release is
prevented with low Ca’ "/high Mg' . : :

4 The increase should not occur when the postsynaptic cells are
antidromically activated. ‘

Neurotransmitters and cyclic nucleotide levels

1 Levels of the cyclic nucleotide should increase when the intact
tissue (or blocks or slices of the tissue) is exposed to the
neurotransmitter thought to be responsible for the postsynaptic
permeability change. ‘

2 This increase should be antagonized by agents which block the
neurotransmitter—induced postsynaptic permeability change.

Neurotransmitters and adenylate (or guanylate) cyclase

1 A neurotransmitter—-sensitive adénylate (or guanylate see Section 1:6
page 44 ) cyclase should be demonstrated in cell-free preparations
of the tissue. '

2 Activation by the neurbtransmitter of this neurotransmitter-
sensitive adenylate (or guanylate) cyclase should be blocked
by the antagonists referred to in sections A2 and B2 of this table.

Cytochemistry

1 Cytochemical techniques should demonstrate that cyclic nucleotide
levels increase specifically -in the postsynaptic .cells in response
to synaptic activation,

2 Similarly, cytochemical techniques should demonstrate that cyclic
nucleotide levels increase specifically in the postsynaptic cells
in response to the appropriate neurotransmitter.

Phosphodiesterase inhibitors

1 Phosphodiesterase inhibitors should potentiate the effects of
activating the synaptic pathway, and of applying the putative
neurotransmitter, on the increase in cyclic nucleotide levels.

2 Phosphodiesterase inhibitors should potentiate the effects of
activating the synaptic pathway, and of applying the putative
neurotransmitter, on the postsynaptic permeability change.

Application of cyclic nucleotides

1 The cyclic nucleotide should mimic the physiological effects of
activating the synaptic pathway and of applying the putative
neurotransmitter.

from Greengard, 1978
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1:5:4:2

induced S-IPSP is ‘potentiated by theophylline and monobutyryl
cyclic AMP can itself ihduce an'S—IPSP,'(McAfeeA& Greengard,
1972); This provides direct evidence of abdefinite role for
cyclic AMP in sjnapticvtransmission. Neurotransm;tter sensitive
adenylate cyclaée havé been demonstrated in vatiousiregions

of mammalian brain, (Nathanson, 1977).

Invertebrate

It has been shown that octopamine, dopamine and 5-HT all stimulate
adenylatercyclase activityhin‘cockroach thoracic ganglia in

a concentration—dependent manner. The amount of cyclic AMP

formed in respbnse to’octopémine, dopamine and 5-HT is additive
with any combination added, strongly indicating the presence

of separate receptors for éach. Octopamine, dopamine and 5¥HT
sensitive adenylate cyclase have also been identified in other

invertebrate preparations, (Nathanson, 1977).

In the isolated abdominal ganglion of Aplysia californicus,

previously incubated with [3H] adenine, the synthsis of labelled
cyclic AMP doubles after eleétrical stimulation of the nerves

at physiologicai frequencies. The accumulation of cyclic AMP

is dependent on synaptic aétivity as the inhibition of neuro-
transmission by raising the Mg2+ ion concenﬁration 4 times greater
than normal also inhibits the increase in cyclic AMP levels.

The inhibition of cyclic AMP production by'Mg2+ is not an effect
directly on‘synthesis, as it does not inhibit the elevation

of cyclic AMP levels in response to exogenous dopamine or 5-HT,

(Cedar et al, 1972; Cedar & Schwartz, 1972).
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- Octopamine, dopamine and 5-HT stimulate adenylate cyclase in

homogenates of mothrbrain, (Bodnaryk,bl979); Manduca sexta nerve

cord, (Taylor & Newburgh, 1978) and Schistocéréa gregaria cerebral

ganglia, (Kilpatrick et al, 1980). Relatively high concentrations
of octopamine and other putative neurotransmitters have no effect
on the endogenous phosphodiesterase activity in cockroach brain,

(Nathanson, 1976) or Manduca sexta nerve cord when compared

to theophylline inhibition, (Taylor & Rbberts, 1979). This -
indicates that the observed increases in cyclic AMP levels are
due to a stimulation of adenylate cyclase rather than an inhibition

of phosphodiesterase.

Cyclic AMP can act presynaptically. At the cockroach neuro-
muscular junction, 154 M cyclic AMP added to the bathing medium,
increases theifrequency of miniature end-plate potentials (mepp)
recorded from the muscle fibres, by a féctor of 3. Addition

of caffeine, theophylline or ICI 163197 (a nén—methyl xanthine
phosphodiesterase inhibitor) all have similar effects to cyclic
'AMP. The increase in mepp frequency is not accompanied by any
change in the resting membrane potential which stays constant

{

throughout, (Wareham, 1978).

1:5:5 Cell Location of the increase in CyclicrAMP levels in Nervous Tissue

1:5:5:1 Mammalian
The studies on édenylate cyclaée activity mentionéd previously
do not reveal the precise'cellular location of the accumulated
cyclic AMP. Both mammalian and invertebrate brainare heterogenous

with respect to cell type.
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Each neurone is surrounded by many supporting glial cells which
have been shown to possess adenylate cyclase activity in mammalian
brain. Glial tumour cells have the ability to synthesize cyclic

AMP in response to the exogenous application of noradrenaline

or dopamine, (Schultz et al, 1972). It was proposed by Newburgh

& Rosenberg, (1972) that the hormone-sensitive adenylate cyclase
is primarily localized in glial cells. In various regions of
rat and rabbit brain noradrenaline and dopaminekstimulate adenylate

cyclasé in both neuronal and glia1 cells,‘(Palmer, 1973).

Invertebrate

Separated neuronal perikarya and glia from the nerve cord of

Manduca sexta have been studied for the effects of several

putative neurotransmitters on the level of e¢yclic AMP accumulation.

Exposure to 5-HT results in a 33,000-fold increase in cyclic AMP in

the neuronal fraction whereas the glia only show a 430-fold
increase, approximately 10 times less. Theophylline also 7
increases the level of cyclic AMP in the neuronal fraction but to

a 10 times lesser extent. No effect of theophylline is observed

in the glial fraction, (Taylor et al, 1976).

It is clear that in view of the contribution of glial cells

to neurotransmitter—sensitive adenylate cyclases in mammalian
brain, that glia might play an importaht part in the cyclasesv

of invertebrates. The work of Taylor et al, (1976) indicates
that invertebrate glial cells have the ability to synthesize
cyclic AMP in response to putative neurotransmitters and that its

metabolism and/or control may be different than in neurones.
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‘1:6 Cyclic GMP'in'NerVOus Tissﬁé

Guanylate7cy¢1asejthe énzyme which catalyses the formation of

- guanosine 3', 5'3vcytiiﬁ+m0n0ph03phate was first studied in
a variety of rat,tissnes,"including brain. ‘The formation of
cyclic GMP in rat braih'is approximately:104fold less than that

~ of cyclic AMP. In genéral the tissue levels of cyélic GMP are

~ much smaller than cyclic AMP. The formatibn'of cyclic GMP from
GTP is not catalyéed Bf adenyiate cyciase, and there'is>eviden¢e

for 2 separate cyclases, (Hardman & Sutherland, 1969).

Neurotransmitters have been shown to increase levels of cyClic
VGMP in postsynaptic éells.‘;During,pré—gangliénic.stimulation
of bullfrog sympathetic ganglia the level of cyclic GMP doubles
affér 2 mihutes,k(Weight g;ugl, 1974). High magnesium ion
concentrations ,énd low calcium inhibit the increase in cyclic
GMP. The.risevin/cyc1ic GMP in response to nerve stimulation
is also blocked by the cholinergic muscarinic antagonist atropine,
Weight et al, 1974). Acetylcholine and bethanechol boﬁh increase
cyclic GMP,~bﬁt not the niéotinic agonist 1, l-dimethyl
4—pheny1piperazinium  in bovine sympathetic ganglion, (Kebabian
gg_él, 1975), suggesting that occupancy of muscarinié cholinergic
receptors ACtivates guanylate;cyclase. o—-Adrenoceptor activation
is not normally associated with adenylate cyclase but can reduce
or prevent an increase in cyclic AMP éaused by R—agonists,
(Haslamv& Taylor, 1971); In the rat parotid gland both
noradrenaline and phenylephrine, (an a—adrenoceptdr agonist) stimilate
an increase in the cyclic GMP level which is selectively blocked

by phentolamine, (Butcher et al, 1976). As with muscarinic
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receptobrs it appears that a-adrenergic receptorsmay also be linked

to guanylate cyclase.

Characterization of the guanylate cyclase’has so far been
difficult,sand it is as yet far from clear which physiological
processes regulate its activity. Some of the difficulty may
be attributed to thekéxistence of 2 forms of the cyclase, a
soluble, and to a lesser extent, a particulate form in almost
all tissues examined, (Nakazawa et al, 1976). The regulation
of cyclic GMP synthesis is seemingly without direct analogy

to the control of cyclic AMP production. Although certain
neurotransmitters rapidly increase the intracellular cyclic
GMP concentration, neither the soluble nor particulate forms
of guénylate cyclase are stimulated in broken cell prepafations,
(Goldberg & Haddox, 1977). The elevation of cyclic GMP levels
in intact cells may be caused by a neurotransmitter stimulated

2+ influx, as agents which stimulate the production of cyclic

Ca
GMP also facilitate the entry of Ca2+.' The extracellular
presence of Ca2+ is necessary for the increase"in‘cyclic GMP
levels to occur, (Schultz et al, 1973). It is possiblé tﬁat
cyclic GMP is involvedﬁhlregdknjng Ca2+ metabolism, as Ca2+ in
most cases seems to be resﬁonsible for both the physiological
response, and the rise in cyclic GMP, (Rasmussen et al, 1975;
Berridge, 1975). In muscle fibres of the giant barnacle, a
crustacean, the rise in cyclic GMP 1eve1s.after potassium
depolarisation and nerve stimulation are accompanied by the

entry of Ca2+. Pre-incubation of the muscles in Caz+—free

saline abolishes the rise in .cyclic GMP, (Beam et al, 1977).
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1:7  Intracellular Calcium

1:7:1 Phyaiological Role
1:7:1:1 General |
‘ Calcium plays a spaaificlmajor:rbleiiu cellular regulation.
It is involved in a wide variety of excitation-response coupling
procesaes and in many of these Ca2+ acts as an intracellular

second messenger. It is involved in the following processes:
1 Contraction iﬁ all forms of muscle
2 Secretion
A Exocrine
B Endocrine
C Neurotransmitter release
D Lysosomal enzyme release
E Histamine release from mast cells
3 Photoreceptor activation in rods
4 Mitosia or cell division»
5 Feftilizatibn
6 Metabolism
A Thermogenésis
B Gluconeogenesis

C Glycogenolysis
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D Glucose tranéport
E oa-ketoglutarate traﬁsport
F Steriod and Sterol biosynthesis

G Cyclic Nucleotide metabolism

(Rasmussen & Goodman, 1977).

In this respett though, it does not always act as a second
messenger. In the contraction of smooth muscle énd the release
of neufotransmitter some of the calcium enters from outside

the cell, (Di Polo & Beaugé, i980 5 James—Kracke & Roufogalis,

1980).

1:7:1:2 Nervoﬁs Tissue

It has been generally accepted for some time that calcium entry
is the major trigger for initiation of neurotransmitter release;
Calcium ions injectéd into the presynaptic nerve terminal of

the squid giant‘synapse evoke transmitter‘release. Extracellular
manganese and magnesium which can block neurotransmission do

not prevent the release of traﬁsmitter in response to injected

calcium, (Miledi, 1973).

Calcium plays a pivotal role in thévregulation of cyclic nucleo-
tide metabolism, and appears to control adenylate cyclase in

é biphasic manner., Low Ca2+ concentrations stimulate, while
higher concentrations inhibit activify. Bovine brain adenylate
cyclase is inhibited by EGTA, a powerful calcium chelator.

The inhibition is reversible by the addition of a free C32+

ion concentration of 2 uM. Increasing the free Ca2+ ion
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concentration to 72 UM markedly inhibits the cyclase, (McDonald,

1975).

~ The phosphodiesterase activity of rat brain is also regulated

by Ca2+

. The low Km phosphodiesterase activity is greatly
stimulated by Ca2+ with a maximum effect at a concentration

of 10 mM, (Kakiuchi, et al, 1971).

It has been proposed.that the influx of Ca2+ from extracellular
sourqes, or the release of mémbfane-bound Ca2+ in responée to
stimuii, activates adénylate cyclase, releasing cyclic AMP into the
cytosol. ‘When the Ca2+ subsequently arrives at the cell cytoplasm,
the solubie phosphodiesterase is activated, returning the éyclic AMP
level to basal. This mechanism would allow transient increases

in cyclic AMP levels, (Lynch et al, 1976).

Calmodulin

The actions of Ca2+ as an intracellular second messenger are
mediated through a class of Caz+—binding proteins of which
calmodulin (formerly termed the,calcium—dependént regulator,

CDR) is the most common. It is’a heat stable, acidic polypeptide
with a molecular weight of 16,700 daltons. It has no intrinsic
enzyme activity of its own though it can regulate a wide variety

of enzymic and many other cellular protesses.

The complete amino acid sequence of bovine brain calmodulin
has been elucidated. It contains 148 amino acids, and commences

with an acetylated alanyl residue at the N-terminus. The linear
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sequence has 4 regions whére the amino acids form a helix-loop-
heii# calcium4binding structure, conferring.on‘it the ability

to bind 4 calcium ions, (Watterson et al, 1980).

Binding of calcium to calmodulin induces a conformational change
which allows it to interact with receptor proteins. The action

of calmodulin on phosphodiesterase has been extensively studied, and
in:ratcerebrélcortex.the enzyme is stimulatedby(b2+ in the presence
of calmodulin. The calcium—télmoduiin complex binds to the
apoenzyme and activates it. When the free Ca2+'ion concentration
is reduced by the addition of EGTA, the Ca2+-ca1modulin complex
dissociates‘and returns the phosphodiesterase ac?ivitytx)a;basal.level;

(Teshima & Kakiuchi, 1974).

The activation of adenylate cyclase from rat brain membrane
fragments by Ca2+/calmodulin is analogous to that of phospho-
diesterase, (Lynch et al, 1976). The following criteria for
the mediation of a cellular response by calmodulin have been

proposed by Cheung, (1980):
1 The presence of sufficient calmodulin.

2 Depletion of endogenous calmodulin should alter the rate
of the reaction which should be restored by the addition

of exogenous calmodulin.

2+

3 Sequestration of Ca“’ with chelators such as EGTA should

reduce the calmodulin stimulated activity to basal levels.

4  The inactivation of calmodulin by drugs such as trifluoperazine,
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should also reduce the calmodulin-stimulated activity to

basal lévels.

5 Anticalmodulin antibody should inhibit the calmodulin-dependent

bprocess providing that the aﬁtibody has access to the calmodulin.

1:8 Protein Kinases

1:8:1 Cyclic AMP-dependent

1:8:1:1 Distribution

The mechanism by which dyclic4AMP mediates varioué cellular processes
is by the activation of a single class of enzymes, the protein
kinases. The mechanism was first discovered in rabbit skeletal
muscle, where cyclic AMP regulates glycogen:breakd0wn. A protein
kinase which markedly increased the rate of cyclic AMP-dependent
activation of phosphoryiasefkinasé phosphofylation was

purified from the muscle, (Walsh gﬁ_gl, 1968). Since then the
mechanism has been extended to other systems, neurotransmission

in particular.

Cyclic AMP-dependent protein kinases are present in every mammalian
tissue examined, (Kuo & Greengard, 1969) and tissues from every -

phylum of the animal kingdom (Table 4).

1:8:1:2 Sgecificify
Protein kinases are enzymes which, by definitioh, catalyse the
transfér of a terminal phosphate group from a nucleotide,
usually ATP, to an acceptor protein. The specificity of the
response to cyclic AMP resides in the nature of the protein kinases

and the nature of the acceptor protein. Many protein kinases
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have been found and ﬁany have a broad specificity. Examples

of épecific protein kinéses are opsin kinase, which phosphorylates
rhddopSin in the retina, and light chain myosin kinase which
catalyses the phosphorylation of 1ight‘Chain myosin, (Weller,
1979). Not éll protein kinases are tyclic nuciedtide—dependent.
There are some which catalyse the phosphorylation of phosvitin
and other proteins? but not histones, and there are those which
phosphorylate histones aﬁd other prdteihs but not phosvitin,

(Weller, 1979).

1:8:1:3 Structure and Mechanism of Action
Protein kinases from various tissues appear to have a tetrameric
structure. They are composed of 2 regulatory units which are
inﬁibitéry to activity, and 2 catalytic subunits, (Ruﬁin & Rosen,
1975). In rat, guinea-pig, aﬁd bovine brain there are 2 specific -
cyclic AMP receptoripréteins which appeaf to be the regulatory
subunits of qwﬂicAMBdependent‘protéin kinases, (Walter et al, 1978).
The 2 types of protein kinase havé been designated type I and
type II, (Walter et al, 1977). Nervous tissue contains much
higher concentrations of the type II than of the type I protein
kinase iﬁ both the cytpsol and synaptic membrane fractions,

(Walter et al, 1978).

Type IT protein kinases undergo autophosphorylation whefeas
type I do not. In the absence of cyclic AMP, the regulatory
and catalytic subunit of type II kinases are combined, which
keeps them in an inactive state. In the inactive state the

catalytic subunit phosphorylates the regulatory subunit in an
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intramolecular reaction. In the presence of cyclic AMP the
regulatory and catalytic subunits dissociate allowing the
catalytic subunit to phosphorylate the acceptor protein, (Greengard,

1978).

Phosphorylation of the regulatory unit does not alter cyclic

AMP binding, nor is it cyclic AMP-dependent, but it apparently
facilitaﬁes the dissociation of regulatory and catalytic subunits
in the presence of cjclic AMP, (Rosen & Erlichman, 1975). 1t

has been shown that phosphorylétibn retards the re-—association

-of the regulatory and catalytic units and even in the absence

of cyclic -AMP the dephosphorylated regulatory units re-combine
much faster. It seems that autophosphorylétion of typé IT kinases
regulates the proportion of active and inactive kinase, (Rangel-

Aldao & Rosen, 1976).

‘Cyclic AMP-dependent protein kinase highly purified from pig
brain, has a molecular weight of 120,000. This dissociates

to a catalytit unit ofvmolecuiar weight 40,000 and a regulatory
unit of 90,000, (Severin et al, 1976). The circular dichroism
maximum of the regulatory subunit is 215 nm, which decreases

on adding cyclic AMP, this is not observed for the catalytic
unit, This is similar to a typical enzyme conformational change.

on binding an allosteric regulator, (Severin et al, 1976).

The protein kinase from bovine brain is specific with respect
to nucleotide triphosphate. It will only transfer the
Y-phosphate group of ATP to the acceptor protein., Very little

phosphate is transferred from GTP, UTP, CTP, dTTP or dATP in
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1:8:2

the preéence of cyclic AMP. Magﬁesium ion is necessary for
activafion by cyclic AMP and other divalent cations such as
cobalt énd mangahése can substitute for magnesium in stimulating
kinase activity, élthough Céz+ at 10 mM causes a 667 inhibition,

(Miyamoto et al, 1969).

Almost all‘the actions of cyclic AMP are mediated via cyclic AMP-
dependent protein kinase and subsequént“phosphﬁrylation of target
proteiﬁs. There is only one documented exception. Catabolite
repression 5y cyclic AMP in bacteria seéms‘not to involve phospho-
rylation. Cyclic AMP regulates E. coli lac mesSenger RNA
synthesis. Cyclic AMP is required for B-galactosidase aﬁd

other inducible enzymes, (- DeCrombugghe et al, 1969). Cyclic

AMP stimulates lac messenger RNA synthesis via a direct action

on the lac fepressor, both in vitro and in vivo, but there is

no evidence that this involves phosphorylation, (Varmus et al,

1970).

Cyclic GMP-dependent

Many invertebrate and mammalian tissues contain cyclic GMP-
dependent protein kinases in addition to cyclic AMP-dependent
kinases, although at considerably lower levels, (Kuo et al,

1971).

A cyclic GMP-dependent protein kinase isolated from lobster
brain has a Km of 0.075 uM for cyclic GMP, and 3.6 uM for
cyclic AMP. This is in contrast to a cyclic AMP-dependent

protein kinase isolated from the same tissue which has a Km
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1:8:3

of 1.2 uM for cyclic GMP and 0.018 pM for cyclic AMP, (Kuo &
Greengard, 1970). This suggests theﬁe are 2 Sepérate and -

specific protein kinases. These may be distinct from one

‘ another in their biochemical and phyéioldgitai actions, (Kuo

et al, 1971).k Cyclic GMP-dependent protein kinases from

arthropods have been found to be more abundant than in vertebrates,

and resemble the mammalian cyclic AMP-dependent enzymes.

Cyclic GMP-dependent protein kinase from lobster muscle and

other sources are also composed of catalytic and regulatory

submits (Miyamoto et al, 1970). The kinase from bovine lung

‘undergoes autophosphorylatidn ih the presence of Mg2+ analogous

to the type II cyclic AMP-dependent kinases, (De Jonge & Rosen,1977).

Calcium—dependent

Brain membranes contain a Ca2+—dependent protein phosphorylating
system. The Caz+-dependent protein kinase requires calmodulin
as purification of the synaptic membranes results in a loss

of Ca2+ stimulated phosphorylation. This can be recovered by‘
the addition of boiled cytosol, (calmodulin is soluble and heat
stable) or purified calmodﬁlin, (Schulman & Greengérd, 1978?a)
The Ca2+/calmodulin—dependent protein phosphorylating system

in membranes from a Variety of tissues is sensitive to low
concentrations of Ca2+, and ‘maximally stimulates protein
phosphorylation at a free Ca2+ ion concentratioh of 10 uM.

The system would be responsive to physiological changes in

Ca2+ ion flux, (Schulmag & Greengard, 1978 b). The molecular

mechanism of action is still obscure, but it has been suggested
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1:9

that it is similar to cyclic nucleotide-dependent protein kinase,

except that calmodulin may serve as an integral subunit not

~ just an obligatory co-factor for activation, (Wrenn et al,

1980). The calcium-calmodulin complex appears to require free
hydrophobic regions for activity. It is inhibited in the presence
of Ca2+ in a competitive fashion by 2—p—t§1uidinylnapthalene—

6-sulphonate which is known to interact with hydrophobic portions

- of proteins. It has been proposed that the binding of calcium

to calmodulin induces a conformational change which exposes
hydrophobic groups, which may be necessary to activate calmodulin-
dependent kinases, (Tanaka & Hidaka, 1980). There are at least

4 different types of Caz+/calmodulin—dependent protein kinases

in brain, (Cohen, 1982 ; Nestler & Greengard, 1983).

In addition to calmodulin mediated Ca2+—dependent phosphorylation, .
a phospholipid Ca 2+—dependent phosphorylation has been described.
Caz+/phosphatidyiserine stimulates protein phosphorylation in

the cytdsol of rat and guinea-pig c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>