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(ii)

CLASSIFICATION OF THE INSECTA 

The work described in this thesis has been carried out on 

the desert locust, Schistocerca gregaria, the Order ORTHOPTERA. The 

principal insect species used for electrophysiological experiments and 

the other studies described belong to several Orders which are 

summarised below:

ORDONATA :

ORTHOPTERA

DICTYOPTERA:

LEPIDOPTERA

DIPTERA

COLEOPTERA

HYMENOPTERA

e.g. dragonflies. Strong-flying, predaceous insects 

with biting mouthparts and large eyes; 2 equal pairs 

of membranous wings.

e.g. grasshoppers, locusts, crickets. Large insects 

with long hind-legs used in jumping; biting mouthparts. 

Some have reduced or absent forewings; hindwing 

membranous and fan-like. Many are pests, 

e.g. cockroaches. Medium or large insects, biting 

mouthparts, legs used for running. Forewings 

schlerotised and hindwings membranous, 

e.g. butterflies, moths. 2 pairs of membranous wings; 

scales on body, legs and wings. Mouthparts usually 

lack mandibles, suctorial proboscis often present.

Larvae are caterpillars which may be pests, 

e.g. mosquitos, flies. 2 pairs of wings. Maggot-like 

larvae; usually piercing or sucking mouthparts. Many 

transmit disease.

e.g. beetles. Minute to large size with horny forewings 

which cover the folded hindwing and abdomen. Biting 

mouthparts; some are pests.

e.g. bees, wasps, ants. 2 pairs of membranous wings; 

hindwings smaller. Mouthparts often adapted for lapping 

or sucking. Abdomen with "waist"; females have ovi



(iii)

HYMENOPTERA : 

(contd.)

positors that may pierce or sting. Larvae are legless 

maggots. Many are beneficial to man; some have complex 

social behaviour.

(



(iv)

SUMMARY

A subcellular fractionation scheme for locust muscle has been 

developed in attempts to isolate neuromuscular nerve terminals. A 

vesicular subfraction was isolated by differential and density gradient 

centrifugation procedures after gentle homogenisation of the tissue in 

locust saline/sucrose. Electron microscopic observations together with 

measurement of marker enzyme activities revealed this fraction to con

sist of a mixed population of membrane vesicles, including large 

membranous profiles (l-3ym) containing smaller vesicles (0.05-0.08pm). 

Enzyme marker assays suggested that the vesicles were probably derived 

from several sources and there was evidence that these included plasma 

membrane and sarcoplasmic reticulum.

The vesicle fraction contained occluded L-glutamate and showed 

uptake of L-glutamate, L-aspartate, D-aspartate, L-glutamine and L-alanine. 

The uptake was partially dependent on the presence of Na ions.

It has been tentatively suggested, from preliminary data, that 

the fraction contained both a high and a low affinity uptake system for 

all the amino acids except L-alanine which showed only a high affinity 

component.

The suggested high affinity uptake component was specific for 

L-glutamate and L- and D-aspartate and was susceptible to inhibition by 

glutamate and aspartate analogues which were not potent amino acid receptor 

agonists or antagonists. The data, by analogy with the amino acid 

uptake characteristics of mammalian synaptosomes, are in accordance 

with the suggestion that presynaptic nerve terminals may be present in 

the vesicle fraction.



(v)

The results lend biochemical support to the hitherto 

predominantly electrophysiological evidence that L-glutamate is the 

excitatory transmitter at the insect neuromuscular junction and that 

L-aspartate may function as a neuromodulator at these synapses.
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INTRODUCTION

Section A

1. Structure of Insect Muscle

a) General structure

In 1682 Antoni van Leeuwenhoek observed the striated pattern 

and fibrils of the muscles of fleas and small flies, by means of 

magnifying lenses, which he reported in a letter to the Royal Society 

(Hoole, 1807). Further significant observations of muscle structure 

awaited the development of efficient compound microscopes in the 

mid-nineteenth century. Insect muscle, and particularly flight 

muscle, became a favourite source of material for the early micro- 

scopists, probably because of its ready availability and the clarity 

of its striation pattern. Bowman (1840) first introduced the term 

"sarcolemma" for the membrane bounding the muscle fibre as seen by 

the light microscope. The tracheae which provide a pathway for air 

diffusion to the muscles (characteristic of insect muscle) and the 

fine, ramifying tracheolar branches which penetrate within each fibre 

were first described by Leydig (1859). The large mitochondria or 

"sarcosomes" present in flight muscle were named by Retzius (1890) 

and the sarcoplasmic reticulum was observed by Cajal (1890). A 

detailed historical account may be found in Tiegs (1955).

The general structure of insect muscle is well documented 

in many reviews and text books (e.g. Elder, 1975; Lehninger, 1977;

Piek and Djie Njio, 1979; Mordue et al., 1980). Muscle is made up 

from small units, the fibres, each derived from several cells and 

bounded by a plasma membrane (sarcolemma). The fibres contain 

many smaller myofibrils arrayed in parallel bundles surrounded by 

the sarcoplasm. The myofibrils show a structural pattern that
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repeats along their length, each unit being a sarcomere. In striated 

muscle the sarcomeres of many parallel fibrils are in transverse 

alignment giving the characteristic light and dark bands seen under 

the microscope (Fig. l.a). Myofibrils contain myosin filaments each 

surrounded by actin filaments (usually six in insect muscles). The 

actin and myosin filaments slide past each other during contraction, 

without themselves decreasing in length,bringing adjacent Z-discs (Fig. la) 

closer together and thereby shortening the muscle. Mitochondria 

(sarcosomes) are arranged along the fibrils. These are often larger 

and more numerous in flight muscle than in skeletal muscle.

b) Muscle membranes

The membranes of muscle fibres consist of three morphologically 

distinct systems. These are the basal lamina, the plasma membrane 

(including the membranes of the transversely orientated tubular 

system, T-system) and the longitudinally orientated sarcoplasmic 

reticulum, SR.

The basal lamina- in insects forms the connective tissue 

sheath surrounding the muscle fibres. It can vary considerably in 

thickness and structural detail in different insects (Piek and 

Djie Njio,. 1979). The basal lamina may function as a supporting 

tissue, provide some control of ion permeability (Loewenstein, 1970) 

and could also serve as a barrier, preventing access of glutamate •

(Clements and May, 1974a).

The thin plasma membrane surrounding the muscle fibre' is 

invaginated at regular intervals to form the T-system. It is uniform 

in thickness and structure showing a typical triple-layered appearance.

When the surface plasma membrane lies in close apposition to an
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Fig. 1
I band A-band

H zone

a) Diagrammatic representation of a single muscle fibril showing a 

sarcomere delimited by Z-discs and the I and A-bands giving the 

characteristic striated appearance.

nucleus

tsyt •

I I .
Illlllllll

mitochondria

fibrils

b) Representation of a close-packed synchronous flight muscle fibre 

of the locust. Nuclei are peripheral and the small fibrils are 

interspersed with columns of large mitochondria.
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element of the SR, dyads are seen (i.e. areas of double membrane 

structure). Dyads have been observed in locust muscle (Cochrane et al., 

1972) and in fibrillar flight muscle (Smith, 1961). Desmosome-like 

structures are also often seen in insect muscle. According to Elder 

(1975) these are the attachment points of Z-disc material to the plasma 

membrane and basal lamina and are possible sites of increased ion 

permeability.

Bennett and Porter (1953) identified the sarcoplasmic 

reticular system of vesicles and tubules with the electron microscope. 

They suggested that the tubules formed lace-like sleeves around the 

myofibrils. Membranes of the SR are less thick than those of the 

T-system. The SR controls the availability of Ca^* ions to the . 

actomyosin complex during excitation-contraction coupling. The 

T-system lumen is continuous with the extracellular space and it has 

been suggested that the T-system invaginations are the pathway by 

which radial spread of excitation occurs (Elder, 1975).

Neither myoglobin or haemoglobin is present in the majority 

of insects (Gilmour, 1961) and air is taken directly, by diffusion, 

into close contact with the fibres by tracheae. Electron microscope 

studies show that fine branches of the tracheal system penetrate the 

sarcolemmal invaginations to ramify inside the fibres (Elder, 1975).

In summary, the name SR is now restricted to the components 

of the longitudinal system whose tubules and vesicles have no 

connection with the outer plasma membrane. The T-system decribes 

the system of transversely orientated tubules which are closely 

associated with the plasma membrane (Anderson-Cedergren, 1959). That

they are distinct systems from each other, and from the tracheal
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system, has now been clearly established (Piek and Djie Njio, 1979).

2. Categories of Insect Muscle and their Characteristics

All insect muscles are striated and can be broadly classified 

into skeletal, cardiac and visceral muscles. Included with the skeletal 

muscles are the flight muscles. As this thesis is concerned with the 

thoracic musculature of locusts, features of insect flight muscle will 

be described as representative of insect musculature in general.

On structural grounds, based on light microscopy, three broad 

categories of flight muscle are recognised: tubular, close-packed and 

fibrillar. Functionally the three types fall into two groups, namely 

synchronous muscle to which the tubular and close-packed types belong, 

and asynchronous muscle which is fibrillar,

a) Synchronous (non-fibrillar) muscle

These muscles show a 1:1 ratio between the frequency of motor 

nerve impulse and frequency of mechanical response. They have a highly 

developed SR and T-system and no prominent M-band is visible although 

the mid-sarcomere position may be marked by the presence of glycogen 

granules.

i) Tubular

Fibre diameter - 10-25pm

Nuclei - central column

Fibrils - radially disposed around the nuclei

Mitochondria - large, radially arranged to separate the

fibrils

SR - well-developed; T-tubules

Types of - dragonflies, cockroaches, mantids

insect
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ii) Close-packed (microfibrillar or mosaic) 

Fibre diameter - lO-lOOpm

Nuclei

Fibrils

Mitochondria

SR

Types of insect

- peripheral and flattened

- small (0.5-1.0pm diameter)

- large, in columns interspersed between 

the fibrils

- well-developed; T-tubules

- crickets, locusts, moths

b) Asynchronous (fibrillar) muscle

In these muscles the contraction frequency is greater than the 

motor nerve impulse frequency and relatively independent of it. This 

type of muscle is present in insects with a high frequency of wing-beat. 

Fibre diameter - > 100pm

- multinucleate, peripheral

- '\̂ 2pm, large, cylindrical

- longitudinal columns, between fibrils

- little or none, T-system present

- flies, wasps, mosquitos

Nuclei

Fibrils

Mitochondria

SR

Types of insect

3. The Synchronous Flight Muscle of Locusts

Locust flight muscle is of the synchronous, close-packed type 

(Fig. l.b). The SR is well-developed, forming a fenestrated curtain 

around the fibrils (Elder, 1975) and occupies about 20% of the fibre 

volume. The numerous, large mitochondria occupy 30-40% of the fibre 

volume (Bishai & Zebe, 1960; Bûcher, 1965). Flight muscle is highly 

aerobic and therefore rich in intracellular tracheoles.
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4. Organisation and Innervation of Insect Muscles

The special neuromuscular mechanisms found in arthropods 

relate to their small muscle size, imposed by the rigid exoskeleton, 

and by limitations on gaseous diffusion through the tracheal system. 

Bundles of muscle fibres are enveloped in a tracheolated membrane and 

each muscle unit (a bundle of fibres) receives one or more branches 

from the tracheal system and a branch from a motor nerve. The motor 

unit contains all the muscle fibres that are innervated by a single 

motor axon (Hoyle 1975).

The muscles are innervated by only a small number of moto

neurons which may originate from different central ganglia (Hoyle, 

1957), and this innervation may be polyneuronal i.e. a single muscle 

fibre may receive endings from several different axons, each evoking a 

different response from the fibre. In addition, the innervation is 

multiterminal, each neuron branching and making many points of contact 

with the muscle. (This is discussed more fully in Section A, 6,a).

Three classes of motoneuron occur in the innervation of most 

insects, namely fast and slow excitatory neurons (Pringle, 1939) and 

inhibitory neurons (Usherwood and Grundfest 1964; 1965). By their 

combined effects these relatively few neurons can achieve considerable 

sophistication of muscle control (Hoyle, 1965b; Usherwood, 1967;

Mordue et al., 1980).

Excitatory axons are classified as either fast or slow 

according to the types of mechanical response evoked from the muscle 

they innervate. Fast axons give strong twitches in response to single 

impulses and are mediated by large non-facilitating excitatory post- 

synaptic potentials, (EPSPs). In these axons, when the frequency of
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stimulation is raised, there can be a fusion of twitches leading to 

tetanus. Slow axons are generally present in the same nerve trunk 

as their fast counterparts but can be stimulated independently of the 

fast axon. They have higher thresholds for stimulation and show small 

amplitude EPSPs, producing a tonic contraction. The EPSPs can vary in 

amplitude between large and non-facilitating to small, with facilitation. 

(Facilitation is an enhanced response due to two or more action 

potentials inducing increased transmitter release from the presynaptic 

terminals).

In fibres innervated by fast and slow excitatory axons, 

spatial as well as temporal summation of the synaptic potentials can 

take place i.e. if two action potentials occur close together in the 

same presynaptic ending, temporal summation occurs; if two action 

potentials occur close together, but in separate presynaptic terminals, 

spatial summation occurs. Hence, despite the small size and limited 

innervation of insect muscles, graded responses can be obtained, 

allowing considerable fine control of muscular activity.

Much of our knowledge of the physiology of the insect neuro

muscular system has come from studies of Orthopteran nerve-muscle 

preparations, particularly those of locusts and grasshoppers (Del Castillo 

et al., 1953; Hoyle 1955a, b; 1965b; Usherwood and Grundfest, 1964; 1965). 

Mangold, as early as 1905, observed histologically two fibres distributed 

side by side in the thoracic and leg muscles of the grasshopper.

Pringle (1939) observed double motor innervation of the cockroach 

extensor tibiae muscle; a^ow fibre producing a facilitated tonic con

traction and the fast fibre producing a twitch. Both fibres ran 

together in the metathoracic nerve trunk. No inhibitory fibres were 

observed. Similar findings were made by Wilson (1954). Hoyle (1953a)



9.

found that the equivalent nerve trunk in locusts carried two slow 

fibres (non-facilitating) but fast fibres to the same muscle were found 

in a different nerve trunk and gave powerful twitches to the large, 

jumping leg. Flight muscle units receive a single, fast, excitatory 

axon (Neville, 1963) as does the locust anterior coxal adductor muscle 

(Hoyle, 1966). The majority of leg muscles however receive two, i.e. 

one fast and one slow axon. In addition some may have endings from one 

or more inhibitory axons. Muscle units of flexor muscles receive 

independent innervation. The locust metathoracic flexor tibiae muscle 

is innervated by two fast, two slow, and two "intermediate" neurons 

(Hoyle and Burrows, 1973). This muscle can therefore grade force 

(as do the vertebrates) by varying the number of motor units in action. 

The extensor tibiae muscle has most of its muscle units supplied by 

only a fast axon, and only a few units have slow and inhibitory 

innervation (Hoyle, 1975). In the bumble bee, Bomhus, and beetle, 

Oryctes, the principle flight muscles receive slow axons and possibly 

an inhibitory axon (Ikeda and Boettinger, 1965a,b).

For a number of years doubt existed as to the presence of 

inhibitory axons in insects. Peripheral inhibition had been well- 

established in the Crustacea (for review see Atwood, 1968). Ripley 

and Ewer (1951) claimed to have measured peripheral inhibition in the 

locust metathoracic leg muscle but Hoyle (1957) proposed that the 

inhibition observed was in fact due to failure to excite the nerve.

Hoyle (1966) described an "inhibitory-conditioning" axon in the locust 

jumping muscle that in some fibres produced a depolarisation, and in 

others a hyperpolarisation. However, the presence of inhibitory 

fibres in insect muscle has since been clearly demonstrated by many 

groups. Inhibitory postsynaptic potentials (IPSPs) have been measured
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in the grasshopper metathoracic extensor tibiae muscles (Usherwood

and Grundfest, 1964; 1965). A hyperpolarising fibre has been identified

in the basalar flight muscle of the beetle, Oryctes, (Ikeda and

Boettinger, 1965b), three have been identified in the cockroach, iJeripianeta,co:

depressor muscles (Pearson and Isles, 1971) and one in spiracle muscle

(Miller, 1969).

5. Innervation of Locust Flight Muscle

The mechanics and aerodynamics of locust flight have been 

analysed in detail and have been correlated with the anatomy and 

motor units of the flight muscles (Wilson and Weis-Fogh, 1962).

The authors concluded that flight is powered by rather few motor 

neurons of the fast type (non-facilitating, non-summating). However, 

the thorax also contains muscles used for movement of the legs and 

spiracular muscles which are innervated also by slow axons. Some 

thoracic muscles are used both as wing and leg movers (Wilson, 1962).

Fibres of the major flight muscles of locusts receive only a 

single fast axon. The muscles consist of from one to five anatomically 

distinct motor units (Neville, 1963; Kutch and Usherwood, 1970). Other 

muscles e.g. ventral longitudinales, are innervated in addition by a 

slow axon and possibly also an inhibitory axon. These other muscles 

are probably used in adjusting the tonus of the thoracic box and are 

not important in generating flight patterns (Wilson, 1962).

Fig. 2 is a representation of the musculature seen by opening 

the mesothorax of the locust, according to Campbell (1961). Muscle 

numbering is that of Campbell (1961). The innervation and electrical 

activity of some of these muscles has been investigated by Kutch and 

Usherwood (1970), and some of their observations are listed in the
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Fig. 2. General view of the musculature of the right side of the 

mesothorax of Locusta, based on Campbell (1961).

Muscles are numbered according to Campbell (1961). 

Innervation of muscles {Locusta and Schistocerca) 

according to Kutch and Usherwood (1970).

Muscle No 

60

81

90

91

Neurally evoked response 

1 fast excitatory 

1 slow 

1 fast 

3 fast 

1 fast 

1 slow

1 inhibitory

1 fast excitatory 

r slow

1 inhibitory

2 fast excitatory

Muscle response 

tonic

twitch 

twitch 

tonic/twitch

twitch

tonic

twitch

tonic

tonic

twitch

twitch
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.90

ICI
98
100

60 93
87 88
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legend to Fig. 2. It is apparent that both fast and slow excitatory 

and inhibitory axons are present. As locust thoracic muscle is 

relatively abundant it was considered a source of nerve-ending material 

for biochemical studies on the insect neuromuscular junction, described 

in this thesis.

6. The Insect Neuromuscular junction

a) General structure

At the neuromuscular junction an associationis established 

between the terminal of one or more motor axons and the surface of the 

muscle cell, across which the signal received from the CNS may be trans

mitted, ultimately eliciting a response from the contractile mechanism 

of the fibre.

Insect muscles, unlike those of vertebrates, receive several 

motor terminals on each fibre. Multiple endings on single fibres were 

first described by Foettinger (1880). In flight muscles they are about 

80pm apart (Marcu, 1929), 40pm in cockroach leg muscles and 60pm in 

locust and grasshopper (Hoyle,1865a,b;1955a,b). Hoyle (1955a) 

observed nerve endings on the locust extensor tibiae muscle as fine 

twigs passing between muscle fibres and running parallel to the axis 

of the unit giving off still finer twiglets at intervals of 50-100Pm 

on all sides. These fine, claw-like structures could be gently teased 

away from the fibre surface as no glial sheath cells were present at 

the points of attachment. The regions of innervation usually straddle 

the Z-discs of the muscle fibres where the T-system is well-developed 

(Cochrane and Elder, 1967; Osbourne, 1970).
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Three types of synaptic contact have been distinguished under 

the light microscope (Osbourne, 1970). Synapsing axons may lie in 

grooves on the surface of the muscle fibre, e.g. locust metathoracic 

depressor tibiae muscle (Usherwood, 1967), and wasp, Vespula, leg 

muscle (Edwards, 1958a). Axon terminals may make synaptic contact 

with projections from the muscle surface, (Doyeres cones) e.g. locust 

retractor unguis muscle (Rees and Usherwood, 1972) and honey-bee.

Apis, femoral muscle (Smith and Treherne, 1963). In some cases axons 

may be completely enveloped by the^muscle cell, e.g. beetle, Tenebrio, 

flight muscle, (Smith, 1960). In the latter case the axon terminals 

have no glial sheath investment. A variety of neuromuscular junction 

types are summarised by Osbourne (1970) for different insect species. 

All three types of junction have been found in locust muscles 

(Osbourne, 1970).

The electron microscope confirmed the multiterminal nature 

of the neuromuscular junction (Edwards et al., 1958a, Edwards, 1959) 

subsequently followed by numerous comparative structural studies in 

different insects; (for reviews see Osbourne, 1970; 1975; and Piek 

and Djie Njio, 1979).

The most detailed study of muscle innervation in insects is 

that of Rees and Usherwood (1972) obtained by serial section of the 

femoral part of the retractor unguis muscle in locusts. This muscle 

receives two excitatory axons, each of which makes contact with muscle 

fibres at intervals of lO-lOOpm so that there are about 5000 axon 

terminals in total. Each terminal is 15-30ym in length with 5-30 

synaptic contact areas which are arranged in spiral fashion over the
I

surface of the nerve ending. This muscle therefore receives about
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10( 0̂00 synaptic contacts from the two motor axons. A diagrammatic 

representation of multi terminal innervation is shown in Fig. 3.

b) Ultrastructure

The insect neuromuscular junction shows structural features 

similar to those for interneuronal synapses i.e. glial cell investment 

of the terminal axon, a presynaptic region (axon terminal), synaptic 

cleft and postsynaptic membrane.

The glial cells, called sheath cells at neuromuscular junctions, 

have processes which are often arranged in a spiral configuration 

around the axons, these cells themselves being covered by a basal 

lamina in which tracheoles are often embedded. The glial sheath 

protection is absent from the synaptic areas where there is close 

apposition of the axonal plasma membrane and the sarcolemma. In 

honey bee. Apis, flight muscle, for example, the basal lamina of the 

glial sheath coalesces with that of the sarcolemma just before the 

junction (Smith and Treherne, 1963). In some cases, as in the blowfly 

larva. Phormia, the axon terminal has no glial sheath investment and 

only the basal lamina separates it from the circulating haemolymph 

(blood), (Osbourne, 1967). The axon terminals themselves contain 

large numbers of spherical, electron-lucent synaptic vesicles varying 

in diameter from 0.02-0.06pm. Atwood et al. (1969) distinguished 

between cockroach extensor tibiae fast and slow axon synapses by the 

different diameter of the terminals, fast axon terminals having a larger 

diameter than those of the slow axons. The fast axon terminals also 

formed more synaptic contacts. In Crustacea it has been suggested that 

inhibitory terminals contain flattened vesicles (Atwood and Jones,

1967). However, differing shapes and sizes of vesicles could be due
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Fig. 3. Diagranmatic representation of multiterminal innervation of 

locust leg muscle.

Each muscle fibre receives more than one nerve terminal and 

they lie between the fibres (Rees & Usherwood, 1972).
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to artifacts of the tissue fixation procedure. No such distinguishing 

features have been observed in insects.

At the insect neuromuscular junction the synaptic vesicles 

are usually clustered into groups associated with electron-opaque 

bodies (0.04pm) that are adpressed to the axonal membrane (Osbourne,

1967; 1970). The vesicles appear to be connected to these structures 

by fine, filamentous material (Atwood et al., 1969; Osbourne, 1970;

Rees and Usherwood 1972). It is generally accepted that the trans

lucent synaptic vesicles contain the transmitter substance (Piek and 

Djie Nijo, 1979).

Other axcplasmic organelles found in neuromuscular terminals 

are mitochondria, neurosecretory droplets (0.1-0.4pm), microtubules, 

endoplasmic reticulum, microvesicular bodies and structures consisting 

of concentric layers and whorls of membranes (Osbourne, 1970). The 

latter could be derived from mitochondria and they sometimes contain 

vesicles resembling the typical synaptic vesicles (Osbourne, 1975).

Atwood et al. (1971) has observed dense-core vesicles of 0.1-0.15pm 

diameter and glycogen particles are also often present (Osbourne, 1970).

The synaptic cleft varies in thickness from 0.005pm in the 

beetle, Ténehrio^ flight muscle (Smith, 1960), 0.012pm in the wasp, 

Vespula, (Edwards et al., 1958a), 0.015pm in the blowfly. Phormia, 

(Osbourne, 1967) and 0.025pm in locusts, Schistocerca, and stick insects, 

Carausius, (Osbourne, 1970). The cleft may contain electron-opaque 

material e.g. in the blowfly larva, Calliphora,the synaptic cleft 

contains electron-dense material; in locust, only a thin electron-dense 

layer adheres to the muscle membrane (Osbourne, 1970). Histochemical 

studies reveal that this material may contain acid mucopolysaccharides 

capable of binding positively charged ions and molecules (Osbourne, 1975),
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A very characteristic structural difference between some 

insect neuromuscular junctions and other synapses is the presence in the 

former of a subsynaptic reticulum, which consists of invaginations of 

the sarcolemma of the muscle.cell. It was first described in cicada, 

Tubicen, flight muscle (Edwards et al., 1958b) and later in the beetle, 

Tenebrio, flight muscle (Smith, 1960) and the bodywall of blowfly larva, 

Calliphora, (Osbourne, 1967). The subsynaptic reticulum may be 

involved in conduction of excitatory activity (an elaboration of the 

T-system) or possibly amplify the spread of the action potential 

(Osbourne, 1975). The sarcoplasm at the neuromuscular junction 

usually contains multivesicular bodies and granules (0.005-0.015pm 

diameter) which are known as aposynaptic granules, originally thought 

to be involved with enzymic degradation of the transmitter (Edwards 

et al., 1958a), This seems unlikely as they are not always present 

(O'Connor et al., 1965; Usherwood, 1967).

c) Nerve-muscle transmission

In the resting condition muscle cell membranes are electrically 

polarised so that the inside of the cell is a few tens of millivolts 

negative with respect to the outside. The internal negative charge 

results from an imbalance in the distribution of ions, particularly sodium 

and potassium^across the cell membrane. The potential difference 

(resting potential, or RP) developed across the muscle membrane 

approaches the equilibrium potential but also reflects the perme

ability of the membranet»Na , and Cl , Mg^ and Ca^ also make significant 

contributions. The RP is maintained by the energy-dependent Na^, K^- 

ATPase which actively extrudes Na^ ions in exchange for the accumulation 

of ions. The RP in invertebrates is lower than in
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vertebrate skeletal muscle, averageing about -60mV in a wide variety 

of insects (Hoyle, 1965b).

Neuromuscular synapses are thought to work in much the same 

way as interneuronal synapses. Fatt and Katz (1951) were first to 

explain the generation of EPSPs at vertebrate neuromuscular junctions. 

Each action potential causes release of transmitter from the axon 

terminal which opens ion channels in the muscle membrane through 

binding to a specific postsynaptic receptor. The resulting current 

flow is either depolarising (at excitatory synapses) or hyperpolarising 

(at inhibitory synapses). Depolarisation currents affect the 

permeability of the adjacent, non-synaptic regions of the muscle 

membrane so that the effect spreads and, via the T-system, reaches 

the interior of the muscle fibre and activates the contraction 

mechanism. Hyperpolarising currents reduce the depolarising effect 

of the excitatory synapses and inhibit contraction. In insects the 

evoked EPSP spreads decrementally for only a short distance, hence 

the multi-terminal innervation of muscle fibres and the ability of 

graded responsiveness.

d) The ionic basis of EPSPs and IPSPs

Depolarisation (i.e. the production of an EPSP by the 

excitatory transmitter) involves a sequence of rapid ionic events:

i) a rapid increase in Na^ permeability leading to an

influx of Na^ ions across the postsynaptic membrane,

ii) a secondary decrease in Na conductance,

iii) a slower, maintained increase in K conductance

(K^ ions leaving the cell allow the membrane to repolarise).

The Na^ and ion balance is maintained by the plasma
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membrane enzyme Na , K -ATPase which functions during the refractory 

period between successive muscle spikes to re-establish the high 

internal K /low internal Na levels.

Inhibitory postsynaptic potentials (IPSPs) are generated at 

inhibitory axon terminals through release of the inhibitory trans

mitter. The muscle membrane at these synapses becomes more permeable 

to Cl ions such that the membrane becomes more negatively charged 

i.e. hyperpolarised.

e) Excitation-contraction coupling

The sequence of events leading to muscle contraction has 

been summarised by Aidley (1975):

depolarisation of surface membrane
•I'

spread of depolarisation along T-system 
2^release of Ca ions from the SR
iactivation of actomyosin ATPase

interaction of actin and myosin filaments to produce 

contraction

Synchronous flight muscle, such as that in locusts, is more sensitive 
2+to Ca concentrations which correlates with a more highly developed 

SR (Aidley 1975; Mordue et al., 1980).
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7. The Vesicle Hypothesis and Neurotransmitter Release

From studies mainly in the vertebrate CNS it is widely 

accepted that neurotransmitters are stored in vesicles in the 

presynaptic terminal and that presynaptic depolarisation causes 

them to be released into the synaptic cleft in discrete packets 

or quanta by a process of exocytosis (Del Castillo and Katz, 1954; 

reviews by Osbourne, 1975; Israël, 1979). Secretion of transmitter 

quanta normally occurs spontaneously at a low frequency (Fatt and 

Katz, 1952) and is considered to be responsible for the appearance of 

miniature excitatory postsynaptic potentials (mEPSPs). Arrival of 

the action potential transiently increases the number of reactive 

sites on the presynaptic membrane and collisions of the vesicles on 

this membrane (Katz, 1962) allowing release of sufficient neuro

transmitter to depolarise the postsynaptic cell membrane.

The vesicular hypothesis relies on three assumptions:

a) the synaptic vesicles must be free to move at random within 

the nerve terminal cytoplasm,

b) the vesicles should have unimpeded access to the presynaptic 

membrane,

c) fusion between vesicular and neuronal membranes should be 

possible in order to allow exocytosis of transmitter.

Direct structural evidence for exocytosis has been obtained 

for neurosecretory neurons and for the release of catecholamines from 

the adrenal medulla and from adrenergic neurons (references in 

Osbourne, 1975). The situation is less clear for electron-lucent 

vesicles secreting acetylcholine or L-glutamate. These transmitters 

may have cytoplasmic as well as vesicular pools (Section C, 2) and 

may be released via a membrane "gating" mechanism (Israel et al., 1979)
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The presynaptic dense projections associated with the vesicles may 

act as a store of transmitter ready for immediate release via ion 

"gates" upon arrival of the action potential (Osbourne, 1975).

Structural studies on neuromuscular synapses in insects 

suggest that the vesicles are not able to move freely in the cytoplasm 

since they appear to be linked into a meshwork of fine, filamentous 

material (Usherwood and Rees, 1972; Osbourne, 1975). Usherwood and 

Rees (1972), demonstrated non-random distribution of vesicles in 

locust neuromuscular junctions and measured correspondingly non-random 

mEPSPs. It is also clear that in several insect species the 

vesicles are situated close to electron-dense bodies in the synaptic 

region and are not directly adjacent to the presynaptic membrane 

(Osbourne, 1975). Available evidence also shows that plasma and 

vesicle membranes are different in structure and chemical composition 

(Osbourne, 1975; Israel et al., 1979). However arguments in favour 

of fusion and coalescence of vesicles into the presynaptic membrane 

are based on observations of an increase in the presynaptic membrane 

under conditions where the number of vesicles is rapidly reduced. 

Endocytosis has been demonstrated by the uptake of extracellular 

markers (Israël et al., 1979 for references). It is clear therefore 

that the mechanism of transmitter release is unresolved, particularly 

in the case of invertebrate nerve-muscle synapses.
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Section B

1. L-glutamate as the Excitatory Transmitter at the Invertebrate

Neuromuscular Junction

a) Electrophysiological evidence

It has long been established that acetylcholine is the

transmitter at the vertebrate skeletal muscle end-plate (Dale et al.,

19 36) and much of the early pharmacological studies of insect nerve-

muscle preparations concerned attempts to establish whether this was

also true for the invertebrates. Acetylcholine (and cholinergic

effectors) were shown to have no effect on isolated preparations of
-1

locust jumping leg up to concentrations of 10 M (Harlow, 1958), 

neither did it have any effect on mEPSPs or contractions of cock

roach leg muscles (Kerkut and Walker, 1966; Faeder et al., 1970). 

Similarly catecholamines and tryptamine analogues were ineffective 

(Hill and Usherwood, 1961).

Folllowing the observations that L-glutamate excited 

crustacean muscles (Robbins, 1958; Takeuchi and Takeuchi, 1964), it 

was shown to induce depolarisations and contractions of insect muscles 

(Kerkut et al., 1965,b) and it has now become generally accepted that 

L-glutamate is the transmitter at many insect excitatory neuromuscular 

synapses.

A major problem in accepting glutamate as a transmitter is 

its ubiquitous distribution in all tissues. It is therefore necessary 

to postulate the existence of a specific pool of neurotransmitter 

glutamate (Van den Berg and Garfinkel, 1971). Before a substance can 

be accepted as a transmitter, several criteria mustJbe met (Florey, 

1961; Werman, 1966).
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i) The transmitter candidate should be synthesised and stored 

in the nerve terminals,

ii) It should be released from the nerve terminals by neural

stimulation in amounts proportional to the number of stimuli 

and to its biologically effective concentration,

iii) Specific receptors for the transmitter should be present on 

the postsynaptic cell,

iv) A specific mechanism for removing the transmitter candidate 

from the synaptic cleft should exist, 

v) It should mimic the action of the natural transmitter at the 

synapse and should interact with agents at the postsynaptic 

membrane in the same way that those agents interact with the 

natural transmitter.

The following discussion will present evidence that L-glutamate 

satisfies some of these criteria.

Kerkut et al. (1965b) and Usherwood and Machili (1966), 

using the perfused leg of the cockroach, Periplaneta, found that L- 

glutamate enhanced nerve-evoked contractions; it was more potent than 

D-glutamate or L-aspartate. Higher concentrations elicited contractions 

in the absence of neural stimulation (Usherwood and Machili, 1966). 

Glutamate increased the amplitude and frequency of both contractions 

and mEPSPs. Since these early studies involved perfused preparations 

it was difficult to determine the site of action of glutamate. This 

was overcome by Kerkut and Walker (1967) and Berânek and Miller (1968) 

by application of L-glutamate iontophoretically, that is from a fine 

micropipette which could be located at precise points on the muscle.

By careful placement of the micropipette onto the leg muscles of 

cockroaches and locusts the latter authors were able to locate areas
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of high glutamate sensitivity which coincided with the synaptic contact 

areas. The muscle membrane was sensitive only to applications of 

glutamate from the outside and not from the inside of the fibres.

Similar experiments were performed on denervated muscle, to eliminate 

the possible participation of nerve-endings in the production of 

glutamate potentials, and similar glutamate-sensitive areas were 

located. These areas were not sensitive to D-glutamate. Furthermore, 

the equilibrium potential of these glutamate potentials coincided with 

the equilibrium potential of the mEPSPs.

Usherwood et al. (1968) demonstrated that neuromuscular trans-
2+ . 2+mission in locusts was potentiated by Ca ions and depressed by Mg

ions. They suggested control of transmitter release by these ions,

especially since glutamate release was proportional to Ca^* concentration

Dowson and Usherwood (1973a), using locust, Schistocerca, leg muscles,
-7showed that iontophoresis of 10 M glutamate increased mEPSP frequency

(but not amplitude) by 32% and that this increase could be reduced to
2+zero by increasing the Mg concentration. Hence they demonstrated 

that low concentrations of glutamate act presynaptically by facili

tating transmitter release as well as impulse-linked release. Small 

conditioning pulses of glutamate caused initial potentiation of test 

glutamate responses, also indicating a presynaptic effect, but on 

increasing the conditioning dose, a rapid desensitisation of the 

postsynaptic membrane occurred (Daoud and Usherwood, 1978).

Denervation of locust muscle causes increased sensitivity 

to L-glutamate over the non-synaptic areas of the muscle (Usherwood,

1963a,b; 1969; Cull-Candy 1975; 1978). This parallels the spread of 

acetylcholine sensitivity in denervated vertebrate skeletal muscle 

(Axelsson and Thesleff, 1959) and thus lends support to the argument
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of L-glutamate being the native transmitter in arthropod muscle.

That glutamate responses are still obtained after denervation 

indicates the existence of postsynaptic receptors for this substance 

on the muscle membrane.

Further evidence for glutamate as transmitter has come from 

measurement of reversal potentials (E ) and transmitter noise. 

Transmitters, which function by increasing ion conductances across cell 

membranes, have characteristic reversal potentials i.e. a membrane 

potential at which there is no net flow of ions (i.e. no current) when 

the transmitters are applied. The E for a particular transmitter 

depends on which ion fluxes predominate in the permeability changes 

induced by that transmitter. The E for glutamate potentials and that 

for mEPSPs was found to be similar for the coxal adductor muscle of 

Schistocerca and Locusta (Berânek and Miller, 1968), thus suggesting 

that L-glutamate and the natural transmitter are identical in this 

muscle.

The ionic events underlying the EPSP and glutamate response 

of insect muscle have been analysed using voltage-clamp techniques 

(Anwyl and Usherwood, 1974a,b; 1975a, b; Anderson et al., 1976;

Anwyl, 1977a). The reversal potentials for the EPSP current and the 

glutamate current were +3mV and +4mV respectively (Anwyl, 1977a).

Both events were associated with an increased permeability to Na^ and 

ionSt No glutamate current could be recorded in Na -free 

Ringer solution. lontophoretic application of L-glutamate depolarised 

the neuromuscular junctions of Drosophila larvae when applied close to 

the nerve-endings (Jan and Jan, 1976). The E s  for EPSP and L-glutamate 

in this case were identical ('v - ImV) and changed similarly on
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varying the ionic composition of the external medium.

Transmitter noise arises as a result of random variations 

in collision rate between transmitter and receptor molecules and 

results in minute fluctuations in membrane conductance. Glutamate- 

activated membrane channels (glutamate channels) are believed to be 

responsible for the EPSP at the insect neuromuscular junction.

Analysis of the current noise produced by application of glutamate 

to excitatory synapses on locust muscle by Anderson et al. (̂ 1976; 1978 ) 

and Patlak et al. ^1979^ has determined the channel conductance and 

open times. Different glutamate agonists were found to alter the 

mean channel open times (Clark et al., 1979a). A good correlation 

between values for open times observed for the putative and natural 

transmitter provided strong evidence for the two being identical.

b) L-glutamate release

An important criterion to be met for a putative transmitter 

is that it should be neurally released from nerve endings.

Kerkut et al. (1965a) reported that glutamate could be 

detected in the perfusate from stimulated nerve-muscle preparations 

of the snail, Helix, the crab, Carcinua^ and the cockroach, Peri

planeta. Furthermore the amount released was proportional to the 

number of stimuli applied. Usherwood and Machili (1968) also 

detected glutamate in perfusates from isolated locust retractor 

unguis muscles, together with glycine, alanine and aspartate.

However, only L-glutamate increased in concentration during stimu

lation of the retractor unguis nerve. More recently Daoud and 

Miller (1976) cast some doubt on these results. Using nerve-muscle 

preparations from Carcinus and Schistocerca, they reported release
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of many amino acids on stimulation in amounts too great to have 

originated from small nerve terminal pools. They concluded that 

stimulation caused a general release of amino acids probably from 

metabolic compartments within the muscle fibres which would mask any 

specific release from a synaptic pool. Their data serve to indicate 

that conclusions from such release experiments should be interpreted 

with caution especially where the ubiquitous amino acids are concerned

In spite of the problems associated with the above type of 

experiment, additional support for the vesicle hypothesis of trans

mitter release from insect excitatory motor neurons has come from 

studies of transmitter release following nerve transection. The 

changes in spontaneous release of transmitter which occur during nerve 

degeneration can be related to known changes in numbers and dis

tribution of synaptic vesicles in the axon terminals of the locust or 

cockroach retractor unguis muscles. (Usherwood et al., 1968; Rees and 

Usherwood, 1972; Usherwood and Rees, 1972; Usherwood, 1973b). The 

mEPSPs cease when the axon terminals become devoid of vesicles. 

Cull-Candy et al. (1973) found that locust axon terminals exposed to 

black widow spider venom for several hours showed initially "giant" 

mEPSPs, related to clumping of vesicles adjacent to the presynaptic 

membrane, followed by an overall decline in mEPSP frequency in 

terminals shown to be devoid of synaptic vesicles. Similarly,

McKinley and Usherwodd (1973) showed that "fatigued" locust retractor 

unguis muscle synapses contained fewer, smaller, and less regularly 

shaped vesicles than normal synapses. Recently, studies of the fast 

axon terminals of Locusta extensor tibiae muscle fibres have confirmed 

the correlation between muscle fatigue and alterations in numbers and 

shape of synaptic vesicles with the added information that after Ih



29.

rest the "recovering" axon terminals closely resemble the controls 

(Botham et al., 1979a,b).

c) Transmitter inactivation

At vertebrate neuromuscular junctions the released acetyl

choline is rapidly hydrolysed by the synaptic enzyme, acetylcholin

esterase. Usherwood and Machili (1968) attempted to investigate a 

similar inactivating role for the enzyme glutamate decarboxylase (GAD) 

which is known to be present in insect nerve tissue (Frontali, 1961). 

They found that GAD included in the perfusion medium depressed the 

neurally evoked contractions of locust retractor unguis muscles. 

Conversely, phenylhydrazine hydrochloride, which inhibits GAD (thus 

preventing glutamate breakdown) increased the amplitude of the neurally 

evoked mechanical responses, and evoked repetitive contractions 

(Usherwood & Machili, 1968). McDonald (1972) and Dowson and 

Usherwood (1973b) later showed that the effects of phenylhydrazine 

were non-specific, resulting from its autooxidation, since in the 

presence of ascorbate, phenylhydrazine had little effect on the EPSP 

or neurally evoked contractions. These results argue against 

enzymic inactivation of glutamate, the more so since GAD produces 

G ABA from glutamate, which is itself a neuroactive substance.

The alternative of active uptake of transmitter from the 

synaptic cleft (established as an amino acid inactivating system in 

mammalian CNS, Section C,l) seems to be a more likely inactivation 

mechanism. Faeder and Salpeter (1970) and Salpeter and Faeder (1971) 

studied the selective uptake of L-glutamate by isolated nerve-muscle 

preparations of the cockroach. By chemical analysis and electron 

microscope autoradiography they obtained detailed information on the
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r3 -Ilocalisation and quantity of [_ H|-L-glutamate taken up during 

incubation of these preparations. Pre-stimulated preparations showed 

sequestration of labelled L-glutamate most notably in glial cells 

but also by axons and muscle fibres. Incubation without stimulation 

produced a more uniform distribution of radioactivity only slightly 

enhanced in the glial cells associated with axon terminals. These 

results have been confirmed by Botham et al. (1978; 1979c) for 

excitatory axon terminals of Locusta extensor tibiae muscle. They 

suggested that increased uptake of labelled L-glutamate after stimu

lation correlated with recovery of vesicle numbers. In preparations 

stimulated to fatigue, radioactivity was also sequestered into the 

cytoplasm of axon terminals (Botham et al., 1978). Autoradiographic 

techniques are subject to statistical errors however and the above 

results should not be taken as exclusive proof of the existence of a 

specific uptake system for L-glutamate. Such a system would require 

a high affinity uptake of amino acid to account for the short time 

course of the synaptic current associated with the EPSP (Usherwood and 

Machili, 1968).

Uptake of L-glutamate has been described by Iversen and 

Kravitz (1968) in crustacean nerve-muscle preparations, in 

crustacean peripheral nerves (Evans, 1973), insect CNS (Evans,1975) 

and crustacean and insect muscle and nerve (Miller, 1973). In the 

crab, Carcinus, and the cockroach, Periplaneta, L-glutamate uptake 

showed both.Na^-sensitive and Na^-insensitive components. The Na*- 

sensitive component showed saturation, temperature dependence and 

specificity for L-dicarboxylic acids. The Na -insensitive component 

was linearly related to glutamate concentration. These facts suggest 

that Carcinus nerve possesses an active uptake process for L-glutamate
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which is apparently dependent on the energy provided by a Na^ 

gradient across the muscle cell membrane. L-glutamate uptake by 

muscle of the crab, Maia, is also dependent on external Na^ (Baker 

and Potashner, 1971). Uptake of several amino acids by crab,

Carcinus/ and locust, Schistocerca, nerve-muscle preparations has 

been measured by Miller (1973). Net glutamate uptake into both muscle 

and nerve trunks was found to require Na , was stereospecific for 

L-glutamate and inhibited by L-aspartate.

Attempts to localise the site of amino acid uptake in 

insect muscles at the subcellular level are reported in this thesis 

and provide further evidence for the role of L-glutamate as the excitatory 

transmitter at the locust neuromuscular junction.

d) Evidence against L-glutamate as transmitter

A characteristic feature of the biochemistry of insects is 

the high free amino acid (and small peptide) concentrations to be 

found in haemo lymph (Chen, 1962). The concentration of free amino 

acids in haemolymph is generally 10-50 times greater than in verte

brate blood, whereas in other invertebrates, such as the lobster and 

crayfish, levels are similar to those of the vertebrates. The com

position of haemolymph varies widely and shows sexual and dietary 

differences. The amino acid composition may vary depending on the 

age, developmental or reproductive stage of the insect. For example, 

high free amino acid levels can be found in insects about to undergo 

metamorphosis requiring rapid protein synthesis (Chen, 1962;

Levenbook, 1966).

Recently free amino acids have been measured in invertebrate 

CNS. Taurine, alanine, glycine, GABA, proline, glutamate and aspartate



32.

are present in the nervous system of several spider species (Meyer 

et al., 1980) and the same free amino acids have been demonstrated 

to be present in the cerebral ganglia of the polychaete. Nereis,

(Jost et al., 1981).

Chemical analysis of insect haemolymph which bathes the

muscles indicates that haemolymph glutamate concentrations are
-4sufficiently high (5.8 x 10 M) not only to depolarise muscle membranes,

but also to cause desensitisation of receptors on the postsynaptic

membrane to the action of neurally released transmitter (Clements
2+ 2+and May, 1974a). They found that haemolymph Ca and Mg ions could 

sequester only 20% of blood glutamate. These authors therefore con

cluded that the neuromuscular junction must be protected by a 

physical barrier (i.e. a sheath) from exposure to the circulating 

glutamate. This barrier could be disrupted during dissection as 

isolated retractor unguis muscle preparations were more sensitive 

to L-glutamate than perfusions in situ.

It has also been suggested that glutamate in haemolymph 

could be bound in a pharmacologically inactive form (Miller et al.,

1973) or compartmentalised inside haemocytes (Evans and Crossley, 1974). 

Miller et al. (1973) found that fresh, whole blood from locusts did not 

cause retractor unguis preparations to contract even though the 

measured total L-glutamate was high. However, when stored at room 

temperature for varying periods of time, the haemolymph developed 

pharmacological activity suggesting that some form of bound L-glutamate 

was being released.
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The problem of haemolymph glutamate has been resolved more 

recently by Irving et al. (1976) who found only low levels of L- 

glutamate in locust haemoplasm and haemocytes and suggested that the 

higher levels found by other workers reflected artifacts in the 

methods of estimation used to measure L-glutamate. It seems likely 

that both sheath protection and some "inactive" form of haemolymph 

glutamate provide an answer to the problem.

The above evidence provides strong support for L-glutamate 

as the natural excitatory transmitter at the neuromuscular junction in 

a number of insect species. Evidence for pre- and postsynaptic 

receptors for L-glutamate on insect muscle is presented in Section B,

4, and biochemical evidence on the location of glutamate-metabolising 

enzymes and uptake sites will be described in the Results section.

2. GABA as Inhibitory/Transmitter at the .Insect Neuromuscular Junction

GABA, the a-decarboxylation product of L-glutamate (Fig. ,4 ), 
has been more readily accepted as a putative transmitter at insect 

nerve-muscle synapses because it occurs in small quantities in insect 

nerve tissue and is known to be inhibitory in crustaceans and 

mammals (Usherwood, 1973a).

Inhibitory postsynaptic potentials (IPSPs) have been 

recorded from leg muscles of locusts and grasshoppers (Usherwood and 

Grundfest, 1964; 1965; Usherwood, 1968) and cockroaches (Kerkut et al., 

1965,b) known to receive inhibitory innervation (Section A, 4). 

Usherwood and Grundfest (1964; 1965) established that hyperpolar

isation of the muscle membrane was due to a transient increase in 

permeability to Cl ions, since removal of Cl from the bathing 

medium or equilibration of the muscle in a high KCl solution.
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abolished the IPSP. The reversal potential (E ) for the IPSP and 

GABA response averages -70mV and is close to the resting potential 

(RP) of the muscle membrane, (-60mV). It seems therefore that the 

function of the IPSP is to clamp the membrane potential of the 

muscle fibre close to its RP. The RP value of the muscle membrane can, 

however, vary with the haemolymph ion concentration (Usherwood,

1968). Hence the IPSP, more usually hyperpolarising, may be depolar

ising in some instances, varying with the RP value. For example, 

depolarising IPSPs can be obtained from grass-fed locusts, a diet 

which increases haemolymph levels (Usherwood, 1968).

""6GABA (5 X 10 M) markedly reduced the neurally evoked 

contractions of muscles in the perfused cockroach leg and was also 

able to reduce the effectiveness of L-glutamate in causing these
_7

muscles to contract (Kerkut et al., 1965,b). GABA (10 M) reduced 

EPSPs and neurally evoked contractions in locust and grasshopper muscle 

(Usherwood and Grundfest, 1964; 1965). Furthermore, picrotoxin
-5

(> 10 M), a GABA antagonist, blocked both the IPSP and the effects 

of GABA but did not affect the EPSP, (Usherwood and Grundfest, 1965; 

Faeder and O'Brien, 1970). Brookes and Werman (1973) demonstrated 

a linear relationship between membrane conductance and GABA concentration 

in locust flexor tibialis muscle.

Miniature IPSPs (mIPSPs) have been recorded from locust 

muscles (Piek and Mantel, 1970) and cockroach (Kerkut and Walker, 1966; 

1967; Smyth et al., 1973). Low Ca^* and high Mg^^ diminish the IPSPs 

(Smyth et al., 1973) which supports the vesicle hypothesis of 

quantal release of transmitter.

lontophoretic techniques have shown that GABA responses are 

confined to inhibitory synapses on locust muscle ( Usherwood, 1973a)
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and are restricted to muscle fibres innervated by slow excitatory 

axons (Usherwood and Grundfest, 1964; 1965). This latter fact is of 

interest in view of the graded responsiveness of this type of fibre. 

There is also some evidence of denervation supersensitivity to GABA 

(Usherwood and Cull-Candy, 1975).

No uptake system for GABA has been described for insect 

muscle but a high affinity uptake has been reported in crustacean 

muscle (Iversen and Kravitz, 1968). The bulk of evidence therefore 

strongly favours GABA as the natural transmitter at the invertebrate 

inhibitory nerve-muscle synapse.

3. L -aspartate as a Transmitter in Invertebrate Muscle

There is limited evidence for a neurotransmitter role for

L-aspartate in insect muscles. This amino acid is one of the most

effective natural acidic amino acids after L-glutamate at insect

excitatory neuromuscular junctions; however, the threshold concentration 
-4(10 M) for L-aspartate responses is about 1000 times higher than 

for L-glutamate (Kerkut et al., 1965b; Usherwood and Machili, 1968; 

Clements and May, 1974b). Dowson and Usherwood (1973a) found that
-7

low concentrations (10 M) of L-aspartate increased the frequency of 

mEPSPs in locust externsor tibiae fibres after an initial decrease of 

the frequency below control values. The delayed increase in mEPSP 

frequency was sustained even upon prolonged application of L-aspartate. 

These authors proposed that low concentrations of L-aspartate were 

acting presynaptically without having a densensitising effect. Since 

L-aspartate could depress the EPSPs they also suggested that this 

amino acid could dilute the pool of transmitter glutamate and hence 

reduce its effect. In contrast to these results, Clements and May
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(1974 b) found L-aspartate to have no excitatory activity on locust 

retractor unguis muscle. Glutamate and aspartate have been found to 

function synergistically in lobster muscle, implicating separate 

binding sites for glutamate and aspartate in this tissue (Shank and 

Freeman, 1975).

The best evidence to date for a neurotransmitter, rather 

than a neuromodulator role for L-aspartate is that of Irving and 

Miller (1980 b). Using preparations of the fly, Musca, larval body 

wall muscles in which they had characterised fast and slow excitatory 

axons, they showed that ionophoretically applied L-aspartate produced 

a response at sites corresponding to slow excitatory neuromuscular 

synapses; applied L-glutamate produced responses at fast axon terminals 

The E s  for L-glutamate and L-aspartate were significantly different. 

The ion channels mediating these responses were also shown to have 

different characteristics (Irving, 1980 a).

4. Insect Muscle Receptors for ^mino Acids

a) Evidence for postsynaptic glutamate receptors

Receptors are membrane proteins which when activated by 

binding of an agonist produce changes in the properties of the 

membrane which lead to a specific response. Amino acid receptors 

are associated with Na^ and Cl ionophores and the specific response 

is related to the selected ion-permeability change through the membrane.

Evidence for postsynaptic receptors on insect muscle can be 

summarised as follows:

i) L-glutamate is ineffective if applied to the inside of the 

muscle cell.
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ii) Muscle fibres are responsive to excitatory and inhibitory

amino acids after denervation.

iii) Denervation causes an increase in L-glutamate sensitivity

(analogous to the spread of acetylcholine receptors over

denervated vertebrate muscle).

iv) Depolarisations and contractions can be obtained by

application of L-glutamate when transmitter release is
2+inhibited by high Mg or when presynaptic vesicle 

populations are reduced by treatment with black widow spider 

venom.

v) Direct evidence from receptor binding studies is available.

b) Structure/activity studies

Studies with invertebrate amino acid receptors have proved 

to be complex. Structure/activity studies on the amino acids and 

related compounds, capable of stimulating twitch contractions in the 

locust retractor unguis muscle, have been made by Usherwood and 

Machili (1968) and Clements and May (1974 b). L-glutamate was the 

most potent compound tested. Excitatory activity was found to 

require possession of two acidic carboxyl groups separated by two or 

three carbon atoms, and a basic amino group, a to one carboxyl. An 

L-configuration appeared to be essential. Substitution of any of the 

ionised groups reduced activity, indicating that three charged groups 

are essential for activity. Such a requirement fits the three-point 

receptor proposed by Curtis and Watkins (1960) to account for the 

excitatory and inhibitory actions of amino acids on the vertebrate 

CNS, (Fig. 5a). Van Gelder (1971) suggested that if aspartate and 

glutamate took up their unfolded conformations, the three active 

groups could not interact with the same receptor whereas in the
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Fig. Sa. The composite receptor proposed by Curtis and Watkins (1960) 

to explain the excitatory (3-point attachment) and 

inhibitory (2-point attachment) actions of amino acids in 

the vertebrate CNS.
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folded conformation they could do so (Fig. 5b). A modified "folded" 

conformation receptor favouring binding of L-glutamate preferentially 

could therefore explain the relative activities of various glutamate 

and aspartate analogues on insect muscle. Such receptors appear more 

specific in their requirements than those on mammalian central neurons 

where isomer specificity is less rigid and substitution of ionised 

groups does not necessarily reduce activity (Curtis & Watkins, 1960).

A spectrum of amino acid receptor types has indeed been 

demonstrated on insect muscle which are heterogenous in terms of 

pharmacological properties (Section B, 4,f) and the ionophores they 

gate (Usherwood and Cull-Candy, 1975; Usherwood, 1980; Nistri and 

Constanti, 1979). Reviews of amino acid receptors in excitable 

tissues are presented in Buu et al. (1976), and Leake and Walker,

(1980).

c) Junctional receptors

Junctional (i.e synaptic) glutamate receptors gate iono

phores for Na^, K and Ca^^ (Anwyl and Usherwood 1974a'b; 1975a,b)i. It is 

now known that there are 3 pharmacologically distinct types of 

glutamate postsynaptic receptors at some excitatory synapses on 

locust muscle (Clark et al., 1979b; Oration et al., 1979a). One sub

population seems to have a high affinity for the fully extended 

glutamate conformation since it is activated by D,L-ibotenate 

(Fig. 4), a structural analogue of L-glutamate in its extended form 

(Lea & Usherwood, 1973a,b). A second sub-population of junctional 

receptors has highest affinity for L-aspartate, which suggests that 

it favours the fully-folded conformation of L-glutamate. The third, 

and largest population, apparently binds the partly folded con-
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formation of L-glutamate since it is not activated by D,L-ibotenate 

or L-aspartate. It is not clear whether sub-populations co-exist 

at individual excitatory synapses but all three types are sensitive 

to L-glutamate (Usherwood, 1980). Responses to D,L-ibotenate and 

L-aspartate are obtained from some locust denervated nerve-muscle 

preparations so these responses cannot be exclusively presynaptic 

(Usherwood, 1963b; Rees and Usherwood, 1972; Usherwood, 1973b).

d) Extrajunctional receptors

Extrajunctional (non-synaptic) glutamate receptors fall into 

two classes, namely those gating ionophores to Na^, and possibly 

Ca?*, and producing a depolarisation (D-receptors) and those gating 

Cl ionophores and producing a hyperpolarising response (H-receptors), 

(Cull-Candy and Usherwood, 1973; Usherwood and Cull-Candy, 1974). The 

extrajunctional D-receptors have the same E as the junctional receptors 

(Clark et al., 1979b). The population density of extrajunctional 

D-receptors is normally quite low, and is less sensitive to L-glutamate 

iontophoresis than the junctional membrane. D-receptor population 

density increases after denervation (Usherwood, 1969; Cull-Candy, 1978; 

Mathers and Usherwood, 1978b).

The extrajunctional H-receptor was first discovered during 

studies on the site and mode of action of D,L-ibotenate on locust 

muscles, where its effect is to increase Cl permeability of the 

extrajunctional membrane (Lea & Usherwood, 1970; 1973a,b).

Since hyperpolarising responses can be obtained from fibres 

not receiving inhibitory innervation, it follows that they do not 

result from activation of synaptic GABA receptors.
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These H-receptors are normally distributed over the entire 

extrajunctional membrane at low population density and do not increase 

after denervation (Cull-Candy, 1978; Usherwood, 1980). Fig. 6 

summarises the five known types of glutamate receptors on locust muscle 

A review of invertebrate glutamate receptors can be found in Nistri 

and Constanti (1979).

Clark et al. (1979b) proposed that the excitation produced 

by ibotenate at junctional membrane results from the activation of 

receptors for extended L-glutamate and in this respect, but not in 

respect of the ionophores they gate, the D-junctional ibotenate 

receptors are similar to the extrajunctional H-receptors. These 

junctional receptors sensitive to ibotenate may not be involved in 

transmission (Lea and Usherwood, 1973a).

The presence of sub-populations of receptors with binding 

requirements ranging between fully folded to fully extended glutamate 

might maximise transmission efficiency at these sites. Alternatively, 

it could be seen as failure to have developed more specific neuro

transmitter receptors as in higher orders of organisms.

e) Receptor desensitisation

Responses to L-glutamate can be reduced in amplitude during 

repetitive iontophoresis (Usherwood and Machili, 1968; Mathers & 

Usherwood, 1978b; Clark et al., 1979ç). Desensitisation of junctional 

and extrajunctional D-receptors, but not H-receptors, can be blocked 

by incubating locust muscle with the plant lectin, Concanavalin A 

(Con A) by an unknown mechanism (Mathers and Usherwood, 1976; 1978a). 

Since Con A is known to bind to carbohydrate residues this may
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Fig. 6. L-glutamate receptor sub-populations identified on locust 

muscle fibres by electrophysiological studies
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indicate structural differences between D and H receptors and/or iono

phores or may be due to an influence on cell surface proteins affecting 

receptor conformational changes which may underlie desensitisation. 

Selective Con A protection from desensitisation is therefore useful 

for studies on the ionic properties of individual receptor/ionophore 

complexes in locust muscle by the patch-clamp technique (Patlak et al., 

1979; Oration et al., 1979b). Junctional glutamate receptors are less 

readily desensitised than extrajunctional receptors, possibly 

because of a high affinity uptake mechanism at excitatory synapses 

(Faeder and Salpeter, 1970).

f) Receptor pharmacology

Usherwood and Machili (1968) studied the structure/activity 

relationship of amino acids and related compounds tested on locust 

retractor unguis muscle preprations. L-glutamate was the most active 

compound tested and was 1000 times more active than L-aspartate and 

D-glutamate. D,L-cysteate and D,L-homocysteate showed agonist 

activity only at high concentrations, and N-methyl-D,L-aspartate had 

no effect. A wide range of analogues was also tested by Clements and 

May (1974,b) on a similar preparation and they also found L-glutamate 

the most potent agonist. In contrast to the previous authors however, 

they found D-glutamate, L-aspartate and D,L-homocysteate ineffective in 

inducing muscle contractions. Since compounds were tested by bath 

application it is difficult to interpret their specificity in the 

light of subsequent knowledge of the multiple receptor types for 

glutamate over the entire muscle fibre membranes. What is clear, 

however, is that no specific agonists or antagonists are yet known for 

glutamate receptors, glutamate itself having the most potent effect on
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invertebrate skeletal muscle.

High concentrations of 5-hydroxytryptamine block EPSPs 

and muscle contractions (Hill and Usherwood, 1961) as do harmala 

alkaloids (Clements and May, 1974b; Dowson et al., 1975), but the 

action of these compounds is non-specific in that they have both pre- 

and postsynaptic effects. Pre- and postsynaptic effects have been 

observed for kainate, a rigid analogue of L-glutamate in partly 

folded conformation (Fig. 4; Daoud and Usherwood, 1975).

Cull-Candy et al. (1976) reported that D,L-2-amino-4-phos- 

phonobutyric acid (APB) antagonised glutamate responses on locust 

muscle in a competitive manner when both were applied iontophoretically 

(APB having no effect alone). However, bath-applied APB did not 

affect the iontophoretic glutamate response indicating that this 

compound was not a very potent antagonist. Other compounds showing 

weak antagonist properties include chlorpromazine and glutamate 

methyl and ethyl esters (Usherwood and Cull-Candy, 1975) .

''Ushetwood and Cull-Candy (1975) have tabulated the effects of 

various glutamate analogues, other dicarboxylic acids, enzyme 

inhibitors and natural toxins and venoms on insect muscle,(also reviewed 

by Nistri and Constanti (Ï979).

Studies of the action of toxins and venoms on nerve-muscle 

transmission in insects is limited (Leake and Walker, 1980). As with 

the glutamate analogues, their effects seem to be both pre- and post

synaptic. The venom of the Digger wasp blocks fast and slow EPSPs and 

reduces the frequency of mEPSPs, (Piek et al., 1971). Yellow scorpion 

venom facilitates transmitter release (Parnas et al., 1970) whereas
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venom from the Braconid wasp blocks release (Piek and Engels, 1969) 

The invertebrate venoms deserve further attention. Possibly puri

fication of the mixtures of peptides, which usually constitute such 

compounds, would lead to the isolation of a potent or more specific 

insect neurotoxin.

g) Receptor isolation

Lunt (1973) has described proteolipid extracts and detergent 

solubilised protein extracted from locust muscle showing high affinity 

binding for L-glutamate. L-glutamate bound specifically to two peaks 

of proteolipid from locust muscle suggesting two possible L-glutamate 

receptor populations (junctional, and extrajunctional?). Fiszer de 

Plazas and De Robertis (1974) and De Robertis and Fiszer de Plazas 

(1974) claim to have isolated two proteolipids from shrimp muscle one 

of which specifically binds L-glutamate and the other GABA. More 

recently Filbin et al. (1980) and Cleworth et al. (1980) have 

measured saturable high affinity binding of (pH^L-glutamate to locust 

muscle membranes.

h) GABA receptors

The structural requirements of the insect inhibitory GABA 

receptor have received much less attention than the excitatory glutamate 

receptor. The proposed model for a GABA receptor would only require 

one acidic carboxyl group for binding (Van Gelder, 1971). Brookes and 

Werman (1980) have identified multiple states of GABA receptors differ

ing in responsiveness to GABA and requiring different numbers of GABA 

molecules for activation. Lea and Usherwood (1973b) have shown that 

muscimol (Fig. 4), a potent GABA agonist in mammalian CNS, mimicked
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the action of GABA on the locust coxal adductor muscle which receives 

inhibitory innervation. Fiszer de Plazas et al. (1977) have demon

strated high affinity GABA binding in fly leg muscle. A study of 

GABA binding in insect muscle should be profitable since the 

specific GABA agonist, muscimol, is commercially available radio

labelled and it is known that the GABA antagonists picrotoxin and 

bicuculline (plant alkaloids) block GABA action on cockroach 

muscle (Usherwood and Grundfest, 1965). This receptor thus has 

specific probes, as yet unavailable for the muscle glutamate receptor.

5. Presynaptic Actions of Glutamate and Aspartate
-12 -7Low concentrations of L-glutamate (10 -10 M) increase the

frequency of mEPSPs in locust muscle (Usherwood and Machili, 1966; 

Usherwood, 1967; Dowson and Usherwood (1973a) and in the cockroach 

(Kerkut and Walker, 1966). Since this action can be blocked by 

raising the Mg^^ concentration, this indicates the presence of pre

synaptic receptors for L-glutamate. The presynaptic receptors can 

apparently undergo desensitisation since prolonged application of low 

concentrations of glutamate gradually reduces the mEPSP frequency.
-7

Dowson and Usherwood (1973a)observed that L-aspartate (10 M) also 

increased mEPSP frequency of locust extensor tibiae muscle fibres but 

apparently did not cause desensitisation, since the increase in mEPSP 

frequency could be sustained over long periods. L-aspartate however, 

reduced the amplitude of the postsynaptic EPSP perhaps by diluting 

the available L-glutamate at the synapse (Dowson and Usherwood, 1973a) 

Usherwood (1967) had proposed that a positive feedback system might 

control the amount of transmitter released per nerve impulse and 

could account for synaptic facilitation observed at the invertebrate
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neuromuscular junction. Presynaptic desensitisation could therefore 

act as a dampener on the feedback system.
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Section C

1. Characteristics of Uptake and Release of Neurotransmitter 

Amino Acids

There are several mechanisms by which the action of 

a neurotransmitter may be terminated after its release from pre

synaptic nerve terminals. These are:

i) diffusion from the synaptic cleft

ii) degradation to inactive metabolites at extracellular sites

iii) transport into adjacent tissue elements for subsequent ré

utilisation or degradation

It is unlikely that diffusion from the synaptic cleft could 

account for the necessarily rapid inactivation required. In the 

case of the neurotransmitter amino acids there appears to be no 

specific enzyme present at synapses for the rapid destruction of 

transmitter (Section B,l,c). Evidence that the putative amino acid 

transmitters might be removed from the synaptic cleft by high affinity 

untake systems was first obtained bv Iversen and Kravitz (1968) who

demonstrated a saturable, temperature and Na^-dependent uptake of 
r3 -i1_H|-GABA in slices of rat cerebral cortex. Since most of our knowledge 

of amino acid uptake in nervous tissue derives from studies in mammalian 

CNS, it is convenient to describe the characteristics of such uptake 

systems in CNS slices and synaptosomes. When nervous tissue is homo

genised in isotonic sucrose, nerve endings pinch off to form closed 

sacs called synaptosomes (De Robertis et al., 1961; Gray and Whittaker, 

1962). These structures accumulate many substrates including amino 

acids and other putative transmitters, against a concentration 

gradient, by saturable energy-dependent uptake systems (Bennett et al., 

1973). suggesting that these uptake systems may represent physiological 

inactivation mechanisms for synaptically released substances.
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A specific, high affinity uptake system (Km 10 ^M) has 

been demonstrated in mammalian CNS vitro (slices and synaptosomes) 

for L-glutamate, L-aspartate, GABA and glycine (all putative trans-
-3

mitters) together with a low affinity uptake (Km 'v 10 M) of other 

amino acids. The latter process may serve the general metabolic 

requirements for these amino acids since low affinity uptake of such 

compounds also occurs in many non-neural tissues (Balcar and 

Johnston, 1973; recent reviews by Hertz, 1979; De Feudis, 1979).

Kinetics of uptake processes are normally characterised by 

incubating tissue slices or synaptosomes with radiolabelled putative 

transmitter and measuring the initial influx of label, that is incub

ation for periods of about 10 minutes at temperatures of 25-30°C in 

order to minimise metabolism of the accumulated compound. By varying

the initial concentration of transmitter substance K and V valuesm max
can be obtained by plotting double reciprocal, s/v against [s] or other

suitable plots. Table 1 lists some kinetic parameters for L-glutamate

uptake into different tissues (from Hertz, 1979). From this Table

it can be seen that K values for high affinity glutamate uptake arem
fairly similar ("\,20pM) for a variety of neural tissues, perhaps 

indicating a common transport system.

Radiolabelled amino acid uptake can be blocked by metabolic 

inhibitors such as ouabain and 2,4 DNP and by incubation at low temper

ature (Balcar and Johnston, l'972a,b)providing evidence that their 

accumulation is mediated by an enzymatic, energy-requiring process.
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2. Vesicular and/or Cytoplasmic Transmitter Stores

Rassin (1972) and De Belleroche and Bradford (1973a) 

determined the amino acid content of synaptic vesicles prepared from 

guinea-pig and rat cortex respectively and have calculated that 

sufficient amino acid is present for transmission. This amino acid 

pool was, however, not found to be osmotically sensitive, since 

labelled transmitter, after incubation to preload the vesicles, remained 

with the vesicular protein after hyper or hyper-osmotic shock and 

passage down a Sepbadex column. If synaptosomal amino acids are 

prelabelled by intracerebral injection of U-[^^C_|-glutamate, release 

of labelled aspartate, glutamate and GABA can be induced by high 

concentrations (De Belleroche and Bradford, 1977). The authors found 

that the soluble fraction accounted for the largest proportion of 

amino acid loss from synaptosomes. This type of investigation is 

always subject to interpretive difficulties arising from long centri

fugation times during synaptosomal preparations, osmotic shock effects 

and metabolic activity of the amino acids. Nevertheless, distinct 

synaptosomal populations accumulating glutamate, aspartate and GABA 

have been identified on sucrose density gradients, (Kuhar et al., 1970; 

Wofsey et al., 1971; Bennett et al., 1972).

3. Amino Acid Rèlease

Demonstration of Ca^^-dependent synaptic release of an 

electrophysiologically active substance in response to neural 

stimulation is an important criterion for transmitter identification 

(Werman, 1966). In order to measure release it is usual to preload 

the tissue or synaptosomes with radiolabelled transmitter candidate 

and to depolarise the nerve endings by means of electrical stimulation 

or by raising the extracellular ion concentration (Hillman and
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Mcllwain, 1961). Fractions are collected from the perfused material 

and the amount of label released per stimulus, is measured. Data 

obtained for L-glutamate from such experiments should be•interpreted 

with caution however, because the released glutamate could arise 

from non-neuronal cells e.g. glia, muscle cells, and/or from 

non-transmitter pools of amino acids (Van den Berg and Garfinkel, 

1971; Miller, 1973).
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This thesis is concerned with a biochemical investigation 

of the locust neuromuscular junction. Evidence has been presented 

that the amino acids, L-glutamate and GABA are the excitatory and 

inhibitory transmitters, respectively, at the invertebrate nerve- 

muscle synapse and L-aspartate may also have a neuromodulatory, if not 

a neurotransmitter role. A neurotransmitters role for L-glutamate has 

been difficult to accept because of its ubiquitous distribution in 

tissues and its central role in metabolism. It does, however, 

satisfy several of the accepted criteria to establish substances as 

neurotransmitters (Florey, 1961; Werman, 1966). Most of this 

evidence has come from extensive electrophysiological studies on 

invertebrate nerve-muscle preparations.

This thesis describes the preparation of a vesicular 

fraction from locust muscle which is shown to contain occluded 

L-glutamate and possesses a specific, high-affinity uptake mechanism for 

this amino acid. The results presented are consistent with the 

proposed role for L-glutamate as the insect excitatory neuromuscular 

transmitter substance.
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MATERIALS AND GENERAL METHODS

Locusts, (Schistocerca gregaria), were supplied by Larujohn, 

Colwyn Bay, U.K. They were maintained at 30°C and fed daily on 

fresh grass and wheat germ. Adults of both sexes (approximately 

two weeks after the final instar) were used for all experiments.

Enzymes, substrates and co-factors were obtained from 

Boehringer-Mannheim, Gmbh (West Germany), or Sigma Chemical Company Ltd., 

London, U.K. General reagents were obtained from BDH Chemicals,

Poole, Dorset, U.K.

Isotopically labelled compounds were obtained from 

The Radiochemical Centre, Amersham, Bucks., U.K. The compounds used 

are listed below:-

L-fp-^lT} glutamic acid 35 Ci/mmole

L- [u-̂ (̂T| glutamic acid 285mCi/mmble

DL- glutamic acid 29mCi/mmole

L-[2 ,3-^n] aspartic acid 15 Ci/mmole

D- [2 , 3-̂ lT| aspartic acid 18 Ci/mmole

L-[b-^iri glutamine 35 Ci/mmole

L-[2,3-^h | alanine 35 Ci/mmole

L - l e u c i n e  351mCi/mmole

4-amino-n [2 , 3-^iT|butyric acid 58 Ci/mmole 

[u-^^(^ sucrose 382mCi/mmole

[8-^iT| adenosine 3',5'- 30 Ci/mmole

cyclic phosphate, 

ammonium salt

adenosine 5'-mono- 11.6 Ci/mmole

phosphate, ammonium

salt
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Cyclic AMP binding protein, prepared from rabbit muscle, 

(Tovey et al., 1974), was a gift from W.D. Rees, Biochemistry 

Department, University of Bath, U.K.

Homogenisation buffers

For initial experiments, the homogenisation buffer had the 

following composition:

Tris-HCl 0.005M

MgCl^ 0.001 or O.OIM

CaCl^ 0.0005M

Sucrose 0.25M

Locust saline/sucrose (Hoyle, 1953b) had the following 

composition:

NaCl 0.15M

KCl O.OIM

CaCl^ 0.002M

MgCl^ 0.005M

NaHCOg 0.004M

NaH^PO^ 0.006M

Sucrose 0.25M0.25M (ionic strength, 0.2)

The buffer was gassed with 95% 0^/5% CO^ and the pH adjusted to 7.1 

with IN NaOH. For sodium-free locust saline, choline chloride was 

substituted for NaCl, and potassium salts for sodium salts.

Centrifugation procedures were carried out using an MSE 

model 18, Beckman L5 50B ultracentrifuge, Beckman Airfuge and 

Beckman Microfuge B.
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Spectrophotometrie assays were performed on an Aminco- 

Bowman spectrofluorometer or a Cecil CE 212 UV spectrophotometer 

coupled to a Heathkit model 1R-18M multispeed chart recorder.

Radioactivity was determined by liquid scintillation 

spectrometry using a Packard Tricarb model 3385 liquid scintillation 

spectrometer. Scintillation fluids were Triton/toluene/PPO (30%v/v/ 

70% v/v/0.5% w/v) or toluene/PPO, (0.5% w/v).

Protein concentration was estimated by the method of 

Lowry (1951), using bovine serum albumin as standard.

All glassware used for fractionation of locust muscle 

and fluorometric measurements was acid washed and rinsed in glass- 

distilled water to remove all traces of detergent. Glass-distilled 

water was used throughout.

Respiration experiments were carried out with a Rank oxygen 

electrode (Rank Bros., Bottisham, Cambridge, U.K.).
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METHODS

A. SUBCELLULAR FRACTIONATION OF LOCUST MUSCLE

All the thoracic muscles were taken from 20 or more locusts 

3g ./20 locusts) by removing the head, legs and abdomen and cutting 

the thorax ventrally to expose the muscles (Fig. 2). The yellow fat 

body was removed by blotting with tissues. Freshly dissected muscle 

was pooled and a 2% w/v homogenate prepared. Routinely, homogenates 

were prepared in locust saline/sucrose, pH 7.1, in a Potter-Elvejhem 

homogeniser with a motor driven pestle (speed 100 rev./min, radial 

clearance 0.15mm, 5 strokes). The homogenate was filtered through 

nylon bolting cloth (159pm mesh) and the filtrate subjected to the 

fractionation scheme shown in Fig. 7 (Results). The filtrate was 

centrifuged for 5 min at l,000g (MSE 18, 8 x 50 ml rotor) to remove 

cell debris and myofibrils, (PI). The resulting supernatant, SI, 

was then centrifuged at 30,000g for 30 min in the same rotor. The 

pellet, P2, obtained was carefully resuspended in 10ml of locust 

saline/sucrose and applied to a gradient (Donnellan et al., 1976) 

consisting of 10ml layers of 30%, 12% and 4% Ficoll (Ficoll-400, 

Pharmacia, Uppsala, Sweden) in locust saline/sucrose. The gradient 

was centrifuged for 90 min at 60,000g (Beckman SW27 rotor, cellulose 

nitrate tubes, 1" x 3^"). Band 3 (B3, Fig. 7) was collected by 

pumping out the gradient from the bottom of the tubes. It was 

diluted with an equal volume of locust saline/sucrose by careful 

dropwise addition and swirling, and centrifuged at 47,QOOg for 15 min 

(MSE 18). The pelleted B3 (vesicular fraction) was resuspended in 

appropriate assay medium for experiments. For characterisation of 

fractions, samples were taken at each step for assay of amino acid 

content, enzyme activity and protein estimation, the pellets PI, P2 

and P3 being resuspended in locust saline/sucrose. All operations
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were at 4°C.

B. CHARACTERISATION OF SUBCELLULAR FRACTIONS

1. Electron Microscopy

The morphology of fractions B3 and P3 from the gradient 

was examined by electron microscopy. Table 2 outlines the technique 

used to prepare tissue. Fractions were fixed as suspensions by 

dropwise addition of an equal volume of 6% glutaraldehyde in O.IM 

cacodylate buffer, pH 7.1, containing 0.2M sucrose (final concen

tration of 3% glutaraldehyde). Samples were post fixed in 1% 

osmium tetroxide in the same buffer after washing of the fixed 

suspensions by centrifugation. Pellets were dehydrated through a 

series of alcohols and embedded in Spurr's resin. Ultrathin 

sections were cut (LKB Om U3 microtome) and stained with uranyl 

acetate and Reynold's lead citrate. Grids were viewed in a Jeol 

lOOXC electron microscope equipped with a camera.

2. Measurement of Amino Acids

Total L-glutamate and GABA were measured enzymically in the 

supernatant obtained from homogenisation of locust muscle in IM HCIO^ 

and neutralised by addition of K^PO^. Amino acids were measured in 

aliquots of supernatants from the subcellular fractions (2 min in a 

sonicator bath to release amino acids from tissue).

a) Determination of L-glutamate

L-glutamate was measured by a modification of the fluorometric 

method of Graham and Aprison (1966), using glutamate dehydrogenase,

E.G.1.4.1.2., (L-glutamate: NAD^ oxidoreductase, deaminating).
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GDH

L- Glu + H^O + NAd "̂ -----  ̂ aKG + NH^ + NADH (1)
(trapped by hydrazine)

The assay buffer was 50mM glycine/28mM hydrazine, pH 8.6, containing

200yM ADP, 200yM NAD and 'x 2.3U/assay GDH (Boehringer; beef liver,

NH^ -free in 50% glycerol, lOmg/ml). The equilibrium of the reaction

was pulled towards NADH formation by trapping of a-ketoglu.tarate with

hydrazine. Aliquots of supernatants from the subcellular fractions

were incubated for 60 min at room temperature and the native

fluorescence of the NADH (proportional to L-glutamate concentration)

read at 460nm in an Aminco-Bowman spectrofluorometer.

b) Determination of GABA

GABA was also measured by a modification of the method of 

Graham and Aprison (1966).

GABA-T
GABA + aKG ----- >L-glu + SSA )

/ GABase (2)
SSA + NAD? SSADH succ + NADPH + H*̂  \

 > J

The assay mixture consisted of O.IM potassium pyrophosphate 

buffer, pH 8.4, containing 0.07mM NADP, 4mM DTT, 4mM aKG 0.07mM AET 

and 0.003 i.' Wassay GABase (Sigma, a solution in 50% glycerol of 

GABA transaminase, E.C.2.6.1.19., (4-aminobutyrate: 2 oxoglutarate 

aminotransferase), and succinic-semialdehyde dehydrogenase,

E.G.1.2.1.24.,(succinate-semialdehyde: NAD(P)^ oxidoreductase^ from 

Pseudomonas fluorescens, llmg/ml). Aliquots of fractions were 

incubated in the assay mixture for 60 min at 38°C and the reaction 

stopped with sodium phosphate buffer, pH 12.0, and heating at 60°C for 

15 min (excess NADP destroyed by weak alkali). Aliquots were then 

transferred to fresh tubes containing alkaline peroxide (0.03% H^O^
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in ION NaOH) and heated at 60°Cfor 10 min. Strong alkali and H^O^ 

produced a highly fluorescent product of NADPH. 1ml of double

distilled water was added and the samples read at 470nm emission, 

(365nm excitation) in an Aminco-Bowman spectrofluorometer.

Determination of other amino acids was carried out on 

extracts deproteinised by heating for 1 min on a boiling water bath.

c) Determination of L-aspartate

L-aspartate was determined enzymically according to

Bergmeyer (1974), ^ p 1696.
GOT

L-asp + aKG --- > OAA + L-glu

 ̂ MDH
OAA + NADH + H  > L-malate + NAD

Assays were carried out in sodium phosphate buffer (67mM, 

pH 7.2), containing 0.19mM NADH, 3.ImM aKG (final concentrations), 

glutamate-oxalacetate transaminase (E.G. 2.6.1.1., Boehringer, pig 

heart, 2mg/ml in 3.0M (NH^)^ SO^, 'x 7.2 U/assay, and malate dehyd

rogenase (E.G.1.1.1.37., Boehringer, pig heart, 5mg/ml in 50% 

glycerol, "v. 55U/assay) . The decrease in absorbance of NADH at 

340nm was measured (total extent of reaction) which was proportional 

to the L-aspartatE concentration.

d) Determination of L-glutamine

L-glutamine was measured as L-glutamate after hydrolysis,

Bergmeyer (1974) ^ p 1719, p 1704.
glutaminase

L-gln + H^O ------> L-glu + NH^ ( )
+ GDH

L-glu + H^O + NAD ---- > oKG + NADH + NH^



65.

Freshly prepared subcellular fractions from locust muscle 

were deproteinised by boiling for 1 min in a water bath, and rapidly 

cooled to minimise hydrolysis of glutamine. Samples of the super

natants were taken for incubation with glutaminase (E.C.3.5.I.2.,

Sigma Grade V from E. coli, 0.2U/assay, in 0.25M sodium acetate 

buffer, p 5.0) together with L-glutamine standards, final assay 

volume 1.0ml, incubation time Ih at 37°C. 0.5ml aliquots were then 

removed for L-glutamate determination in 0.3M glycine/0.25M hydrazine 

buffer, pH 9.0. The assay buffer contained l.OmM ADP and 1.6mM NAD 

(final concentrations) in a volume of 3.0 ml. The initial absorbance 

at 340nm was read before addition of 4.6U/assay glutamate dehydrogenase 

(see section 2a). After Ih at 37°C, the absorbance was again read.

A second set of samples, which had not been hydrolysed, were also 

analysed (together with L-glutamate standards) to obtain the initial 

glutamate content of the samples. The glutamine content was thus 

determined by difference.

e) Determination of L-alanine

L-alanine was determined with L-alanine dehydrogenase,

E.G. I.4.I.I.,(L-alanine: NAD^ oxidoreductase (deaminating))

Bergmeyer (1974), 4 p 1679.

A D H
+L-ala + H^O + NAD ---> pyruvate + NH^ + NADH + H

(trapped by hydrazine) (5)

The assay buffer was 40mM Tris-HGl/lM hydrazine containing 

0.5mM NAD (final concentration) and ADH (Sigma, 2mg/ml from

B. subtilis in 2.4M (NH^)SO^, 'x 0.8U/3ml assay volume). L-alanine 

concentration was calculated from the extent of reaction (i.e.

A  OD at 340nm).
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3. Measurement of Enzyme Activities

Assay procedures were those of Donnellan et al. (1974) 

unless otherwise stated. Spectrophotometrie assays were performed 

at 30°Cusing silica cuvettes of 1cm light path. Reaction volumes 

were 3.0ml.

a) L-aspartate: 2 oxoglutarate aminotransferase 

(E.G. 2.6.1.1; GOT)

Glutamate-oxalacetate transaminase activity was measured 

by coupling oxaloacetate production to the oxidation of NADH by 

malate dehydrogenase.

GOTL-asp + aKG OAA + L-glu
 ̂ (6)

OAA + NADH + h "̂  ̂ L-malate + NAD*̂

Extracts were added to reaction mixtures containing 50nd4 KH^PO^, 

pH 7.9, 0.1% w/v Triton X-100, 40mM L-aspartate, 0.22mM NADH and 5U 

malate dehydrogenase (MDH, Boehringer pig heart, mitochondrial,

5mg/ml in 50% glycerol). NADH oxidation was monitored at 340nm

after the addition of 5mM a-ketoglutarate.

b) L-glutamate: NAD(P) oxidoreductase (E.G. 1.4.1.3; GDH)

Glutamate dehydrogenase activity was assayed by the reductive

amination of a-ketoglutarate and followed by monitoring the decrease 

in absorbance of NADH at 340nm.

+ GDH
mz, + aKG + NADH + H ---- > L-glu + NAD + H^O (7)

Extracts were added to reaction mixtures containing 50mM Tris-HGl, 

pH 7.9, 0.1% w/v Triton X-100, lOOmM ammonium acetate, ImM ADP and
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0.22mM NADH. Reaction was started by addition of 5mM a-ketoglutarate.

c) L-alanine; 2-oxoglutarate aminotransferase (E.C. 2.6.1.2; GPT)

Glutamate-pyruvate transaminase activity was assayed by 

coupling pyruvate production to the oxidation of NADH by lactate 

dehydrogenase.

GPT
L-ala + aKG ---- > pyruvate + L-glu

(8)
pyruvate + NADH + H^  ̂ L-lactate + NAD^

Extracts were added to reaction mixtures containing 50mM 

KH^PO^, pH 6.9, 0.1% w/v Triton X-100, 40mM alanine, 0.22mM NADH 

and lOU lactate dehydrogenase (Boehringer, pig heart, 5mg/ml in 

2.2M 2 80^. NADH oxidation was monitored at 340nm after

addition of 5mM a-ketoglutarate.

d) L-glutamate 1-carboxy-lyase (E.C. 4.1.1.15; GAD)

Glutamate decarboxylase activity was assayed by measuring 

the production of "GO^ from L- glutamate (Langcake &

Clements, 1974).

, GAD , _ , , _
[U- C] glutamate  > [u- C_| GABA + cJ- CO^ (9)

0.8ml samples were added to 25ml conical flasks containing 1.0ml

imidazole acetate buffer (0.2M imidazole corrected to pH 6.5 with

acetic acid) and containing lOmM mercaptoethanol and ImM pyridoxal

phosphate. To these flasks was added 200yl of 0.54M L-glutamate

which included lyCi of L|U- C| glutamate. The flasks were sealed

immediately with air-tight rubber seals and were incubated for Ih at

37°Ç* Reaction was terminated by injection of 0.8ml 2N H^SO^ followed
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by 0.2ml 0.5M Na^CO^ to flush out the CO^. Labelled CO^ was absorbed 

by 200yl hyamine hydroxide on filter paper wicks in plastic centre 

wells. Flasks were left overnight to ensure complete absorption of 

-CO^. Centre wells were placed directly into vials containing 

10ml toluene/PPO. Activity was calculated from the specific activity 

of the labelled glutamate which gave rise to stoichiometric amounts of 

labelled CO^.

e) sn-glycerol-3-phosphate: (acceptor) oxidoreductase (E.C.1.1 

99.5; G Pox)

Glycerophosphate oxidase activity was monitored by coupling 

the oxidation of L-glycerol-3-phosphate to the reduction of ferri- 

cyanide to ferrocyanide.

glycerol-3-phosphate + acceptor— > dihydroxyacetone-
(10)

phosphate + reduced acceptor 

Extracts were added to reaction mixtures containing 130mM KCl, lOmM 

KH^PO^, ImM EGTA (pH 7.1), ImM KCN and ImM potassium ferricyanide.

The decrease in absorbance at 425nm due to ferricyanide reduction was 

followed after the addition of 66.7mM D,L-glycerol-3-phosphate.

f) L-malate: NAD^ oxidoreductase (E.C.1.1.1.37; MDH)

Malate dehydrogenase activity was assayed in the direction 

of malate formation.

+ MDH
OAA + NADH + H ---- > L-malate + NAD (11)

Extracts were added to reaction mixtures containing 50mM glycine,

5mM EDTA, pH 8.8, 0.1% w/v Triton X-100, and 0.25mM NADH. Reaction 

was initiated by addition of 0.3mM oxaloacetate and oxidation of NADH 

monitored at 340nm.



69.

g) ATP : AMP phosphotransferase (E.C. 2.7.4.3; AK)

Adenylate kinase activity was assayed by following the 

conversion of ADP to ATP and AMP.

2ADP  »ATP + AMP (12)

Production of ATP was monitored by using hexokinase and glucose-6- 

phosphate dehydrogenase to reduce NADP, (Schnaitman and Greenawalt, 

1968). The assay mixture was 0.15M glycine (pH 8.0) containing 

5mM MgCl^, 0.75mM NADP, 15mM glucose, 0.45mM KCN, glucose-6-phosphate 

dehydrogenase (Boehringer, yeast, 5mg/ml in 3.2M (NH,) SO , 0.42 U/*4 Z 4
assay) and hexokinase (Boehringer, yeast 2mg/ml in 3.2M (NH ) SO ,4 z 4
lOU/assay). 10 minutes preincubation allowed for removal of ATP

present in the extract before addition of 3mM ADP.

h) sn-glycerol-3-phosphate: NAD^ 2-oxidoreductase 

(E.C. 1.1.1.8; GPDH)

Glycero-3-phosphate dehydrogenase activity was assayed in 

the direction of L-glycerol-3-phosphate formation.

^ GPDH
dihydroxyacetonephosphate + NADH + H ----- >

(13)

L-glycerol-3-phosphate + NAD^

Extracts were added to assay mixtures containing 50mM KH^PO^, pH 7.1, 

and 0.2mM NADH. NADH oxidation was monitored at 340nm after the 

addition of 0.35mM dihydroxyacetonephosphate.
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i) L-lactate: NAD oxidoreductase (E.C. 1.1.1.27; LDH)

Lactate dehydrogenase was assayed according to Bergmeyer 

(1974) p. 574, by following reduction of pyruvate to lactate with 

NADH.

+ LDH ^
pyruvate + NADH + H  > L-lactate + NAD^ (14)

Extracts were added to reaction mixtures containing 50mM KH^PO^, 

pH 6.5, and O.lSmM NADH. NADH oxidation was monitored at 340nm by 

addition of 0.6mM sodium pyruvate.

j) Acetylcholine acetylhydrolase (E.C. 3.1.1.7; AChE)

Acetylcholinesterase activity was assayed according to 

Ellman et al. (1961). The enzyme activity was followed from the increase 

in yellow colour produced from thiocholine when it reacts with dithio- 

bisnitrobenzoate ion (DTNB).

AChE
acetylthiocholine  > thiocholine + acetate

(15)
thiocholine + DTNB --- > W;o-Z-«a i4vc>bt>v\ioa'̂ e uwlovi

Extracts were added to O.IM sodium phosphate buffer, pH 8.0, containing 

lOmM DTNB and 75mM acetylthiocholine iodide. The increase in yellow 

colour was followed at 410nm. Significant non-enzymic hydrolysis of 

acetylthiocholine occurred at 30°Cand pH 8.0, and this rate was sub

tracted from the total rate.

k) ATP pyrophosphate lyase (cyclising) (E.C. 4.6.1.1; AC)

Adenylate cyclase was assayed by measuring cyclic AMP (cAMP)

by a radio assay (Tovey et al., 1974).
AC

ATP ----> 3' : 5' cyclic AMP + PP. (16)
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Extracts were added to incubation buffer in small glass tubes (final 

volume 0.5ml) and the reaction initiated by addition of ATP (final 

concentration 0.5mM). Incubation was at 30°Ç, in a shaking water bath. 

Sample tubes were removed at 0, 5, 10 and 15 min and reaction was 

terminated by placing tubes in a boiling water bath for 2 min. 

Deproteinised suspensions were centrifuged (microfuge) and aliquots 

of the supernatants used for assay of cAMP. cAMP binding protein was 

prepared from rabbit muscle and diluted with 4 volumes of assay buffer, 

containing 0.1% BSA, before use. The assay buffer consisted of 50mM 

Tris-HCl, pH 7.4, containing 4mM EDTA. -cAMP was diluted with

assay buffer such that 50yl contained 0.9pmol cAMP. 520mg charcoal 

(Norit GSX, BDH) was suspended in 20ml assay buffer containing 2% BSA. 

Standard cAMP (16pmol/50yl) was diluted to give calibration standards 

of 8, 4, 2 and 1 pmol/50yl.

Assays were carried out on ice in Eppendorf tubes. Each
r3 -Itube contained 50yl unlabelled cAMP (standard or sample), 50yl 

cAMP and 150yl assay buffer. lOOyl of binding protein was then added 

and the tubes incubated on ice for 2h (± 30 min). lOOyl charcoal sus

pension was added and the tubes vortex-mixed for 10 s before centri

fuging for 1 min in a Beckman microfuge (kept at 4°C). 200yl aliquots

of supernatants were counted in 4ml Triton/toluene/PPO. Blanks were 

determined by measuring the cpm in 200yl from tubes containing 50yl 

[^H|-cAMP, 150yl assay buffer and lOOyl charcoal suspension.

The cpm bound in the absence of unlabelled cAMP (calibration 

standard or unknown) was designated Cx. ^°^Cx was calculated for each 

cAMP standard and a straight line was bbtained by plotting ^°^Cx 

against pmol of standard. ^°^Cx values were calculated for all 

unknowns and the cAMP concentrations read from the graph.
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1) 5*-ribonucleotide phosphohydrolase (E.C. 3.1.3.5)

5'-nucleotidase activity was determined according to 

Newby et al. (1975).

I -5'-adenosine monophosphate + H^O—> [^H^adenosine + Pi (17)

The assay buffer was 50mM Tris-HCl, pH 8.0, containing ImM g-glycero- 

phosphate. Reactions were at 37% for 30 min in Eppendorf tubes in a 

shaking water bath. Tubes contained assay buffer, 200yM AMP, Img/ml
3

adenosine, 0.2yCi H-AMP and extract in a final volume of 0.5ml.

Reactions were terminated by addition of lOOyl 0.15M ZnSO^ followed 

by lOOyl 0.15M Ba(OH) .

The Ba(0H)2 precipitated the AMP and the [^H^-adenosine

produced in the reaction remained in the supernatant. Tubes were centrifuged

in a microfuge and 500yl aliquots of the supernatants were
r3 -Icounted in 5ml Triton/toluene/PPOT [_ -adenosine levels were cal-g

culated from the specific activity of the originalC H^AMP.

m) ATP phosphohydrolases (E.C. 3.6.1.3; ATPase)

i) K^-stimulated, ouabain-sensitive p-nitrophenylphosphate 

phosphatase (PNPPase)

PNPPase was measured according to Meiners et al. (1979).

phosphatase
p-nitrophenylphosphate + H^O -------:--- ^ p-nitrophenol + H^PO^

(colourless in acid or alkali) (colourless in

acid, yellow in (18)

alkali)

The intensity of the yellow colour was proportional to the phosphatase 

(ATPase) activity. Activity was measured by comparing the enzyme 

activity measured in the presence of K (20mM) and the absence of
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ouabain with the activity in the converse situation i.e. in the absence 

of and the presence of ouabain (LmM). Both media contained 50mM 

Tris-HCl, pH 7.5, 20mM MgCl^ and 20mM p-nitrophenylphosphate (Sigma). 

The difference in absorbance at AlOnm was observed.

ii) Adenosine triphosphatases

ATPase
ATP + H O ----- ) ADP + Pi

PK
ADP + PEP — > ATP + pyruvate (19)

+ LDH
pyruvate + NADH + H  > L-lactate + NAD

Total ATPase activity was followed at 340nm using a coupled enzyme 

assay involving lactate dehydrogenase and pyruvate kinase (Balerna et al., 

1975). The reaction mixture contained 50mM Tris-HCl, pH 7.5, lOOmM 

NaCl, 5mM MgCl^, lOmM KCl, 2mM ATP, 0.15mM NADH, 2mM phosphoenolpyruvate 

(PEP) and LDH (Boehringer, pig heart 5mg/ml in 2.2M (NH^)2S0^, 3U/assay) 

and PK (Boehringer, rabbit muscle, lOmg/ml in 50% glycerol, 9 U/assay).

In some assays ImM ouabain was included.

iii) Coupled assay for Na^, K^-ATPase and Ca^^-ATPase

Na^, K^-ATPase and Ca^^-ATPase were measured in the same assay 

by the method of Narahara et al. (1979). The basic assay mixture con

sisted of 50mM Tris-HCl, pH 7.5, containing lOOmM NaCl, lOmM KCl, 5mM 

MgCl2 » 1.9mM EGTA, 0.5mM PEP, 0.15mM NADH, 2mM ATP, PK (9 U/assay) and 

LDH (3 U/assay). Basal rates were recorded at 340nm. 0.5mM ouabain

(final concentration) was then added to inhibit the Na , K -ATPase and 

the rate recorded for a further few minutes. CaCl2 (final concentration

2mM) was then added (slightly in excess over EGTA) to activate the 
2+Ca -ATPase for the final rate measurement. Rates were corrected for
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the effects of successive dilutions on the absorbance of NADH.

(iv) Myofibrillar ATPase

Assay for the presence of myofibrillar ATPase was identical to 

that of the first part of 3,m, iii above except that 2.5mM sodium azide 

(final concentration) was added to inhibit the endogenous rate of ATP 

hydrolysis.

4. Respiration Measurements - Rank oxygen Electrode

The electrode consists of a platinum cathode and a silver 

anode both immersed in a solution of concentrated potassiumjchloride 

and separated from the test solution by a Teflon membrane (Beechey 

and Ribbons, 1972). Using a platinum cathode and a silver-silver 

chloride anode, 4 electrons are generated at the anode which are used 

to reduce a molecule of oxygen at the cathode.

Anode 4Ag + 4C1 4AgCl + 4e
(20)

Cathode 4H + 4e + 0^ ^ 2R^0

4h'̂  + 4Ag + 4C1 + 0^ 4AgCl + 2H2O

If the applied voltage (0.6V) is kept constant the difference in 

current generated is proportional to oxygen concentration in the 

solution.

For O2 uptake experiments, 3.8ml of locust saline/sucrose 

containing lOmM glucose was placed in the thermos tatted reaction 

chamber together with 0.2ml of either the mitochondrial fraction P3 

or the vesicular fraction B3, and allowed to equilibrate to 30°C, the 

solution being stirred magnetically. The chamber was sealed with a
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stopper, avoiding air bubbles. Addition of respiratory substrates 

was made by use of a syringe through the stopper and rates of 0^ 

uptake measured directly on a chart recorder.

C. UPTAKE EXPERIMENTS

1. Standard Centrifugation Assay

Band B3 from the Ficoll gradient was collected, washed by 

diluting carefully with an equal volume of cold locust saline/sucrose, 

and centrifuged for 15 min at 17,000g (MSE 18, 8 x 50ml rotor). The 

pellet was resuspended in an appropriate volume of locust saline/ 

sucrose containing lOmM glucose which had been gassed with 95% 0^/

5% CO2 and the pH adjusted to 7.1 with IN NaOH.

200yl aliquots of the suspension were incubated in small

glass tubes at 25% in a shaking water bath with tritium-labelled

amino acid. Appropriate dilutions of the isotope with unlabelled amino

acid were prepared after removal of ethanol by gentle evaporation to
*dryness under a stream of air. Normally 2yl aliquots were added to

the 200yl incubations to give the final required concentrations.

After appropriate incubation times 150yl aliquots were removed and

centrifuged for 1 min at 100,000g in a Beckman Airfuge (Beckman
3/cellulose propionate tubes 16" x .785). The resulting small tissue 

pellets were washed once with locust saline/sucrose at 25% and 

solubilised overnight in 50yl Soluene-350 (Packard) at room temper

ature. Tube ends were cut off and counted in scintillation vials 

containing toluene/PPO. In some early experiments Triton/toluene/

PPG was used in which case counts were corrected for quenching.

Isotope supplied by Amersham in 50% ethanol.
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2. Uptake Experiments by Filtration Assay

In some initial experiments, 250yl aliquots from 300yl 

incubations were rapidly filtered through Whatman GFB glassfibre 

filters (2.5cm diameter) which had been pre-soaked in ImM L-glutamate. 

Filters were washed with 2ml locust saline/sucrose, dried, and counted 

in 5ml Triton/toluene/PPO.

3. Accumulation Index

Accumulation indices were measured by counting aliquots of 

15 min incubations directly and counting aliquots of the supernatants 

from identical samples. -Accumulation indices were^calculated from: 

cpm/ml suspension

cpm/ml supernatant

4. Where inhibitors were used, these were added to the incubations
r 3  “ Iimmediately prior to addition of [_ I^|-amino acid.

5. For the sodium-dependence experiments, choline chloride was 

substituted for NaCl in the locust saline, and potassium salts for 

sodium salts.

6. Freeze/Thawing and Osmotic Shock of Fraction B3

Three rapid freeze/thawing cycles were applied to aliquots 

of B3 in incubation buffer, by alternately incubating sample tubes in 

crushed, solid CO^ and a water bath at 25°C. Fraction B3 was 

osmotically shocked by diluting 200yl aliquots in Eppendorf tubes 

with 800yl ice-cold distilled water. Samples were then centrifuged 

for 4 min (microfuge) and the pellets resuspended in 200yl fresh 

incubation buffer, and transferred to glass incubation tubes.
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Thereafter incubations of both freeze/thawed and osmotically shocked 

samples were identical to those of the standard centrifugation assay.

7. Kinetic Experiments

10 min incubations were carried out with varying concentrations
r3  - |of |_ H|-amino acid obtained by isotopic dilution.

D. RELEASE EXPERIMENTS

1̂. K^-Stimulation Experiments

a) Centrifugation assay

Incubations of fraction B3 were under similar conditions as 

for the uptake experiments. The vesicles were prelabelled with 20yM 

[̂ 1̂ -L-glutamate or []̂h |-L-aspartate for 20 min at 25°C. Aliquots were 

centrifuged in a microfuge (Eppendorf tubes) and the pellets washed 

once and resuspended in normal locust saline/sucrose or the same 

buffer containing 55mM KCl, for a further 5 min incubation. 150yl 

aliquots were removed for centrifugation in the Airfuge and 50yl 

samples of the supernatants counted.

b) Filtration assay

The apparatus used for the filtration assay release experiments 

is depicted in Fig. 8. Prelabelled vesicles of fraction B3 were 

filtered on Whatman GFB filters (2.5cm diameter) and washed with 1.0ml 

normal locust saline/sucrose, (10-15 s).

For the K^-stimulated release, a second 1.0ml wash of locust 

saline/sucrose, 55mMKCl, was applied and the filtrate collected and 

counted (Fig. 8). Controls had a second 1.0ml wash in normal buffer.
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sintered glass 
filter support

rubber bung 
suction

Millipore filtration tower

GFB filter disc (2.5cm diameter) 
clip

loose-fitting tube support

collecting tube

Fig. 8. Diagram of filtration apparatus used for release experiments.
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2. Ca^^-Dependence Experiments

Vesicles were prelabelled with -L-glutamate or |-L- 

aspartate and aliquots filtered as in l.b. In these experiments 

locust saline/sucrose containing 55mM KCl ± Ca Cl^ (2mM) were used 

to measure the Ca?*-dependence of the K^-stimulated release. Basal 

release ± CaCl^ was measured in normal locust saline/sucrose.

For all uptake and release experiments the pH of the [flT|- 

amino acid, inhibitor solutions etc. was adjusted to pH 7.1 before 

addition to the incubations.

E. THIN-LAYER CHROMATOGRAPHY
r3 “I1. Radiochemical Purity of | H|-Amino Acids

10 X  10cm plates of Baker-Flex F cellulose (prewashed in 

2M NaCl) were used to check the radiochemical purity of the tritiated 

amino acids used in the uptake studies.

Solvent system: propan-2-ol/formic acid/water (40:2:10 v/v/v)

Plates were run in two dimensions at right angles in the same solvent, 

and the amino acid spots visualised with ninhydrin and marked. Spots 

were bleached by spraying the plates with 1% H^O^. Plates were cut 

into 1cm squares and the squares counted in 5ml Triton/toluene/PPO to 

check for other radioactive spots not ninhydrin-positive.

r3 - I2. Metabolism of | H|-L-glutamate

The same system as E.l was used to check for metabolism of 

[^^L-glutamate.

B3 was incubated at 25 % with labelled glutamate and samples 

taken at 0, 15, 30 and 60 min. Protein was precipitated with an equal 

volume of ice-cold ethanol and the supernatants dried under a stream
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of nitrogen. Aliquots were applied to t.l.c. plates, together with 

standards.

a-ketoglutarate was visualised under a u.v. light by spraying the 

plates with 0.1% semicarbazide in 0.15% sodium acetate, prior to 

ninhydrin.
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RESULTS

Section A

1. Subcellular Fractionation of Locust Muscle

a) Homogenisation conditions

Table 3 summarises the different conditions used for the 

homogenisation of locust muscle. In an initial series of experiments 

various procedures were tried in order to disrupt the muscle fibres; 

these were: i) vigorous stirring of the muscle suspension in buffer 

at 4°C for Ih (see Methods) using a magnetic stirrer motor, ii) homo

genisation by hand with a loose-fitting Potter-Elvejhem homogeniser, 

and iii) a combination of i) and ii). Muscle was suspended in 

buffered sucrose (0.25M; 5mM Tris-HCl, pH 7.1) containing ImM or lOmM 

MgCl^ and 0.5mM CaCl^. Sucrose (0.25M) has been shown to be a suitable 

isolation medium for house-fly, Musca, flight muscle mitochondria, 

higher concentrations causing considerable shrinking (Sacktor, 1954).

It was also suitable for subcellular fractionation of cockroach, 

Blattella, central nervous tissue (Matsumura and Hayashi, 1969;

Telford and Matsumura, 1970). Locust muscle disintegrates readily 

into individual muscle fibrils (Elder, 1975) as was observed on 

vigorous stirring and gentle homogenisation (Table 3 ). A 2% w/v 

homogenate was chosen as this might result in less mechanical dis

ruption of nerve terminals when dissociated from the muscle fibril 

membranes. Consistently higher yields of fraction B3 (Fig. 7 ) 

were obtained with this tissue/medium concentration.

Reference to Table 3 indicates that the most suitable 

buffer and homogenisation conditions for preparation of membrane 

vesicles, in terms of speed of preparation, yield and amino acid 

content, was provided by the scheme outlined in Fig.7 namely.
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low-speed homogenisation ('x 100 rev./min) in cold locust saline/ 

sucrose, followed by Ficoll gradient centrifugation in the same 

medium.

b) Centrifugation

Fig. 7 shows the fractionation scheme used routinely 

after the preliminary experiments described in Table 3 . The filtrate 

obtained by removal of muscle fibrils was subjected to differential 

and density gradient centrifugation based on modifications of the 

well-established technique for isolation of synaptosomes from brain 

developed by De Robertis, (1961) and Gray and Whittaker, (1962). The 

first, low-speed centrifugation removed cell debris and muscle 

fibrils (PI) and the resulting supernatant yielded the 

pellet (P2), after centrifugation at 30,000g. P2 was gently re

suspended in locust saline/sucrose and applied to a Ficoll gradient 

(Fig. 7 ). Fractionation on the gradient produced a reddish-brown

pellet which was shown to consist largely of mitochondria and some 

hetereogeneous membrane fragments (Fig. 9 ). Three bands of material 

were obtained at the gradient interfaces, together with a surface 

layer of yellow lipid from the locust fat body at the top of the 

tube. Of the gradient bands, Bl, B2 and B3, only B3 was obtained in 

sufficient yield for electron microscopic observations. Fig.10 shows 

that B3 consisted of a mixture of "synaptosome-like" profiles, many 

membrane vesicles and a few mitochondria. The B3 fraction was there

fore considered as a possible source of purified synaptic vesicles 

and was subjected to detailed characterisation to determine its 

identity i.e. whether derived from nerve terminals, muscle membranes, 

mitochondria or sheath cells. Isolated nerve terminals and synaptic



83.

vesicles might be expected to contain the proposed insect neuromuscular 

transmitters, L-glutamate and GABA, and therefore the presence of 

these two amino acids in the B3 fraction could be an indicator of 

the presence of nerve terminals and/or synaptic vesicles.

2. Amino Acid Content of Locust Muscle

Table 4 shows the content of L-glutamate, GABA and 

L-aspartate measured in the supernatant obtained from muscle de

proteinised by acid. The concentration of L-glutamate (2277.1yg/g 

tissue) is high and is some 15 times the level of GABA.

3. Amino Acid and Protein Content of Locust Muscle Subfractions

Tables 5 and 6 summarise the content of L-glutamate and 

GABA, respectively, in the subcellular fractions prepared from locust 

muscle And Table 7 gives values for amino acids in fraction B3.

L-glutamate (Table 5 ) was found mainly in the supernatants 

SI and 82 although a small amount (0.25%) was present in the micro

somal fraction B3. The important feature to note is that B3 contains 

occluded L-glutamate which is released only after treatment with

0.1% w/v Triton X-100, The increase in L-glutamate was 6.8-fold.

This probably represents release of this amino acid from a vesicular 

and/or membrane-bound form. Addition of Triton X-100 to other 

fractions increased L-glutamate levels by only about 10%.

Levels of GABA are much lower than L-glutamate (Table 6 ) 

but are again highest in the supernatants.

Triton X-100 treatment did not increase measurable GABA 

levels in B3 and it appears therefore that B3 does not contain 

occluded GABA.
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Tables 5 and 6 also give the yield (as % of total protein) 

found in each of the subcellular fractions. Fraction B3 consistently 

represented about 1.5% of the total protein and P3 about 2.3%.

4. Trapping of |-L-glutamate and |^^C~|-sucrose During Fractionation 

of Locust Muscle

In order to discount the possibility that the occluded 

glutamate seen in B3 arose from trapping of soluble glutamate during 

homogenisation, a series of control experiments were carried out.

Muscle was fractionated as normally except that prior to homogenisation 

either |-L-glutamate (lOOyCi) or J-sucrose (5yCi) was added to

the buffer. The radioactivity recovered in each fraction was measured 

and the results are shown in Table 8 . It is thus unlikely that the

occluded L-glutamate of B3 arises as a result of trapping of soluble 

glutamate during the homogenisation of the muscle and this conclusion 

is supported by the fact that [^^C_l-sucrose could not be detected in 

B3. Fig. 11 shows the distribution of -L-glutamate and -

sucrose throughout the Ficoll gradient. This shows that [^iTl-L-glutamate 

is found in the P3 pellet at the bottom of the gradient and a small 

amount in B3 (small peak at fraction 4). The profile also demonstrates 

that most of the label applied to the top of the gradient as re

suspended P2 remains in the supernatant.

5. Distribution of L-glutamate, GABA and Protein on the Ficoll Gradient

Table 9 shows the distribution of protein and amino acids on 

the gradient profile obtained after centrifugation of fraction P2.

The bands Bl, B2 and B3 (Fig. 7 ) correspond to peaks of protein.

The L-glutamate profile (Fig. 12) shows that this amino acid is found 

associated with the mitochondrial pellet P3, the microsomal fraction B3
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and the soluble fraction at the top of the gradient. GABA, on the 

other hand is associated only with the pellet P3 and fraction B3.
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Section B

1. Characterisation of Subcellular Fractions of Locust Muscle

a) Measurement of enzyme activities

i) Glutamate-metabolising enzymes

Tables 10 and 11 give the specific activities and relative 

specific activities (RSA) of several glutamate-metabolising enzymes in 

the different subcellular fractions. GOT was enriched in the super

natants, consistent with it being a soluble enzyme. GDH was enriched 

in the mitochondrial pellet, P3. GPT and GAD were also enriched in the 

P3 fraction.

ii) Mitochondrial marker enzymes

Table 12 gives the activities and RS^ of three enzymes chosen 

as mitochondrial markers.

G Pox activity is characteristic of insect flight muscle inner mito

chondrial membrane (Donnellan et al., 1974). It was enriched in the 

pellet fraction P2, P3 and B3. MDH, a marker for the mitochondrial 

matrix (Donnellan et al., 1974) was enriched in

PZ, and not in B3. Adenylate kinase activity was found, unexpectedly, 

to be enriched in the supernatant although it is well-established as a 

mitochondrial enzyme in insect flight muscle, located between the outer 

and inner mitochondrial membranes (Donnellan et al., 1974; Sacktor, 

1953). Therefore some doubt exists as to whether the activity 

measured was actually that due to AK activity. Insect muscle contains 

high ATPase activity (Sacktor, 1953) which may have been masking the 

activity of the AK (considered in more detail in the Discussion),

iii) Cytosolic marker enzymes

Table 13 shows the activities and RSAs of two soluble 

enzymes. A high GPDH activity is characteristic of insect muscle 

(Zebe & McShan, 1957). and this enzyme was found to be enriched in the
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supernatant, S2, with little activity in the pellets. Occluded LDH 

activity is used as a cytosolic marker activity to characterise 

synaptosomes (Marchbanks, 1967). Locust, Schistocerca, flight muscle, 

however, contains very low LDH activity 2.9ymol/min/g tissue (Crabtree 

& Newsholme, 1975). A value of 2.7ymol/min/g was calculated from 

data in Table 13. The activity was not particularly enriched in any 

fraction.

Occluded GPDH activity could not be used as a marker for nerve 

terminals isolated from insect muscle due to interference of Triton-XlOO 

with the assay.

iv) Plasma membrane marker enzymes

AChE activity has been detected in locust muscle and used as 

a plasma membrane marker (Cleworth et al., 1980). Table 14 shows the 

activities and RSAs in the muscle subfractions. AChE was enriched in 

the supernatant, 82, and in B3.

Adenylate cyclase is associated with plasma membranes 

(Harrison and Lunt, 1980). Table /4 indicates enrichment of this 

activity in fraction B3. Cyclic AMP levels in the fractions are given 

in Table 15 . The endogenous level in the filtrate (5.7pmol/mg protein) 

is somewhat lower than that reported in locust muscle by Worm (1980).

5’-nucleotidase is used as a plasma membrane marker (Arch 

and Newsholme, 1978). Table 14 shows that its activity was enriched 

in 81 and 82. Enrichment of AChE and 5’-nucleotidase in the soluble 

fraction will be considered in the Discussion, 

v) Adenosine triphosphatases (ATP-ases)

Total (endogenous) ATP-ase activities measured in locust 

muscle subfractions prepared in locust saline/sucrose are shown in 

Table 16. The activity was enriched in the particulate fractions P3
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and B3. None of the activities in any of the fractions was ouabain- 

sensitive .

Insect muscle contains several ATPase activities (Sacktor, 

1953) and therefore ATP might not be a suitable selective substrate 

for the measurement of the plasma membrane Na^, K^-ATPase. 

p-nitrophenylphosphate (PNPP) is known to be a substrate for Na^, K*- 

ATPase (Dahl & Hokin, 1974) and this was therefore used. Table 17 

shows the results obtained. The activities were shown to be ouabain- 

sensitive. The PNPPase activity of the filtrate was approximately 20% 

inhibited by ImM ouabain and the enriched activity in fraction B3 

was 51% inhibited.

Locust muscle ATPase activities were investigated further 

to attempt to distinguish between plasma membrane and sarcosomal Na^, 

K^-ATPase activities and the Ca^^-ATPase of the myofibril sarcoplasmic 

reticulum. The latter activity was considered as a marker enzyme for 

SR membranes derived from muscle cells (Narahara et al., 1979).

Table 18 refers to data obtained from locust muscle fraction

ated in Na*- and Ca^^-free locust saline/sucrose. Total ATPase

activities were similar to those in Table 16. The activities were
2+slightly sensitive to ouabain and showed no Ca -activation of the 

ouabain-inhibited rate. Azide strongly inhibited activity indicative 

of the presence of sarcosomal ATPase (Sacktor, 1953; Tsukamoto et al., 

1966). Strong inhibition by ADP suggested the presence of myofibrillar 

ATPase (Chesky, 1975). All activities in this preparation were en

riched in fraction B3.
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Fig. 13 shows the distribution of the total (endogenous) 

ATP-ase activity on the Ficoll gradient. Activity corresponded with 

peaks of protein (i.e. Bl, B2 and B3).

A summary of the enzyme data pertaining to the vesicular

fraction B3 is presented in Table 19.

b) Measurement of respiration of P3 and B3 by the oxygen electrode

The characteristics of oxygen uptake by the mitochondrial 

fraction, P3, and the vesicular fraction, B3, were studied in order to 

distinguish between nerve terminal (synaptosomal) respiration and 

mitochondrial respiration. Thus it was hoped to compare the char

acteristics of respiration of P3 and B3 in order to test for i) the

presence and integrity of isolated nerve terminals in B3 and ii) the 

presence of mitochondria in P3 as observed in the electron micro

graphs (Fig. 10 ). Qualitative data obtained from preliminary exper

iments are presented in Table 20. Endogenous rates of respiration in 

the presence of lOmM glucose were barely measurable for both fractions 

P3 and B3. The respiratory control index (i.e. rate of 0^ uptake in 

the presence of ADP divided by the rate in the absence of ADP) was 

low (1.3). Insect flight muscle mitochondria are permeable to 

pyruvate and a-glycerophosphate (Sacktor, 1970) and these substrates 

did slightly stimulate oxygen uptake, indicative of the presence of 

mitochondria in both fractions. However, the fact that both 

fractions showed some respiration in the presence of succinate 

suggests that the mitochondria were leaky.

Neither fraction P3 nor B3 used L-glutamate as a respiratory

substrate.
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2. Uptake of Amino Acids by the Vesicular Fraction, B3, Prepared from 

Locust Muscle

Measurements were by the centrifugation assay (p.75 ) 

unless otherwise stated.

a) Accumulation Index for the uptake of labelled amino acids
r 3  - ,Measurements of the accumulation of [_ H| -L-aspartate 

(at 50|iM and 500yM concentrations after 15 min incubation) are given 

in Table 21. Values > 1 were considered indicative of net uptake into 

the vesicular fraction.

b) Uptake of the putative neuromuscular transmitter, L-glutamate 

i) Effect of protein concentration
p3 -,

Uptake of [_ H|-L-glutamate was proportional to protein

concentration (Fig. /if). For subsequent experiments protein

concentrations of < 200yg per sample were used.

ii) Effect of sucrose

Incubations were carried out in the presence and absence of
r3 “I0.25M sucrose (Fig. 15). Uptake of 40yM |_ H|-L-glutamate was greater

in the presence of sucrose.

iii) Effect of temperature 
r3 “IUptake of [_ H|-L-glutamate was temperature dependent (Fig.16 a,b) 

Similar features were shown by the filtration assay (Fig. Ilo a) and the 

centrifugation assay (Fig./b b). At 0°C, after an initial slight 

uptake over 5 min, there was negligible uptake over a period of 30 min.

At 25°C uptake tended to show a biphasic response over a period of 

30 min.

iv) Effect of varying L-glutamate concentration

Figs.17 a and b demonstrate that uptake was proportional to 

L-glutamate concentration.

Less uptake was observed in the filtration assay, which indicated a 

biphasic response.
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v) Sodium-dependence

Amino acid uptake at 20]jM and 500yM (high and low affinity 

respectively, see Introduction) was measured in the absence and in 

the presence of Na^ ions and the results are presented in Table 22.

It can be seen that the uptake of all amino acids at 20yM was 

particularly reduced in the absence of Na ions. The putative 

transmitters, L-glutamate and L-aspartate were most sensitive to Na 

ion concentration. The low affinity (500yM) uptake of all the amino 

acids was also reduced in the absence of Na ions but less so than 

for the high affinity uptake.

The rate of glutamate uptake is plotted against the con

centration of glutamate in the medium in the presence and absence of 

Na^ ions (Fig. 18), where the Na^-sensitive plot was obtained by the 

subtraction of the Na^-insensitive component from the total uptake at 

each glutamate concentration. "iVere ("6 cVear \vaA lcc\4Cdv-a
voia 4V\e àcx\-a.

was

vi) Substrate specificity

Fig. 19 shows that uptake of lOyM -L-glutamate 

specific as the same concentration of -leucine was not taken up

significantly over the same time period. L-glutamate again showed a 

tendency to be biphasic (see Fig. 19). Uptake of equimolar amounts 

of [^H|-L-glutamate and [^H]-L-aspartate was rapid and equal over the 

first five min of incubation (Fig.20). Both showed a tendency towards 

a b'ijDUa/îi'o 0\iec wco-Vo a4!tv\,
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Comparison of the uptake of [ ĥ |-L-glutamate and [flT|-L- 

glutamine (20yM) in the same preparation (Fig.21) showed that 

L-glutamine is accumulated similarly to L-glutamate.

Fig. 22 demonstrates that uptake of [^^]-L-alanine (20yM) 

was linear over 20 min and showed no tendency to saturate.

vii) Ouabain-sensitivity 
r3 -i[_ HI-L-glutamate uptake at 2 min and 10 min (30yM) was 

insensitive to ouabain, an inhibitor of the Na^, K^-ATPase,

(Fig. 23). High (50yM) and low (500yM) affinity uptake of [^H|-L- 

glutamate was also not inhibited by ImM ouabain (Fig.24 ). Similarly 

uptake of [|̂h |-L-aspartate and [^Hj-D-aspartate was insensitive to 

ouabain (Fig.25 ).

viii) Effect of respiratory uncouplers

Uptake of if|-L-glutamate and [^ifl-L-aspartate was only
-5slightly inhibited by 2,4, DNP at 1 x 10 M. However, it was con

siderably reduced by CCCP at 1 x 10 ^M (Fig. 26).

ix) Effect of freeze/thawing and osmotic shock

Fig.27 demonstrates that uptake of -L-glutamate by

fraction B3 was sensitive to different physical treatments of the

tissue. Freeze/thawing (3 cycles) reduced [flf|-L-glutamate uptake
r3 -Iby about 50% and osmotic shock by 70-80%. Uptake of [_ H|-L-aspartate 

was reduced by about 40% by both treatments. Fig-28 a,b shows the 

appearance of B3 under the electron microscope after three freeze/ 

thaw cycles.
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x) Competition experiments

Since L-glutamate and L-aspartate showed similar initial 

rates of uptake, competition experiments were tried in which both 

amino acids were present in the incubation medium. Results are shown 

in Fig. 29. -L-glutamate uptake was 50% inhibited by an equi

molar amount of non-labelled L-aspartate. Increasing the L-aspartate
p3 -,further reduced the uptake of |_ H|-L-glutamate. An equimolar amount

p3 -,
of non-labelled L-glutamate only inhibited [_ H|-L-aspartate uptake by 

about 10% (Fig.29).

An equimolar amount of L-alanine did not reduce uptake of

[ ^h }-L-glutamate significantly. However, it did reduce -L-aspartate

uptake by about 20%.

xi) Stereospecificity of amino acid uptake

F i g . 30 shows that the D- and L-isomers of aspartate were

equally effectively taken up by fraction B3 and that the D-isomer
r3 - Iinhibited uptake of [_ H|-L-aspartate. No labelled D-glutamate was 

commercially available and therefore no direct measurement of any 

uptake of the D-isomer of glutamate was possible. However, no uptake 

of D-glutamate was suggested by the findings that a D,L-mixture of 

glutamate showed little difference in uptake from the L-isomer and 

that cold D-glutamate did not inhibit the uptake of -L-glutamate 

(Fig. 30).

xii) Competition between D- and L-isomers

As shown in Fig.31 non-labelled L-glutamate reduced uptake

of [fnl-L-glutamate, but non-labelled D-glutamate did not. Both non-
r3 -ilabelled D- and L-aspartate reduced uptake of H|-L-glutamate.

Taken together Figs.30 and 31 demonstrate that fraction B3 can 

accumulate only the L-isomer of glutamate but that it can take up both 

the D- and L-isomers of aspartate.
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xiii) Effect of inhibitors

Various glutamate analogues and other compounds known to

inhibit uptake in mammalian synaptosomes were tested as potential

inhibitors of amino acid uptake in fraction B3. Table 23 lists the

percentage inhibition of uptake of 20yM concentrations of L-glutamate

and L- and D-aspartate by inhibitors at lOOyM. None of the compounds

tested showed strong inhibition of uptake, the most potent being L-

cysteate, cysteinesulphinate and p-chloromercuribenzoic acid. Uptake 
r3 -|of [_ 1̂ 1-L-glutamate was also inhibited significantly (28%) by y-

hydroxylglutamate. Kainic acid (KA), a glutamate agonist, slightly
r3 -| r3 ~istimulated uptake of both |_ -L-glutamate and [_ H|-L-aspartate, and

2-amino-3-phosphonopropionic acid (APP), an aspartate analogue, also 

stimulated slightly the uptake of both L- and -aspartate. Gluta

mate esters had little effect as did the neuroleptic drugs chlorpromazine 

and desmethylimipramine.
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c) Kinetics of amino acid uptake

i) Measurement of Km and Vmax

Km values for uptake were measured by varying the concentrations 

of the labelled amino acids. The time courses for the uptake of L-gluta

mate, L-aspartate and L-glutamine (Figs. 16 a,b, 19, 20, 21) had shown 

linearity only for approximately the first 5 min of incubation at low 

substrate concentrations (10-20yM), whereas the uptake of L-alanine was 

linear for up to 20 min (Fig. 22). True initial rates could therefore 

only be measured in the case of L-alanine uptake. For the other amino 

acids this presented a serious problem. It was clear that insufficient 

labelled amino acid could be accumulated in incubation times of less than 

7-10 min to permit acceptable count rates in the samples. This was the 

case even using the highest specific radioactivity amino acids available. 

The only compromise seemed to be incubation of 10 min and subsequent 

experiments were done at this incubation time. Also, increasing the 

amount of protein per incubation was impracticable due to the low yields 

per preparation and the fact that using more locust muscle did not result 

in an equivalent increase in the yield of B3 (see p. 188).

Given these technical limitations true initial rates of uptake 

could not be measured accurately. It was therefore decided to measure 

accumulation of labelled amino acid after 10 min incubation assuming that 

the departure from linearity at 10 min might be constant over the con

centration range employed.

It was not possible to determine whether the non-linearity 

observed at longer incubation times was due to efflux of the labelled 

amino acid or to homoexchange (i.e. exchange of endogenous unlabelled 

amino acid for the exogenous labelled amino acid), technical limitations 

being imposed by both the low yield of protein obtained per preparation
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and the problem already referred to of insufficient accumulation of 

labelled amino acid at short incubation times. It was felt that kinetic 

patterns obtained from v against plots of the uptake measured at 

this time (10 min) might still provide preliminary evidence for the 

presence, or otherwise, of high and low affinity uptake systems as 

observed in mammalian synaptosomes (Balcar and Johnston, 1973). The 

data may serve as a starting point for further experiments which, with 

improved techniques and preparation, would permit measurements to be made 

under true initial rate conditions. Figs. 32, 33, 34 and 35 show the 

kinetic plots from these preliminary experiments for L-glutamate, 

L-aspartate, D-aspartate and L-glutamine uptake respectively. Uptake 

of these four amino acids could cautiously (in view of the limitations in 

measuring initial rates of uptake) be described as showing a biphasic 

response to amino acid concentration. This would suggest both high and 

low affinity uptake sites with different Km’s and Vmax's.

Table 24 summarises the kinetic data obtained from these plots.

Although the data must be regarded as tentative the Km values for high
-5affinity uptake fall within the range of 10 M and those for low affinity

-3uptake within the range of 10 M. These values are similar to those 

reported for amino acid uptake into mammalian synaptosomes (Hertz, 1979).
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ii) Sodium-dependence of the high and low affinity |^H|-L- 

glutamate uptake
r3  - ,Km and Vmax values were measured for uptake of -L- 

glutamate in the absence and presence of Na^ ions. Fig.37 demonstrates 

that at low L-glutamate concentrations (̂ high affinity uptake), absence 

of Na^ ions decreased the Vmax for uptake, but did not affect the Km.

At higher L-glutamate concentrations ^ow affinity uptake), both Km and 

Vmax seemed to be independent of Na^ ion concentration (Fig.38 ). 

Furthermore a site of intermediate affinity (160yM) was indicated.

3. Amino Acid Release Experiments

a) K^-stimulated release

Preliminary experiments were carried out on the release of

labelled amino acids from preloaded vesicles of fraction B3. B3 was
r3 -, r3 -,incubated for 20 min in the presence of -L-glutamate or [_ Î |-L-

aspartate. Initially labelled vesicles were centrifuged at 30,000g

and resuspended in locust saline/sucrose, or the same buffer containing

55mM KCl, for a further 5 min incubation. Samples were then removed

for centrifugation at 100,000g in the Airfuge. This method gave poor

reproducibility of results and therefore the filtration assay was

subsequently employed. In this case, prelabelled samples from the

20 min incubation were removed and filtered under reduced pressure

directly through Whatman GFB filters. Filters were then washed with

either normal or high K^ locust saline/sucrose and the filtrates

collected and counted. Data from two such experiments are presented in

Fig. 39. K^-stimulated release of both -L-glutamate and |-L-

aspartate was demonstrated.
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b) Effect of ions

Several experiments were tried with and without calcium

present in the washing buffer. There was a wide variability of

response to ± Ca^ ions. No consistent increase in release of
2+labelled amino acid could be measured. Therefore no Ca -dependence 

of the K -stimulated release was demonstrated.

4. Thin-Layer Chromatography

a) Radiochemical purity of labelled amino acids

The purity of all the labelled amino acids used in experiments 

was checked by t.l.c. In each case only one amino acid spot stained 

with ninhydrin and contained all the applied radioactivity.

r3 -Ib) Metabolism of | H|-L-glutamate

Only one ninhydrin-positive spot was detectable after up to 

15 min incubation at 25°C, and this corresponded to labelled glutamate. 

After 30 min and 60 min a second ninhydrin-positive spot appeared 

which migrated similarly to the alanine standard but did not contain 

radioactivity. No a-ketoglutarate spot was detected. The identity of 

the second spot was not determined since incubation times of 10-15 min 

were normally used, and under these conditions this spot was not 

detectable.

5. Trapping of Radioactivity by the Pellet
rl4 “ IUsing [_ Cj-sucrose the radioactivity "trapped" by the pellets 

in the centrifugation assay was calculated to be 0.1% of the total.

No correction was therefore applied.
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6. Variability of Amino Acid Uptake by Fraction B3 Between Different 

Preparations

Considerable variation in amino acid uptake was observed 

between different muscle preparations. Table 25 summarises the uptake 

data for L-glutamate and L- and D-aspartate for 17, 12 and 5 experiments 

respectively.

Although some wide variations were observed, most values for 

uptake at 15 min fall within ± 20% of the mean value.
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Pellet PI

Supernatant 82

Homogenate (2% w/v, locust saline/sucrose) 

nylon bolting cloth (159ym mesh) 

Filtrate

5 min, l,000g
 1
Supernatant SI

30 min, 30,000

Pellet P2 resuspended in LS/sucrose 
(10ml)
layered on to gradient of 
equal volumes 4%, 12%, 20% 
Ficoll in LS/sucrose

90 min, 60,000g 
(Beckman SW27 rotor)

Ficoll

sp. gr 1.04 4%

sp. gr 1.07 12%

sp. gr 1.09
20%

B3 diluted with equal 
volume LS/sucrose 
15 min, 17,000g

yellow lipid 

yellowish haze Bl

diffuse white haze B2

dense yellowish-white 
B3 band

pellet P3
(reddish-brown)

Pellet B3 resuspended in LS/sucrose 
for assays

Fig. 7 . Subcellular fractionation of locust muscle
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Table 4 . Free amino acid content of locust thoracic muscle

Amino acid yg/g original tissue

*
L-glutamate 2277.1 ± 204.0 (6)

L-glutamate 608.6 (2)

L-glutamine ^ 932.1 (2)
4-L-aspartate 1971.4 (2)

L-alanine ^ 443.8 (2)

GABA 150.9 ± 15.6 (4)

Extraction and estimation of amino acids is described 

in Methods (p. 61 ).

See Discussion, Section,A, 2 

^ Non acid-treated samples

Values are expressed ± S.E.M.; number of samples in 

parentheses.
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Table  ̂ . L-glutamate content of locust muscle subcellular fractions

Fraction L-glutamate
(yg/mg protein)

% of total 
L-glutamate

% of total 
protein

Filtrate 41.40 ± 4.00 (4) 100 100

SI 47.30 ± 7.78 (4) 97.10 ± 4.00 (4) 74.61 ± 2.77 (21)

S2 59.64 ± 5.83 (5) 95.14 ± 3.50 (5) 60.54 ± 1.83 (22)

PI 2.28 ± 0.52 (4) 0.46 ± 0.15 (5) 13.53 ± 1.53 (19)

P2 1.85 ± 0.68 (3) 1.08 ± 0.67 (3) 10.80 ± 0.70 (22)

P3 n.d. n.d. 2.33 ± 0.33 (22)

B3 1.82 ± 0.76 (5) 0.25 ± 0.17 (3) 1.57 ± 0.26 (23)

B 3 / *12.40 ± 5.19 (3) 0.60 ± 0.44 (5)

L-glutamate was determined enzymically with GDH. Experimental details 

described in Methods (p. 61).

a B3,j, is the total L-glutamate measured in the presence of 0.1%

Triton X-100 

n.d. not detectable

* P< 0.05

Values are expressed ± S.E.M.; number of samples in parentheses.
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Table 6 . GABA content of locust muscle subcellular fractions

Fraction GABA
(yg/mg protein)

% of total 
GABA

% of total 
protein

Filtrate 2.04 ± 0.56 (4) 100 100

SI 3.71 ± 1.00 (3 ) 100 (2) 74.61 ± 2.77 (21)

S2 4.43 ± 0.84 (3) 109.9 ± 11.05 (3) 60.54 ± 1.83 (22)

PI 0.20 ± 0.15 (3) 0.69 ± 0.04 (3) 13.53 ± 1.53 (19)

P2 0.30 ± 0.09 (4) 1.33 ± 0.23 (4) 10.80 ± 0.70 (22)

P3 0.27 ± 0.08 (4) 0.49 ± 0.09 (4) 2.33 ± 0.33 (22)

B3 1.21 ± 0.53 (4) 0.72 ± 0.17 (4) 1.57 ± 0.26 (23)

B 3 / *0.95 ± 0.31 (4) 0.63 ± 0.11 (4)

GABA waa determined enzymically using GABase. Experimental details 

described in Methods (p.63 ).

B,j is the total GABA measured in the presence of 0.1% Triton X-100, 

* Not significantly different from B3.

Values are expressed ± S.E.M.; number of samples in parentheses.
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Table 7 . Free amino acids in fraction B3 from locust muscle

Amino acid yg/mg protein

*
L-glutamate^

L-glutamine

L-aspartate

L-alanine

GABA

12.40 ± 5.19 (3) 

' n.d.

11.29 (2) 

1.52 (2) 

0.95 ± 0.31 (4)

Extraction and determination of amino acids is 

described in Methods (p. 61 ).

= Total L-glutamate in B3 measured in the presence of 

Triton X-100 

n.d. = not determined

Values are expressed ± S.E.M.; number of samples in parentheses



107.

Table 8 . Trapping of ^ H |-glutamate and [^^C_|-sucrose during 

fractionation of locust muscle

Fraction \ r3 -1[_ H 1 -_glutamate [^^cj -sucrose

Filtrate 100 100

SI 78.2 101.2

PI 6.1 0.4

S2 68.5 99.4

P2 9.3 1.4

P3 4.3 0.01

B3 0.03 -

Overall recovery 82% Overall recovery 98.8%

Tissue was homogenised in the presence of either

I-L-glutamate or [^^C^|-sucrose as described in Results (p.84 )

Recoveries for all fractions are expressed as a 

percentage of the original filtrate. S2 and P2 are however 

derived from SI and P3 and B3 from P2. Results are means of 

duplicate experiments.
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Table 9 . Distribution of L-glutamate, GABA and protein on the 

Ficoll gradient

Gradient
Fraction

% total
L-glutamate a

% total 
G ABA a

% total 
protein (P2)

B1 53.6 16.4 8.2

B2 5.7 13.8 9.9

B3 11.5 33.7 25.8

P3 4.5 21.5 53.9

The microsomal pellet, P2, was applied to a Ficoll 

gradient and centrifuged for 90 min at 60,000g (Methods,p.60). 

Bands were collected and amino acids and proteins determined as 

in Methods (p. 61 ),

a Based on P2 applied to top of gradient = 100%

% recovery of L-glutamate = 75.0

% recovery of GABA = 85.5

% recovery of protein from gradient = 97.8

Values are means of duplicate experiments.
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Table 11. Relative specific activities of glutamate-metabolising 

enzymes in locust muscle subcellular fractions.

Fraction
Relative Specific Activity (RSA)

*
GOT GDH GPT GAD

Filtrate 1.0 1.0 1.0 1.0

SI 1.1 1.1 0.9 1.0

82 1.3 0.5 0.6 0.5

PI 0.6 1.8 1.9 1.0

P2 0.8 2.0 2.4 3.0

P3 0.7 2.4 2.9 4.5

B3 0.2 0.6 0.9 3.5

Data are derived from Table 10.
*
RSAs calculated from specific activities

RSA % total enzyme activity recovered 

% total protein recovered
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Table 13. Activities of cytosolic marker enzymes in subcellular 

fractions of locust muscle

Fraction

Specific Activity of Enzyme (nmol/min/mg protein)(S.A.)
GPDH LDH

S.A.
% re
covery

% protein 
re
covered

RSA S.A.
% re
covery

% protein 
re
covered

RSA

Filtrate 354.3±58.0 100 100 1.0 52.5 100 100 1.0

SI 365.3±24.7 74.5 72.0±3.8 1.0 57.7 74.2 67.5 1.1

S2 632.2±121.0 101.3 58.6±3.0 1.7 67.1 68.9 53.9 1.3

PI 37.4± 4.7 1.2 11.3±0.7 0.1 16.5 2.6 8.2 0.3

P2 32.2± 2.8 1.0 12.1±2.1 0.08 36.1 6.4 9.3 0.7

P3 16.4± 3.7 0.3 6 .6 1 1 . 1 0.05 18.2 1.7 5.0 0.3

B3 18.3± 3.1 0.03 0.910.2 0.03 55.6 0.2 0.2 1.0
% overall 
recovery 
of activ
ity or * 
protein

75.7 83.3 91.3 75.7

Determinations of enzyme activities described in Methods.

RSAs calculated as for Table 11.

All recoveries are expressed as a % of the Filtrate.
*

Based on SI + PI.

Values are means of duplicate experiments (LDH) and triplicate experiments 

(GPDH).
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Table 15 . Endogenous levels of cAMP in locust muscle subcellular 

fractions

Fraction pmol/mg protein

Filtrate 5.7

SI 2.9

82 4.8

PI 2.2

P2 5.6

P3 2.1

B3 9.4

cAMP was determined by radio 

Methods (p. 70).

assay as described in

Values are means of duplicate experiments.
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Table 16. Total ATPase activities in subcellular fractions of 

locust muscle.

Fraction
Specific Activity 
(nmol/min/mg 
protein)

% recovery % protein 
recovered RSA

Filtrate 300.0 100 100 1.0

S2 320.0 57.7 53.9 1.1

P2 585.5 18.1 9.3 1.9

P3 785.0 13.1 5.0 2.6

B3 1210.0 0.8 0.2 4.0

Total ATPase activity was measured using a coupled enzyme assay 

(Methods p. 73).

All recoveries are expressed as a % of the Filtrate.

Values are means of duplicate experiments.
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Table 17 . p-nitrophenylphosphatase (ATP-ase) activities in 

subcellular fractions of locust muscle.

Fraction S.A.
(nmol/min/mg 
protein)

% recovery 
activity

% recovery 
of protein

R.S.A.

Ft l̂ râ e 51.2 100 100 1.0

PI 10.5 2.8 13.0 0.2

P2 40.2 8.5 12.7 0.7

P3 8.4 1.0 7.8 0.1

B3 69.6 1.7 1.2 1.4

Activities were assayed using PNPP as substrate. Rates

were measured as the differences in activity recorded in the presence

of (20mM) and absence of ouabain compared to the converse situation

(ouabain, ImM; Methods p. 72). RSAs calculated as for Table H  .
p\i\ f a v f e  e> c | ) V ' e s s c - c l  a S  a %  o-( i W e  + " ; \ - A > f a t e .

Values are means of duplicate experiments.
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Table 18 Measurement of ATP-ases in locust muscle subcellular 

fractions prepared in sodium-and calcium-free locust 

saline/sucrose

activity 
(nmol/min/mg 
protein)

Filtrate P2 B3

Endogenous activity 287.0 315.4 838.0

% total activity 100 22.5 1.4

RSA 1.0 1.1 2.8

+ ouabain (ImM) 232.6 315.4 669.0

% total activity 100 27.7 1.4

% inhibition 19.0 0 20.2

RSA 1.0 1.4 2.8

+Ca^^ (2mM) 195.9 317.3 669.0

% total activity 100 33.1 1.7

% activation of 0 0 0

ouabain rate

RSA 1.0 1.6 3.4

+ azide (2.5mM) 139.2 115.0 376.8

% total activity 100 16.9 1.3

% inhibition 51.5 63.5 55.0

RSA 1.0 0.8 2.6

+ADP (2mM) 0 0 0

% inhibition of endo 100 100 100

genous rate

7o proteinreuooC,fecL 100 20.4 0.5

Activities were measured as described in Methods (p.73 ) 
RSAs were calculated from activities measured in the presence of 
activator or inhibitor.

A\\ y e c 0\j€»r > « s (Xf e (X (o erf .
Values are means of duplicate experiments.
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Table 19. Summary of the relative specific activities of the enzymes 

in fraction B3 prepared from locust muscle

Enzyme R.S.A.

Glutamate enzymes

glutamate-aspartate transminase

glutamate dehydrogenase

glutamate-pyruvate transaminase

glutamate decarboxylase

Mitochondrial markers

glycerophosphate oxidase

malate dehydrogenase

adenylate kinase

Cytosolic markers

glycerophosphate dehydrogenase

lactate dehydrogenase

Plasma membrane markers

acetylcholinesterase

adenylate cyclase

5'-nucleotidase

Adenosine triphosphatases

Total ATPase ^

p-nitrophenylphosphatase 
bTotal ATPase

ouabain-sensitive ATPase (Na^K-ATPase)
2+ 2+Ca -stimulated ATPase (Ca -ATPase)

azide-sensitive ATPase (sarcosomal ATPase)

0.2
0.6
O.ĉ

5.5

1.6 

1.0 
0.15

0. 05 
1.0

1.6

1.1

1.0

4.0

1.4 
2.8 

2.8

3.4 

2 . 6

Fractionation of the muscle was carried^out in normal locust saline/
sucrose, b) as in a) but minus both Na and Ca ions.



122.

Table 20 . 0^ uptake by subcellular fractions of locust muscle

Fraction Substrates stimulating 
rates of 0^ uptake

P3 ADP
pyruvate
proline 2+ 
a-glycerophosphate + Ca 
succinate

B3 ADP
pyruvate 2+ 
a-glycerophosphate + Ca 
succinate

Oxygen uptake was measured with a Rank oxygen electrode as described 

in Methods (p.74 ). Table gives qualitative data only.
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Table 21 . Accumulation of |-L-glutamate and [^H]-L-aspartate 

by fraction B3

'-3 —I

Amino acid pM Accumulation
Index

r3 -I|_ H|-L-glutamate 50 1.3
500 1.6

r3 -1|_ Hj-L-aspartate 50 1.1
500 1.7

Incubations were for 15 min at 25 C. 50yl aliquots were removed from 

the total incubation and counted. 50pl of the supernatants from 

identical aliquots of suspension which had been centrifuged were 

also counted.

Accumulation indices were calculated from: 

cpm/ml suspension
cpra/ml supernatant 

Values >1 are taken as indicative of net uptake. Values are means of 

triplicate experiments.
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Fig.14. Uptake of 40yM -L-glutamate by increasing amounts 

of fraction B3. Incubations were at 25°C for 15 min 

(centrifugation assay); means of triplicate determinations 

Data for all Figs. refer to the centrifugation assay 

unless otherwise stated.
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4.0

2.0

15 min
r----------- 1

5 min 
I----------- 1

sucrose (0.25M)

Fig. 15. Effect of 0.25M sucrose on the uptake of 
r3 —[_ HI-L-glutamate (40yM) into fraction B3; 

Identical incubations were in locust saline 

± sucrose; values means of triplicate 

determinations.
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Fig.l6a. Temperature dependence of -L-glutamate uptake

(lOyM, filtration assay); means of triplicate 

determinations.
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Fig.l6b. Temperature dependence of -L-glutamate uptake 

(20yM); means of triplicate determinations.
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Fig.l7a. The concentration dependence of [̂ h ]-L-glutamate

uptake by fraction B3 (filtration assay); means of

triplicate determinations.
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Fig. 17b.The concentration dependence of -L-glutamate 

uptake by fraction B3; means of triplicate

determinations.
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Table 22 , Sodium-dependence of amino acid uptake by fraction B3 

of locust muscle

Amino acid Concentration
(pM)

% of control 
uptakç in absence 
of Na

-L-glutamate 20 29
500 54

r-3[__H 1 -L-aspar tate 20 20
500 45

r"3 — 1|_ H 1-D-aspartate 20 57
500 89

p3 — 1 .J_ H 1-L-glutamine 20 66
500 71

r3 -i|_ Bj-L-alanine 20 66
500 41

Muscle fractionation was carried out in Na -free locust saline/ 

sucrose and incubations were done in the absence or presence of Na* 

ions (Methods p. 76). Uptake in the presence of Na ions was taken 

as 100%.

Results are means of two triplicate determinations.
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Fig. 18. Effect of Na^ ions on the uptake of [^^-L-glutamate;

means of triplicate determinations. Identical

incubations were carried out in the absence and

presence of Na^ ions. Data points for the Na^-

sensitive uptake component were calculated by subtracting

the uptake rate in the absence of Na^ from that in its 
r3 -,presence for each [_ H|-L-glutamate concentration,

1 0  Ŷ \v\ I v \c L x b a A ; o v \S ,
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Fig. 19. Specificity of uptake of [^^-L-glutamate (lOpM) 

by fraction B3; [^^^-L-leu also lOyM ; means of 

triplicate determinations.
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Fig. 20. Uptake of Hj-L-glutamate (lAyM) and [H]-L-aspartate 

(14yN) by fraction B3; means of triplicate 

determinations. 
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Fig. 21. Uptake of -L-glutamate (20yM) and

glutamine (20yM) by fraction B3; means of 

triplicate determinations.
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Fig. 22, Uptake of |-L-aspartate (20yM) and [^^]-L-alanine (20yM) 

by fraction B3; means of triplicate determinations.
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Fig. 23. Uptake of (^H|-L-glutamate (30yM) in the 

presence and absence of ouabain (ImM); 

means of triplicate determinations 

(Methods p. 76).
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Fig. 24. Effect of ouabain (ImM) on the uptake of 

20yM and 500yM [^^-L-glutamate; means of 

triplicate determinations. (Methods p. 76 

15 min incubations).

± refers to the presence or absence of ouabain
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Fig. 25. Uptake of [̂ h ]-labelled amino acids (20yM)

in the absence (-) and presence.(+) of ouabain (0.5mM); 

means of triplicate determinations.

Incubations were for 15 min (Methods p. 76 ).
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Fig. 26. Effect of uncouplers on the uptake of [_̂h |-L-glutamate

and [[̂h ]-L-aspartate; means of triplicate determinations 

(Methods p. 76 ; 15 min incubations).
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Fig. 27. Effect of 3 freeze/thaw cycles and osmotic shock on 

the uptake of -L-glutamate and [[̂h |-L-aspartate

by fraction B3; means of triplicate determinations. 

Treatment of the tissue described in Methods p. 76 

15 min incubations.
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Fig. 29. Uptake into fraction B3 - Competition between amino acids,
*

denotes labelled compound; means of triplicate determinations 

(Methods p. 76 . 15 min incubations).
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Fig.30. Isomer specificity of amino acid uptake into
*fraction B3, denotes labelled compound; 

means of triplicate determinations (Methods p . 75) 

All amino acids at 20yM except D,L-glu which 

was at 40yM; 15 min incubations.
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of triplicate determinations (Methods is).
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r3 -Table 23 . Effect of inhibitors on the uptake of 20yM [_ H]-L-glutamate,
f“3 “*i p3 “I[_ HI-L-aspartate and [_ -D-aspar tate

Inhibitor
% inhibition of uptake

(lOOyM) p3-il_ H|-L-glutamate -3 -1[_ H|-L-aspartate r3 -[_ ̂ D-aspartate

glutamate dimethyl- 0 5
es ter

glutamate diethyl- 12 5
ester

y-hydroxyl gluta 28 12
mate

4-fluoroglutamate 19 -
2-amino-4-phosphono- 0 0

butyric acid
kainic acid +9 + 16

N-methyl-D-aspartate 15 14 12
2-amino-3- phosphono- 0 +9 +4

propionic acid
L-cys teate 31 25
cysteine sulphinate 20 23

p-chloromercuri- 29 29
benzoic acid

*chlorpromazine 17 2
desmethylimipramine 1 + 1

proline 17 8

Inhibitors (lOOyM) were added to incubations 15s before addition of 

labelled amino acid. Incubations were for 15 min at 25°C and were 

terminated by centrifugation (Methods p. 76).

500yM.

Values are means of duplicate experiments
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S I— I 1-3 -iFig. 32. /v against plot for [_ H|-L-glutamate uptake;

V  = nmol/mg protein/10 min. Incubations of fraction B3

were at 25°C for 10 min at varying concentrations of 
r3 “I1_ HI-L-glutamate (centrifugation assay).

Uptake shows high- and low-affinity kinetics.

Km values obtained from the negative intercepts;

Vmax values obtained from the reciprocal slope values 

(Table 24 ).

Experimental points are means of triplicate determinations
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Table 24 . Kinetic data for amino acid uptake into fraction B3 

of locust muscle

Amino acid
High affinity Low affinity

Km
(yM)

*Vmax Km
(yM)

*
Vmax

L-glutamate 19.4 0.17 664.0 1.03

L-aspartate 30.0 0 . 1 1 640.0 0.50

D-aspartate 30.0 0 . 1 1 720.0 1 . 1 0

L-glutamine 70.0 0.09 1 2 0 0 . 0 0.80

L-alanine 50,0 0. S-(o

Values were obtained from the S/v against [sj plots, 

Figs. 32, 33, 34, 35, 36).

nmol/min/mg protein
3a-+cx sUouL^d be, as (^see ^ ^
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S / I— I -3 -,Fig. 36. V against |_̂| plot for 'L H|-L-alanine uptake.

Experimental details as for Fig. 32.

Uptake shows only a single " " affinity site
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Fig. 3 7 . against [̂ | plot for high affinity -L-glutamate

uptake in the presence and absence of Na ions. 

Experimental details as for Fig. 32 except that the 

experiment was repeated in Na -free locust saline/sucrose 

The presence of Na ions alters the Vmax values whereas 

the Km values are unaffected. A glutamate site of inter

mediate affinity is revealed by this plot.
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Fig. 39. K -stimulated release of [_ H(-L-aspartate

p3 “iand HI-L-glutamate from fraction B3;

means of triplicate determinations.

Aliquots of fraction B3 were prelabelled by 
r3 “Iincubation with H | -amino acid for 20 min, 

filtered and washed. The released radio

activity was measured in the filtrates 

collected after washing the filters with 

1.0ml locust saline/sucrose containing 55mM 

KCl (as described in Methods).
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Table 25 . Variability of amino acid uptake by B3 from different 

muscle preparations

Amino acid 
(20yM)

nmol/mg protein 
taken up after 15 min 
at 25°C

-3 -I[_ H 1-L-glutamate 
r3 -I[_ H 1 -L-aspartate 
r3 -[_ H]-D-aspartate

0.61 ± 0.14 (17) 

0.61 ± 0.07 (12) 

0.30 ± 0.04 (5)

Values are expressed ± S.E.M.; number of experiments 

in parentheses.
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DISCUSSION

Section A

1. Subcellular Fractionation of Locust Muscle

Most of the available data on the invertebrate central 

and peripheral nervous systems have come from physiological and 

electrophysiological studies with whole tissues. Undoubtedly these 

have provided answers to many important questions regarding the nature 

of the transmitter substances and their mode of action, but several 

criteria for the identification of the several neurotransmitter can

didates remain to be met. Biochemical studies on invertebrate 

preparations, and those of insects in particular, have received little 

attention (Briley et al., 1980). Increased knowledge of the simpler 

invertebrate nervous system would not only aid our understanding of 

the evolution and functioning of the more complex nervous systems 

of the higher organisms but may also lead to a rational approach to 

the design of selective pest control agents.

The isolation of a nerve terminal preparation from insect 

muscle, akin to the synaptosomal fraction obtained from mammalian CNS, 

would assist greatly in the characterisation of the process involved 

in neuromuscular transmission in insects. Since the development of 

fractionation techniques for mammalian CNS using differential and 

density gradient centrifugation procedures (De Robertis et al., 1961; 

Gray and Whittaker, 1962) and for Torpedo electric organ (Sheridan 

et al., 1966) few attempts have been made to apply similar techniques 

to invertebrate nervous tissue. Jones (1967) prepared synaptosomes 

from octopus brain with limited success. The homogenisation medium 

(0.32M sucrose) used by Gray and Whittaker (1962) was found to be 

hypo-osmotic to sea water and sucrose concentrations of 0.8M were
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required for octopus tissue but such high concentrations of sucrose 

interfered with the negative staining technique used to prepare 

material for electron microscopic examination. However, synaptosomal 

profiles were observed in a good state of preservation.

Dowdall and Whittaker (1973) carried out comparative studies 

on the isolation of synaptosomes from the squid, Loligo, head ganglion. 

Sucrose concentrations of 0.35M containing 0.17M NaCl appeared to be the 

most effective medium for producing synaptosomes retaining most of 

their acetylcholine content. Mixtures of NaCl/sucrose, which have a 

high osmotic pressure but low density, may not be entirely suitable 

however, since considerable clumping of subcellular particles may occur 

in high salt, (Dowdall and Whittaker, 1973).

Techniques for fractionating insect tissue have usually 

depended upon differential centrifugation procedures designed to 

isolate mitochondria and microsomes from total body homogenates and 

there are standard procedures for isolating and purifying flight muscle 

mitochondria for metabolic studies (Sacktor, 1954; 1970). The need 

for reliable methods of separating and purifying additional subcellular 

components from insect CNS was recognised by Matsumura and Hayashi 

(1969) and Telford and Matsumura (1970) who measured the binding of

-dieldrin (a widely used commercial insecticide) to nerve membranes 

of the cockroach, Blattella. In the case of the insect nerve cord and 

ganglia, these workers found 0.25M sucrose to be a suitable homogen

isation medium. Application of the microsomal fraction to a discon

tinuous sucrose density gradient gave several bands of membranous 

material, one of which contained nerve terminal profiles in various 

stages of preservation.
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More recently Donnellan et al. (1976) using Ficoll density 

gradients isolated a fraction from Musca, (fly) heads that showed 

some properties of synaptosomes and during the course of the work 

described in this thesis Breer and Jesserich (1980) published a 

microscale floatation method for the isolation of synaptosomes from 

locust head and thoracic ganglia and nerve cords.

Previous attempts to isolate a nerve terminal fraction from 

insect muscle were those of Donnellan et al. (1974) using the flight 

muscle of the fleshfly, Sarcophaga barbata and Hardie and Irving, (1977) 

who suggested the sarcolemmal sheath enriched in motor endings from the 

larvae of the Blowfly, Calliphora, as a source of nerve terminal 

material. Donnellan et al. (1974) attributed their failure to obtain 

a subcellular fraction enriched in synaptosomes to fragmentation of the 

neuromuscular junctions during the initial homogenisation of the muscle. 

The appearance in situ of fleshfly flight muscle (Donnellan et al.,

1974) and locust retractor unguis neuromuscular junctions (McKinley and 

Usherwood, 1978) closely resembles that of other chemically mediated 

synapses in having characteristic synaptic vesicles within the 

terminals. Attempts to isolate these nerve terminals anticipated that 

the vesicles would be retained when synaptosomes were formed during 

homogenisation. Bareis and Slotkin (1979) have recently reported 

isolating synaptic vesicles from rat heart and Miller Jonakait et al. 

(1979) prepared "autonomic synaptosomes" from the enteric nervous 

system of guinea-pig ileum.

From the limited data available it therefore seemed that 

fractionation of invertebrate peripheral nervous tissue would require 

considerable modification of the homogenisation techniques of Gray 

and Whittaker (1962) developed for the mammalian CNS, particularly
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with regard to homogenisation buffer and techniques of tissue dis

ruption. The yield from peripheral nervous tissue might also be 

expected to be low and variable (Marchbanks, 1975). The frequency 

of axon terminals on synchronous flight muscle used in these studies 

is not known. However, using the data of Usherwood (1967) that the 

innervation pattern of the metathoracic depressor tibia muscle fibre of 

the locust has about 26 nerve endings on an axon length of 500pm and 

50 pm diameter, and the calculation of Donnellan et al. (1974) for

fleshfly flight muscle, the minimum expected yield of synaptosomes
-4should be in the region of 10 of the tissue by volume. Assuming 

that the synaptosomes formed by homogenisation of the tissue were 

relatively homogeneous they should sediment in a discrete region of 

a density gradient in sufficient quantity, depending on the number of 

locusts used, for visualisation by electron microscopy. In fact 

Donnellan et al. (1974) detected synaptosomal profiles from fleshfly 

muscle at only marginal frequencies and attributed this mainly to 

failure of these organelles to survive the homogenisation and handling 

procedures rather than to a very much less than expected terminal 

frequency.

Various homogenisation and buffer conditions were therefore 

tried in order to isolate nerve terminals from locust thoracic muscles. 

Since low yields were expected, routinely 30-40 adult Schistocerca 

gregaria (giving 6-8g fresh weight of muscle) were used per preparation. 

Initially 0.25M buffered sucrose, pH 7.1, was chosen as this is con

sidered to be iso-osmotic for insect central nervous tissue (Matsumura 

and Hayashi, 1969; subsequently by Breer and Jesserich, 1980). Early 

preparations using a Potter-Elvjhem homogeniser with a motor driven 

pestle at speeds of 600-800 rev./min proved to be too disruptive to
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the tissue. It was found that the muscle fibres could be easily 

dispersed by vigorous stirring in the cold for Ih. Since axon terminals 

are known to lie in grooves between muscle fibres (Osbourne 1970) and 

in some cases can be easily detached (Hoyle 1955a; 1965b) it was 

thought that gentle mechanical methods of dissociating the fibres might 

result in the production of a higher yield of intact nerve endings.

Fig. 7 shows the differential and density gradient fractionation 

scheme developed after initial filtration of the muscle homogenate 

through nylon bolting cloth to remove myofibrils, tracheoles, chitin 

and large tissue fragments. The scheme is basically similar to that 

for isolation of mammalian synaptosomes in that the supernatant from a 

low speed centrifugation (to remove nuclear material and cell debris, 

fraction PI) is subjected to a high speed centrifugation in order to obtain 

a "mitochondrial" pellet, P.2. The resuspended pellet is then applied 

to a discontinuous Ficoll gradient (Donnellan et al., 1976) and centri

fuged for 90 min at high speed, producing a reddish-brown pellet and 

three bands of material at the gradient interfaces, together with a 

thin band of residual lipid at the top of the gradient. Of the bands, 

designated Bl, B2 and B3 from top to bottom of the gradient (Fig. 7 )

B3, at the interface between 20% and 12% Ficoll, was always obtained 

in greater yield than either Bl or B2. Neither Bl nor B2 was ever 

obtained in sufficient yield for satisfactory electron microscopy.

Band B3 and the pellets PI, P2 and P3 were fixed for electron micros

copy in buffers containing 0.25M sucrose to maintain osmotic stability 

(Table 2 ).

The use of Ficoll gradients led to isolation of much more 

compact bands of material at the interfaces than with sucrose alone. 

Vigorous homogenisation conditions i.e. at speeds > 100 rev./min, led
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to pelleting of all the P2 material applied to the gradient indicating

that disruption of buoyant vesicular material had occurred. Tissue

concentrations of > 2% w/v gave low yields of B3. Table 3 indicates

the different homogenisation conditions used for locust muscle. Mg^^

and Ca^ ions were included in the buffer based on the observations of

McKinley and Usherwood (1978) that fixatives containing high Mg^* gave

profiles of locust retractor unguis muscle axon terminals in situ

containing large numbers of synaptic vesicles. This was not considered

to be artefactual because Mĝ "*" is known to depress the evoked release

of transmitter from such terminals (Dowson and Usherwood, 1972) and

therefore the vesicular stores of transmitter might be expected to

remain relatively intact. Using the simple 0.25M sucrose/Tris buffer 
2+ 2+containing Mg and Ca (Table 3 ) rather low and very variable yields

of B3 were obtained making fixation of material for electron microscopy 

difficult. Initial examination of the fractions revealed that PI was 

composed mainly of large fragments of muscle fibres and connectives and 

was not enriched in any particular organelle. P2 was a mixture of 

mitochondria and a heterogeneous collection of vesiculated membrane 

fragments. Subfractionation of P2 on the gradient produced P3, con

sisting largely of mitochondria and some membrane fragments and B3, 

a heterogeneous population of small vesicles 0.07pm diameter,

Table 3 ).

Little or no glutamate was detectable in the microsomal

fraction prepared in low Mg^ buffer (Table 3 ). Inclusion of lOmM

Mg^^ gave higher yields of B3 containing glutamate which may have been
2+due to stabilisation of vesicular material by Mg and also in part due

2+to the chelation of glutamate by Mg ions (Clements & May, 1974a).



165.

In order to increase the yield of B3 reproducibly it was 

decided to use the locust saline developed by Hoyle (1953b) for electro- 

physiological studies on intact muscle, on the basis that it might 

provide more suitable ionic conditions for the disrupted tissue.

High salt appears to stabilise the acetylcholine content of synaptosomes 

isolated from squid (Dowdall and Whittaker, 1973). It was hoped that 

inclusion of 0.15M NaCl in the homogenisation buffer might similarly 

stabilise insect nerve-muscle terminals. Homogenisation in 0.25M 

sucrose in locust saline gave consisteitly better yields of the 

vesicular fraction B3 and it was decided to use this buffer routinely.

It was also found that low speed homogenisation ( 1 0 0 rev./min) in a 

Potter-Elvjhem homogeniser (radial clearance 0.15mm) gave quantitatively 

and qualitatively similar yields of B3 to preparations disrupted by 

vigorous stirring. The former method was therefore adopted as it 

shortened the total fractionation time due to elimination of the Ih 

stirring period.

The representative electron micrographs of fractions P3 and 

B3 prepared in locust saline (Figs. 9, 10 ) show the former to be

composed mainly of mitochondria and the latter is seen to be comprised 

of large (l-3pm diameter) membrane-bound bodies containing numerous 

small vesicles (0.05-0.08pm diameter). Some mitochondria are also 

seen in most preparations of B3. The dimensions of the particles 

are closely similar to those of synaptosomes and enclosed synaptic 

vesicles from mammalian brain (De Robertis et al., 1961) and fleshfly 

flight muscle (Donnellan et al., 1974). The latter authors found 

membranous vesicles present in a subfraction from fleshfly muscle 

in a variety of forms and sizes together with small mitochondria and 

granular material (presumably glycogen). They were not able to 

recognise any synaptosome-like profiles in subfractions from locust
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jumping leg muscle. Since these authors used 0.45M sucrose their 

conditions may have been hyperosmotic.

The visual evidence from electron micrographs for the exist

ence of vesicular material isolated from locust muscle encouraged 

further characterisation of fraction B3 in order to investigate the 

possible synaptic origin of this material. This was necessary since 

such a fraction might be expected to contain a variety of membrane 

vesicles that had originated from the sarcolemma, sarcoplasmic retic

ulum or sheath cells. During the preparation of B3 the various sub

cellular fractions were therefore monitored for protein, free amino 

acid content and marker enzyme activities as discussed in the following 

sections.

2. Protein and Free Amino Acid Content of Locust Muscle Subcellular 

Fractions

The percentage of the total protein found in each fraction 

(Table 5 ) was calculated with respect to the original filtered 

homogenate. This percentage was consistent between different pre

parations as indicated by the S.E.M. values. Between 1-2% of the 

filtrate protein was isolated in B3, the fraction enriched in 

vesicular material. The amount of protein isolated in B3 represented 

approximately 0 .0 2% of the tissue fresh weight (i.e. a yield of about 

2mg protein from 7g fresh muscle). Lahdesmaki (1977) calculated the 

protein content of synaptosomal fractions from calf brain as 1% of 

the fresh weight and a yield of 170yg vesicular protein per g tissue.

As the protein yield in fraction B3 from locust muscle was of the same 

order (v 2 0 0pg/g) and as muscle is not as enriched in nerve terminals 

as brain tissue, this would suggest that B3 contains some non-neuronal
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protein.

One approach to establish a possible correlation of the 

vesicular appearance of B3 with a biochemical parameter would be to 

determine if the putative transmitter, L-glutamate, was present in 

this fraction as the measurement of occluded acetylcholine has been 

successfully used in the identification of mammalian synaptosomes (Gray 

and Whittaker, 1962). Donnellan et al. (1974) had reported that gluta

mate could only be detected in the soluble fraction of fleshfly 

flight muscle but this was not unexpected if, as they described, under 

their conditions the integrity of synaptosomal profiles was lost.

Of the free amino acids measured in total homogenates of 

locust thoracic muscle, glutamate was present in greatest amount 

followed in decreasing order by aspartate, glutamine, alanine and 

G ABA (Table 4 ). Table 26 summarises values obtained from the 

literature for these amino acids measured in tissues of various insects. 

Values for glutamate and aspartate given in Table 4 are higher than 

previously reported values in locust muscle, (Bellamy, 1958; Kermack 

and Stein, 1959) and this may in part reflect the methods used for 

extraction and estimation of the amino acids. In particular these 

authors found higher glutamine than glutamate levels in locust muscle, 

whereas the converse was found in the work reported here (Table 4 ).

Glutamate was measured after perchloric acid extraction (Table 4 ) 

and it was possible that considerable hydrolysis of glutamine to 

glutamate had occurred under acid conditions. This seems likely for 

the following reason. Glutamine was measured enzymically (GDH, see 

Methods) in heat-deproteinised muscle extracts after initial hydrolysis 

to glutamate by incubation with glutaminase. Endogenous glutamate 

levels were measured in the same extracts and the difference (GLN + GLU)
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- GLU gave the free glutamine concentration. By this method the total 

GLN + GLU value was calculated as 1540.7yg/g tissue, a value somewhat 

lower than 2277.1ug/g found in the perchloric acid extracts (Table 4 ). 

However, the latter extracts had been sonicated in order to release 

tissue-bound glutamate from the disrupted subcellular organelles and 

this might account for the increase. The level of endogenous glutamate 

in the heat-denatured extract however was found to be 608.6pg/g tissue.

If this value was correct this would indicate that most of the glutamate 

measured in the perchloric acid extract derived from hydrolysed glutamine 

and the value of 2277.1yg/g would therefore represent the concentration 

of GLN + GLU.

The ratio of GLN/GLU found in locust muscle i.e. 2-3 was 

lower than the ratio of these amino acids reported in the haemolymph of 

several insects, (Levenbook, 1962; 1966; Price, 1961) where glutamate 

levels were very low giving high GLN/GLU ratios. Therefore it did not 

seem likely that the muscle extracts were contaminated by haemolymph.

The conclusions of Irving et al. (1976) that the high levels of glutamate 

found in insect haemolymph were probably due to artefacts in the method 

of extraction and estimation are very pertinent and emphasise the 

particular difficulties encountered in the measurement of glutamine in 

tissue extracts because of its instability. Nevertheless, taking the 

lower value of 1504.7pg/g GLN + GLU calculated. This

compared favourably with the total GLN + GLU of 1402.4yg/g reported by 

Bellamy (1958) for locust muscle.

Glutamate and GABA levels were measured in each subcellular 

fraction (Tables 5 and 6 ). In each case almost 100% of the free amino

acid was found in the supernatant but a small percentage remained with 

the particulate fractions P2, P3 and B3. The important feature of
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Table 5 is the presence of occluded glutamate in the vesicular 

fraction B3. Addition of 0.1% (final concentration) Triton X-100 to 

this fraction consistently gave increased levels of glutamate i.e.

^ 6-fold. This was not due to activation of the glutamate dehydrogenase 

used to estimate L-glutamate as this concentration of Triton X-100 

increased the enzyme activity by no more than 1 0% and the reaction was 

followed to completion. Overall no occluded GABA was found in B3 

(Table 6 ); this was the case in one early experiment but was not seen 

in subsequent preparations. L-aspartate or L-alanine were not found 

in occluded form in fraction B3 (Table 7 ).

The results of Table 8 discount the possibility that the

occluded glutamate measured in B3 arose entirely as a result of trapping

of soluble glutamate within membrane vesicles during homogenisation. 
rl4 -|When 1_ C|-sucrose was added to the original homogenisation buffer,

no radioactivity was detectable in B3 at the end of the preparation.
r3 “IHomogenisation of the muscle in the presence of [_ H|-L-glutamate did

result in detectable radioactivity in B3, but the percentage of the total

counts was an order of magnitude lower than the percentage of total

glutamate recovered in B3. Thus it was unlikely that the occluded

glutamate of B3 arose as a result of trapping during homogenisation of
j-3  - Ithe muscle. However, some exchange/diffusion of exogenous [_ H|-L-

glutamate may have taken place during the period of the fractionation

as 0.03% of the radiolabelled glutamate was recovered in B3. The

distribution of [^lT|-L-glutamate and -sucrose on the Ficoll

gradient (Fig. 11 ) after centrifugation of the resuspended P2 pellet
-14 -Ifor 90 min confirmed the results of Table 8 in showing that no [_ C_|-

sucrose was incorporated into the particulate fractions but that some 

[^^HI-L-glutamate was associated with the mitochondrial pellet P3, and 

the B3 band (corresponding to tube 4).
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The distribution of protein, glutamate and GABA on the Ficoll 

gradient (Fig. 12 and Table 9) showed that much of the glutamate 

associated with P2 remained at the top of the gradient with peaks 

also corresponding to the bands of protein Bl, B2 and B3, (Fig.12). 

Notably the GABA content of P2 remained with the particulate material 

and moved down the gradient, being associated mainly with B3 but also 

small peaks corresponded with Bl and B2, (Fig. 12)

Towards the completion of this work, Geddes et al. (1980) 

published observations on the stability of mouse brain synaptosomes 

during preparation and concluded that the glutamate content of the 

synaptosomes was stable during the isolation procedure provided the 

temperature was maintained at 0-2°C and inorganic ion-free buffers 

were used. No glutamate uptake was observed in synaptosomes prepared 

in the presence of exogenous glutamate. Some loss of glutamate did 

occur on a sucrose gradient but this paralleled a loss in protein such 

that the glutamate content expressed on a per mg protein basis 

remained unchanged. Subsequent gentle resuspension and repelleting of 

the synaptosome fraction gave no significant loss of glutamate. Re

suspension of the P2 pellet from locust muscle did result in a sig

nificant amount of glutamate remaining at the top of the gradient 

but this was also associated with a small peak of protein and a layer 

of lipid (Figs. 7, 12 ). This may have resulted from association of

free glutamate with the lipid from the yellow fat body since it was 

not possible to completely remove this material before dissection of 

the muscle.

The experimental conditions chosen are therefore important 

for the stability of vesicular amino acid levels. Levi and Raiteri 

(1973) reported a loss of GABA and glutamate from crude synaptosomal
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fractions on a density gradient, an observation also reported by 

De Belleroche and Bradford (1973a) and Shank and Aprison (177).

The percentages of applied amino acids (as P2) found in each protein 

band (Table 9) correlate with the profile of Fig. 12.

Although a relatively small proportion of the total tissue 

glutamate was recovered in the vesicular fraction (  ̂0. 3%), if this 

represents intra-terminal glutamate it may be present in sufficient 

quantity to account for excitatory neuromuscular effects on insect 

muscle (Mangan and Whittaker, 1966). These authors reported that 11% 

of the total glutamate was found in the synaptosomal fraction from 

guinea-pig brain. The lower percentage found in B3 may reflect the 

very low yield of nerve terminal material obtained from insect muscle.

A high yield of synaptosomes prepared from mammalian brain might be 

expected to contain a greater percentage of the total glutamate. The 

values of amino acids measured in fraction B3 as yg/mg protein (Table 7) 

show that both L-glutamate and L-aspartate concentrations are relatively 

high, ('V ll-12yg/mg protein), and are greater than values for these amino 

acids in rat spinal cord synaptosomes (^^-3yg/g protein). The value for 

glutamate was similar to that in cerebral cortex synaptosomes (De Belleroche 

& Bradford, 1973a). The values for alanine and GABA in spinal cord and 

cerebral cortex synaptosomes (l-4yg/mg protein) and in B3 however are 

comparable (Osbourne and Bradford, 1973; De Belleroche and Bradford, 1973a).
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Section B

1. Characterisation of Locust Muscle Subcellular Fractions 

a) Marker enzymes

i) Glutamate-metabolising enzymes

Evidence from the previous section suggested that it was 

possible to isolate a subcellular fraction from locust muscle that 

contained occluded L-glutamate, although only a small percentage of 

the total glutamate was found in this fraction. If one is to confirm 

a neurotransmitter role for the amino acids L-glutamate and L-aspartate, 

which are ubiquitous in tissues, their presence in a particular sub

cellular fraction, even in an occluded form, is not in itself sufficient 

evidence. It is necessary to establish the localisation of synthesising 

enzymes and of specific release and uptake systems before such a 

neurotransmitter role can be confirmed. Such studies, in conjunction 

with the measurement of known enzyme markers for subcellular organelles, 

may permit the identification of sites of synthesis, release and uptake.

Glutamate is an important metabolite in intermediary metabolism 

and has several possible routes of synthesis and degradation. Fig. 40 

summarises metabolic reactions involving glutamate in mammalian nerve 

tissue.

The distribution of the activities of GOT, GDH, GPT and GAD 

paralleled that reported by Donnellan et al. (1974) for fleshfly muscle 

(Tables 10,11; RSA values > 1 indicate enrichment). GOT activity was 

found in the cytosol (supernatant, S2) but a mitochondrial isoenzyme 

was also present as witnessed by the activity observed in P2 and P3.

The dehydrogenase (GDH) and transaminase (GPT) showed greatest enrich

ment in the particulate fractions P2 and P3. These two activities are 

well documented as mitochondrial enzymes in various insect muscles
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(Donnellan et al., 1974) thus supplying additional evidence to that of 

the electron micrographs (Fig. 9 ) that P3 was enriched in mito

chondria. GDH and 6"PT activity was also observed in B3 and, as stated 

previously, electron microscopy of this fraction frequently revealed 

the presence of mitochondria. Nerve terminals are known to contain 

mitochondria (Gray and Whittaker, 1962) and therefore some mitochondrial 

enzyme activity would be expected in a fraction containing such 

terminals.

Glutamate decarboxylase (GAD), the enzyme which degrades

glutamate to GABA^was located primarily in the mitochondrial fractions

P2 and P3. As assay of this enzyme involved measurement of [^^(fl-CO^

evolution it was possible that the high RSA value in P3 reflected also 
rl4 “ I[_ Cl-CO^ production from mitochondrial enzyme reactions other than 

GAD i.e. TCA cycle activity. The intramitochondrial location of insect 

GAD has been clearly established (Langcake and Clements, 1974). This 

activity might therefore be a more specific marker for GABA-containing 

nerve terminals and in the case of insect muscle, mitochondria from 

GABA neurons. B3 has been shown to contain GABA but not in an occluded 

form (Table 6 ). GAD activity has previously been detected in brain 

homogenates of adult honey bee. Apis mellifera (Frontali, 1961) and in 

the larval fruit fly. Drosophila melanogaster (Chen and Widner, 1968). 

The GAD activity present in homogenates of the supraoesophageal 

ganglion of the honey bee. Apis, was associated with cellular partic

ulate fractions sedimenting in a wide range of centrifugal fields 

(Fox and Larsen, 1972).
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ii) Mitochondrial marker enzymes

Three mitochondrial marker enzymes were chosen to characterise 

the subcellular fractions.' Glycerophosphate oxidase (GPox) is a 

specific marker for insect flight muscle mitochondria where it has been, 

shown to be firmly bound to the inner membrane (Chance and Sacktor,

1958; Donnellan et al., 1970; Donnellan and Beechy, 1969). Table 12 

showed GPox to be enriched in fractions known to contain mitochondria. 

Activities were similar to those in fleshfly flight muscle (Donnellan 

et al., 1974). Enrichment of GPox activity in B3 as well as P3 indicated 

the presence of flight muscle mitochondrial material in this vesicular 

fraction.

Malate dehydrogenase (MDH) was used as a marker for the mito

chondrial matrix. MDH activity was enriched in the PI and

was similar to that in fleshfly muscle (Donnellan et al., 1974), further 

characterising this fraction as covi't<-\‘naiv̂tj cv.

Adenylate kinase (AR) is present in insect muscle mitochondria 

(Sacktor, 1953) and has been used as a marker for the space between the 

inner and outer mitochondrial membrane (Donnellan et al., 1974). It can 

be seen from Table 12 however that all the activity was found in the 

supernatant fractions. Possibly the high salt locust saline used in 

fractionating the muscle had disrupted the mitochondria sufficiently to 

make them leaky and to release the enzyme into the supernatant. AK 

activity can be released by ultrasonic disintegration of fleshfly flight 

muscle mitochondria (Donnellan et al., 1974) and high AK activity has been 

reported in a purified soluble fraction from pigeon heart muscle 

(Gibson and Drummond, 1972). Sacktor (1954) found that the ATP 

produced by the AK activity in housefly mitochondria could be dephos- 

phorylated by ATPase as inhibition of the ATPase by azide produced a
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pronounced increasecleffeet of hexokinase on AMP formation and labile 

phosphate disappearance. Possibly much of the high AK activity 

measured in locust muscle (Table 12 ) was therefore due to measurement 

of soluble ATPase activity in the coupled assay and measurement of AK 

in the presence of azide to inhibit the ATPase may give a better 

estimation of the true AK activity. As the AK assay monitored ATP 

production by using hexokinase and glucose-6-phosphate dehydrogenase to 

reduce NADP, the high concentration of glucose added (15mM) may have 

been stimulating many NAD(P)H-producing reactions in the crude soluble 

fractions (e.g. glycolytic enzymes). Therefore under the conditions 

applied this assay was probably rather non-specific.

In summary, GPox and MDH activities confirmed the electron 

microscopic observations of the predominantly mitochondrial nature of 

P3 and also indicated some mitochondrial constituents in fraction B3.

iii) Cytosolic marker enzymes

Lactate dehydrogenase (LDH) activity is used as an occluded 

cytosolic marker enzyme for mammalian synaptosomes (Marchbanks, 1967). 

LDH activity however is known to be very low in insect flight muscle 

(Zebe and McShan, 1957) where the glycerol-3-phosphate shuttle operates 

to reoxidise NADH. The low activity was confirmed by the results of 

Table 13 which also showed no particular enrichment in any fraction. 

Levels of LDH activity were similar to those reported by Crabtree and 

Newsholme (1975) for locust muscle. No occluded activity could be 

measured.

Glycero-3-phosphate dehydrogenase (GPDH) serves as a marker 

for soluble components of the muscle cell (Zebe and McShan, 1957).

Table 13 shows that this activity was almost entirely in the super
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natant, S2. Activities measured in locust muscle homogenate (F, Table 13) 

were similar to those reported for a variety of other insects 

(Zebe and McShan, 1957).

The glycerol-3-phosphate shuttle has been shown to be a 

major metabolic pathway in those insects which utilise carbohydrate 

substrates to meet their energy needs for sustained flight, (reviewed 

in Rockstein, 1978). Since glycolysis occurs in the cytoplasm and 

terminal oxidation in mitochondria, and NAD and NADH do not penetrate 

the inner mitochondrial membrane, an indirect mechanism i.e. a shuttle, 

is used to transfer reducing equivalents to the mitochondrion, thereby 

allowing a high rate of reoxidation of NADH and complete oxidation of 

glucose to CO^ and H^O without any accumulation of lactate. Most, if 

not all, of the NADH produced is reoxidised through the shuttle. GPDH 

catalyses the reduction of dihydroxyacetone phosphate (DHAP) to 

glycerol-3-phosphate and this reaction is linked to the mitochondrial 

respiratory chain because the glycerol-3-phosphate penetrates the outer 

mitochondrial membrane and is then reoxidised to DHAP by a separate, 

flavoprotein-linked, GPDH which is bound to the outer surface of the 

inner mitochondrial membrane. The flavoprotein is linked to the res

piratory chain. DHAP re-enters the cytosol, becoming available for 

further oxidation of NADH, thereby completing the shuttle.

It was decided to test for occluded GPDH activity in locust 

muscle subcellular fractions as a potential marker for muscle nerve 

terminals in the same way that occluded LDH has been used as a syn

aptosomal marker. However, it was found that addition of Triton X-100 

strongly inhibited the activity and therefore this approach was 

abandoned. Possibly freeze/thawing could have been used to release 

any occluded GPDH activity but, as will be described in a later
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section, (p. 204), physical disruption of fraction B3 by this procedure 

only partially reduced its structural integrity.

iv) Plasma membrane marker enzymes

Isolated nerve terminals (synaptosomes) are bounded by a 

plasma membrane. Several enzymes are noted as being markers for 

plasma membrane and enrichment of such enzyme activity in a particular 

subcellular fraction is a good indication of enrichment of plasma 

membrane material in that fraction. Enzyme activities and RSAs for 

three such enzymes are presented in Table 14.

Acetylcholinesterase (AChE) activity has been measured in 

locust muscle and has been used as a marker for nerve endings from this 

tissue (Cleworth et al., 1980). It was also associated with microsomal 

fractions from lobster muscle (Spielholz and Van der Kloot, 1973). 

Enrichment of AChE occurred in both the supernatant S2 and the 

vesicular fraction B3. This would seem to indicate that under the high 

salt conditions of locust saline homogenisation of the muscle there was 

considerable dissociation of the enzyme from its membrane environment.

A major proportion of AChE is membrane bound and different extraction 

techniques have been used to solubilise the enzyme from various sources. 

In particular high NaCl treatment is known to release AChE from the 

sarcolemma of muscle cells (Trevor et al., 1978).

Similar observations were made for the 5'-nucleotidase 

activity (Table 14 ). Cell fractionation and cytochemical studies have 

shown that a large proportion of this enzyme is associated with the 

plasma membrane in many tissues e.g. brain and skeletal muscle, and 

furthermore it is an ectoenzyme i.e. located nn the outer surface of 

the plasma membrane (Arch and Newsholme, 1978). There is good evidence
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for association of 5'-nucleotidase with muscle cell membranes, which 

may include transverse tubules, sarcolemma and sarcoplasmic 

reticulum (Rubio et al., 1973). However, a high proportion (up to 80%) 

of 5'-nucleotidase activity has been reported to be present in the 

cytosol of avian heart and pectoral muscle (Gibson and Drummond, 1972).

Adenylate cyclases (AC) are known to be associated with plasma 

membranes and to be coupled to membrane-bound neuroreceptor proteins 

e.g. evidence suggests that dopamine receptors regulate the formation 

of cyclic AMP (cAMP) in several brain areas (Fain, 1978). Neuro

transmitter-stimulated AC may therefore be a useful marker for neuronal 

plasma membranes. AC activity remained associated with the membrane 

fractions P2 and B3 under high salt conditions (Table 14) reflecting its 

probable internal localisation on the plasma membrane (Fain, 1978).

Conditions of fractionation of insect muscle in locust saline 

(containing 0.15M NaCl) although providing more osmotically stable 

conditions for the isolation of nerve terminals than sucrose alone 

would seem to be unfavourable for the localisation of plasma membrane 

marker enzymes,although their solubilised activities were still readily 

measurable. However, the enrichment of AC in B3 (RSA 3.1) strongly 

suggested that a considerable proportion of the membranes present in B3 

were plasma membrane in origin.

Since assay of AC involved measurement of rates of cAMP 

production, the endogenous levels of cAMP were determined in each 

subcellular fraction (Table 15). Enrichment of cAMP was found in B3 

which corroborates the high RSA value for AC in this fraction and is 

also significant in view of the fact that cAMP activation of locust 

muscle glycogen phosphorylase may occur after stimulation of octo-
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pamine receptors coupled to AC (Worm, 1980). The endogenous level of 

5.7 pmol cAMP/mg protein in the original muscle filtrate of the locust, 

Schistocerca, was lower than the value of 10.1 pmol/mg protein from 

Locusta, (Worm, 1980).

v) Adenosinetriphosphatases (ATPases)

Membrane-bound Na , K -ATPase and Ca^ -ATPase are considered 

to participate in the active transport of Na and K and Ca^ respect

ively (Sulakhe et al., 1972). The Na , K -ATPase has been used as a 

marker for plasma membranes in fractionation studies on crayfish muscle, 

(Meiners et al., 1979), and the outer membrane of mammalian brain synapto

somes (Hosie, 1965). Total ATPase activity was measured in locust 

muscle fractions (Table 16 ). Activity was high in all the subfractions 

assayed and this suggested the presence of several forms of ATPases i.e. 

both soluble and particulate. None of the activities in any fraction was 

ouabain-sensitive which is the case for the plasma membrane Na , K -APTase 

for which this has been considered to be a specific inhibitor (Dahl and 

Hokin, 1974). However, it is now known that not all ATPase preparations 

are sensitive to ouabain and this may depend on the assay conditions 

used (review by Schuurmans Stekhoven and Bonting, 1981). In particular 

locust Sarcoplasmic reticulum ATPase was not inhibited by ouabain 

(Volmer, 1978).

The results of Sacktor (1953) suggest the presence of several

different enzymes in insect muscle capable of dephosphorylating ATP.

The mitochondria (sarcosomes) contain a Mg^ -activated ATPase whereas

the muscle fibres contain a Ca^^-activated ATPase. In addition, a

soluble Mg^^-activated ATPase is found which is distinguished from the 
2+mitochondrial Mg -activated activity in that it is inhibited by 

fluoride (Sacktor, 1953). Furthermore, the mitochondrial ATPase is
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inhibited selectively by azide and chloromercuribenzoate.

Table 16 showed enrichment of ATPase activity in all fractions 

but especially the particulate fractions P3 and B3. At this stage it

was not possible to know which type of ATPase activity was to be

found in each fraction and further investigation was required before 

any assessment of Na , K -ATPase activity as a plasma membrane marker

for the vesicular fraction B3 could be made.

A more specific assay for plasma membrane ATPase was used.

K -stimulated, ouabain-sensitive, p-nitrophenylphosphate phosphatase

(PNPPase; ATPase) activity is a marker for plasma membrane (Dahl and

Hokin, 1974) and has been used as a marker for crayfish muscle plasma

membranes (Meiners et al., 1979). According to Dahl and Hokin (1974),

Na , K^- ATPase preparations invariably exhibit a ouabain-inhibitable,
+

K -dependent^phosphatase activity. The PNPPase activity showed from 

25-40% inhibition by ImM ouabain in the subcellular fractions. The 

activities reported in Table 17 were measured as the difference between 

+K /- ouabain and -K /+ ouabain rates (see Methods). Enrichment of 

activity was found in B3 suggesting the presence of plasma membrane in 

this fraction. A soluble ATPase, containing a PNPPase activity 

(ouabain-sensitive) has also been measured in housefly, Musca, head 

homogenates (Jenner and Donnellan, 1976).

Using the assay conditions of Narahara et al. (1979) it should 

have been possible to measure the Na^, - ATPase and the Ca^*- 

ATPase sequentially in the same assay, the latter activity being 

measured after ouabain inhibition of the Na^, K^- ATPase rate. ATPase 

activities were measured in some of the muscle fractions (Table 18) 

prepared in Na"*̂ and Ca^^-free locust saline. (It was considered that
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the high Na concentration of the normal locust saline might have

been priming the Na -pump (ATPase) thus overcoming any inhibitory

effect of ouabain). Under Na^ and Ca^ -free conditions of muscle

fractionation some inhibition by ouabain was observed although this

was low (20.2% in B3). Addition of 2mM CaCl^(final concentration)
2+however gave no increase in rate. Ca ions also failed to activate 

housefly, Musca, "soluble" and mitochondrial ATPase, (Sacktor, 1953). 

Insect muscle ATPases are activated by low concentrations of Ca^^

(10  ̂ - 10 ^M) and are inhibited by ImM Câ '*' (Chesky, 1975). This 

author reported no enzyme activity when ADP was substituted for ATP 

in the assay of housefly, Musca, myofibrillar ATPase. This was also 

observed for locust muscle (Table 18) and is strongly indicative that 

the activity present was due to an actomyosin Ca^^-ATPase. Failure 

to observe activation by addition of Ca^^ ions may therefore have been 

due to the conditions of the assay since the kinetic properties of 

myofibrillar ATPase are extremely dependent upon the ionic conditions; 

high ionic strength buffers inhibit activity, Chesky (1975).

Maruyama et al. (1968) have also reported that increasing

ionic strength reduced the activity and Ca^^-dependence of actomyosin

ATPase in several insect species. They distinguished differences in 
2+Ca -sensitivity between flight and skeletal muscle ATPases, the

skeletal muscle ATPase showing a large Ca?^-activation over a narrow

range of Ca?^ concentration. Generally the flight muscle showed less 
2+dependence on Ca over a wider concentration range except in the case

of the locust where similar activation by Ca?^ was observed in both leg
-7 2+and flight muscle, half-maximal activation occurring at 10 M Ca 

The high ionic strength assay conditions of Narahara et al. (1979), 

suitable for vertebrate muscle ATPase, would therefore seem to require
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modification for measurement of insect muscle ATPases.

Insect muscle sarcosomal (mitochondrial) ATPase is strongly 

inhibited by azide (Sacktor, 1953) and when this was included in the 

assay strong inhibition was observed in all the fractions tested. 

Strongest inhibition was observed in P3, the microsomal fraction 

containing mitochondria. However, enrichment of the ATPase activity 

measured under the assay conditions of Table 18 occurred in the 

vesicular fraction B3.

Several conclusions can be drawn from the data of Tables Ih

and /8 :

a) Both soluble and particulate ATPase activities are present in 

locust muscle as shown by the distribution in the different 

subcellular fractions. Soluble ATPase activity (also found in 

housefly muscle) may be due to solubilised actomyosin ATPase 

(i.e. myofibrillar) in the high salt locust saline and/or due to 

the presence of mitochondrial fragments (Sacktor, 1953). Enrich

ment of total ATPase activity was found in the particulate 

fractions, especially in B3. Since no inhibition by ouabain was 

demonstrated (Table 16) insect muscle ATPase may be insensitive to 

this compound as has,been reported for the sarcoplasmic reticulum 

ATPase of rabbit muscle (MacLennan, 1970). Alternatively the lack 

of observed inhibition may have been due to insufficient incubation 

time as ouabain inhibition of Na^, K^-ATPase is known to be a 

time-dependent process (Dahl and Hokin, 1974).

b) The particulate ATPase activity was due to several activities i.e. 

sarcosomal ATPase (inhibited by azide), myofibrillar ATPase 

(inhibited by ADP), and Na^, K^-ATPase (measured as PNPPase).
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Since all three activities were measurable in B3 this indicated 

the presence of mitochondria, sarcoplasmic reticulum and plasma 

membrane in B3. Since some inhibition of PNPPase activity was 

shown by ouabain (20-30%) and also ouabain slightly inhibited 

ATPase activity in Na^-free preprations of locust muscle, 

especially in B3, this also suggested the presence of plasma 

membrane Na , K -ATPase activity, particularly in B3. Sarcolemmal 

membranes (i.e. plasma membranes) from rabbit muscle also 

hydrolyse PNPP which further supports this suggestion (Sulakhe 

et al., 1972).

Fig.13 gives the distribution of ATPase activity on the Ficoll 

gradient. This shows that most of the activity applied to the 

gradient as the resuspended P2 pellet was particulate and was 

associated with the Bl, B2 and B3 bands of protein.

2. Conclusions on the Nature of the Locust Muscle Subcellular Fractions 

from Enzyme Marker Assays

The data obtained from these marker enzyme studies illustrate 

the difficulty of establishing a distinct marker for a putative glutamate- 

containing nerve terminal preparation from insect muscle. Table 19 

summarises the RSA values for all the enzyme activities measured in 

B3. Location of glutamate synthesising enzymes is not a good 

criterion since these activities are mainly cytosolic or mitochondrial, 

glutamate being an important metabolic intermediate. GAD activity is 

particulate in insect muscle and serves more as a mitochondrial marker 

in this tissue. No occluded cytosolic activity could be measured 

(LDH or GPDH). The slight enrichment of flight muscle mitochondrial 

GPox in B3 indicates the presence of mitochondria, or mitochondrial
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membranes. However, enrichment of B3 in plasma membrane marker 

enzyme activities, especially AC and Na , K -ATPase strongly suggest 

that a major proportion of the membranes in B3 may be of plasma 

membrane origin. The presence of ATPase activities associated with 

sarcosomes, sarcolemma and sarcoplasmic reticulum would also indicate 

the presence of membranes from sources other than nerve terminals.

This is consistent with the higher than expected yield of protein per g 

tissue (Section A,2 ) and the mixed population of membranous profiles 

seen under the electron microscope, also reported by Donnellan et al.

(1974) for fleshfly flight muscle.

3. Oxygen Uptake Experiments

Flight muscle mitochondria are not readily permeable to TCA 

cycle intermediates and the amino acids glutamate and aspartate and 

only show appreciable rates of oxidation with exogenous glycerol-3- 

phosphate, pyruvate and to a lesser extent, proline (review by Sacktor, 

1975). Disrupting mitochondrial integrity (e.g. sonication) increases 

respiration rates with TCA cycle intermediates several fold whereas the 

oxidation rates of glycerol-3-phosphate and pyruvate remain the same 

(Sacktor and Van den Bergh, 1962)

Isolated, intact synaptosomes, when incubated in Krebs- 

Ringer buffer containing high Na^ and K^, with glucose as substrate, 

show respiration as measured by linear rates of oxygen uptake,

(De Belleroche and Bradford, 1973b). Mammalian synaptosomes oxidise 

glutamate and TCA intermediates such as succinate and malate (De Belleroche 

and Bradford, 1973b). If isolated nerve terminals from insect muscle 

respire in a similar manner to mammalian synaptosomes it should be 

possible to characterise subcellular fractions containing nerve
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terminals from those enriched in flight muscle mitochondria. Measure

ment of oxygen uptake in fractions B3 and P3, in the presence of 

selected substrates, were undertaken in order to further characterise 

the nature of fraction B3. Table 20 gives only qualitative data. 

Endogenous rates in both P3 and B3, in the presence of glucose, were 

barely measurable, showing a low respiratory control index (RCI) of 

1.3. (RCI is defined as the respiration rate in the presence of ADP 

divided by the rate in the absence of ADP). The slight stimulation of 

oxygen uptake observed in both fractions upon addition of pyruvate 

and glycerol-3-phosphate indicated the presence of flight muscle mito

chondria. However, both fractions showed a small, increased rate of 

respiration in the presence of succinate which would suggest that the 

mitochondria were leaky or disrupted in some way. No significant 

differences in rates of oxygen uptake with various substrates were 

seen between B3 and P3, the latter known to be enriched in mitochondria 

and therefore respiration characteristics could not be used as a 

criterion to identify the presence of synaptosomes or mitochondria.

It is not clear why the mitochondrial fraction, P3, showed 

very little respiratory activity, but it is known that detection of 

respiratory control by ADP depends on the experimental conditions and 

it is likely that the locust saline used was an unsuitable medium. For

example, Sacktor (1954) demonstrated a 30% inhibition of oxygen uptake
2+by 20yM Ca in sarcosomes isolated from housefly. Subsequently, under 

suitable experimental conditions respiratory control has been demon

strated in mitochondria isolated from a variety of insects (reviews 

by Harvey and Haskell, 1966; Sacktor, 1970; 1975).
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4. Overall Conclusions from Metabolic Studies

The results discussed in the preceding sections emphasise 

the difficulties inherent in the proposed isolation of nerve terminals 

by fractionation of insect muscle. The major problem is one of yield 

as a large amount of muscle tissue is required in order to obtain a few 

hundreds of micrograms of nerve terminal protein. It was not possible 

to use unlimited numbers of insects, not only because of expense and 

handling difficulties but also because using a 2% homogenate would 

necessitate the manipulation of impractically large volumes during the 

centrifugation procedures; in fact scaling up the preparative procedure 

2 to 3-fold did not increase the yield of B3 greatly.

The use of 0.25M sucrose in locust saline seemed to provide 

a suitable medium for the isolation of vesicular material from locust 

muscle but the high ionic strength of this buffer was unfavourable for 

the measurement of several membrane marker enzymes and may have resulted 

in their solubilisation from the membrane. The ionic conditions of 

locust saline also seemed to be unsuitable for the measurement of 

respiration both in B3 and the mitochondrial pellet, P3. However, use 

of 0.25M sucrose in low ionic strength buffer (5mM Tris-HCl) gave poor 

yields of membrane profiles containing smaller vesicles.

Taking the observations from the morphological studies together 

with the data from enzyme marker and amino acid distribution studies it 

could be concluded that fraction B3 from locust muscle was enriched in 

membranous material in the form of large and small vesicles. The 

relative enrichment of this fraction in plasma membrane material, 

together with the presence of occluded L-glutamate, encouraged further 

characterisation of this fraction as a possible source of insect muscle 

synaptic material in which to study uptake and release of radiolabelled

amino acids.
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Section C

1. Amino Acid Uptake Studies with Fraction B3 from Locust Muscle

It is now widely accepted that termination of amino acid trans

mitter activity in mammalian brain occurs by an active uptake mechanism 

from the synaptic cleft (Bennett et al., 1972; Balcar and Johnston, 1972a,b, 

1973; Cox and Bradford, 1978; Hertz, 1979).

A major problem in identifying specific transmitter uptake 

systems for amino acids into nerve terminals and glial cells is that 

transport systems for amino acids are ubiquitous in all tissues studied 

(Synder et al., 1975). Uptake systems for putative amino acid trans

mitter pools, however, might be expected to have a higher affinity for 

their substrates than the general amino acid transport systems in order 

to account for efficient removal from the synapse. Amino acids likely 

to have a transmitter function in mammalian CNS have been shown to be
-5taken up by neural tissue by both a high affinity (Km 'v 10 M) and a

” A “3low affinity (Km 10 - 10 M) system whereas non-transmitter amino

acids are only taken up by low affinity uptake systems (De Feudis,

1975; Cox and Bradford, 1978; Hertz, 1979). The low affinity transport 

processes probably fulfill the general metabolic requirements of the 

tissue for amino acids, whereas the high affinity system is selective 

for neuroactive amino acids.

Almost all available data on transmitter amino acid uptake 

relate to tissue slices and synaptosomal preparations from mammalian 

CNS. The most likely site of excitatory amino acid uptake has been 

postulated to be the presynaptic neuronal membrane (Cox and Bradford,

1978) and therefore synaptosomes are particularly useful preparations 

for the study of transmitter uptake and release. Work with bulk- 

prepared glial cells and cultured astrocytes suggest that these cells
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in vivo are also able to accumulate L-glutamate by both a high and low 

affinity uptake mechanism (Hertz, 1979). In the case of insect muscle, 

the postsynaptic muscle membrane may also be capable of transporting 

glutamate (Faeder & Salpeter, 1970).

The synaptic vesicles are considered as storage organelles 

for transmitter substances and the presence, release and uptake of known 

transmitters such as acetylcholine and dopamine has been demonstrated 

in tissue slices and synaptosomes from mammalian CNS (Karppinen and 

Lahdesmaki, 1979). Although it was originally thought that the occurrence 

of amino acids in the synaptic vesicle fraction from mammalian brain 

resulted from contamination from the amino acids in the soluble cyto

plasm during preparation (Mangan and Whittaker, 1966) it is now clear 

that isolated synaptosomes show a high affinity uptake of L-glutamate 

and L-aspartate in cerebral cortex (Bennett et al., 1972; 1973), 

glycine in spinal cord (Bennett et al., 1973) and GABA in cortex 

(Martin 1973; Levi and Raiteri, 1973). These high affinity uptake 

processes have been shown to be Na and energy dependent. In con

trast, the low affinity uptake of amino acids is much less Na^- 

dependent thereby providing a means of distinguishing transmitter uptake 

from the more general uptake of amino acids (Balcar and Johnston 1972a,b; 

1973; Bennett et al., 1973; De Feudis, 1975; Cox and Bradford, 1978). 

Subcellular fractionation studies by Wofsey et al. (1974) demonstrated 

unique synaptosomal populations accumulating glutamate and aspartate, 

providing further evidence for these amino acids as transmitters in 

mammalian CNS.

From evidence presented in the Introduction that insect muscle
r3 -|possesses an active uptake mechanism for [_ H|-L-glutamate (Faeder and 

Salpeter 1970) it was anticipated that any fraction enriched in nerve
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terminals, synaptic vesicles and/or plasma membrane vesicles, should 

show uptake of putative transmitter substances. Fraction B3 was 

therefore used to study the uptake of amino acids.

Uptake studies with synaptosomal and vesicular preparations 

require careful handling of the tissue. In particular, purified 

preparations should be used rapidly as uptake properties are lost upon 

prolonged incubation (Wheeler, 1978).

Two methods are widely used for separating synaptosomes from 

the bulk incubation medium; a) filtration through membrane filters and 

washing and b) rapid centrifugation and washing of the pellet. Both 

methods present practical problems which have been discussed by several 

authors (Levi and Raiteri, 1973; Cox and Bradord, 1978; Wheeler, 1978). 

Filtration methods have particular problems relating to such factors as 

filtration speed, membrane pore size, buffer wash temperature^as slow 

filtration speeds (i.e. > 5 sec) and cold washes may cause release of 

accumulated label through lysis (Wheeler, 1978). Centrifugation 

methods must be rapid (i.e. pelleted in ^ 1 min) and allowances must 

be made for the amount of trapped label in the tissue pellet (Levi and 

Raiteri, 1973). In the case of the amino acids, short incubation times 

and relatively low temperatures must be used in order to minimise 

metabolism of the radiolabelled compound. Complications may be intro

duced by exchange of labelled amino acid for endogenous amino acid. 

Hence a high affinity uptake mechanism for termination of transmitter 

activity should show specificity, occur with a reasonably high Vmax 

and represent a net accumulation rather than a 1:1 homoexchange i.e. 

exchange of the internal endogenous amino acid with the exogenous 

labelled amino acid.
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r3 -,a) Uptake of | H|-labelled amino acids

The initial uptake experiments with B3 involved a filtration

assay but the majority of experiments used a rapid centrifugation assay.

Incubations were at 25°C in order to reduce metabolism of labelled
r3 -iamino acid. Accumulation of [_ H|-L-glutamate was proportional to 

protein concentration (Fig. 14) and was greater if 0.25M sucrose was 

included in the incubation medium (Fig. 15). Higher rates of GABA uptake 

have also been observed in the presence of sucrose (Martin, 1973). This 

could be due to stabilisation of membrane vesicles in sucrose media.

Measurement of tissue/medium ratios for vesicular accumulation 

of labelled compounds at equilibrium would require calculation of the 

internal volume of the vesicles. Such a measurement was not attempted 

for fraction B3 since this consisted of a mixed population of vesicles 

derived from several sources. Therefore an "accumulation index" was 

used as a measure of net uptake which was calculated at the ratio of 

total cpm per ml suspension (i.e. tissue + medium)/cpm per ml in the 

medium.

Net accumulation of labelled amino acid by B3 should result
r3in an accumulation index of > 1 and this was observed both for [_ -L-

_3 _glutamate and [_ H [-L-aspartate (Table 21) both at high and low con

centration (20pM and 500yM being representative of Km values for high 

and low affinity respectively). The low value observed may have been due 

to uptake of labelled amino acid by only a small proportion of the 

vesicle population of B3 or possibly to labelled amino acid exchanging 

with endogenous amino acid in the vesicles.
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b) Na -dependence

It has been tentatively suggested that the uptake of L-glutamate 

may show both high and low affinity components (Fig. 32). In the following 

discussion the comments on the limitations of the kinetic data (on p. 94) 

should therefore be borne in mind.

Amino acid uptake into B3 was markedly Na^-dependent, particularly 

at low amino acid concentrations which may be in the region of high 

affinity uptake (Fig. 32; Table 22). Moreover, uptake of the putative 

transmitters L-glutamate and L-aspartate at 20yM showed a greater Na - 

dependence than that of D-aspartate, L-glutamine and L-alanine which are 

not known to have a transmitter function in insect muscle.

A possible biphasic response of uptake with varying L-glutamate 

concentration was suggested from Figs. 17 a, b and Fig. 18 although as 

has already been mentioned (p. 91) the data of Figs. 17 a, b, 18 and 19 

did not provide unequivocal evidence for saturation of the L-glutamate 

uptake system.

However, the data of Fig. 18 are considered to be in general 

agreement with the findings for glutamate uptake in other nerve tissues 

in that a saturable component of glutamate influx has been found to be 

dependent upon the external Na concentration (Wheeler and Boyarsky, 1971; 

Baker and Potasher, 1971). The latter authors found a non-saturable com

ponent of glutamate uptake in crab peripheral nerve which was linearly 

related to the glutamate concentration but also showed some degree of Na - 

dependence. Fig. 18 could be interpreted as showing similar trends.

A Na^ ion requirement for high affinity uptake of glutamate 

and aspartate has been reported in mammalian synaptosomes (Bennett et al., 

1972; Roskoski, 1978), in glial cells (Balcar et al., 1977; Weiler et al..
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1979) and for GABA uptake (Balcar and Johnston, 1973; Ryan and 

Roskoski, 1977; Roskoski, 1978). However, a Na^-gradient was not 

essential for accumulation of amino acids by brain slices (Margolis 

and Lajtha, 1968).

Recently Wheeler (1979) has refined an earlier model 

accounting for the role of Na in the high affinity transport of 

glutamate into rat brain synaptosomes. Plots of ^^v against '̂̂ [Na_ĵ  

were found to be linear which implied co-transport of two Na^ ions 

with each glutamic acid molecule at low Na concentrations. At higher 

concentrations the



194.

plots were non-linear. Further analysis of kinetic data led to a 

revised model for coupled Na and glutamate transport in which the 

originally proposed fixed order of combination of Na^ and glutamate 

to the carrier (Na , Na^ then glutamate) was not rigid, thus predicting 

translocation as either carrier-Na-glutamate or carrier-(Na)^“glutamate. 

The revised model predicted an inhibitory effect on glutamate uptake 

upon increasing the Na^ concentration which was in fact observed. At 

the pH(7.1) of the locust saline incubation medium, glutamic acid would 

be present in its fully ionised form and therefore one or both ionised 

carboxyl groups would be available for combination with Na"*̂  ions.

The Wheeler model allows the formation of a carrier-glutamate 

complex in the absence of Na ions, although this would not be trans

located. This implies that in Na -free conditions binding to the carrier 

could still occur and thus contribute to the heterogeneity of binding
r3  “ 1sites which would all become labelled upon incubation with [_ H {-L- 

glutamate; thus the total label measured would represent binding to 

membranes as well as accumulation within vesicles.

c) Energy dependence

Criteria for identification of an active transport mechanism 

require that the rate of uptake should be energy-dependent, it should 

reach saturation as the substrate concentration increases and it should 

be markedly reduced by structural analogues of the substrate and by 

inhibitors which affect the carrier.

Figs. 16 a,b showed that the uptake of -L-glutamate was

temperature dependent, implying a carrier-i,v\ecLia-hecL transport mechanism. 

At short incubation times (< 5 min) the equivalent uptake observed at 

both 0°C and 25°C may reflect an initial temperature-independent binding
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f—3 "“ Iof [_ HI-L-glutamate to the vesicular membranes (Fig. 16b), a factor 

to be considered as influencing uptake as measured by accumulation of 

radiolabel. If this were the case then there was effectively no 

significant uptake at 0°C after the initial binding phase.

The much reduced uptake at 0°C could be the result of a 

combination of factors, namely a small decrease in the Na gradient 

due to a lowered Na , K -ATPase activity and a combination of effects 

of low temperature on the thermodynamics of the system and reduced 

membrane fluidity.

The difference in initial "binding" and total uptake of 

Fig. 16a measured by a filtration assay may have been due to loss of 

label by washing the filters.

Uptake of L-glutamate was not saturable up to 400|*M concen

tration (Fig. 17 b) although a biphasic response was indicated, especially 

from Fig. 17 a. A biphasic response to glutamate concentration has been 

noted for the uptake of this amino acid into perfused crab leg muscle 

(Miller, 1973).

Neither the putative high or low affinity uptake of L-glutamate 

or the putative high affinity uptake of L-aspartate and D-aspartate 

(Figs. 32, 33 and 34, also p. 94) was affected by ImM ouabain (Figs. 24 

and 25), a glycoside which inhibits Na , K -ATPase. This suggests that 

the ATPase did not play a role in active uptake under the experimental 

conditions used. The electrochemical Na ion gradient supplied by 

incubation of B3 in locust saline could therefore account for the uptake 

of glutamate (see Section C2) and the lack of inhibition by ouabain 

indicated that extrusion of Na by the Na , K -ATPase was having an in

significant effect over the relatively short period of time needed for the 

assay.



196.
Ouabain inhibits Na -dependent GABA uptake but not exchange/ 

diffusion or binding (Benjamin et al., 1980). An alternative explan

ation for the lack of ouabain inhibition could be that the measured 

accumulation was due to homoexchange. Ouabain insensitivity has also 

been reported by Wheeler and Boyarsky (1971) for glutamate uptake by 

frog peripheral nerve and by perfused crab muscle (Miller, 1973), and 

for the uptake of GABA by membrane vesicles isolated from rat brain 

(Kanner, 1978). In the latter case it was proposed that artificially 

imposed ion gradients provided the driving force for active GABA trans

port in the absence of metabolic energy.

Fig.26 showed that L-glutamate and L-aspartate transport could 

be inhibited by the proton ionophore carbonyl cyanide-m-chlorophenyl 

hydrazone (CCCP) which reducesthe membrane potential (Kanner, 1978); 

the uptake was less sensitive to 2,4 DNP, an uncoupler of oxidative 

phosphorylation. Hence the amino acid uptake under the experimental 

conditions described here seemed to be linked to the imposed Na^ 

gradient although some requirement for metabolic energy was indicated 

by the effects of 2,4 DNP and reduced temperature.

d) Lability of the B3 fraction

Synaptosomes are fragile and osmotically sensitive (Marchbanks, 

1967) and therefore physical disruption of such fractions might be 

expected to reduce the uptake of labelled amino acid. Uptake of [^H]-L- 

glutamate by B3 was reduced by 50% after three freeze/thaw cycles 

(Fig. 27). Fig.28a,b confirms that this treatment almost totally disrupted 

the large membrane profiles, leaving the smaller vesicles intact. Re

sealing of vesicles probably occurred in the isotonic medium. Osmotic 

shock was a more severe treatment, reducing uptake by 70-80%. Uptake of 

[^^HI-L-aspartate was less sensitive to these treatments, being reduced 

only by about 30% in each case. Since L-glutamate uptake was more
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sensitive to tissue disruption and more dependent on Na^ than L-aspartate 

this may suggest a more specific role for L-glutamate as a transmitter 

in locust muscle.

e) Specificity and kinetics of uptake

Uptake mechanisms for L-glutamate, L-aspartate, L-glutamine 

and L-alanine have been demonstrated in fraction B3 (Figs. 19, 20, 21 and 

22). Only the accumulation of L-alanine was seen to remain completely

linear over the time period used for the assay. No significant uptake of

L-leucine was observed which suggests that there may be specificity shown 

in the uptake of the other amino acids.

It has been cautiously suggested from the plots of Figs. 32, 33,

34 and 35 that both high and low affinity uptake sites for L-glutamate, 

L-aspartate, D-aspartate and L-glutamine may be present in fraction B3 

from locust muscle. Uptake of L-alanine, however, clearly showed only a 

single, high affinity uptake site (Figs. 22 and 36). The kinetic para

meters obtained from the against [s_\ plots (Table 24) should be

regarded as tentative (see Results p. 94) but they do suggest Km and Vmax 

values similar to those in Table 1 for the uptake of these amino acids 

into nerve tissues from various sources. The data therefore, albeit 

tentative, by analogy with their counterparts from similar studies in 

mammalian CNS (compare Tables 1 and 24), lend support to the suggestion 

that L-glutamate and L-aspartate have a neurotransmitter/neuromodulator 

role in locust muscle.

Analysis of the kinetic characteristics of the proposed high 

affinity uptake of L-glutamate in the absence and in the presence of Na 

ions showed that the effect of Na"*" might be to alter the Vmax but not the 

Km (Fig. 37). This plot also suggested the presence of another possible
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site of intermediate affinity (160|>M).

The proposed low affinity uptake system for L-glutamate 

appeared less dependent on Na ions (Fig. 38, Table 22). Possibly, 

if two uptake sites of high and intermediate affinity for L-glutamate 

exist, these may represent binding to separate populations of membranes 

e.g. neuronal and/or glial membranes and sarcolemmal membranes.



198.

f) Competition and stereospecificity studies

In mammalian CNS L-glutamate and L-aspartate compete for the

same high affinity transport site (Cox and Bradford, 1978) and this

was also found to be the case in fraction B3 from locust muscle.
r3 -,L-aspartate inhibited [_ H|-L-glutamate uptake in a dose-dependent manner 

(Fig. 29), an equimolar concentration of L-aspartate inhibiting by 50%, 

indicative of competition for the same site. L-alanine did not
r3 -|significantly inhibit [_ H]-L-glutamate uptake suggesting that this 

amino acid does not use the same carrier. Interestingly, in the converse
r3 -|situation the uptake of [_ H|-L-aspartate was less readily inhibited by 

L-glutamate, although this inhibition was still dose dependent (Fig.29 ) 

and L-alanine inhibited to about the same extent. This was surprising 

as they would be predicted to be mutually competitive in view of the 

similar Km and Vmax values for the L-glutamate and L-aspartate

uptake (Table 24 ). Perhaps separate uptake sites specific 

for aspartate also exist on locust muscle membranes, as has been 

discussed for lobster muscle by Freeman (1976) where aspartate acts 

synergistically with glutamate.

The stereospecificity of amino acid uptake showed that 

a) D-glutamate did not compete with L-glutamate and b) L-aspartate and 

D-aspartate were equally effectively taken up and each could compete 

for uptake with L-glutamate (Figs. 30 ,31 ). It was concluded that

D-glutamate was not taken up because it did not compete with L-glutamate 

and uptake of a labelled D,L-racemic mixture could be accounted for by 

the L-component. No direct investigation was possible since labelled 

D-glutamate was not commercially available. Thus the isomer specificity 

in insect muscle has a more rigid structural requirement than that in 

mammalian CNS where D-glutamate can compete with the L-isomer for
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uptake (Margolis and Lajtha, 1968; Balcar and Johnston, 1972a; 1973; 

Benjamin and Quastel, 1976). These observations on the isomer 

specificity support the electrophysiological observations of Irving 

and Miller (1980) on the body wall muscle of housefly, Musca, larvae.

They measured iontophoretic responses to D- and L-aspartate and L- 

glutamate but D-glutamate was inactive. Also L-glutamate and L-aspartate, 

but not D-glutamate, can be accumulated by perfused crab muscle 

(Miller, 1973). This lack of response to D-glutamate may be a general 

feature of invertebrate muscle since D- and L-glutamate both cause 

excitation of mammalian neurons (Curtis and Watkins, 1960).

g) Inhibitor studies

The observations of Balcar and Johnston (1972a,b) .

that the high and low affinit> uptake of L-glutamate into rat brain

slices was not inhibited by amino acids possessing potent agonist or 

antagonist action at the glutamate excitatory receptor led to the con

clusion that the structure of the glutamate receptor mediating 

excitation was different from that of the uptake carrier. This 

proposed inverse relationship between the potency of neuronal excitation 

by a glutamate analogue and its inhibition of glutamate uptake has 

subsequently been supported by further studies. For example, strong 

excitants such as kainic acid (KA) and N-methyl-D-aspartate (NMDA) did 

not significantly inhibit high affinity uptake of L-glutamate into 

synaptosomes and glia, while y-hydroxyl glutamate, a strong uptake 

inhibitor, was only a weak excitant (Roberts and Watkins, 1975).

Of the glutamate and aspartate analogues tested as inhibitors

of L-glutamate and L-aspartate uptake in B3, none were found to be

potent (Table 23 ). The strongest inhibitors were L-cysteate, p- 

chloromercuribenzoic acid and y-hydroxyl glutamate. GDEE, 4-fluoro-
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glutamate (4-FG), NMDA, cysteine sulphinate, chlorpromazine and proline 

also showed weak, but significant inhibition of L-glutamate uptake (Fig. 41)

It is of interest that the sulphur amino acids cysteate and 

cysteine sulphinate are amongst the strongest inhibitors tested in view 

of the fact that these compounds have been found in low concentrations 

in rat brain (Balcar and Johnston, 1972a). Also L-cysteate mimics the 

action of L-aspartate on lobster muscle showing twice the potency of 

the latter amino acid (Constanti and Nistri, 1981).

In general those analogues inhibiting L-glutamate uptake also 

inhibited the accumulation of L-aspartate to a similar degree, again 

suggesting competition for the same uptake site. The results of 

Table 23 and the competition experiments (Fig. 29 ) are in general 

agreement with the observations of Balcar and Johnston (1972a) for 

inhibition of L-glutamate uptake by slices from rat brain and cat 

spinal cord (1972,b). These authors found the most effective inhibitors 

to be D- and L-aspartate, L-cysteate, L-cysteine sulphinate and 4-FG.

Similar structural requirements for the inhibition of L-glutamate uptake 

have been found for synaptosomes and glia isolated from rat brain 

(Roberts and Watkins, 1975). Uptake of L-glutamate by crab peripheral 

nerve was also most sensitive to inhibition by L-aspartate, L-cysteate 

and y-hydroxyl glutamate (Evans, 1973). In this preparation D-glutamate 

also showed some inhibitory activity.

In brain slices the weak glutamate receptor antagonist, gluta

mate diethylether (GDEE), had no effect on the uptake of L-glutamate.

Perhaps the weak inhibitory activity of GDEE and NMDA (a glutamate 

receptor agonist) in B3 reflected inhibition of binding to glutamate 

receptor and uptake sites.
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Organic mercurials blocked uptake of D,L-aspartate and L- 

glutamate into cerebrocortical slices and spinal cord (Balcar and 

Johnston, 1973) and enhanced the sensitivity of spinal interneurons to 

electrophoretically applied L-aspartate and L-glutamate suggesting that 

uptake was making a major contribution to the process of inactivation.

Chlorpromazine, which is known to interfere with transmitter

re-uptake in a variety of systems (Faeder et al., 1974) showed some

inhibitory activity of L-glutamate uptake in B3. This drug also
r3  “ Iinhibited uptake of [_ H|-L-glutamate into sheath cells and postsynaptic 

regions of isolated cockroach nerve-muscle preparations (Faeder et al., 

1974), and in rat brain slices (Balcar and Johnston, 1972a).

The glutamate analogue 2-amino-4-phosphonobutyric acid (APB) 

had no effect on either L-glutamate or L-aspartate uptake in B3, as was 

reported also for L-glutamate uptake into brain slices (Balcar and 

Johnston, 1972a). APB did however reduce the depolarisation induced by 

iontophoretic application of L-glutamate to locust muscle without 

exerting an agonist action of its own. When bath-applied it had no 

effect (Cull-Candy et al., 1976). APB inhibited binding of -L- 

glutamate to proteolipids isolated from the same muscle (James et al.,

1977). APB and the aspartate analogue 2-amino-3-phosphonopropionate (APP), 

(Table 23) would appear to be weak glutamate receptor antagonists with 

no effect on the uptake carrier.

Kainate (Fig. 4 ) is a potent glutamate agonist fcr neurons 

depolarised by this amino acid (review by Johnson, 1978) whilst its 

potency is considerably less at the invertebrate (lobster) neuromuscular 

junction; although it was able to potentiate the action of iontophoretically 

applied L-glutamate (Constanti and Nistri, 1975). In a study of the
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effect of kainate on the locust retractor unguis and extensor tibia 

nerve-muscle preparations, Daoud and Usherwood (1975) found that bath- 

applied low concentrations of kainate (10-50pM) had no depolarising 

action per se but that it enhanced the amplitudes of the EPSP and 

iontophoretic glutamate potential and also increased the frequency of 

mEPSPs. At higher concentrations (ImM), kainate depressed the EPSP 

and glutamate response and decreased the mEPSP frequency suggesting that 

this glutamate analogue might have both pre- and postsynaptic effects 

on insect muscle. Similar effects had been observed by Shinozaki and 

Shibuya (1974) in crayfish muscle, who also reported that kainate could 

prevent the desensitisation induced by prolonged bath application of 

glutamate but not that induced by a long iontophoretic pulse. The 

potentiating action of kainate was also more powerful when bath-applied. 

These authors proposed that, in the presence of kainate, extrajunctional 

sites became more sensitive to bath-applied glutamate. The effects of 

kainate on invertebrate muscle would appear to be complex. If kainate 

does "activate" extrajunctional glutamate sites this might explain the 

enhanced uptake of L-glutamate and L-aspartate in B3 (Table 23 ) if

membranes containing such sites were present.

Proline (Fig. 41) was tested for inhibitory activity on L- 

glutamate and L-aspartate uptake on the basis that it had been reported 

to be a weak antagonist at the crustacean neuromuscular junction 

(Van Harreveld, 1980). It also possesses some structural similarity to 

these amino acids (Fig. 4 ).

Free proline has been measured in locust muscle (Kermack and 

Stein, 1959) and haemolymph (Price, 1961) and this amino acid serves as 

a fuel for insect flight in some insect species, especially the tse-tse 

fly, Glossina, (Crabtree and Newsholme, 1975). During flight the 

proline content of muscle decreases and there is a concommitant increase
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in alanine concentration by the following reactions: 

pro ^ pyrroline-5-carboxylate -> glutamate 

glutamate + pyruvate a-ketoglutarate + alanine
4/
TCA

This may not be a significant pathway in locust flight muscle since 

proline dehydrogenase activity is low (Crabtree and Newsholme, 1975).

Proline only weakly inhibited uptake in B3.

Since free alanine levels are high in insect muscle (Table 26) 

and as the OPT activity is also high (Kilby and Neville, 1957), alanine 

may play an important metabolic role in this tissue. The high affinity 

uptake of this amino acid in B3 (50yM) and high Vmax may reflect an 

important requirement for this amino acid by subcellular organelles 

present in this fraction e.g. mitochondria.

McDonald and O'Brien (1972) considered amino acid analogues of 

glutamate and aspartate as R-substituted alanine molecules and suggested 

that the alanine portion would bind to the a-receptor (Fig. 5). The 

lack of competition of alanine for L-glutamate uptake (Fig. 29) would 

tend to suggest that alanine did not have an affinity for the glutamate 

uptke site on locust muscle membranes although it did compete with 

aspartate uptake.

It is tentatively suggested that B3 possesses both a high and a 

low affinity uptake for glutamine (Fig. 35). No high affinity uptake of 

glutamine has been demonstrated with certainty into any cell type of the 

mammalian CNS (Hertz, 1979) with the exception of that reported by Balcar 

and Johnston (1975) into rat brain slices. Hertz (1979) suggested that 

this high affinity uptake could have been an artefact due to contamination 

of labelled glutamine preparations with labelled glutamate. However no 

radiochemical impurity was detected in the glutamine used in the B3 studies.
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at least within the sensitivity of the t.l.c. system used to check for 

purity. In view of the importance of glutamine in insect muscle and 

haemolymph, the presence of a high affinity uptake might not be un

expected.

A glutamate/glutamine cycle in mammalian brain, linking

neurons and glia, has been proposed by Benjamin and Quastel (1972; 1977;

reviewed by Hertz, 1979). The cycle operates in brain tissue by there 

being a net flux of glutamate and GABA from neurons to glia due to

release of these amino acids from nerve terminals. Glutamine is then

formed by the glia as a result of glutamate and GABA metabolism (Fig. 42) 

and is in turn released into the extracellular fluid where it becomes 

available to nerve terminals for restoration of transmitter pools of 

glutamate and GABA.

2. Net Uptake Versus Homoexchange

These uptake studies have not established whether the ten

tatively suggested high affinity mechanism (p. 94) represents a net 

inward flux or an exchange of labelled amino acid with endogenous stores

(homoexchange). Exchange phenomena have been observed in synaptosomes pre-
i-3 -Ilabelled with low concentrations of |_ H|-L-glutamate and superfused with 

buffer in order to limit reuptake (Levi et al., 1976). Addition of non-
1-3 -Iradioactive glutamate to the superfusate increased |_ I^|-L-glutamate 

release in a concentration dependent, saturable manner, for levels of 

cold glutamate within the range of high affinity uptake, i.e. exogenous 

glutamate appeared to be able to exchange with an endogenous pool of 

glutamate. Furthermore, if the endogenous, synaptosomal glutamate pool 

was pre-
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r~l A — Ilabelled using |_ Cj-glucose as precursor and was subsequently allowed

p3 -,to take up [_ H|-L-glutamate, both the spontaneous and non-radioactive
r3glutamate stimulated release of -L-glutamate, exceeded that of

-L-glutamate. This suggested that glutamate entering the synaptosomes 

did not mix with the major endogenously-generated intrasynaptosomal 

pool and that the former was released in preference to endogenous 

glutamate (Levi et al., 1976). This has implications regarding neuronal 

compartmentation of glutamate discussed above.

Levi and Raiteri (1974) and Raiteri et al. (1975) concluded 

from their studies on synaptosomal GABA uptake that uptake of low con

centrations of amino acids was influenced by exchange processes. This

type of effect could be the basis for explaining "double-affinity"
-5systems i.e. at low concentrations of added amino acid (<10 M) an 

exchange mechanism could lead to a significant increase in the amount 

of labelled amino acid entering the tissue and this would be observed 

as a system of higher affinity. These authors concluded that homo

exchange accounted in part for the radioactive GABA influx by a high 

affinity uptake system. In the concentration range of low affinity 

uptake however, net accumulation of radiolabelled GABA did occur (Levi 

and Raiteri, 1974). If this were the case in vivo, low affinity uptake 

of amino acids might still account for neurotransmitter inactivation 

(Raiteri et al., 1975). Significantly, Na^-free media abolished homo

exchange of GABA and this could have been largely responsible for what 

has been generally interpreted as inhibition of high affinity uptake in 

the absence of Na^ (Raiteri et al., 1975).

In contrast to the above results, Ryan and Roskoski (1977) 

have demonstrated approximately equivalent Na -dependent net uptake and 

labelled GABA uptake (by chemical and radiochemical determinations of 

GABA) in synaptosomes containing low GABA levels (i.e. 9 nmol/mg
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reduced to 4.6 nmol/mg by depolarisation in 56mM KCl). However they 

concluded that homoexchange contributed to labelled GABA uptake in 

synaptosomes not depleted of their GABA stores. More recently 

Pastuszko et al. (1981) showed that synaptosomes containing a high 

initial amount of GABA could demonstrate net accumulation of exogenous 

GABA by a high affinity process and that homoexchange accounted for 

< 10% of the total uptake.

Clearly there is considerable debate concerning conclusions 

drawn from uptake data. Iversen (1975) has argued that since the 

initial rate of influx of labelled GABA is independent of intracellular 

GABA pool size, there is a short period prior to the establishment of 

homoexchange when a net influx occurs. This would be measurable at 

short incubation times. Thus the experimental conditions and approp

riate controls have considerable bearing on the interpretation of the 

data obtained e.g. homoexchange processes may be favoured in synapto

somes containing a high Na ion concentration since such conditions 

could facilitate the efflux of intracellular amino acids by a Na -coupled, 

carrier-mediated transport system (Fagg and Lane, 1979). For this reason 

it seems possible that homoexchange may have contributed significantly 

to the uptake results presented in this thesis.
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Section D

1. Amino Acid Release Studies

Neuronal depolarisation induced by increased extracellular
r3 “Ior electrical pulses causes release of preloaded |_ H|-L-glutamate and 

r3 -I|_ H 1-L-aspartate from slices of various mammalian brain areas (Cox and 

Bradford, 1978). However, preloaded amino acids may be accumulated 

by compartments other than nerve terminals or be bound and released to 

or from external cell surfaces. Release from these sites would also be 

affected by ion redistribution following neuronal depolarisation. Ideally 

reliable demonstration of true presynaptic release requires observation 

of the release of endogenous amino acid or release of these compounds 

prelabelled from precursors known to cause selective labelling of amino 

acids in neurons e.g. glucose.

Following labelling of in vivo and in vitro synaptosomal trans-
p]̂ 4 _imitter amino acid pools with [_ Cj-glucose, the specific activity of

amino acids released by high most closely resembled that of the

soluble cytoplasmic pool of these compounds. The specific activity of 

the released glutamate was significantly different from that of the 

vesicular pool, suggesting that amino acid release occurred from the 

cytoplasmic pool rather than the vesicles (De Belleroche and Bradford,

1977).

A preliminary study of amino acid release was attempted after
r3 -I r3 -iprelabelling fraction B3 with |_ H|-L-glutamate or 1_ -L-aspartate.

More reproducible results were obtained by using the filtration assay

after initial washing of B3 material retained on the filters with locust

saline. This was because resuspension and recentrifugation of the

small pellets in the Airfuge tubes proved difficult. Fig. 39 showed

that a small, K^-induced release of [̂ h |-L-glutamate and -L-aspartate

could be obtained in a reproducible manner. However it was not possible
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to demonstrate a Ca^ -dependence of this K -induced release, (Cox and 

Bradford, 1978). Release of radioactivity measured with ± Ca^^ washes 

was extremely variable and in some instances Ca^^ reduced the K^-

stimulated release. Two explanations seemed possible for the lack of
2+ . 2+Ca -dependence of release. The most likely was that any effect of Ca

on the release of amino acid was masked by the presence of sarcoplasmic 

reticulum vesicles which actively sequestered the Ca^* ions. Alternatively 

Ca^^-independent release might suggest that preloaded, labelled amino 

acid was being released from non-neuronal sources such as sheath cell 

(glial) components (Skerrit and Johnston, 1981). As fraction B3 would 

appear to consist of membrane material from a variety of subcellular com

ponents both alternatives may have been contributing to the observed 

release.

Isolation of sarcoplasmic reticulum from insect muscle has been

reported by Tsukomoto et al. (1966) . Their so-called "relaxing granules"

from locust muscle were sarcoplasmic reticulum vesicles which when

added to preparations of myofibrillar ATPase caused inhibition of the
2+enzyme activity due to removal of Ca ions. Volmer (1981) recently

prepared sarcoplasmic reticulum vesicles from cockroach leg muscles
2+which actively took up Ca ions. The type of vesicle obtained depended 

on the homogenisation procedure as vesicles of different densities could 

be separated on a sucrose density gradient. Details of homogenisation 

procedures were not given by this author although sucrose (0.3M) and 

high salt buffer (0.6M KCl) was used.
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r3 -I2. Metabolism of | H|-L-glutamate

The results of t.l.c. studies (Results; 4 a,b) showed that

during the short time course of most of the incubations no detectable 
r3metabolism of |_ 1^|-L-glutamate had occurred. Metabolism of the labelled 

amino acid was therefore not considered a significant factor in inter

preting the results of the uptake studies.

3. Conclusions from Uptake Data

The high affinity uptake of L-glutamate and L-aspartate by 

fraction B3 from locust muscle was structurally specific, dependent on 

external Na and susceptible to inhibition by glutamate and aspartate 

analogues which were not potent amino acid receptor agonists or antag

onists. Uptake was also sensitive to a variety of less specific drugs 

such as chlorpromazine, mercurials and 2,4 DNP.

The results from these studies suggest that uptake of L-glutamate 

and L-aspartate by fraction B3 from locust muscle shows specificity for 

L-glutamate and D- and L-aspartate, that the uptake was partially de

pendent on external Na ions and that is was susceptible to inhibition by 

glutamate and aspartate analogues which were not potent amino acid 

receptor agonists or antagonists. Uptake was also sensitive to a variety 

of less specific drugs such as chlorpromazine, mercurials and 2,4 DNP.

It should be emphasised that the conclusions drawn about the 

biphasic nature of the uptake system are very speculative in that they 

are based on the assumption that the extent of divergence from linearity 

with time (i.e. divergence from initial rates) was constant over the 

concentration range employed (lO-lOOOyM). The only amino acid giving 

monophasic kinetics of uptake was L-alanine for which true initial rates 

could be measured. Notwithstanding these reservations and limitations
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(see Results p. 94), these preliminary results serve to indicate that 

the insect neuromuscular system may possess both high and low affinity 

uptake systems. Some support for this suggestion comes from the 

findings that there is a dual affinity uptake of amino acids in synapto

somal preparations from mammalian central nervous tissue. Clearly 

further, detailed work is required to establish the validity of these 

speculative suggestions.

It should be stressed that the results on amino acid uptake

were of a preliminary nature and attempts have not been made to distinguish

between uptake systems and binding to synaptic receptor sites. This was
r3  “ Ibecause no reproducible assay for [_ 1^|-L-glutamate binding has yet been 

developed. Such an assay awaits the discovery of a potent, specific 

glutamate agonist or antagonist (see Introduction p. 46). Almost 

certainly a proportion of the -L-glutamate measured in the uptake
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studies on fraction B3 may represent binding to synaptic receptors and/ 

or uptake carriers. One might speculate that the amount of label 

accumulated in the absence of Na^ ions (which should eliminate the 

uptake component) represented binding to locust muscle membranes.

However, the nmol/mg measured under Na^-free conditions could represent 

binding to the multiple types of glutamate receptors distinguished on 

locust muscle electrophysiologically (see Introduction p. 38 ) as well 

as to the transport carrier itself, thus complicating interpretation of 

the uptake data.

Karppinen et al. (1980) have compared binding and/or uptake 

of glutamate to synaptosomes, synaptic membranes and synaptic vesicles. 

Their data showed that binding of glutamate to synaptic membranes was a 

rapid, single component process whereas uptake into synaptosomes occurred 

by both high and low affinity processes over a longer time period.

Uptake into vesicles showed two high affinity components. Interestingly 

the Km values for all these processes were similar i.e. in the range of 

30-60yM.

4. Origins of the B3 Fraction

The results obtained from the subcellular fractionation, 

electron microscopic and enzyme marker assays lead to several conclusions 

about the nature of fraction B3 from locust muscle as a source of insect 

neuromuscular junction material. The electron micrographs reveal that this 

fraction is enriched in a variety of vesiculated membranes and the enzyme 

markers show that these may be derived from several sources. The 

results indicate that B3 may be comprised largely of vesiculated plasma 

membrane associated with sarcoplasmic reticulum. Hence many of the 

synaptosome-like structures observed may be large profiles of plasma 

membrane with enclosed vesicles of sarcoplasmic reticulum. However,
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the presence of nerve terminals cannot be discounted as a contributory

source; indeed by analogy with studies on mammalian synaptosomes, the

occurrence of high affinity uptake for the putative neurotransmitters

may result from the presence of such components. In addition, the

stereospecificity requirements of the uptake system agrees with that

observed from electrophysiological responses of invertebrate nerve-

muscle preparations. In this respect it differs somewhat from the

mammalian system. The Ca^^-independent release of labelled amino acid

from fraction B3 cannot be taken as indicative of release from non-
2+neuronal sites e.g. sheath cells, because of the presence of Ca 

sequestering, sarcoplasmic reticulum vesicles.

The results presented in this thesis lend biochemical support 

to the hitherto predominantly electrophysiological evidence that L-gluta

mate is the excitatory transmitter at the insect neuromuscular junction 

and that L-aspartate may function as a neuromodulator at these synapses.



214.

SUGGESTIONS FOR FURTHER WORK
Our limited knowledge of the neurochemistry of the insect

neuromuscular systems is in part the result of a lack of well-characterised 

tissue preparations in which to study the cellular and subcellular 

distribution of the various components of the neurotransmitter systems.

It is hoped that the vesicle fraction (B3) from locust muscle, although 

not substantially enriched in nerve terminals, may prove useful in 

further characterising the neurotransmitter systems at the insect 

neuromuscular junction. The preliminary data presented in this thesis 

serve to emphasise the need to develop specific, high-affinity probes 

for neurotransmitter receptor binding sites on insect muscle. Further

more, a specific and reproducible binding assay for glutamate would 

enable some clarification to be made between receptor binding and 

uptake sites. This may already be possible for the GABA system since 

potent GABA receptor and uptake antagonists are known from studies with 

mammalian CNS (reviews by Hertz, 1979; Nistri and Constanti, 1979).

Studies of the acetylcholine receptor have benefitted greatly from the 

discovery of the snake venom a-toxins which bind specifically and 

irreversibly to the acetylcholine binding site (Heidmann and Changeux,

1978). Such specific probes have aided the isolation and character

isation of the receptor protein subunits. No analogous glutamatergic 

toxin is yet known and in this respect further examination of the wasp 

venoms which are believed to act at the insect neuromuscular junction 

both pre- and postsynaptically (May and Piek, 1979) may well provide 

tools with which to isolate and/or characterise the synaptic receptors 

and/or ionophores. Other potentially useful venoms appear to function 

by either facilitating or inhibiting transmitter release (Introduction 

p. 47 ).
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Clearly a better pharmacological characterisation of the B3 

uptake system is required in order to correlate findings with the 

known physiological effects of agents that are active at glutamate 

synapses. It is possible that the natural excitatory transmitter is not 

in fact glutamate but some small peptide containing this amino acid or 

another, unusual and as yet unidentified glutamate-like amino acid.

For example, the sulphur-containing amino acids taurine, L-cysteine 

sulphinate and L-cysteate, known to be present in mammalian brain 

(Balcar and Johnston, 1972a) also show excitatory effects on grasshopper 

and lobster muscle (McDonald and O'Brien, 1972; Constanti and Nistri, 1981),

Several glutamate-containing peptides (bath-applied) have been 

shown to reduce the neurally evoked contractions of the isolated retractor 

unguis nerve-muscle preparation of the grasshopper, Romalea, but are 

less potent than L-glutamate (McDonald and O'Brien, 1972). Hence it 

may prove fruitful to investigate the effects of other glutamate-containing 

peptides on the well-characterised Orthopteran nerve-muscle preparations.

In this way potent glutamate agonists or antagonists may be discovered.

The glutamate/glutamine cycle would seem to be especially 

important in insects in view of the high haemolymph GLN/GLU ratios and 

the fact that glutamate has been suggested to be present in haemolymph 

in an "inactive" form. Investigation of the subcellular distribution 

and activities of glutamine synthetase and glutaminase in insect muscle 

may aid the understanding of any "inactivation/activation" process.

A study of the development of insect muscle innervation during 

metamorphosis might also be enlightening as to the nature of the neuro

muscular transmitters e.g. by following the development of glutamate- 

sensitivity electrophysiologically during larval development. This 

could have interesting implications with regard to selective use of
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pest control agents at different stages of the insect life-cycle. At 

the larval stage of development for example, insecticides that function 

through neuromuscular blockage might well be ineffective as a means of 

reducing larval population numbers since the excitatory neuromuscular 

activity is presumably rather dormant at this stage.
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