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(ii)

SUMMARY

The phosphonate compounds 3-aminopropylphosphonate (APR) and

2-amino-4-phosphonobutyrate were assessed as analogues of y- 

aminobutyrate (GABA) and L-glutamate, respectively, in a range 

of systems involved in the neurotransmitter roles of GABA and 

L-glutamate in mammalian brain. These systems included sites 

for post-synaptic binding and high-affinity uptake and a number 

of enzymes.

APP was shown to inhibit the binding of GABA to its post- 

synaptic receptor, having an value of 7.08 mM and, at 2.0 mM,

to have no effect on the high-affinity uptake of GABA. APP 

inhibited GABA:2-oxoglutarate aminotransferase (E.G.2.6.1.19) 

by 58% at 25 mM and was a substrate for this enzyme (17% of the 

rate obtained with 25 mM-GABA).

APB (at 1.0 mM) was shown not to interact with the high 

affinity uptake system for L-glutamate and had no effect on L- 

glutamateroxaloacetate aminotransferase (E.G.2.6.1.1) at 25.0 mM. 

At 10.0 mM APB inhibited L-alanine:2-oxoglutarate aminotransferase 

(E.G.2.6.1.2) by 11% and L-glutamate decarboxylase (E.C.4.1.1.15) 

by 29% but had no effect on L-glutamine synthetase (E.C.5.3.1.2). 

APB inhibited L-glutamate dehydrogenase (E.G.1.4.1.2) and kinetic 

analysis showed that three inhibition mechanisms were possible all 

of which involved binding by APB to both the L-glutamate and NAD^ 

binding sites. True values were determined and were between 

O.1 and 4.0 mM.
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The suggestion that nervous tissue is composed of separate cells, 

neurons, was first made in the late nineteenth century. The main 

exponent of this theory was Ramon y Cajal (1888) who challenged 

the generally accepted view that the nervous system was a continuous 

network of fibres with no discrete cellular components. With 

acceptance of the neuronal theory of organisation came the question 

of how these separate cells communicated across the gap between them, 

Sierrington's (1897) electrophysiological studies showed that there 

was no direct electrical communication between the neurons and he 

suggested that the gap, to which he gave the name synapse, was the 

major site of regulation of the transmission of nerve impulses. The 

concept of chemical transmission of nerve impulses was 

first proposed by Elliott (1904) v;ho was

investigating the mode of action of adrenalin. The work of Loewi 

(1921) lent further support to this idea; he showed that stimulation 

of the vagus nerve to an isolated frog heart caused release of a 

substance capable of mimicking the effects of vagus nerve stimulation 

when applied to a second heart. This method of neurotransmission is 

now accepted as applying to the vast majority of nervous tissues.

There are, however, exceptions where transmission of the nerve 

impulse across the synapse is accomplished electrically. The 

first of these to be described was in crayfish (Furshpan and 

Potter, 1957, 1959) and other examples have been described since 

(e.g. Pappas et al., 1971). This mode of neurotransmission is 

generally confined to lower organisms.

Many substances have been proposed as neurotransmitters, 

perhaps the best known of which is acetylcholine, the neuro

transmitter at the mammalian neuromuscular junction. The structures
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of some of these are shown in Figure (1) together with a represent

ation of a typical synaptic junction of the central nervous sytems.

In order to understand the mode of action of neurotransmitters 

it is convenient to consider the action of acetylcholine at the 

neuromuscular junction. On its release from the presynaptic terminal 

of the neuron acetylcholine diffuses across the synapse and binds to 

a receptor in the plasma membrane of the muscle cell. This causes 

ion-channels, or ionophores, in the membrane to open allowing entry 

of sodium ions. There exists across the membrane of all cells an 

electrical potential caused by the asymmetric distribution of 

various ions. The influx of sodium ions, down their concentration 

gradient, decreases this membrane potential, that is, the cell 

membrane is depolarised. At this point ionophores open allowing 

the passage of potassium ions, these flow outwards, down their 

concentration gradient, and oppose the depolarisation. As the flux 

of sodium ions slows down, the flux of potassium ions repolarises 

the cell membrane to the original resting membrane potential.

Until the ion-balance is restored by the action of the membrane 

sodium-potassium ATPase this area of membrane is incapable of 

further depolarisation in response to stimuli. This general 

mechanism applies also to the neurotransmitter systems of the central 

nervous system. The effect of various neurotransmitters may be, as 

described above, to cause depolarisation (e.g. L-glutamate; see 

Figure (1)) but some central neurotransmitters (e.g. dopamine, 

y-aminobutyric acid; see Figure (1)) increase the membrane potential 

(hyperpolarisation) and thereby inhibit the stimulation of the post 

synaptic cell. The resulting ion fluxes are not necessarily the 

same as those caused by acetylcholine and the post-synaptic receptor



Incoming action potential Plasma membrane 
of post-synaptic 
perikaryon or 
dendrite

Axon <j

O O

Synapse

Outgoing action 
potential

CH^COOCH^CH^N(CH^)^ Acetylcholine

HOOCCH CH CH{NH )COOH L-glutamate

HO

HO

Dopamine

h^nch^ch^ch^cooh y-aminobutyrate (GABA)

Figure (1). Schematic representation of a central nervous system

synapse and a representative group of neurotransmitter 

substances.
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may be linked to the ionophore via a series of secondary steps 

involving, for example, second messengers such as a cyclic 

nucleotide (Greengard, 1976).

This thesis is concerned with GABA and L-glutamate, two 

relatively recent additions to the list of proposed neurotrans

mitters, and in particular with their role in mammalian brain.
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(A) GABA

GABA was first reported as a constituent of nervous tissue 

in 1950 when Awapara et al. (1950) and Roberts and Frankel (1950) 

detected its presence in mammalian brain. It is present in other 

tissues of higher organisms in only trace amounts, although it is 

common in many plants and micro-organisms. The concentration of 

GABA in brain suggested an important role in nervous function and 

Hayashi and Nagai (1956) and Hayashi (1959) were the first to 

demonstrate an inhibitory action of GABA in that it was capable 

of reducing chemically induced convulsions when injected into the 

brains of dogs. Hayashi (1959) concluded from his data however 

that GABA was a precursor rather than the natural transmitter 

substance which he suggested was &-W%proxy-y-aminobutyric acid.

Since the discovery of its inhibitory action a great deal of research 

has been carried out into the role of GABA in nervous tissue 

function and much evidence has accumulated supporting the suggestion 

that it has a neurotransmitter role in vivo. These studies may be 

divided into those concerned with electrophysiology, with post- 

synaptic receptor binding, with uptake and with metabolism.

(1) ELECTROPHYSIOLOGICAL STUDIES

The use of electrophysiological techniques has provided much 

information on the effects of GABA on nervous tissue. These tech

niques involve recording neuronal activity by means of electrodes 

inside and outside the cell. Ionic substances can be passed through 

the electrodes into either the cytoplasm or the extracellular 

space (iontophoresis), and the resulting effects on neuronal activity 

can be compared with normal neuronal function so giving much 

information on the mechanisms of neurotransmitter action.



-5-

It is beyond the scope of this thesis to review in detail 

the work based on these techniques but some relevant findings will 

be briefly outlined. In many cases GABA has been shown to exert 

its effect by increasing the conductance of the membrane to chloride 

ions, presumably by binding to a receptor and so activating specific 

chloride ionophores in the membrane. The result of this is to 

allow chloride ions to flow down their concentration gradient into 

the cell causing hyperpolarisation (increased membrane potential) 

of the membrane. If this effect is exerted pre-synaptically at the 

nerve terminal, the arrival of an action potential will fail to 

lower the membrane potential to the level required to trigger neuro

transmitter release. The effect may also be post-synaptic, in which 

case the dendrite or cell body membrane is hyperpolarised and an 

incoming excitatory neurotransmitter cannot lower the membrane 

potential sufficiently to initiate an action potential. These two 

mechanisms are represented in Figure (2).

In mammalian brain Obata et al. (1967) showed that GABA inhibited 

the activity of neurons in Dieter's nucleus and showed this to 

result from increased chloride conductance. In cerebellum the 

firing rate of Purkinje cells is reduced by iontophoretically applied 

GABA (Krnjevic'and Phillis, 1963). Siggins et al. (1971) showed that 

GABA hyperpolarised Purkinje cells in rat cerebellum and reduced 

the membrane resistance. In cerebral cortex Krnjevic'and Phillis 

(1963) reported that iontophoretic application of GABA for as 

little as 20 ms inhbited neuronal firing and intracellular recordings 

have shown that this inhibition is associated with hyperpolarisation 

and increased chloride conductance (Krnjevic^and Schwartz, 1967a). 

Inhibition of cells in cerebral cortex by electrical stimulation of



Out-going axon

Figure (2) . Alternative mechanisms of GABAergic InhjO/r,6?//
(i) Release of GABA from inhibitory /v'curon, II,

prevents release of neurotransmitter by ex

citatory neuron, El, (presynaptic inhibition) 

(ii) Release of GABA from inhibitory neuron, 12, 

prevents depolarisation of the post-synaptic 

membrane in response to release of neuro

transmitter by excitatory neuron,e 2, (post- 

synaptic inhibition).

Both mechanisms inhibit propagation of an action 

potential along the outgoing axon in response to 

stimulation of excitatory inputs, (El and E2).
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inhibitory input neurons has been shown to have similar character

istics (Dreifuss et al., 1969).

A different situation exists in mammalian peripheral ganglia 

where experimentally applied GABA causes a depolarisation of the 

neuronal membrane. The natural neurotransmitter in autonomic 

ganglia is acetylcholine which elicits a depolarisation-mediated 

excitation. Although GABA is not released by incoming axons,

Adams and Brown (1975) showed that application of GABA to rat 

ganglia in vitro caused increased chloride permeability of the 

neuronal membrane which, as a result of the distribution of chloride 

ions in this case, causes chloride to leave the cell and brings about 

depolarisation (De Groat, 1970). This however, still has an inhibi

tory effect because the chloride equilibrium potential is more 

negative than the depolarisation caused by acetylcholine. The 

redistribution of chloride ions damps out the acetylcholine evoked 

action potential in some way. The inhibition is of course less 

effective than that due to hyperpolarisation. Since GABA is not 

the natural neurotransmitter at this site the significance of 

this effect is not clear.

GABA has been shown to be effective at a wide range of 

synapses including Mauthner cells of fish brain; lamprey spinal 

interneurons; insect neuromuscular junction and crustacean 

neuromuscular junction. A representative selection of the effects 

of GABA on various systems is shown in Table (1). This subject 

is reviewed more comprehensively by Curtis and Watkins (1965); 

Krnjevic'(1974) and Nistri and Constanti (1979).
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(2) RECEPTOR BINDING STUDIES

Recently much work has been devoted to the study of binding of 

radiolabelled GABA to nervous tissue preparations, involving homo- 

genates or subcellular fractions such as synaptosomes. Most of this 

work has been carried out using mammalian brain or invertebrate 

tissues such as crayfish muscle, and is aimed at purifying and 

characterising the post-synaptic receptor species. In general the 

experimental approach involves the incubation of the tissue homo- 

genate or subcellular fraction with radioactive GABA. Binding is 

usually allowed to reach equilibrium when the bound ligand is 

separated from free GABA by rapid filtration or by centrifugation 

and the filtrate or pellet is counted by liquid scintillation 

spectroscopy. An alternative method involves separation of free 

label by equilibrium dialysis. In all methods a control is nece

ssary in order to account for non-specific binding arising from 

ligand trapped in the pellet or filter or bound to non-specific 

binding sites. The most widely used method of measuring non

specific binding is to eliminate specific binding by incubating 

in the presence of a high concentration of unlabelled ligand when 

specific binding is then defined as total binding minus non

specific binding. The rationale behind this approach is given in 

a later section (see p. 101 ). The uptake of GABA in the binding 

experiments is minimised by using sodium-free buffers as uptake in 

general is sodium dependent (see p. 29 ). However, binding to the 

receptor site for uptake may be included in specific binding.

At the present time research in this area is directed towards 

detecting binding that truly represents a post-synaptic receptor 

site and there are several criteria for such binding. These are:
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i) binding must be reversible

ii) it should be detectable only in the appropriate tissues,

liver or lung for example would not be expected to possess

post-synaptic GABA receptors, 

iii) the binding site should exhibit saturation within a 

concentration range that is consistent with electro

physiological evidence 

iv) there should be a correlation between the biological

activity of neuroactive compounds and their effect on 

binding. A potent GABA antagonist for example would be 

expected to inhibit binding, (there may be exceptions 

to this since an antagonist or agonist may exert its 

effect allosterically or at a site other than the 

neurotransmitter receptive site, such as the ionophore).

The first of these criteria, reversibility, was shown to hold 

true for GABA by Enna and Snyder (1975).They added an excess of 

unlabelled GABA to a rat brain synaptic membrane preparation 

which had been previously incubated with radioactive GABA and 

showed that the bound GABA was released into the medium under these 

conditions. As, by definition, non-specific binding is that which 

persists under these conditions the specific binding must be 

reversible. The rate of dissociation was too rapid to measure 

accurately (<5 sec for total dissociation) and therefore the 

rate constant could not be calculated.

Tissue specificity, the second criteria, was examined by De 

Feudis et al. (1979e) who studied binding of Pl^-GABA to similar 

preparations from rat liver and cerebral cortex. Specific binding
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was detected in cerebral cortex but not in liver. Further evidence 

of this nature comes from studies of the distribution of GABA 

binding in brain which appears to match GABA-induced activity 

(Krnjevic', 1974; Zukin et al., 1974; Enna et al., 1975; Lloyd 

et al., 1977; VanNess and 01sen,1979; C h a n , 1978).

In order to compare the saturation characteristics of specific

binding with electrophysiological evidence many workers have carried

out saturation analysis on various tissues. Their results are

summarised in Table (2) which shows considerable variation in the

dissociation constants (K^) reported for putative post-synaptic

receptor binding sites (0.006 yM to 0.60 yM in mammalian systems),

in the number of binding site populations and in the concentration

of binding sites (B ). Several factors may account for thesemax
discrepancies. For example the purity of the preparations used in 

these studies might be expected to vary considerably with the 

different fractionation methods employed. This would account for 

the variation in B^^^ values reported, (0.12 to 6.5 ytmoles/mg 

of protein, for mammalian systems). The presence of varying quantities 

of impurities, such as mitochondria, means that GABA-metabolising 

enzymes and specific transport systems may be present in differing 

proportions and if saturable or near saturable binding to any 

such sites occurs within the concentration range examined then 

it will be included in the specific component of binding. This 

effect may cause a distortion of the saturation analysis and vari

ation in the K^ values obtained.

Table (2) also shows that two sites, one of high affinity 

and one of low affinity are commonly, but not always, detected in
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GABA binding experiments. Two phenomena have been reported to 

account for the detection of one, rather than two, binding site 

populations. Enna & Snyder (1975) reported finding one class 

of binding site on Scatchard analysis of their data for rat 

brain. In a later report however, they reported detection of 

two classes (Enna and Snyder, 1977b) and attributed this result 

to treatment of membranes with Triton X-100. They reported not 

only an increased number of binding site populations but also 

a five-fold increase in the amount of binding after detergent 

treatment. This was interpreted in terms of the unmasking of 

cryptic binding sites. However, the Scatchard analysis reported 

for binding to untreated membranes (Enna and Snyder, 1975) can 

itself be interpreted as indicating two classes of binding 

site. In which case the action of detergent was to reveal more 

binding sites of both kinds and thereby make the second class 

of sites detectable under the assay conditions. Greenlee et 

al. (1978a) reported the detection of only one class of 

binding site initially but when they increased the specific 

activity of theradioactive GABA used to assay binding, two 

classes became apparent. Thus variations in the specific 

activity of radiolabelled ligand used to measure binding may 

determine whether the high affinity binding site is detectable.

A further complication reported by Greenlee et ai. (1978a) 

is the presence of variable quantities of an inhibitor of binding 

in the tissue used. They noted that on incubation of membrane 

material at 0 ° C  the capacity to bind GABA d e c l i n e d  by around 

20% in two hours. In addition the initial binding capacity 

varied from 400 to 1250 cpm/mg of protein in different preparations
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under standard assay conditions.They found that extensive washing 

of membrane material before the assay eliminated the time- 

dependent decay of binding. Furthermore, preparations treated 

in this way consistently showed binding capacities of around 

1250 cpm/mg of protein under the standard conditions referred to 

above. The conclusion drawn from these observations was that 

membrane preparations contain varying quantities of an endogenous 

inhibitor of binding. This unknown substance would be occluded 

in some way and gradually released into the incubation medium 

causing a time-dependent inhibition of binding capacity. Greenlee 

et al. (1978a) proposed that endogenous GABA was responsible 

for this inhibition. Another possibility is that phosphatidyl- 

ethanolamine is responsible (Andrews and Johnston, 1979). 

Giambalvo and Rosenberg (1975) reported that treatment with

H -phospholipase C increased specific binding of “h1 -GABA to 

membranes from rat cerebellum by 260%. This is consistent with 

the theory of receptor-ionophore interaction proposed by Watkins 

(1965) which suggests that the receptor might be activated by 

GABA displacing phosphatidylethanolamine from the receptor binding 

site and thereby increasing the mobility of the receptor protein 

in the membrane. The similarity between GABA and the polar head 

of phosphatidylethanolamine is apparent from their formulae (1 

& 2)

(1) CH^OCOR^
CHOCOR phosphatidylethanolamine

■2 “ I ° - =«2 - "^3^
o

I
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O .

(2) - CH^ - CH^ - CH^ - GABA
-Q

In 1978 Toffano et al. published results concerning the 

presence of an endogenous inhibitor similar to those of Greenlee 

et al. (1978a). They attempted to purify and characterise the 

inhibitor and concluded that levels of endogenous GABA were too 

low to account for the phenomenon which was instead attributed 

to the presence of a thermostable protein of 15,000.

They concluded that this protein prevented detection of the high 

affinity binding site and suggested that it might be an 

allosteric modulator of GABA binding. It is possible that 

all of these three species might be responsible for the 

phenomenon. To summarise, two populations of binding sites seem 

to be present.These are firstly a high affinity binding site 

which is detectable only with relatively high-specific activity 

label and which can be masked by an endogenous modulator sub

stance and secondly a more readily-detectable low affinity 

binding site.

The presence of variable concentrations of a modulator

substance would account not only for the variation in the number

of binding site populations but also could account for variations

in the K values determined. In those studies in which two D
binding sites were detected the values range between 0.0045 

and 0.032 pM for the high affinity site and between 0.03 and 

0.47 yM for the low affinity site (see Table (2)). The mean 

values for high and low affinity sites are 0.017 yM (S.D.=0.007) 

and 0.158 yM (S.D.=0.09) respectively.
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As to which, if either of these sites represents the post-

synaptic GABA receptor, Greenlee et ai. (1978a) comment that

"...the high affinity site for GABA would appear functionally

unreasonable on kinetic grounds." Using iontophoresis Krnjevic

and Whittaker (1965) estimated that the minimum amount of GABA
-14 -15required to inhibit cortical neurons was 10 to 10 moles.

Krnjevic and Phillis (1963) found the minimum amount of L-

glutamate required to cause excitation of cortical neurons to be 
-14around 10 moles and estimated the concentration in the synaptic

-4cleft to be about 10 M. On the basis of these figures one

would expect the minimum concentration of GABA in the synaptic

cleft to be of a similar order. A post-synaptic receptor would
-8not therefore be expected to have a of around 1.7 x lO M

as is suggested for the high affinity binding site by the data in
-6Table 2, and the of 0.158 x 10 M derived from Table 2 for 

the low affinity binding site would seem more reasonable.

Further evidence as to the biological role of these binding 

sites comes from consideration of the binding of agonists and 

antagonists of GABA. There are substances which have been shown, 

mainly by electrophysiological studies, to mimic or counteract 

the effects of GABA on neural activity. Three such compounds 

have been widely applied in binding studies, these are the 

convulsant alkaloids, bicuculline and picrotoxin, and muscimol, 

a psychoactive agent derived from the fungus Amanita muscaris.

The most widely studied of these compounds is bicuculline

(3). Bicuculline was first shown to have convulsant properties 

in 1934 by Welch and Henderson. Its mode of action is by no 

means specific however, and it has been shown to inhibit
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(3) Bicuculline

O O

acetylcholinesterase (Svenneby and Roberts, 1973; <^LSen et al., 

1976), to potentiate the action of acetylcholine (Miller and 

McLennan, 1974); to directly modify nerve axon membrane conduct

ance (Freeman, 1973) and to inhibit uptake of GABA by membrane 

vesicles in v i t r o  (Olsen et al., 1976). The major effect seems 

to be on GABA-mediated nerve transmission and bicuculline has 

been shown to block the depressant action of GABA when admini

stered iontophoretically (Curtis et al., 1970; Godfraind et al. 

1970; Straughan et al., 1971; Krnjevic] 1974; oisen al.,

1976; De Feudis, 1978a), although not all GABA-mediated synapses 

are bicuculline sensitive. (Godfraind et al., 1970; Straughan 

et al., 1971; Earl and Large, 1974). The antagonism by 

bicuculline has been reported to be non-competitive with GABA 

at the lobster and hermit crab neuromuscular junctions (Earl 

and Large, 1974; Constanti, 1978). In mammalian brain however the 

site of action of bicuculline is uncertain and it is debatable 

whether it acts on the post-synaptic receptor for GABA or at 

a site remote from this.

Many workers have demonstrated the presence of bicuculline- 

sensitive GABA binding in membrane preparations, (De Feudis 

et al., 1979a; Lester and Peck, 1979; Zukin et ai ., 1974;



Mann and Enna, 1980; Enna and Snyder, 1975, 1976; Reek et al., 

1973; Lloyd and Dreksler, 1979; Greenlee et al., 1978b;

Lloyd et al., 1977; Hyttel, 1979; OuSen et al., 1975, 1976) 

and it has been shown to have a lower affinity for the site than 

GABA. De Feudis et al. (1979b) reported that in a rat cerebral 

synaptosomal fraction bicuculline-sensitive sites comprised only 

a fraction of the total GABA binding sites. Whereas Mohler and 

Okada (1978) found only one class of site in rat brain synaptic 

membranes and reported binding of bicuculline was displaced by 

GABA (Mohler and Okada, 1977), suggesting a common binding site 

for GABA and bicuculline although whether it is the post-synaptic 

receptor for GABA is not certain.

Picrotoxin is a plant alkaloid comprising picrotoxinin (4) 

and the less active picrotin. Antagonism by picrotoxin of the

(4)

CHCH
OHO

CH

effects of GABA has been shown by electrophysiological techniques 

in many systems but effects on systems not involving GABA have 

not been shown. Affected systems include crayfish muscle 

(Takeuchi and Takeuchi, 1969; Robbins and Van Der Kloot, 1958) 

and mammalian brain (Woodward et ai., 1971; Obata et ai., 1970; 

Nicoll, 1971; Kelly and Renaud, 1973). The action of picrotoxin 

at the crayfish neuromuscular junction appears to be non-competitive 

with GABA (Takeuchi and Takeuchi, 1969) and the action on 

mammalian brain also appears to be at a site independent of the



-22-

binding sites for bicuculline and GABA (Obata et al., 1970; 

Simmonds, 1980; Nistri and Constanti, 1979), possibly at the 

chloride ionophore.

The results of binding studies in vitro are consistent with 

this view of the action of picrotoxin which has been shown not 

to inhibit binding of GABA to mammalian brain preparations 

(Enna et al., 1977; Olsen et al., 1978a, O l s e n  and Greenlee, 1976; 

Greenlee et al., 1978b; Lloyd and Dreksler, 1979; Hytell, 1979) 

or to crayfish muscle preparations (Olsen et al., 1975).

Binding of radioactive d/hydropicrotoxinin, a hydrogenated 

derivative of picrotoxinin, has also been studied. GABA has been 

shown not to inhibit this binding in rat brain (Ticku et al.,

197 8) or in crayfish muscle preparations(Olsen et al., 1978b).

Thus it seems that picrotoxin binds to a site in these prepara

tions to which GABA will not bind. This site is apparently also 

distinct from the bicuculline binding site which in turn may be 

separate from the post-synaptic GABA receptor site.

Muscimol, (5), is a naturally occurring, psychoactive, 

isoxazole compound found in the fungus,fly agaric {Amanita 

muscaria), (Weiland, 1968) which has been shown to inhibit 

neuronal and glial GABA uptake, (Johnston, 1971; Schousboe et 

al., 1978) and most importantly is a potent agonist of GABA. 

Muscimol and related compounds (such as dihydro-and dithio- 

muscimol) have been shown to depress the activity of GABA-sensitive 

cat spinal neurons more potently than GABA itself (Krogsgaard- 

Larsen et al., 1975, 1977, 1979; Johnston et al., 1968). A



OH

NH

O

(5) NH„ A  N Muscimol

similar action has been shown on molluscan neurons, (James et al.,

1978) and hermit crab muscle (Wheal and Kerkut, 1976). These 

effects have been shown to be picrotoxin (Wheal and Kerkut,

1976) and bicuculline (Krogsgaard-Larsen et ai., 1975, 1979) 

sensitive. Unilateral injection of muscimol into rat substantia 

nigra in vivo was shown to produce bicuculline and picrotoxin- 

sensitive contralateral turning behaviour, (Arnt and Scheel- 

Kruger, 1979).

In the light of these potent agonist effects muscimol 

might be expected to bind strongly to the post-synaptic GABA 

receptor site in vitro, and this seems to be the case. Muscimol 

has been shown to inhibit potently GABA binding to mammalian 

brain synaptic membrane preparations (Krogsgaard-Larsen and 

Johnston, 1978; Krogsgaard-Larsen et al., 1979; Greenlee et 

al., 1978b, Lloyd and Dreksler, 1979; Hyttel, 1979; Olsen 

et al., 1978a), frog spinal cord and brain synaptic membranes 

(Enna and Snyder, 1977a).

Binding of radioactive muscimol has been reported in neuron- 

enriched rat cerebral cell culture (De Feudis et al., 1979c) and 

in rat brain synaptic membrane preparations (Bernasconi et al., 

1980; Herschel and Baldissarini, 1979). Muscimol binding is 

displaced by GABA (De Feudis et ai., 1980; Varga et ai., 1980;

De Feudis et ai., 1979c; Leach and Wilson, 1978; Williams and
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Risley, 1979). It has been reported that specific binding of 

radiolabelled muscimol (defined as that binding displaced by 

unlabelled GABA) is higher than binding of radiolabelled GABA 

measured in the same way (De Feudis et al., 1979d; De Feudis 

et al., 1980; Varga et al., 1980). This has been interpreted 

as indicating that muscimol binds to sites at which GABA does 

not bind, in fact analysis of these data revealed the Bmax
for muscimol binding to be double that for GABA binding (De 

Feudis et ai., 1979d). It is difficult to visualise how it can 

occur in view of the assay methods employed. One possible 

explanation could be a difference in stoichiometry such that 

more than one muscimol molecule might bind to a site accommo

dating a single GABA molecule. Another explanation could be that 

muscimol binds to two linked sites only one of which binds 

GABA. Binding of GABA to the one site could then conceivably 

lead to displacement of muscimol from both sites. Radioactive 

muscimol binding is displaced by bicuculline (Williams and 

Risley, 1979; Leach and Wilson, 1978) but not by picrotoxin 

(Williams and Risley, 1979).

Muscimol, like GABA, has been variously reported to bind 

to one (De Feudis et al., 1979 c, d) or to two (Chude, 1979; 

Williams and Risley, 1979) classes of binding site.

These results obtained for the interaction of muscimol with 

GABA either in binding or in vivo are generally consistent with 

muscimol's binding to a post-synaptic binding site or sites, 

although it may bind else wliere in addition to this.
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Overall the studies carried out on the effects of bicuculline, 

picrotoxin and muscimol using electrophysiological and receptor 

binding techniques are still somewhat inconclusive. It seems 

that binding of GABA measured in vitro to synaptic membranes re

presents, in part at least, a post-synaptic receptor site. Other 

components of binding possibly include the site of action of 

bicuculline. Picrotoxin binding appears to be remote from GABA, 

muscimol and bicuculline binding sites but is still measurable 

in vitro. It has been proposed that bicuculline and muscimol 

bind to GABA receptive sites whereas picrotoxin binds to the 

ionophore. This is supported by a comparison of their structures. 

Muscimol and bicuculline may be regarded as containing within 

their structure regions analogous to GABA, whereas picrotoxin 

is not structurally similar in any way. Ticku (1977) reported 

evidence that contradicts this idea to some extent. He showed 

that binding of radioactive dihydropicrotoxinin to membrane 

preparations from rat brain and crayfish muscle was displaced 

by bicuculline although not by GABA. This may represent a degree 

of interaction between the receptor and ionophore sites or 

bicuculline may influence both.

The effects of bicuculling picrotoxin and muscimol are 

discussed in more detail by Krnjevic' (1974); Olsen (1976) ;

Andrews and Johnson (1979); Enna and Maggi (1979) and Nistri and 

Constanti (1979).

Several studies have been published which examine the 

specificity of binding of radiolabelled GABA. In particular 

Greenlee et al. (1978b),* Hitzemann and Loh (1978a) and Zukin et al.
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(1974) consider the potency of a wide range of compounds in 

inhibiting GABA binding to rat brain synaptic membranes. 

Similarly, Olsen et al. (1975) report the degree of inhibition of 

binding to crayfish muscle membrane fractions by a range of com

pounds. Comparison is made with the neurophysiological action of 

these compounds in iontophoretic or superfusion studies. Olsen 

et ai. (1978a) report the effect of various convulsant and 

anticonvulsant drugs on GABA binding to mouse brain membranes. 

The conclusion drawn in these cases is that the pharmacological 

specificity of binding is consistent with binding to a post- 

synaptic GABA receptor.

The use of structural analogues of GABA can also be useful 

in gaining information on how binding occurs. A number of 

studies have been carried out using various analogues frcm which 

information on the nature of the receptor-ligand interaction can 

be deduced. Honoré et al. (197 8) reported inhibition by 

modified GABA molecules of binding of radiolabelled GABA to a 

rat brain synaptic membrane preparation. They examined the 

effects of introducing a double bond; of increasing the chain 

length; of hydroxyl and of methyl substitution into the GABA 

molecule and concluded that all these effects weakened binding 

to the receptor, that is,resulted in a h i g h e r v a l u e  than 

that of unlabelled GABA. The results of structural changes were 

in general unpredictable, although the steric configuration of 

C4 substituents seemed to be of great importance. This was taken 

as evidence of a key role of C-4 in binding.

The results of substitution at C-3 were examined by Galli
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et al. (1979), They used similar methods to those mentioned above 

in order to assess the effect of substituents ranging from 

hydroxyl groups to branched chain and aromatic structures. They 

found that all substituents caused a marked drop in binding 

activity. Little stereospecificity of binding was found when 

stereoisomers were compared. The main effect was apparently steric 

hindrance as increasing size of substituent groups correlated well 

with decreasing binding ability (increasing .

A number of studies have been carried out along similar 

lines using conformationally-restricted analogues. The use of 

analogues whose structure precludes flexibility can yield 

information as to which conformation the GABA molecule must 

assume in order to bind. Allan et al. (1980) reported on the 

effects of cis and trans isomers of 2-(aminomethyl)-cyclopropane 

carboxylic acid and 4-aminotrotonic acid (6-9), on GABA binding

(6 )
COOH

trans-2-(aminomethyl) 
cyclopropane carboxylic 
acid

(7)

COOH

cis-2-(aminomethyl) 
cyclopropane carboxylic 
acid

COOH
trans-4-arainocrotonic
acid

(9)
^2^

\
COOH

cis-4-aminocrotonic 
acid



to rat brain synaptic membranes. They found the trans isomers 

to be more potent inhibitors of binding suggesting that GABA 

binds in an extended rather than in a folded conformation.

Nicholson et ai. (1979) assessed inhibitor potency using 

GABA binding to rat cerebellar membranes. They used a series of 

analogues in which rotation within the molecule was limited by 

introduction of ring structures or various substituents on the 

alkyl chain of GABA. They concluded that the active conformation 

of GABA was in fact partially folded and planar, and that an 

eclipsed conformation is adopted.

Krogsgaard-Larsen and Johnston (1978) compared the effect 

on GABA binding to rat brain synaptic membranes of a series of 

compounds related to muscimol. Muscimol can assume a variety 

of conformations by virtue of its free aminomethyl side chain

(5). More rigid compounds were produced by incorporating the 

side chain into a second ring. This study also concluded that 

GABA binds to the receptor in a partially folded, planar 

conformation.

Honoré and Hjeds (1979) assessed inhibition of GABA binding 

to rat brain synaptic membranes by 2-fluoro and 2,4-difluoro- 

5-aminomethylphenol (10, 11)

(10) \ } 2-f luoro-5-aminomethy 1
phenol

+ NH^



(11) \ ;/ 2,4-difluoro-5-
aminomethylphenol

F 

+
The compounds only differ significantly from muscimol (5), in 

their charge distribution which in the analogues is delocalised 

around the aromatic ring. The analogues proved to be poor 

inhibitors compared to muscimol which indicates that the charge 

must be localised for binding to occur efficiently.

This work is reviewed by Sytinski (197 8) and by Andrews and 

Johnston (1979).

(3) GABA UPTAKE

In order to be an efficient neurotransmitter a substance 

must not only be able to influence the post-synaptic cell 

membrane but must also be efficiently removed from the synaptic 

cleft after having done so. This may be achieved by an extra

cellular degradative enzyme as is the case with acetylcholine.

In the case of GABA only one enzyme is present in significant 

activity, GABA transaminase, which is not likely to function in 

this way since it has a mitochondrial location, it requires 

pyridoxal phosphate and 2-oxoglutarate for activity and it yields 

L-glutamate, a proposed excitatory neurotransmitter. It is 

therefore generally accepted that GABA is removed by a rapid 

uptake system. Elliott and Van Gelder (1958) reported that slices 

of cerebral cortex would rapidly remove GABA from the surrounding 

medium and noted that liver, kidney and diaphragm did not possess
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this atility. This system differs from the commonly occurring

amino acid uptake systems not only in its distribution but in its

affinity, having a K in the micromolar rather than the millimolarm
range (Martin, 1973; Iversen and Neal, 1958; Kanner, 1978a; 

Blasberg and Lajtha, 1955; Bennett et al., 1974). In addition, 

high affinity GABA uptake has been reported as being associated 

with GABA-mediated neuronal pathways in mammalian brain (Hatori 

et al., 1973; Storm-Mathisen, 1975).

(a) The Mechanism of GABA Uptake

Various ion requirements have been reported for high affinity 

GABA uptake. The best documented of these is the dependence on 

sodium. Sodium-dependent GABA uptake has been detected in rat 

brain slices (Iversen and Neal, 1958); rat brain synaptosomes 

(Martin and Smith, 1972; Blaustein and King, 1975); rat brain 

sub-synaptosomal membrane vesicles (Kanner, 1978a); cultured 

cells from chick spinal cord (Tunnicliff et al., 197 3) and 

mammalian brain (Schubert,1975); buccal ganglia of Aplysia 

(Zeman et al., 1975); lobster nerve-muscle preparations (Iversen 

and Kravitz, 1958) and frog spinal cord (Davidoff and Adair,

1974). A concentration gradient is also necessary, this is generally 

provided by sodium, the higher concentration being outside.

Kanner (1978a) showed that addition of gramicidin or nigericin 

(ionophores allowing free passage of sodium across the membrane) 

strongly inhibited uptake by sub-synaptosomal vesicles from 

rat brain. Martin and Smith (1972) reported a requirement for 

potassium in the absence of which transport proceeded for only a 

short time. They suggested that in order to maintain the sodium
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gradient necessary for uptake, the membrane sodium-potassium ATPase 

must be supplied with potassium. In the absence of external pota

ssium no sodium would be pumped out of the cell, the sodium 

gradient would decay and uptake would be halted. This view is 

supported by reports tha ouabain (a specific sodium-potassium 

ATPase inhibitor) inhibits uptake in rat brain slices (Iversen 

and Neal, 1968); rat cervical ganglia (Bowery et ai., 1979) 

and chick embryo spinal cord cell-culture (Tunnicliff et al.,

1973). Maisov et al. (1976) report that other inhibitors of 

the sodium-potassium ATPase did not inhibit uptake. This 

finding is not necessarily inconsistent with those above. Kanner 

(1978a) demonstrated that in a sub-synaptosomal membrane vesicle 

preparation from rat brain, uptake occurred in the absence of 

a metabolic energy source provided that a sodium gradient was 

present, and in this system potassium was not required. This 

indicates that in some preparations the sodium gradient is more 

stable and the sodium-potassium ATPase is not required over the 

period of time needed for the assay. In many synaptosomal 

preparations or tissue preparations such as brain slices, uptake 

has been shown to be dependent on metabolic energy. It is 

inhibited by dinitrophenol, an uncoupler of oxidative phosphory

lation, (Iversen and Neal, 1968) and is temperature sensitive 

(Iversen and Neal, 1968; Bowery et ai., 1979; Schubert, 1975; 

Davidoff and Adair, 1974; Tunnicliff et al., 1973). This 

evidence is consistent with cotransport of GABA with sodium down 

its concentration gradient. Martin and Smith (1972) showed a 

sigmoidal relationship between the rate of GABA uptake and the 

external sodium concentration, implyina an allosteric interaction 

between sodium binding sites and suggesting that two or more 

sodium ions may be carried for each GABA molecule. Martin (1973)
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reported that a Hill plot of these data suggested a minimum of 

three sodium-binding sites.

There is evidence to suggest that uptake is driven not only 

by sodium flowing down its concentration gradient but also by 

the effect of the increased positive charge caused by sodium 

binding. In this case one would expect transport not to be 

solely dependent on the extracellular sodium concentration but 

to be influenced by the membrane potential as well. Martin and 

Smith (1972) showed that potassium concentrations above about 

5 mM were inhibitory. This was shown to be non-competitive and 

therefore not to involve direct binding to the GABA or sodium 

binding sites. It is well established that potassium causes de

polarisation of the neuronal membrane (Blaustein and Goldring,

1975) and in the presence of calcium this provokes release of 

GABA from synaptosomes. In these experiments however no calcium 

was present and the inhibition by potassium may be assumed to 

be due to its lowering of the membrane potential. Kanner (1978a) 

reported that in vesicles loaded with a high internal potassium 

concentration the addition of valinomycin enhanced GABA uptake. 

Valinomycin is an ionophore allowing free passage of potassium 

across the membrane and its enhancement of uptake in this 

experiment may be explained in terms of its allowing potassium 

to leave the vesicle (flowing down its concentration gradient) 

and thereby increasing the membrane potential, (hyperpolarising 

the vesicle). Additional experiments by Kanner (1978a) on 

sub-synaptosomal membrane vesicles from rat brain provide further 

evidence to support this suggestion. He measured uptake into 

vesicles using an applied sodium gradient to power it and assessed 

the effect of various anions. If sodium chloride was replaced with
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sodium sulphate no uptake was observed but sodium thiocyanate 

was more effective than sodium chloride. The membrane permeability 

to thiocyanate is higher than to chloride ions and the membrane 

is essentially impermeable to sulphate. This could be inter

preted in terms of the external anions flowing into the cell 

and causing hyperpolarisation, thus the more permeable the 

membrane is to a particular ion the greater its effect will be 

on transport. This model is discussed in more detail by Martin 

(1973); Blaustein and King (1975) and Kanner (1978a) who also 

present more evidence.

GABA uptake by rat brain membrane vesicles and isolated 

rat cervical ganglia has been shown to have an absolute dependence 

on chloride (Kanner, 1978a; Bowery et al., 1979). This may be 

related to activation of the carrier by chloride, although Kanner 

(1978a) suggested that cotransport of chloride along with sodium 

and GABA is a possibility. This would require that more sodium 

ions than chloride ions bind in order to preserve the electro- 

genicity of transport.

Martin and Smith (1972) reported that uptake of GABA was 

strongly stimulated by calcium at low sodium concentrations. As 

a result of this, in the presence of 20 mM calcium the relation

ship between rate of uptake and sodium concentration was hyper

bolic rather than sigmoidal. The significance of this is not 

clear but it may be that calcium is an effector of some kind.

Kanner (1978b) reported solubilising the carrier protein 

for high affinity GABA uptake from rat brain membrane vesicles and
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introducing it into reconstituted liposomes. He found its behaviour 

to be consistent with the results discussed above.

It has been suggested that sodium-dependent high-affinity 

uptake of radioactive GABA in experiments such as those mentioned 

above results from exchange of unlabelled for labelled GABA rather 

than net uptake. Raiteri et al., (1975) carried out superfusion 

studies using rat cerebral synaptosomes, and found that in the 

presence of micromolar concentrations of unlabelled GABA labelled 

GABA was released from preloaded synaptosomes. This exchange 

process was sodium-dependent and they proposed that an opposite 

process could account for high-affinity uptake of radioactive 

GABA. In 1977 Ryan and Roskoski reported that exchange occurred 

when rat brain synaptosomes were incubated with radioactive GABA. 

Infect they found that exchange could account for between 20% 

and 70% of uptake, depending on the experimental conditions. 

However, if synaptosomes were depleted of GABA by treatment with 

56 mM potassium chloride and 1 mM calcium chloride (causing 

depolarisation-evoked release of GABA), no exchange was apparent, 

and net uptake was observed. This was confirmed in a later 

report (Roskoski, 1978). Hertz et al. (1978) reported that 

exchange did not occur in cultured astrocytes from post-natal mouse 

brain.

(b) Histological Localisation of Uptake

Mammalian nervous tissue is composed of two general cell 

types, neuronal cells responsible for nervous transmission and 

glial cells whose precise function is still unclear. Many studies 

have been directed at comparing the uptake of GABA by these two
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cell types. Active accumulation of GABA has been shown to occur 

in synaptosomes (see previous section). Iversen (1972) reported 

that autoradiography indicated 70% of uptake to be into nerve 

terminals and this was confirmed by Schon and Iversen (1972). 

Hokfelt and Ljungdahl (1972) reported that uptake was limited to 

interneurons in brain but Schon and Kelly (1974) and Minchin 

and Iversen (1974) found that autoradiographic studies on rat 

sensory and dorsal root ganglia showed uptake to be exclusively 

into glial cells. Similar studies by Hosli and Hosli (1978) 

using cultured dorsal root ganglia showed that this was the 

case only where neurons were surrounded by glia. In areas where 

neuronal cells were free of glia neuronal uptake was also seen. 

This indicates a physical restriction of uptake rather than a 

lack of the capability. Several studies have demonstrated 

uptake into both neuronal and glial cells and some of these are 

summarised in Table (3). Schubert (1975) showed that both glial 

and neuronal cell cultures accumulated GABA in a similar way. 

Sellstrom and Hamberger (1975) assessed the characteristics of 

GABA uptake by synaptosomal preparations and by predominantly 

neuronal or glial cell preparations. They found all three systems 

to have a similar dependence on sodium and potassium ahd to be 

inhibited by bicuculline. However, they showed that synaptosomal 

uptake was stimulated by calcium at concentrations inhibitory 

to glial GABA uptake. Other differences have been reported. Henn 

and Hamberger (1971) using the same preparations as those just 

mentioned found that glial uptake was only 30% to 50% of 

synaptosomal uptake although the Km for the former was only 

0.27 yM compared to 0.42 yM for synaptosomal uptake. Hutchison 

et al. (1974) compared rat astrocytoma (glial tumour cells) and 

mouse neuroblastoma (neuronal tumour cells) cultures and found
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that glial uptake was inhibited by aminoxyacetic acid (a potent 

inhibitor of GABA metabolism , see p. 41 ) whilst neuronal 

uptake was not. This suggests that glial uptake might be more 

closely related to metabolism than is the case with uptake by 

neuronal cells. Lasher (1975) reported that dispersed neuronal 

cell cultures had a higher capacity for GABA uptake than did 

non-neuronal cultures. He calculated that 99% of GABA taken up 

would be accumulated by neuronal cells. In addition he noted 

that neuronal uptake was abolished by 0.2 mM ouabain whilst 

glial uptake was only slightly inhibited.

Thus it seems that all the cells of central nervous tissue 

and those of peripheral ganglia are capable of high affinity 

uptake of GABA. They seem to use a broadly similar mechanism 

but there are differences particularly in capacity and possibly 

in inhibitor sensitivity and the glial and neuronal uptake systems 

may fulfil differing functions. It is possible that the glial 

system is metabolically orientated and that the neuronal system 

is primarily concerned with re-uptake of GABA from the synaptic 

cleft.

(c) Sodium Dependent GABA Binding

The techniques used to measure uptake in preparations such 

as synaptosomal fractions of brain are very similar to those used 

to measure receptor binding. These include filtration, 

centrifugation and equilibrium dialysis. The large quantitative 

difference between binding to a GABA receptive site and carrier- 

mediated accumulation of GABA means that receptor binding may be
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discounted in uptake studies. However, in studies of receptor 

binding uptake must be eliminated by use of low temperature, 

leaky membrane preparations or sodium-free conditions. The model 

of GABA uptake described in this section implies that sodium is 

required for GABA to bind to the carrier molecule. This is 

supported by studies of binding of labelled GABA to membrane 

preparations in the presence of sodium but under conditions 

precluding uptake. A distinct population of sodium dependent 

binding sites has been reported and characterised (Hitzemann 

and Lok, 1978b; Lester and Peck, 1979; Enna and Snyder, 1975; 

De Feudis, 1978b, 1979; De Feudis et ai., 1979a, b, e). It 

seems probable that this binding represents the GABA receptive 

site of the GABA uptake system.

(4) GABA METABOLISM

The GABA levels in nervous tissues are controlled primarily 

by two enzymes. Synthesis is catalysed by L-glutamic acid 

decarboxylase (GAD; L-glutamate 1-carboxylyase; E.G.4.1.1.15). 

Degradation is via transamination, yielding succinic semialdehyde, 

and is catalysed by GABA transaminase (GABA-T; 4-aminobutyrate; 

2-oxoglutarate aminotransferase: E.G.2.6.1.19). These two 

enzymes are central to the "GABA shunt",whereby 2-oxoglutarate 

may be metabolised to succinate via L-glutamate, GABA and 

succinic semi aldehyde (Figure (3)). It is well established that 

the GABA shunt plays a significant role in brain metabolism. 

Machiyama et al. (1965) reported that over 10% of tricarboxylic 

acid cycle substrates were metabolised via this route, and its 

importance seems to be in regulation of levels of both L-glutamate
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and GABA in order to maintain their neuroactive functions,

(a) L-glutamic acid decarboxylase (GAD)

Soon after their report of the presence of GABA in mammalian 

brain, Roberts and Frankel (1950; 1951) reported the detection 

of GAD activity giving rise to GABA. They demonstrated the 

a-decarboxylation of L-glutamate and showed the enzyme to be 

dependent on pyridoxal phosphate. GAD has subsequently been 

shown to be present in a variety of organisms ranging from E. 

coli (Shukuya and Schwert, I960) to barley (Beevers, 1951).

Mouse brain GAD has been shown to be inhibited by halide 

ions. In the case of chloride this is competitive with L-glutamate 

and decreases with increased pH (Susz et al., 1966). It has 

been suggested that as this occurs in the physiological pH range 

and as the action of GABA on the neuronal membrane in vivo causes 

a chloride flux,this might be a regulatory mechanism (Susz et al., 

1966).

A form of GAD (GAD II) has been reported which is activated 

by chloride ions (Haber et al., 1970a). GAD II, unlike the 

chloride-inhibited form (GAD I), is present in non-neural 

tissues (Zackmann et al., 1966; Haber et al., 1970a) and has 

been shown to be immunochemically distinct from GAD I (Wu, 1977;

Wu et al., 1978) and to have different substrate specificity 

and inhibitor sensitivity (Wu, 1977). The subcullular localisation 

of these two forms also appears to differ. GAD II is apparently 

present in the mitochondrial fraction of kidney (Haber et a l .
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1970a) whereas GAD in brain has a principally synaptosomal locali

sation, being a soluble enzyme of the nerve terminal cytoplasm 

(Salganicoff and De Robertis, 1965; Fonnum, 1968).

The tissue specificity of GAD I and II is not certain. It 

appears that GAD I is purely neural but that GAD II may not be 

purely non-neural. On the basis of studies with amino-oxyacetic 

acid (an inhibitor of GAD I and activator of GAD II) it has been 

reported that GAD II is present in the mitochondrial fraction of 

chick-embryo brain (Haber et ai., 1970a).GAD II was also reported 

to be present in glial tumour cells and in white, matter whereas 

GAD I was present in grey matter (Haber et al., 1970b). More 

recently it has been suggested that the apparent activation of 

GAD in brain by aminooxyacetic acid is an artefact caused at 

low levels of enzyme by an impurity in the radioactive L-glutamate 

used to assay GAD activity (Miller and Martin, 1973). A second 

suggestion is that GAD II activity in brain is in fact due to 

oxidation of L-glutamate to 2-oxoglutarate by L-glutamate 

dehydrogenase followed by decarboxylation by 2-oxoglutarate 

dehydrogenase (Walsh and Clark, 1976).

Wu et al. (1973) purified mouse brain GAD and carried out 

sedimentation equilibrium analysis which showed a monodisperse 

species of M^ about 85,000. On treatment with guanidine-HCl 

and mercaptoethanol the calculated M^ value fell to around 44,000 

and they deduced that the native enzyme contained two similar 

subunits. Blinderman et al. (1978) obtained similar results for 

purified GAD from human brain. In this case one species of M^ 

140,000 was apparent on polyacrylamide gel electrophoresis under
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non-denaturing conditions whereas a single protein of M 67,000 

was found on 5DS-polyacrylamide gel electrophoresis, suggesting 

once again two similar subunits. Matsuda et al. (1973) on the 

other hand carried out a series of analyses using mouse brain 

GAD and obtained results indicating that the native enzyme is a 

hexamer containing similar subunits of 15,000.

Little has been reported concerning the active site groupings 

of GAD. Tunnicliff and Ngo (1978) showed that mouse brain GAD 

was inhibited by phenylglyoxal, an arginine-specific reagent.

In view of the fact that inhibition was relieved by D-glutamate, 

a competitive inhibitor of L-glutamate, this suggested that 

arginine formed part of an anionic centre responsible for anchoring 

the substrate at the active site.

The role of pyridoxal-5'-phosphate, (PLP), in the regulation

of GAD activity has been the subject of considerable research.

The correlation between decreased PLP levels and decreased GAD 

activity in brain in vivo (Minard, 1967; Tapia et ai., 1969;

Tapia and Pasantes, 1971; Perez De La Mora et ai., 1973) suggested 

that PLP was closely involved in the regulation of GAD activity.

A minooxyacetic acid (AOAA) is a general carbonyl trapping

reagent which inhibits PLP-dependent processes by forming 

pyridoxal-5'-phosphate oxime-O-acetic acid (PLPOAA, see Figure

(4)). Tapia and Sandoval (1971) found that whereas AOAA caused 

relatively complete inhibition of GAD activity, PLPOAA itself 

brought about only around 50% inhibition. On the basis of these 

and subsequent findings (Bayon et ai., 1977a,b) a kinetic and 

mechanistic model has been proposed for GAD activity, involving
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two enzyme species. The one species would have tightly-bound 

coenzyme which would be susceptible to inhibition by AOAA but 

not by the complete analogue PLPOAA. The second species, with 

loosely bound PLP would be subject to inhibition by both AOAA 

and PLPOAA.

Further experiments have suggested a more complex picture. 

Miller et ai. (1978) observed that incubation in the presence 

of substrate, L-glutamate, caused dissociation of PLP from 

its apoenzyme, a process which could be reversed by addition 

of excess PLP. In addition, ATP and ADP, but not AMP and cAMP, 

were found to inhibit GAD (Tursky et al., 1970; Seligmann et ai.,

1978). Inhibition by ATP was potentiated by L-glutamate and 

reversed by PLP and Seligmann et ai. (1978) suggested that ATP 

and ADP brought about inhibition of GAD by preventing apoenzyme- 

coenzyme association. This suggestion is consistent with the 

observation (Miller et ai., 1977) that the percentage saturation 

of GAD with PLP increases after death (when levels of ATP and

ADP fall). It is also in accord with findings (Miller and Walters,

1979) that such levels of saturation in freshly-prepared synapto- 

somes fall from 45% to 28% if ATP is included in the preparation 

medium and can decrease further to 20%, on incubation with ATP. 

Decreased saturation could also be brought about by depolarisation 

of the synaptosomal membrane (using veratridine or high potassium 

levels) which reduces ATP levels.

Thus it would seem that GAD activity is regulated by co

enzyme binding. This being influenced by L-glutamate concentration 

and by the levels of ATP and ADP. In this way the flux through 

the GABA shunt would be inhibited by a high energy status. On
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depolarisation of the nerve terminal and consequent GABA release 

the lowered ATP/ADP levels would reactivate GAD in order to 

replenish GABA levels.

There is further evidence supporting coupling of GAD 

activity with GABA release from nerve terminals. Tapia et al. (1975) 

observed that the occurrence of convulsions correlated with inhi

bition of GAD, even when GABA levels had previously been raised 

and they proposed that at least a part of the GABA released by 

nerve terminals is newly synthesised. Consistent with this 

hypothesis is the influence of calcium ions on GAD. Salganicoff 

and De Robertis (1965) and Fonnum (1968) showed that GAD was 

found in particulate fractions of brain homogenates if calcium 

was present. Covarrubias and Tapia (1978) showed calcium- 

dependent, specific, binding of GAD to vesicles composed of 

phosphatidylcholine and phosphatidylserine mixtures. Vesicles 

containing only phosphatidylcholine did not bind GAD and other 

enzymes examined were not bound. Since calcium is involved in 

the depolarisation-evoked release of GABA (Krnjevic^, 1974;

Clarke and Collins, 1976; Vargas et al., 1977; Assumpcac et 

al., 1978; Roberts et al., 1979) it is tempting to speculate 

that GAD might interact with the synaptic membrane on depolari

sation and release newly-synthesised GABA directly into the 

synaptic cleft.

(b) GABA Transaminase (GABA-T)

GABA-T activity was first demonstrated in 1953 (Benman et al., 

Roberts and Bregoff) and first purified (from mouse brain) by 

Waksman and Roberts (1965). Waksman and Bloch (1968) studied rat
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and mouse brain GABA-T and, on the basis of various electro

phoretic techniques, concluded that four distinct forms were 

present. Later workers however observed only two forms distin

guishable by their pH profiles, SDS-polyacrylamide gel electro

phoresis patterns (Cash et al., 1974) and by DEAE-cellulose 

chromatography (Ho et al., 1975). The two forms apparently 

also differ in their sensitivity to inhibition by chloride ions, 

acetate and lactate (Ho et al., 1975).

The subunit pattern of GABA-T has been examined by several 

workers and their results are summarised in Table (4).

Sytinsky and Vasilijev (1970) and Vasilijev et al. (1970) 

examined the specificity of GABA-T frctn rat brain. They reported 

that in addition to GABA, 3-alanine and 3-aminoisobutyric acid 

were also transaminated, using 2-oxoglutarate as the second 

substrate. Substrate inhibition by 2-oxoglurate has been 

reported (Vasilijev et al., 1970; Maître et al., 1975) and shown 

to be competitive with GABA (Maitre et al., 1975).

GABA-T is inhibited by chloride ions (Ho et al., 1975; White 

and Sato, 1978) and this has been shown to be non-competitive 

with GABA (White and Sato, 1978). As wit# GAD it is possible 

that this inhibition by chloride fulfils a regulatory function 

in vivo.

In common with other transaminases GABA-T has PLP as co

enzyme and follows a ping-pong mechanism (Beart et al., 1972;

Maitre et al., 1975; White and Sato, 1978; Van Der Laan et al.,

1979). As a consequence of its PLP dependence GABA-T is like
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GAD sensitive to carbonyl trapping agents such as AOAA (see 

Figure (4)) which is a potent inhibitor (Schousboe et al.,

1974).

GABA-T has been shown to have a strict mitochondrial 

localisation where it is probably sited in the matrix 

(Salganicoff and De Robertis, 1963, 1965; Van Kempen et al.,

1965; Balazs et al., 1966; Waksman et al., 1968).

The presence of GABA-T activity has been reported in 

peripheral tissues such as kidney cortex (Lancaster et ai., 1973), 

where it may account for up to 25% of L-glutamate catabolism. 

GABA-T has also been characterised from pig (Vasilijev et al.,

1973) and human (White and Sato, 1978) liver and kidney and 

found to have properties similar to those of the brain enzyme.

Its presence has been reported in organisms other than mammals, 

including lobster (Hall and Kravitz, 1967) where it is present 

in nervous tissue, and Pseudomonas fluorescens, (Scott and 

Jakouby, 1959).

Salganicoff and De Robertis (1965) commented that the diff

erent subceullar localisations of GAD and GABA-T represent a 

paradox. They found GABA-T to be concentrated in mitochondria 

derived from perikarya and glia whereas GAD seemed to be 

located mainly in the cytoplasm of the nerve terminal. As GABA 

produced by GAD activity is only degraded by GABA-T it must 

travel from the nerve terminal to the cell body or to the glia 

in order for the GABA-shunt to operate. This may be accomplished 

by diffusion along the axon to the perikaryon or by uptake
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into glia and perikarya of GABA released by nerve terminals. There 

is much evidence to suggest that compartmentation is important 

in the metabolism of GABA and L-glutamate and the subject will 

be discussed in more detail in a later section (see p. 66).
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(B) L-GLUTAMATE

The presence of L-glutaraate in nervous tissue has been known 

since the early twentieth century. Until the 1950's it was 

assumed that its role was solely in metabolism and in protein 

synthesis. The first proposal of a neuroactive role for L-glutamate 

came from Hayashi (1953). In his experiments he used a fine tube 

to inject various substances into mammalian brain, and found that 

L-glutamate was a convulsant, the effect of which was confined to 

grey matter. Since these early experiments a great deal of re

search has been carried out in order to elucidate the proposed 

neurotransmitter role of L-glutamate in nervous tissue. As with 

GABA it is convenient to divide these studies into those concerned 

with electrophysiology, with binding of the neurotransmitter to 

the post-synaptic receptor; with uptake mechanisms and with its 

metabolism.

(1) ELECTEOPHYSIOLOGICAL STUDIES

The methods used in this work have been referred to previously 

(p. 4).

In the mammalian nervous system L-glutamate has been shown 

to have an excitatory effect on many types of cell. Curtis et ai. 

(1960) showed excitation of interneurons, motor neurons and 

RensKdV'/ cells of cat spinal cord. They applied L-glutamate to 

the cell surface iontophoretically and by intracellular recording 

showed depolarisation of the neuronal membrane. Excitation of 

cerebellar cells was shown by Krnjevic and Phillis (1963) and 

by Okamoto et ai. (1976) who suggested that the changes were
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raediated by sodium ions. Excitation of cerebral cells was 

shown by Krnjevic" and Phillis (1963) and Krnjevic and Schwartz 

(1967b) showed this to be associated with depolarisation and 

increased membrane conductance.

Inhibitory effects have also been demonstrated. In cerebellum 

for example Yamamoto et ai. (1976, 1977) reported the presence 

of two populations of cells one of which was excited by ionto- 

phoretic application of L-glutamate whereas the other was inhibited. 

This latter response was apparently unrelated to GABA-mediated 

inhibition as its effects were independent of chloride and of 

picrotoxin.

L-glutamate has been shown to affect many invertebrate nervous 

tissues. These effects are apparently confined to the neuromuscular 

junction and have been demonstrated in several species including 

crayfish (Robbins, 1959; Takeuchi and Takeuchi, 1964), crab 

(Florey and Woodcock, 1968) and locust (Usherwood and Marchill,

1966; Usherwood et al., 1968).

A substantial body of evidence for the role of L-glutamate 

as an excitatory neurotransmitter has accumulated from studies 

of this type and many comprehensive reviews have been published.

The more recent include those by Krnjevicf (1970, 1974); Johnson 

(1972, 1978) and Nistri and Constanti (1979).

:2) RECEPTOR BlilDIUG STUDIES

The methods and objectives involved and the criteria applied
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in studies of L-glutamate binding to preparations of nervous 

tissue are essentially the same as those outlined for GABA 

(see p. 9).

The basic criterion that binding should be reversible has 

been shown to apply by addition of excess unlabelled L-glutamate 

after equilibration of tissue with radioactive L-glutamate (Michaelis 

et al., 1974).

The second criterion, that of tissue specificity, is at 

least partly fulfilled. Homogenates of dorsal root ganglia show 

no specific L-glutamate binding capacity (Michaelis et al., 1974) 

and have been shown to be insensitive to iontophoretic application 

of L-glutamate (Nishi et al., 1965). The specific binding of 

L-glutamate to peripheral, non-nervous tissues has been detected 

however. In striated muscle,in particular,binding is 40% of the 

level found in cerebellum (Foster and Roberts,1978). This indicates 

that whereas a part of the binding to cerebellar membranes is 

related to the synaptic membrane it is possible that binding 

in brain might be to a mixed population of binding sites not all 

of which would be related to synaptic function. Other L-glutamate 

receptive sites might include L-glutamate-metabo.Using enzymes, 

as binding of radiolabelled L-glutamate to the active site of 

a membrane-bound enzyme would be classed as specific binding 

(see p . 101 for further discussion).

Analysis of the saturation characteristics of binding are 

summarised in Table (5). As with GABA binding, there is great 

variation in both the and in the number of binding site 

populations reported. In general however, the values obtained
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are within the range that might be expected of a post-synaptic 

receptor. Krnjevic^ and Phillis (1953) and Herz et ai. (1959) 

estimated the threshold concentration for L-glutamate-evoked 

excitation in cerebral cortex to be between 100 and 250 yM.

This is of course very high compared to the values quoted in 

Table (5) but does not take account of the high affinity uptake 

mechanisms present which would rapidly lower the concentration 

of iontophoretically applied L-glutamate. The actual concentration 

necessary in the synaptic cleft would therefore be considerably 

lower.

Inhibition of L-glutamate binding to rat brain synaptic 

membranes by L-aspartate has been shown (Roberts, 1974;

Lahdesmaki et ai., 1977; Foster and Roberts, 1978; De Barry 

et ai., 1980) and Michaelis et ai. (1974) found this to be 

competitive with L-glutamate. De Robertis and Fiszer De Plazas 

(1976) similarly reported that high affinity L-glutamate binding 

to a proteolipid from rat brain was sensitive to L-aspartate. 

Crawford (1970) found that cortical neurons showed similar 

responses to L-glutamate and L-aspartâte and it is possible that 

L-aspartate also has a neurotransmitter role in vivo and has some 

receptors in common with L-glutamate.

Several other compounds capable of significantly inhibiting 

L-glutamic binding are known. These include quisqualate, 

ibotenate and homocysteate (see 12, 13, 14; Michaelis et ai., 

1974; Michaelis, 1975; Baudry and L^nch, 19 79; Foster and 

Roberts, 1978; De Barry et ai., 1980). All three show excitatory 

properties when applied iontophoretically (Shinocaki and Shibuya,
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1974; Johnston et al., 1974).

(12
HN

O

NH.

Quisqualic acid

(13)
NH.

HOOC CH

OH

Ibotenic acid

(14) HOOC
CH - CH; - CH, SO3H

H,N

Homocyst£/c acid

Thus binding of L-glutamate to preparations of mammalian 

brain appears to satisfy all the criteria required of a post- 

synaptic receptor site although the specific binding measured 

may well include other L-glutamate receptive sites in many cases

(3) UPTAKE OF L-GLUTAi'lATE

If L-glutamate fulfils a neurotransmitter role in vivo then 

a mechanism must exist for its removal from the synaptic cleft. 

As in the case of GABA, enzymic inactivation is unlikely as
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the enzymes capable of modifying L-glutamate either have an in

appropriate subcellular localisation (the transaminases for 

example are mitochondrial) or yield a substance that is itself 

neuroactive (L-glutamic acid decarboxylase for example produces 

GABA). It would seem therefore that if inactivation is to occur 

then it must be by a reuptake mechanism. Two uptake systems for

L-glutamate are present in mammalian nervous tissue. A low-
-3affinity system, having a Km of around 10 M, such as is present

in other tissues for many amino-acids, and a high-affinity system
-5having a Km of around 10 M. The latter is similar to that 

found for some other neuroactive amino-acids, notably GABA, but 

not for most non-neuroactive amino acids (Logan and Snyder, 1971 

1972; Levi and Raiteri, 1973; Snodgrass and Iversen, 1974; Roberts 

and Keen, 1974; Takagaki, 1976).

Uptake of D and L-glutamate by slices of rat brain was reported 

to be strongly dependent on sodium concentration (Margolis and 

Lajtha, 1968; Navon and Lajtha, 1969). L-glutamate uptake was 

found to be more sensitive to sodium concentration at low levels 

of L-glutamate (Bennett et al., 1972) and it was inferred from 

this that high-affinity uptake was sodium-dependent but low- 

affinity uptake was not. Balcar and Johnston (1972) reached 

similar conclusions from work on L-glutamate uptake by rat brain 

slices. They reported that high-affinity uptake was sodium- 

dependent and that the relationship was saturable with respect to 

sodium concentration. Furthermore, they observed that uptake of 

L-glutamate was less sensitive to changes in sodium concentration 

than was GABA uptake. They suggested that this might be because 

L-glutaraate causes lowering of extracellular sodium levels as
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a result of its post-synaptic action, and that it might therefore 

be inappropriate for uptake to be unduly sensitive to sodium 

concentration. However, it seems unlikely that the sodium fluxes 

causing depolarisation of the post-synaptic membrane would be 

large enough to significantly affect uptake.

Bennett et al. (1973) reported that inhibition of the sodium- 

potassium ATPase by ouabain inhibited L-glutamate uptake by rat 

brain synaptosomes, but only by 50% at most, suggesting that the 

process is only partially dependent on a sodium concentration 

gradient. Previously, Margolis and Lajtha (1968) had reported that 

a sodium gradient was unnecessary but Roberts and Keen (197 4) 

found a 75% inhibition of uptake by ouabain. It seems possible 

that, as in the case of GABA uptake, sodium is necessary but 

that the membrane potential is also a factor in motivating trans

port. Uptake of L-glutamate has been demonstrated to be dependent 

on respiration, as witnessed by its inhibition by dinitrophenol 

and by low temperature (Navon and Lajtha, 1969; Roberts and Keen,

1974) presumably to maintain ion-gradients.

Bennett et al. (1973) carried out the first systematic 

kinetic analysis of high-affinity L-glutamate uptake, using rat 

brain synaptosomes. They used low concentrations of L-glutamate 

in order to minimise the effects of low-affinity uptake systems 

and reported that, in the absence of sodium, L-glutamate uptake 

was negligible. At high concentrations of sodium, on the other 

hand L-glutamate uptake was inhibited quite strongly. They 

measured L-glutamate uptake at a range of sodium and L-glutamate 

concentrations and constructed double reciprocal plots of uptake 

against sodium or L-glutamate concentration. When reciprocal
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L-glutamate uptake was plotted against reciprocal sodium concen

tration, at several L-glutamate concentrations, the effect of 

L-glutamate was mixed, in that both the Km for sodium and the 

Vmax were altered. Plots of reciprocal L-glutamate uptake against 

reciprocal L-glutamate concentration at several sodium concen

trations revealed that the effect of sodium was to influence 

mainly the Km for L-glutamate only having a small effect on Vmax. 

The overall conclusion was that sodium binding enhances the 

binding of L-glutamate and vice versa. The binding of L-glutamate 

however also has a major effect on the rate of uptake. A second 

point arising from the above data is that such plots are linear, 

indicating a stochiometry of one L-glutamate to one sodium ion 

otherwise the reciprocal of L^.glutamate uptake would be propor

tional to the reciprocal of L-glutamate or sodium concentration 

raised to the appropriate power. A more recent series of papers 

on the kinetics of high-affinity L-glutamate uptake by rat 

brain synaptosomes has been published (Wheeler, 1978; Wheeler 

and Hollingsworth, 1978; Wheeler, 1979). Wheeler and Hollingsworth 

(1978) found that a double reciprocal plot of velocity of L-̂  

glutamate uptake and sodium concentration was non-linear. A 

similar plot using the square of the sodium concentration was 

linear however, and they proposed that two sodium ions were 

transported for each L-glutamate ion. Wheeler (1979) applied 

a computer optimisation procedure to these and other data and 

concluded that the model shown in Figure (5) best fitted the 

data. In this model three carrier-L-glutamate complexes are 

formed (CS, CSNa^, CSNa,) but only those involving sodium are 

translocated across the membrane and allow L-glutamate uptake 

to occur. Wheeler (1979) suggested that CSNâ "*" is the preferred 

complex for uptake. This differs from the report by Bennett



c + s

-fNa

+ + CNa + S ► CNa S-

+

Na’*’ TRANSLOCATION

CNa^ + S ------ ► CNa,'^S

Figure (5). Model proposed by Wheeler (1979) for 

high-affinity L-glutamate uptake by 

rat brain synaptosomes.

(C = carrier; S = L-glutamate)
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et al. (1973) who suggested a ratio of one sodium ion to one 

L-glutamate ion, that is CSNa"*” being the preferred complex.

Wheeler and Hollingsworth (1978) noting this difference suggested 

that it represents a fundamental difference between the Long- 

Evans rats which they used and the Sprague-Dawley rats used 

by Bennett et ai. (1973).

Another interesting point is that the model shown in Figure 

(5) allows formation of a carrier-L-glutamate complex in the 

absence of sodium, although this would not be translocated. The 

implication of this is that the sodium-free conditions used to 

eliminate L-glutamate uptake from binding studies such as those 

discussed in the last section (p. 49 ) would still allow binding 

to the carrier and may contribute to the heterogeneity of binding 

sites apparent in many of the studies described.

The histological localisation of uptake in brain has been 

examined in order to assess the role of glial cells and perikarya. 

Uptake in glial cells has been jeported as having similar chara

cteristics to those found in synaptosomes or total homogenates. 

That is, high and low affinity systems are present and sodium, 

metabolic energy and temperature dependence are shown (Hamberger, 

1971; Balcar et al., 1977). Other reports have suggested some 

differences however, Hdsli and Hosli (1976) found that the 

uptake of radiolabelled L-glutamate into neurons on the one hand 

and glia on the other, as measured by autoradiography, followed 

differing time courses and Logan (1976) noted that glial cells 

did not show such marked sodium dependence as other preparations.
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(4) L-GLUTAMATE METABOLISM

L-glutamate, together with its amide - L-glutamine constitutes 

up to 50% of free a-amino-nitrogen in the mammalian brain (Mcllwain 

and Bachelard, 19 71) and must therefore be considered as playing 

an important role in brain metabolism.L-glutamate metabolism may 

be discussed in terms of four main enzymic reactions

(a) Oxidation, yielding 2-oxoglutarate and ammonia and 

generating NADH, is catalysed by L-glutamate dehydrogenase 

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

(b) Transamination, yielding 2-oxoglutarate, is catalysed by 

many enzymes in brain, the most important being GABA-T, the 

enzyme responsible for removal of GABA,which has already been 

discussed (see p. 4 3). L-glutamate: oxaloacetate transaminase 

(GOT; L-aspartate: 2-oxoglutarate aminotransferase E.G.2.6.1.1) 

is of great metabolic importance, catalysing the transamination 

of, for example, up to 7,800 ymoles L-glutamate/hr/g tissue in 

rabbit brain (Lowry et ai., 1956). A third transaminase worthy 

of mention is L-glutamate:pyruvate transaminase (GPT; L-alanine: 

2-oxoglutarate aminotransferase, E.G.2.6.1.2). Although the 

activity of this enzyme is far lower than that of GOT it is 

important because one of its amino-acceptor substrates is 

pyruvate, a key intermediate in energy metabolism.

[c) Amidation, . the synthesis of L-glutam.ine is catalysed



(B)

2-OXOGLUTARATE

(A)

OXIDATION

NADH

NH

GDH

NAD

t r a n s a m i n a t i o n

GABA

GABA-T

SUCCINIC
SEMIALDEHYDE

L-ASPARTATE
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OXALOACETATE

L-ALANINE

GPT

PYRUVATE

L-GLUTAMATE
NH (C)

(D)
IIDATIONDECARBOXYLATION ATP

GLUTAMINASENHGAD
GS

ADP
L-GLUTAMINEGABA CO.

Figure (6) . The metabolism of L-gluiamate in brain.
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by L-glutamine synthetase (GS; L-glutamate:ammonia ligase (ADP 

forming), E.C.6.3.1.2). The breakdown of L-glutamine to L- 

glutamate is catalysed by glutaminase (L-glutamine aminohydro- 

lase, E.C.3.5.1.2).

(d) Decarboxylation, yielding GABA, has already been discussed 

(se p. 33).

The metabolism of L-glutamate is summarised in Figure (6) 

and is discussed in more detail below.

(a) OXIDATION

Oxidation of L-glutamate by GDH follows the reaction shown 

in Figure (7). The role of GDH in metabolism appears to be quite 

small. If labelled L-glutamate is provided as sole energy source 

for brain tissue the majority is utilised via transamination and

H'-

COOHI
C - NH,I

COOH

+ NAD̂  4-

ÇOOH 

C = O

^  CH + NH + NADH + HI
COOH

L-glutamate 2-oxoglutarate

Figure (7) Oxidation of L-glutamate by GDH.
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oniy about 10% is oxidised via GDH (Krebs and Bellamy, I960;

Jones and/Gut freund, 1961; Borst, 1962; Has lam and Krebs, 1963; 

Chappell, 1964; Balazs, 1965; Dennis et ai., 1976; Dennis et 

al., 1977). It would seem logical however, for the cell to have 

available a route whereby L-glutamate and 2-oxoglutarate might 

be interconverted without concomitant production of other keto 

or amino-acids. Benjamin and Quastel (1974) reported that 

endogenous L-glutamate is normally oxidised via GDH in fact,

(see p. 66 for a discussion of compartmentation in L-glutamate 

metabolism). GDH may also have a role in the oxidation of amino- 

acids other than L-glutamate, L-aspartate and L-alanine for 

example, by formation of a complex with transaminase enzymes 

as will be discussed in the next section (p. 63 ).

Hogeboom and Schneider (1853) showed liver GDH to be a mito

chondrial enzyme and this, has been confirmed in subsequent studies 

Salganicoff and De Robertis (1965) reported that GDH is located 

in the mitochondrial matrix, and, by comparison with succinate 

dehydrogenase levels, found that GDH has a higher activity in 

mitochondria derived from perikarya and glia then in those of 

synaptic origin. Contrary to this finding, Lai and Clark (1976) 

have reported GDH to be of higher specific activity in synaptic 

mitochondria.

The first purification of GDH was reported by Olson and 

Anfinsen (1952) who prepared crystalline enzyme from bovine 

liver and determined some of its physical properties.

Frieden (1959a) examined the properties of purified GDH 

from mammalian liver in some detail. He compared the effect of



-62-

coenzyme concentration on initial-rate and on sedimentation

behaviour and concluded that concentrations below 0.3 mM of 
+ +NAD , NADH, NADP and lADPH favoured associatiori'of enzyme 

subunits. Concentrations of NADH greater than 0.35 mM however 

caused dissociation. NAD was found to activate the enzyme by 

binding to a site that was non-catalytically active and NADH 

was shown to exert its inhibition via a similar mechanism.

These results were interpreted in terms of coenzyme-modulated 

association and dissociation of subunits. In a second paper 

Frieden (1959b) reported that adenosine, AMP, ADP and ATP also 

bound to sites other than the active site. These compounds 

exhibited a variety of stimulatory or inhibitory effects depending 

on their degree of phosphorylation, their concentration and the 

type of coenzyme present. Frieden (1959c) also studied the 

reduction of 2-oxoglutarate by GDH and concluded that the reaction 

followed a compulsory binding order to form a quaternary complex.

He proposed that coenzyme bound first, followed by ammonium 

ion and then by 2-oxoglutarate.

More recently the kinetic characteristics of GDH have been 

studied in some detail using bovine liver enzyme. Engel and 

Dalziel (1969) came to conclusions which are slightly different 

from those described above. They studied the oxidation of L- 

glutamate and found activation by NAD and NADP^; double reci

procal plots of initial rate against coenzyme concentration 

exhibited downward concavity with several distinct linear regions 

separated by sharp discontinuities. They suggested this to be 

indicative of negative homotropic interactions between active 

sites. They also observed substrate inhibition by high concen

trations of L-glutamate. On the basis of these, and other experiments
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they concluded that the reaction involved a ternary complex and 

that substrate binding was either compulsory order, with coenzyme 

leading, or random order. The reverse reaction, amination of 

2-oxoglutarate showed no evidence of homotropTc interactions 

although both coenzyme and 2-oxoglutarate were inhibitory in 

high concentrations (Engel and Dalziel, 19 70). The initial rate 

data for amination of 2-oxoglutarate were inconsistent with 

a compulsory binding order, contrary to the previous report of 

Frieden (1959c) and a random order mechanism was proposed, Engel 

and Dalziel, 1970).

(b) TRANSAMINATION

Benuck et ai. (1971) found that in nervous tissue fifteen 

out of twenty-two amino acids studied were transaminated, many 

of the transaminase enzymes responsible utilise the L-glutamate 

to 2-oxoglutarate half reaction. The most important of these 

are GOT, GPT and GABA-T whose reactions are shown in Figure (8), 

GABA-T has been discussed in a previous section (p.43) and 

this section is devoted to GOT and GPT.

Most L-glutamate oxidised in brain passes via GOT (Krebs 

and Bellamy, I960; Jones and Gutfreund, 1961; Dennis et al. 

1976; Dennis et ai., 1977). However, as Salganicoff and De 

Robertis (1965) point out, GPT activity, although low compared 

to that of GOT, is of a level comparable to the activities of 

other L-^utamate metabolising enzymes. They suggested that GPT 

forms an important link in the relationship between glycolysis, 

the tricarboxylic acid cycle and the GABA shunt.
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Benuck et al. (1972) assessed the subcellular distribution 

of a variety of transaminases in rat nervous tissue. The most 

significant were GOT and GPT, the former being about 100 fold 

more active than the latter. In cerebral cortex they showed 

these enzymes to be present in both the mitochondrial and soluble 

fractions. Similar results were obtained by Salganicoff and De 

Robertis (1965) for GPT and by May et ai. (1959); Sellinger and 

Rucker, (1963); Sellinger et al . (1964); Salganicoff and De

Robertis (1965) and Balazs et ai., (1966) for GOT.

GOT was the first PLP-dependent enzyme to be obtained in 

an almost pure state (Jenkins et ai., 1958; Lis, 1958; Lis 

and Fasella, 1959) and since then it has been extensively studied. 

The majority of this work has been done using sources other than 

brain and is reviewed in some detail by Braunstein (1973).

Little is known of the brain enzyme specifically and information 

is limited to the metabolic studies outlined above, but information 

obtained from studies using non-brain tissue may be generally 

assumed to apply to the brain enzyme .

Even less information is available on brain GPT although 

again purification and characterisation of the enzyme from other 

sources has been reported (Saier and Jenkins, 1967; Gatehouse 

et al., 1967; Matswzawa and Segal, 1968; Ruscak and Orlieky,

1979).

In recent years some interesting effects concerning the 

interaction of transaminases, particularly GOT and GPT, with 

GDH have been reported. The addition of GOT or GPT to an assay 

for GDH activity has been shown to cause increased amino-acid
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oxidation (Fabien and Smith, 1974; Fabien et ai., 1977). The 

transaminase apparently reacts with an amino-acid substrate 

and is converted to the:pyridoxamine phosphate form, as is normal 

in transaminase reactions, and the appropriate keto-acid is 

released. The pyridoxamine phosphate form of the enzyme then 

forms a complex with GDH and is converted back to the pyridoxal 

phosphate form with the release of ammonia, reduced coenzyme and 

keto-acid. The overall reaction is an amino-acid oxidation, with 

GDH acting as a pyridoxamine phosphate dehydrogenase and thereby 

exercising a wider substrate specificity. By coupling with the 

GOT or GPT half-reaCtion GDH may oxidise L-aspartate and L-alanine 

which are normally poor substrates (Fabien and Smith, 1974). The 

reaction is outlined in Figure (9) using GOT and L-aspartate 

as an example. This mechanism is suggested by several pieces 

of evidence. GDH has been shown to form complexes with 

transaminases (Fabien and Smith, 1969; Shemisa et al., 1972; Fabien 

and Smith, 1974; Churchich and Lee, 1976; Fabien and Van Engelen, 

1976; Fabien et al., 1977) and has been shown to catalyse the 

reversible conversion of transaminases from the pyridoxal 

phosphate to the pyridoxamine phosphate form in the absence of 

amino-acids.

Fabien et al. (1977) reported that the GDH active site binds 

the transaminase coenzyme and an additional^separate, binding 

site has also been proposed (Fabien et al., 1978).

GOT, GPT and GDH are all present in the mitochondrion (De 

Rosa and Swick, 1975; Benuck et ai., 1972; Salganicoff and 

De Robertis, 1965; Hogeboom and Schneider, 1953) and it is 

interesting to speculate that the above interaction might occur 

in vivo.
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(c) L-glutamine metabolism

Two enzymes control the equilibrium between L-glutamate and 

its amide L-glutamine and their reactions are shown in Figure 

(10). Glutaminase catalyses the irreversible hydrolysis of L- 

glutamine to L-glutamate and ammonia. Glutamine synthetase (GS) 

catalyses the synthesis of L-glutamine from L-glutamate and 

ammonia with the hydrolysis of ATP to ADP and inorganic phosphate. 

Although GS is a reversible enzyme it is normally regarded as 

synthetic, as the equilibrium lies heavily in favour of L-glutamine 

production (Levintow and Meister, 1954).

L-glutamine synthetase has two important functions in 

brain, the first is detoxification of ammonia and, while not of 

course unique to brain, is important in brain metabolism. In 

cats subjected to ammonia infusion for example, the majority 

of ammonia nitrogen reaching the brain was found in L-glutamine 

(Takayaki et al., 1961).The second function of L-glutamine 

synthetase is unique to nervous tissues and is the inactivation 

of L-glutamate. This is concerned with the concept of compart- 

mentalisation of brain L-glutamate metabolism. GS apparently has 

a microsomal location in brain (Sellinger and De Balbian Vester,

1962; Salganicoff and De Robertis, 1965) whereas glutaminase 

is a mitochondrial enzyme (Errera and Greenstein, 1949; Guha 

and Gosh, 1959; Palladin et al., 1961; Salganicoff and De 

Robertis, 1965). In addition to their differing subcellular 

localisations these two enzymes appear to act on separate 

metabolite pools, one large and rich in L-glutamate but poor in 

L-glutamine and the other smaller and having an opposite composition. 

GS would presumably be principally associated with the small pool
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and glutaminase with the large pool. This suggestion was first 

made by Takagaki et al. (1961) who noted that on injection of 

various radiolabelled substances, the specific activities of 

labelled L-glutamate and L-glutamine differed. Many subsequent 

reports have confirmed this view (Berl et al., 1961, 1968;

O'Neal and Koeppe, 1966; Garfinkel, 1966; Margolis et al., 1968; 

Ven Den Berg et al., 1969; Berl and Friggesi, 1969; /V'icklas 

et al., 1969; Clarke et al., 1970; Machiyama et al., 1970).

As to the morphological localisation of these pools it has been 

proposed, as a result of metabolic, developmental and neuronal 

degeneration studies, that the L-glutamate-rich (large) pool is 

found in nerve-endings in particular whereas the L-glutamine- 

rich (small) pool is associated with post-synaptic cell bodies 

and glia (Margolisfet al., 1968; Balazs et al., 1970; Cocks 

et al., 1970; Patel and Balazs, 1970, 1971). The work of 

Benjamin and Quastel (1972) lends support to this view. They 

examined the effects on L-glutamate and L-glutamine levels in 

rat brain slices of modulators of uptake or release mechanisms. 

They inhibited uptake by means of ouabain-induced inhbition of 

the membrane sodium^potassium ATPase so reducing the sodium 

gradient needed for high-affinity uptake. They used tetrodotoxin 

to block the sodium ionophores of the neuronal membrane, thus 

preventing the depolarisation induced release of L-glutamate 

from nerve-terminals, and protoveratrine was used to stimulate 

release. Their conclusions showed that L-glutamate is largely 

neuronal, which is consistent with a nerve terminal location, 

whereas L-glutamine was shown to be largely confined to glial 

cells.
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The existence and location of these pools is supported to 

a certain extent by examination of the distribution of the relevant 

enzymes in brain. Two approaches are available. The first of 

these involves immunocytochemistry, the linking of visualising 

agents to antibodies against the particular protein. After 

incubation and suitable preparation, examination of the tissue 

allows visual identification of cells rich in enzyme. As a 

result of studies using such techniques GS has been reported 

to be exclusively glial (Martinez-Hernandez et ai., 1977;

Norenberg and Martinez-Hernandez, 1979; Norenberg, 1979). The 

second approach is physically to separate cell types. Wieler 

et ai. (1979) found that GS had a broad distribution between 

synaptosomes, glia and perikarya. They attributed this anomaly 

to a disproportionate loss of activity from glia and perikarya 

arising from the different fractionation procedures. They found 

glutaminase to have a more uneven distribution, however, with the 

enzyme showing a much higher activity in the synaptosomal 

fractions. The results obtained by Dienel et ai. (1977) for 

perikarya and synaptosomes on the other hand showed glutaminase 

activity to be 3.5 fold higher in perikarya.

Despite some conflicting information an overall view of 

L-glutamine metabolism may be obtained (see Figure (13)). L- 

glutamate released by nerve terminals may be absorbed by glia 

or perikarya via a high-affinity uptake system and would be 

immediately converted to L-glutamine by GS or metabolised, 

probably by transamination (Benjamin and Quastel, 1974). 

Alternatively L-glutamate might be re-absorbed by the nerve 

terminal via a similar uptake system and would then be stored for
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future release or be used in metabolism. L-glutamine present in 

glia and perikarya would be released by a type of transport 

mechanism, and reabsorbed via a high-affinity system (Benjamin 

and Quastel, 1975; Benjamin et ai., 1980) by the nerve terminal. 

On absorption by the nerve-ending L-glutamine would be rapidly 

hydrolysed to L-glutamate by glutaminase and stored for use in 

neurotransmission or used in metabolism. In this way L-glutamate 

lost from the synaptic cleft by diffusion or absorbed by the 

post-synaptic cell-body might be cycled back to the nerve- 

terminal. At the same time a build up of L-glutamate outside 

the nerve-ending could be prevented by its conversion to L- 

glutamine. The compartmentalisation of L-glutamate metabolism is 

reviewed by Baxter (1976); Johnson (1978) and Watkins (1972).

The properties of glutaminase will not be considered in 

any detail here as this thesis is primarly concerned with 

processes depending on L-glutamate, and glutaminase is phy

siologically irreversible. The properties of glutaminases from 

various sources are considered in some detail by Roberts (1960) 

and Hartman (1971).

The presence of GS in brain was first reported by Elliott 

(1948) and Elliott and Gale (1948). Soon after, Elliott (1951) 

reported purification of the enzyme. Since then GS has been 

extensively characterised. Pamiljans et al. (1962) purified 

sheep brain GS and showed it to be homogeneous by electrophoresis 

and by centrifugation. They estimated the molecular weight to 

be between 430,000 and 497,000 and found it to be protected 

from thermal inactivation by magnesium-ATP. Ronzio et al . (1969a)
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reported purification and further characterisation. They deter

mined the amino-acid composition and found only one N-terminal 

amino acid, arginine. Studies on the subunit structure were carried 

out by Wilk et ai.(1969) who reported reversible dissociation 

to a tetrameric form in the presence of 2M urea. More drastic 

treatment produced irreversible dissociation into a monomeric 

form of molecular weight around 65,000. This view of GS as an 

octameric enzyme is consistent with previous studies on the 

stochiometry of ATP, ADP and methionine sulphoximine phosphate 

binding (Ronzio and Meister, 1968; Ronzio et ai., 1969b;

Wellner and Meister, 1966).

GS catalyses not only the synthesis of L-glutamine but also 

a glutamyl transfer reaction whereby y-glutamyl hydroxamate may 

be formed from L-glutamine and hydroxylamine (Figure (11)).This 

reaction is often used to assay for GS but it seems unlikely 

to be of physiological significance although it usually has a 

higher activity than the synthetase reaction.

A generally accepted mechanism has been proposed to account 

for these two activities (Krishnaswamy et ai., 1962) involving 

an enzyme-bound activated intermediate, y-glutamyl phosphate, 

which reacts with ammonia to yield L-glutamine or with hydroxyl

amine to yield y-glutamyl hydroxamate (Figure (12)).

The properties of GS are reviewed in more detail by Meister

(1974) and by Rowe et al . (1970).

Figure (13) summarises the interactions relevant to GABA 

and L-glutamate in brain function.
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Figure (13).

Abbreviations :

The roles of GABA and L-glutamate in the 

functioning of mammalian brain.

ALA, L-alanine; ASP, L-aspartate; GABA, 

y-aminobutyrate; GLU, L-glutamate; GLUN, 

L-glutamine; OAA, oxaloacetate; 2-OG,

2-oxoglutarate; SUCC, succinate; GLC, glucose; 

AcCoA, acetyl coenzyme A; TCA, tricarboxylic 

acid cycle.

Numerals : 1, depolarisation evoked release;

2, release by diffusion.

3, interaction with a post-synaptic receptor

4, high-affinity uptake

5, transamination

6, oxidation

7, decarboxylation

8, amidation

9, deamidation

(The metabolism of GABA and L-glutamate in glial cells is considered 

to be the same as that in perikarya and is therefore not shown).
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(C) DERIVATIVES OF PHOSPHONIC ACID

(1) NATURALLY OCCURRING PHOSPHQNATES

Phosphonic acid derivatives (15) first attracted the interest 

of biochemists in the late 1950's and early I960's..when they were 

found to occur naturally in some lower animals. 2-aminoethane 

phosphonic acid (AEP, 16) was detected by Horiguchi and Kandatsu

OH

(15) R - CH^ - P = O Generalised phosphonic
acid

OH

(1959) in protozoans from sheep rumen. These workers were analysing 

the amino-acid compositions of acid-hydrolysed ether-ethanol

OH

(16) H^N - CH^ - CH^ - P = O AEP

OH

extracts when they detected an unknown ninhydrin-positive 

substance, which they crystallised and showed to be AEP. 

Independently of this Kittredge et ai. (1962) detected two un

identified ninhydrin-positive compounds in ethanolic extracts 

of sea anemones. One of these was crystallised and positively 

characterised as AEP while the other was tentatively identified 

as the glycerol ester of AEP, (17), because acid hydrolysis 

yielded glycerol and AEP.
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CHgOH

(17) CHOH O Glycerol-AEP

CH^ - O - P - CH^ - CH^ - NH^

O

Furthermore, saponification of the ether-soluble fraction of 

ethanolic extracts yielded a larger amount of AEP. It was 

inferred from this that AEP was a constituent of phospholipids, 

probably phosphatidyl-AEP (18). In fact the first phospholipid 

shown to contain AEP was a sphingomyelin, ceramide-AEP (19)

CH - O - C O - R
I

(18) C H  - O  - C  O  - R  Phosphatidyl-AEP
I 8CHg - O - P-- CH^ - CH^ - NH^

This compound was identified in lipid extracts of sea-anemone 

by Rouser et ai. (1963). Ceramide-AEP has also been found to be

CH(OH)CH = CH(CH2)^2^H^

(19)
CH - NH - COR Ceramide-AEP

O
IICH^ - O - P - CH^ - CH^ - NH^
0_

present in molluscs (Higashi and Hori, 1968); Tetrahymena 

(Carter and Graver, 1968) and rumen protozoa (Dawson and Kemp, 

1967) while AEP was also shown to occur in rumen protozoa as 

phosphatidyl-AEP (18) and plasmalogen-AEP (20), Dawson and 

Kemp, 1967).
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- CH = CH -

CO - Rg
0

- ^ - CH^ - CH^ - NH^
6 2 2 2CH^ - O

In addition to its role as a phospholipid component AEP 

has been reported as a possible constituent of some proteins.

Quin (1964, 1965) showed that around 72% of AEP in sea-anemone 

was present in a lipid-free insoluble residue. This was also 

reported by Rosenberg (1964) for Tetrahymena. The residue from 

sea-anemone was partially solublised by pepsin to yield a 

peptidic material containing AEP (Quin, 1967). Kittredge and 

Roberts (1969) refer to unpublished work reporting purification 

from sea-anemone of two proteases found to contain AEP residues.

AEP has been detected in mammalian tissues including bovine 

brain (Shimizu et ai., 1965); human brain (Al^adeff and Davies, 

1970) and human heart, skeletal muscle and liver (Alhadeff 

and Davies, 1971).

In addition to AEP, several related phosphonic acid 

derivatives occur naturally. N-methyl- N-dimethyl- and

N,N,N-tri-methyl-AEP were isolated from ethanolic extracts 

of sea-anemone (Kittredge et ai., 1967) while the amino acid 

analogue 2-amino-3-phosphonopropionic acid (21), was detected 

in extracts of a zoanthid and of Tetrahymena (Kittredge and Hughes, 

1964).
NH^ OH  ̂ ^I 2 I 2-amino-3-phosphono-

(21) HOOC - CH - CH^ - P = O Pr°pionic acid

OH
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The biosynthesis of phosphonolipids (phosphonic-acid-

containing phospholipids) has been studied extensively in

Tetrahymena pyriformis. This species contains a large amount of

AEP, and also of 2-amino-3-phosphonopropionic acid (phosphono-

alanine) which was considered to be a likely precursor of AEP.
32Rosenberg (1964) studied the incorporation of inorganic P into 

phosphonate compounds. He noted that little or no labelling of 

AEP occurred in the stationary phase of growth and that during 

the log phase AEP incorporated in lipids had a higher specific 

activity than free AEP. This indicates that free AEP is not a 

precursor for phosphono-lipid synthesis. On the basis of this 

Liang and Rosenberg (1968a) suggested that reaction of phospho- 

enolpyruvate with a phosphatidic acid ester might produce a 

glyceride ester of 3-phosphonopyruvate (Figure (14)). This 

compound could yield an AEP-glyceride ester by a transamination 

to a phosphonoalanine glyceride ester followed by decarboxylation.

32However, Warren (1968) demonstrated that P from phospho- 

enolpyruvate and phosphonoalanine was incorporated into lipid- 

bound AEP by a cell-free system fran Tetrahymena. This is 

incompatible with the scheme shown in Figure (14) where the phosphorus 

atom of the phosphonolipid arises from the phosphatidic acid.

Warren (1968) proposed an intramolecular rearrangement of 

phosphoenolpyruvate to 3-phosphonopyruvate (Figure (15)). This 

could occur at any state up to the formation of phosphatidyl- 

phosphoenol pyruvate. It would therefore ultimately yield the 

glyceride ester of 3-phosphonopyruvate which would form lipid bound 

AEP via the glyceride ester of phosphonoalanine.

In addition to Tetrahymena biosynthesis has been demonstrated
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in molluscs (Liang and Rosenberg, 1968b); coelenterates (Kittredge 

and Roberts, 1969) and in some species of marine phytoplankton 

(Kittredge et ai., 1969). Alhadeff et ai. (1972) reported that 

biosynthesis did not occur in rat.

Catabolism of phosphonic acids was first demonstrated by 

Zeleznick et ai. (1963) in bacteria. Many bacteria are capable 

of utilising AEP is their sole source of phosphorus. Rosenberg 

and La Nauze (1967) isolated one such strain of Bacillus cereus 

and using a cell-free system they established that degradation 

occurs via transamination of AEP to 2-phosphonoacetaldehyde 

which is then degraded to acetaldehyde and inorganic phosphate.

La Nauze and Rosenberg (1968). The"phosphonatase" responsible 

for this last step was purified and characterised from B. cereus 

(La Nauze et ai., 1970). Degradation of AEP was reported to 

follow a similar route in Tetrahymena and sea-anemone (Kittredge 

and Roberts, 1969). The transamination of phosphonoalanine was 

reported in mouse liver (Kittredge and Roberts, 1969). This 

suggests an alter native path for degradation and is consistent 

with the presence of phosphonoalanine in many tissues. The 

probable pathways for biosynthesis of and catabolism of AEP 

and related compounds are summarised in Figure (16).

The function of naturally-occurring phosphonates appears 

to be one of protection. The phosphonic acid group is more 

stable to hydrolysis than is the analogous phosphate ester. In 

lower organisms that produce phosphonates the presence of 

phosphonolipids in cell membranes may well protect cells from 

damage caused by digestive enzymes. Rumen protozoa for example 

live in an environment rich in digestive enzymes produced by their



Figures (16a) and (16b) Pathways for biosynthesis

and catabolism of phosphonolipids.
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host. The same principle applies to the cells lining the gut 

cavity of coelenterates and to Tetrahymena in that they may 

require protection from their own extracellular enzymes. Similarly, 

the presence of AEP In some proteases of coelenterates (Kittredge 

and Roberts, 1969) may confer protection from degradation by 

themselves or by other gut enzymes.

The occurrence of AEP and related compounds in mammals 

apparently results from dietary intake (Kandatsu et al. 1965; 

Kandatsu and Horiguchi, 1965). Biosynthesis was shown not to occur 

in rat (Alhadeff et al., 1972) but degradative processes have 

been detected in mouse liver (Kittredge and Roberts, 1969) and 

in human serum (Labadie et al., 1980).

Another group of naturally-occurring phosphonates has been 

reported; the phosphonate antibiotics. Kahan et al. (1974) 

reported the synthesis of Streptomyces fradiae of a broad spectrum 

antibiotic, phosphonomycin (22). This compound apparently inhibits

OH
/

(22) ^ 3 ^ \  PhosphonomycinO /
OH

phosphoenolpyruvate: UDP-Glc NAc-3-enolpyruvate transferase and 

thereby inhibits bacterial cell wall biosynthesis. Several 

other related species have been reported to produce phosphonate 

antibiotics. These include Streptomyces rubellimurinus and 

Streptomyces lavendulae, (Okuhara et ai., 1980a, b; Iguchi 

et ai., 1980; Kuroda et ai., 1980; Mine et ai., 1980;

Kojo et ai., 1980).



-77-

(2) PHOSPHONATES AS PHOSPHATE ANALOGUES

For some years phosphonates have been studied as potentially 

useful analogues of natural phosphates. One factor in the genera

tion of this interest was almost certainly the discovery of 

the natural phosphonates syntehsised by lower organisms. The 

probable role of these compounds in protection against enzymic 

degradation and the secretion of phosphonate antibiotics by 

certain bacteria sets a natural precedent for the use of phosphonates 

as research tools in the study of phosphate-utilising metabolic 

processes. That phosphonates might be valuable as analogues of 

naturally occurring phosphates is also suggested by consideration 

of their physical and chemical properties. The similarities 

between phosphonates and the corresponding phosphates are apparent 

from a comparison of their generalised structures (23, 24).

However, the mere replacement of the phosphate group with a

OH

(23) R - 0 - P = 0  Generalised phosphate

OH

OH

(24) R - P = O Generalised phosphonate

OH

phosphonate results in a marked alteration in size. A more 

closely analogous structure is obtained by adding a methylene 

group to replace the ester oxygen which yields an isosteric 

analogue (25) , approximating very closely to the corresponding 

phosphate in terms of shape, size and charge. It would therefore 

be expected to mimic the natural compound effectively.



—7 8“

H OH

(25) R - C - P = O Isosteric analogue of 23

H OH

There are however, several important differences between 

the phosphate and its phosphonate analogue. Firstly, the phosph

onate is stable to hydrolytic action of the kind causing phosphate 

cleavage. This means that the phosphonate may be of use as a 

metabolic probe in the sense that it may be a substrate for 

several enzymes in a metabolic pathway but may cause a build up 

of product normally cleaved by phosphatase. This may yield infor

mation on the nature of the pathway. This stability may also be 

of use in protecting an analogue from degradation, for example 

in preserving the structure of an inhibitor in vivo.

Secondly, the secondary pKa of a primary-alkylphosphonate 

is generally around 8.0 whereas that of the corresponding 

monoalkyl-phosphate is around 7.0 (Crofts and Kosolapoff, 1953). 

This may be explained by the replacement of an electronegative 

ester-oxygen in the phosphate by a methylene group and may lead 

to a lower percentage of dianionic species present in phos

phonate analogues at physiological pH. Glucose-6-phosphate, (26)

for example with a secondary pKa of 6.21; is 95% dianionic at 

pH 7.5 whereas its isosteric phosphonate analogue (27), with 

a secondary pKa of 7.46 is only 52% dianionic at the same pH, 

(Roach, 1980). This effect has obvious implications with 

respect to its activity as an enzyme substrate and might be of 

use in determining which ionic form of substrate is most active.
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OH

CH - O - P = 0  2 I
OH

Glucose-6-phosphate

OH

(27) CH CH,
OH

OH

OHHO

OHOH

Isosteric phosphonate 
analogue of glucose-6- 
phosphate

The third area of difference is in shape and size. Although 

in physical terms these differences are generally small, in bio

chemical terms they may still be significant. For example methylene 

diphosphonic acid (28) the isosteric phosphonate analogue of 

pyrophosphoric acid (29), differs in bond angle (between the two

C-P bonds) by over 10° from pyrophosphate (Larsen et al., 1969).
OH OH

(28) O = P - CH^ - P = O Methylene diphosphonic 
acid

OH OH

(29:

OH OH

0 = P -  0 -  P = 0 

OH OH

Pyrophosphoric acid

A fourth difference arises from the absence of the esterified 

oxygen and its lone pair electrons. This may have a considerable 

effect on the binding of an analogue to a biological receptor 

such as an enzyme.
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Phosphonate analogues of many naturally occurring phosphates 

have been prepared and assessed for activity, and a representative 

selection of these is shown in Table (6). This subject is re

viewed more comprehensively by Engel, (1977) and by Roach, (1980). 

On the basis of this work it is apparent that prediction of the 

action of a particular analogue is virtually impossible. It seems 

that the factors described above each contribute to the overall 

activity of an analogue to differing degrees in various systems, 

to what degree can only be ascertained by experimentation.

An analogue should not therefore be disregarded merely because 

others of its type have no effect or because it has no i.effect 

on other systems.

(3) PHOSPHONATES AS CARBQXYLIC ACID ANALOGUES

Phosphonates may be regarded as analogues of carboxylic acids. 

Phosphates can also be viewed as carboxyl analogues but the 

phosphonate group has the advantages of greater stability to 

enzymic and chemical degradation and has a greater structural 

similarity to the carboxyl group (30, 31, 32). On the basis of

(30) R - C.^ Carboxylic acid
OH

OH

(31) R - O - P = O Alkyl phosphate

OH

OH

(32) R - P = O Phosphonic acid

OH
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Figure (17). Naturally occurring phosphates - the

effects of whose phosphonate analogues 

are described in Table (6). Letters 

and numerals refer to the "Type of 

analogue" column of Table (6) and 

indicate where the phosphonate analogue 

differs from the natural compound.
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this structural similarity a phosphonate analogue might be expected 

to mimic the corresponding carboxylic acid to some degree.

The differences between the carboxylic acid and its phosphonate 

analogue are somewhat larger than is the case for phosphate analogues. 

They lie mainly in the shape and charge, and derive from the presence 

of an extra acidic hydroxyl group in the phosphonate. This in

evitably makes the phosphonate group larger than the carboxyl group 

and may make a biological receptor such as an enzyme active site 

less accessible to it than to the corresponding carboxylic acid.

The effect of charge may also be important. In the physiological 

pH range carboxylic acids are fully ionised whereas the phosphonate 

will be only partially ionised and consist of a mixture of mono- 

and dianionic species. This may have a major effect on the binding 

of a phosphonate to a carboxylic acid receptive site.

Few phosphonate analogues of carboxylic acids have been 

studied biochemically. Lacoste et al. (1979) reported competitive 

inhibition 'Of D-alanine-D-alanine ligase from Pseudomonas aeruginosa ̂ 

Streptococcus faecalis and Staphylococcus aureus by phosphonate 

analogues of alanine (32, 34, 35). They found that both 1- and 

2-aminoethylphosphonic acid were inhibitory, the latter weakly so.

(33) CH^ - CH -
J \NH„ OH

Alanine

OH

(34) CH^ - CH - P = O 

NH^ OH

1-ami noethyIphosphon i c 
acid
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OH

(35) CH^ - CH^ - P = O 2-aminoethylphosphonic acid

OH

The only other such analogues to be examined in any detail are 

the phosphonate analogues of GABA and L-glutamate. It is with 

these amino-acid neurotransmitter analogues that this thesis is 

concerned. The phosphonates bearing the closest similarity to GABA 

and L-glutamate are 3-aminopropylphosphonic acid (APP) and 2-amino-

4-phosphono-butyric acid (APB) respectively (36, 37).

OH

(36) H^N - CH^ - CH^ - CH^ - P = O APP

OH

OH

(37) HOOC - CH - CH^ - CH^ - P = O APB

NH^ OH

A substantial amount of research has been carried out on APB, 

this l)as been directed for the most part at its effect on the 

putative L-glutamate receptors at the invertebrate neuromuscular 

junction and at synapses in the mammalian central nervous system.

The work so far has been mainly electrophysiological. APB was 

reported to be inactive when applied to the locust neuromuscular 

junction (Clements and May, 1974). On cerebellar and cerebral 

neurons in rat however, it was reported to elicit a response 

equivalent to that obtained with L-glutamate (Bioulac et ai.,

1979). When the ability of APB to block the response produced by 

L-glutamate is considered the situation is reversed. In invertebrates



such as grasshopper, (McDonald and O'Brien, 1972); locust (Cull- 

Candy et al., 1976) and crayfish (Dudel, 1977)APB has been shown 

to antagonise the effects of L-glutamate whereas in microionto- 

phoretic application of APB to cat spinal cord neurons failed to 

reduce excitation by L-glutamate (Watkins et al., 1977). On 

the basis of these effects APB might be expected to bind to isolated 

receptor or synaptic membrane preparations, from both vertebrate 

and invertebrate sources. Foster and Roberts (1978) reported 

inhibition by APB of binding of labelled L-glutamate to a cere

bellar membrane preparation from rat. They quoted an value

(the concentration giving 50% inhibition) of 25.6 yM. The 

for L-glutamate binding they estimated tg, be 0.7 yM. Cull-Candy 

et al. (1976) reported the preparation of a proteolipid extract 

of locust muscle capable of specific, high-affinity, L-glutamate 

binding. They found that APB inhibited this binding, showing an 

apparent of 66 yM, whereas they estimated the for L-glutamate 

to be 8 yM.

Balcar and Johnston (1972) reported th&t APB had no effect

on high-affinity uptake of labelled L-glutamate by rat brain slices
-4at a concentration of 10 M. Vincent and McGeer (1980) however

-4reported that APB at a concentration of 5 x 10 M inhibited labelled 

L-glutamate uptake by a crude synaptosomal pellet of rat striatum 

by 23% and sodium dependent binding to the same preparation by 10%.

Roberts and Anderson (1979) reported that L-glutamate stimulated

release of dopamine from rat striatal slices and although APB did

not cause release it inhibited this action of L-glutamate by 72%
-4when present at 10 M.
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Wu and Roberts (1974) showed that APB at a concentration of
-210 M had no effect on the activity of GAD from mouse brain..

Less work has been published on the effects of APP on GABA 

related systems. Bioulac et al. (1979) applied APP to rat central 

neurons using iontophoretic techniques and found it to inhibit 

firing of these neurons to an equal, or slightly greater, extent than 

GABA. This was not antagonised by bicuculline, which may suggest 

that APP has a very high affinity for the post-synaptic receptor 

or that its action is exerted via an alternative mechanism.

Schousboe and Roberts (1974) found APP, at a concentration 
-3of 5 X lO M, to have no effect on mouse brain GABA-T activity.

Several other phosphonates have been assessed as analogues 

of GABA or L-glutamate. 4-amino-4-phosphonobutyric acid (38) 

was shown by Bioulac et al. (1979) to have an excitatory effect 

on rat central neurons although it was less potent than APB, and

1-amino-l, 3-propyldiphosphonic acid (39), was less effective still.

NH^ OH

(38) HOOC - CH - CH_ - CH - P = O 4-amino-4-phosphonobutyric
I acid
OH

OH NH^ OH

(39) O = P - CH^ - CH^ - CH - P = O 1-amino-l,3-propyl
diphosphonic acid

OH OH

Several studies have been carried out on the effects of nervous 

tissue of 2-amino-3-phosphonopropionic acid (40).
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NH^ OH

(40) HOOC - CH - CH - P = O 2-amino-3-phosphonopropionic
I acid
OH

Clements and May (1974) reported that this compound caused no

excitation at the locust neuromuscular junction at a concentration

of 0.5 M. They found that it antagonised the effect of L-glutamate
-2however, with an IC^^ of 1.2 x 10 M. McDonald and O'Brien (1972) 

reported a slight blockade of neurally-evoked contractions in 

grasshopper muscle by this compound. Watkins et al. (1977) showed 

that it had no effect on the action of L-glutamate on cat spinal 

neurons.

2-Amino-3-phosphonopropionic acid was reported to strongly

inhibit high-affinity Lfglutamate uptake by a crude synaptosomal
-4fraction from rat brain (86% at 5 x 10 M) and to inhibit sodium

-4dependent binding (50% at 5 x 10 M; Vincent and McGeer, 1980).

GAD activity from mouse brain was not inhibited by 2-amino-3-
- 2phosphonopropionic acid at 10 M, (Wu and Roberts, 1974).

Balcar and Johnson (1972) showed that 1,2-diaminoethyl- 

phosphonic acid (41), did not inhibit high-affinity L-glutamate 

uptake by rat brain slices.

NH^ n h  ̂ ohI 2 I 2 I
(41) CH^ - CH - P = O 1,2-diaminoethylphosphonic

acid
OH
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Table (7) summarises the work published on phosphonic acid 

analogues of carboxylic acids.

As with phosphonate analogues of phosphates it is almost im

possible to predict the usefulness of an analogue as a research 

tool in any particular system. The aim of this thesis is to present 

a survey of the effects of APB and APP on systems involving L- 

glutamate and GABA respectively in mammalian brain. These 

studies include post-synaptic receptor binding, high-affinity uptake 

systems and L-glutamate and GABA metabolising enzymes. The L- 

glutamate post-synaptic receptor has not been studied as this is 

covered adequately by the work described above, furthermore certain 

enzymic reactions of little metabolic significance, such as the 

reverse reaction (GABA synthetic) of GABA-T, have not been 

investigated.
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GENERAL METHODS AND MATERIALS

Unless otherwise specified chemicals were obtained from BDH 

Chemicals, Poole, Dorset, U.K. and radiochemicals from The 

Radiochemical Centre, Amersham, Bucks, U.K.

Centrifugation procedures were carried out using an MSE 

model 18 centrifuge (g < 40,000) or a Beckman model L5-65 

ultracentrifuge (g > 40,000) unless otherwise specified.

Radioactivity was determined by liquid scintillation spectro

metry using a Packard Tricarb model 3385 liquid scintillation 

spectrometer.

Protein concentration was estimated using a modification 

of the method of Lowry et al. (1951). The assay was carried 

out at a semi-micro level using protein solution (100 yl 

diluted to 200 yl) with IM sodium hydroxide. After treatment 

as specified by Lowry et al. (1951) the absorbance at 750 nm 

was measured using a Pye Unicam model SP6-400 spectrophotometer. 

Protein concentrations were obtained, by interpolation, from 

a standard curve constructed using bovine serum-albumin (ob

tained fran Sigma Chemical Co. Ltd., London, U.K.).
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PHOSPHONATE ANALOGUES

DL-2-amino-4-phosphono butyric acid (APB) and 3-amino-propyl 

phosphonic acid (APP) were obtained from Calbiochem Ltd., 

Hereford, U.K.

In order to predict the ionisation state of these compounds 

at particular pH values titration curves were constructed.

0.05M - NaOH solution was run from a burette into stirred 

phosphonate solution (10 ml). After each 0.5 ml addition of 

base the pH was recorded using a Corning, model 12, pH meter.

The titration curves are shown in Figures (18) and (19) and 

the pKa values obtained, by interpolation, frcxn these curves 

are shown in Table (8) .

Table 8. pKa values determined by 

Figures (18) and (19)

interpolation. from

APB
(Carboxyl)

IONISING
APB

(a-Araino)

SPECIES 
. APP
(y-amino)

Phosphonate 
fpKa 2)

APP - - 10.6 6.8

APB 2.5 11.2 - 6.8



Figures (18) and (19). Titration curves for APP and APB 

respectively, against NaOH. Broken lines indicate 

integrated pKa values, structures shown indicate the 

ionisation state corresponding to that part of the 

curve.
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-97-

(A) STUDIES ON THE EFFECTS IN VIVO OF APP AND APB

(L) METHODS AND MATERIALS

Adult male ratf (5 months, 200 - 250 g body weight) were 

anaesthetised with diethyl ether and given intra-ventricular 

injections of test compounds. Injection was into the left lateral 

ventricle using the method of Noble et ai. (1967). Compounds 

were injected in physiological saline (10 yl), pH 7.0 - 7.4 

(pH was adjusted with sodium hydroxide). Animals were treated 

with pure saline, GABA (10 ymoles) and/or APP (10 ymoles) 

or L-glutamate (4 ymoles) and/or APB (4 ymoles). Each treatment 

was in triplicate.

(2) RESULTS

(a) APP

Adult male rats were anaesthetised with diethyl ether and 

given intraventricular injections of various solutions as described 

in Methods and Materials above.

Animals treated with GABA remained inactive for between 

15 and 20 minutes. They showed almost total muscular relaxation 

and little response to handling or other external stimuli. Those 

treated with APP or APP and GABA showed behaviour similar to that 

described above. The effects were slightly more pronounced and 

persisted for much longer, up to 90 minutes. In addition, those 

animals treated with both APP and GABA showed some signs of 

excitability. Periods of inactivity such as those described 

above were occasionally interrupted by bursts of turning behaviour.
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A control group of animals injected with 10 yl 0.9% saline 

behaved normally on recovery frcm anaesthesia.

(b) APB

Using identical methods to those used to assess the effects 

of APP animals were treated with L-glutamate and/or APB. The 

doses were as described in Methods and Materials (p. 97).

Animals treated with L-glutamate remained generally inactive 

although showing signs of irritability and muscular tension.

These symptoms were interspersed with occasional rushing be

haviour. The recovery time was between 10 and 30 minutes. The 

effects of APB were gualitatively similar but were more pro

nounced and of shorter duration. The combined effect of L- 

glutamate and APB were similar but even more pronounced.

Control animals that received saline alone showed no 

unusual behaviour patterns on arousal from dietht^t ether 

anaesthesia.
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(B) STUDIES ON THE BINDING OF [2,3- hJ- GABA TO RAT BRAIN 

SYNAPTIC MEMBRANES

(1) METHODS AND MATERIALS

(a) Preparation of synaptic membranes

Subcellular fractionation of rat brain cortex was carried 

out, using the method of Rodriguez De Lores Arnaiz et al. (1967) , 

as follows.

Eight adult male rats (5 months, 200 - 250 g body weight)

were killed by decapitation and the cerebral and cerebellar

cortices removed. All subsequent operations were carried out 
o

at O - 4 c. The tissue was homogenised in 0.32 M sucrose (80 ml) 

using a teflon-glass Potter-Elvehjem homogeniser (0.25 mm 

radial clearance), for 2 min at 840 r.p.m. The homogenate was 

then centrifuged at 900 g for 10 min and the upper third of 

the supernatant was replaced with fresh 0.32 M sucrose solution. 

After resuspension of the pellet the procedure was repeated.

After a third centrifugation the combined supernatant fractions 

were centrifuged at 11,500 g for 20 min. The upper half of the 

supernatant was replaced with fresh 0.32 M sucrose solution and 

the pellet was resuspended. The centrifugation was repeated.

The pellet was hypo-osmotically shocked by homogenisation (as 

above) in ice-cold distilled water (80 ml) and the resulting 

suspension was centrifuged at 20,000g for 30 min. The pellet 

was resuspended in 0.32 M sucrose solution (25 ml) and layered 

onto four, two step, discontinuous sucrose density gradients 

each composed of 0.8 M sucrose (15 ml) and 1.2 M sucrose (15 ml).
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The gradients were centrifuged at 70,000 g for 90 min and the 

band formed at the 1.2 M - 0.8 M sucrose interface was removed 

using a Pasteur pipette. The synaptic membranes thus obtained 

were centrifuged at 39,000g for 30 min and the pellet was 

resuspended in 50 mM Tris-HCl buffer, pH 7.4 (10 ml). Synaptic 

membrane fractions were routinely stored overnight at -20°C 

before use.

Fractions not given further treatment (e.g. the 900 g 

pellet) were either discarded, or stored at 4°c in order to 

determine their protein concentration and acetylcholinesterase 

activity. Samples of all other fractions were also taken, for 

similar reasons, during some preparations.

The fractionation procedure is summarised in Figures (20) 

and (21).

(b) Acetylcholinesterase Assay

The method of Ellman et al. (1961) was used. This assay 

uses acetylthiocholine iodide as substrate which is hydrolysed 

to thiocholine. This reacts with 5,5-dithiobis-2-nitrobenzoate 

(DTNB) to produce a yellow compound, 5-thio-2-nitrobenzoic 

acid. The reaction is shown in Figure (22). The production of 

5-thio-2-nitrobenzoic acid was continuously monitored by measuring 

the absorbance at 412 nm using a Cecil Instruments, CE202, 

recording spectrophotometer. The reaction was carried out 

at room temperature in O.IM sodium phosphate buffer, pH 8.0, 

Material to be assayed was pre-incubated in buffer for 30 min



Figure(20). Preparation of crude synaptic

membranes fron homogenate of rat brain 

cortices. (terminology and presumed 

composition of subfractions are those 

of Rodriguez De Lores Arnaiz et al., 

1967).
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Centrifugation

(900 g X 10 m i n

Supernatant Pellet (NUC)

Centrifugation 
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(microsomes, soluble 
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(mitochondria, myelin, 
synpatic membranes)

(nuclei)

Pellet (MIT)

(mitochondria, myelin, 
synaptosomes)

Hypoosmotic shock, 
centrifugation
(20,000 g X 30 min)

Supernatant (M /M )Pellet (ML)

(synaptosomal microsomes, 
soluble material)



Figure (21). Purification of crude synaptic

membranes, (terminology and presumed 

composition of subfractions are those 

of Rodriguez De Lores Arnaiz et al., 

1967).
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©
(CH^)^NCH^CH^ - S - CO - CH. 

(acetylthiocholine)

CH

(CHj)jN CHgCH

(thiocholine)

- CCkP  +

O^N

(CH^i^RCHgCH^-S-S ■NO

COOH

- ^ -NO^

COOH

COOH

5-thio-2-nitrobenzoic acid (yellow colour)

Figure (22). Reactions involved in the assay of acetylcholinesterase 

activity.
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at 37°C before addition of DTNB (final concentration 10.0 mM) 

and acetylthiocholine iodide (final concentration IS.OmM) 

to a final volume of 2.5 ml. Activity was estimated by measuring 

initial rates fron progress-curves. DTNB and acetylthiocholine 

iodide were obtained from Sigma Chemical Co. Ltd., London, U.K.

(c) [^^Hj-GABA Binding Assay

A radio-isotope filtration assay was adapted from Enna and 

Snyder (1975).

In order to eliminate uptake and sodium-dependent binding 

sodium-free conditions and hypo-osmotic buffer were used.

The incubation mixture contained synaptic-membranes (see p. 

99) (1.5 - 4.5 mg protein/ml); ^ , 3 -^hJ -GABA (routinely

2 yCi/mol) and 100 yM unlabelled GABA where indicated in 

50 mM-Tris-HCl buffer, pH 7.4, (final volume of 350 yl).

The incubation was initiated by addition of Q ,3-^)^ -GABA 

(with or without unlabelled excess) and was carried out at room 

temperature for 5 min. The incubation was terminated by fil

tration as outlined below.

Whatman GF/C glass fibre filter discs (2.5 cm diameter) 

were presoaked in 50 mM Tris-HCl buffer pH 7.4, before use. 

Filtration was carried on a Millipore filtration tower (sintered 

glass type) to which vacuum was applied several seconds before 

filtration. The incubation vessel was rinsed with 50 mM-Tris-HCl
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buffer, pH 7,4 (1 ml), and this together with more buffer; (9 ml), 

was used to wash the filter. Vacuum was applied for a further 

45 sec in order to remove excess liquid. The margins of the 

filter discs were removed using a cork borer (no. 11) in order 

to eliminate the varying quantities of free label trapped between 

the glass tower and the edge of the sintered glass support.

The central portions were soaked overnight in 2% (w/v) sodium 

dodecyl sulphate (1 ml; obtained frcm Sigma Chemical Co. Ltd. 

London, U.K.) at 37°C in order to solubilise radioactivity from 

the filter. Finally Triton-Toluene-PPO scintillant (30:70,

0.5% (w/v); 10 ml) was added and radioactivity was determined 

by liquid scintillation spectrometryy

In order to determine the counting efficiency of the 

latter process, filter discs (with the margins removed) were 

added to 2% sodium dodecyl sulphate solution (1 ml) with an 

aliquot of stock Q , 3-^^ -GABA solution (lO y’l) and treated 

as above.

Two methods were used to estimate non-specific binding, 

the commonly used "unlabelled ligand excess" method and the 

graphical method reported by Bogdanski et al. (1970). The bases 

of these methods are outlined below.

(i) Unlabelled Ligand-Excess Method

This method is based on the assumption that if the specific 

activity of the labelled ligand is reduced by addition of a 

large quantity of unlabelled ligand then specific binding will
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become insignificant whereas non-specific binding will be essen

tially unchanged.

This may be rationalised algebraically if one considers 

a homogenous population of sites, binding to which is represented 

by the reaction:-

[rJ+[l] * - *  g g

where R, L and RL represent free receptor, free ligand and 

receptor-ligand complex respectively. If this reaction is 

assumed to be at equilibrium the dissociation constant, K^,

is defined by. -
. OiEL

where denotes the concentration of the appropriate species

Furthermore, B , the total concentration of binding sites max
is defined by:-

—  t 0\1 ( 2 )

Substituting from equation (1) into equation (2):-

Bmax

B = !RL| + IRmax

or : -

|rl| = ^max t o (3)

In practice Q Q  >> (r :̂ and therefore may be assumed

to equal where is total ligand (bound plus free), whence

equation (3) may be written as:-

(4)
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In the context of the assay, specific binding is that in which 

is comparable to or less than [Tl J  / i.e. in the micromolar 

region. Non-specific binding, on the other hand, is defined as 

that binding in which >> . In the latter case, therefore,

equation (4) may be reduced to:-

^  ■ e g

In order to examine the effects of varying concentrations

of labelled and unlabelled ligand we can break down the terms
*

containing L to include L and L ' , representing labelled and 

unlabelled ligand respectively, whence equation (4) expands to:-

[r l I  (6)
5 ) + <& t 3  +

Assuming no binding preference for labelled ligand relative 

to unlabelled ligand, the bound radioactivity as measured in 

the assay is [RL .J where:-

^ L ^  = (total bound ligand) x specific activity

_ (|ri-3 + [RL] ) £\*2

Substituting into equation (7) from equation (6):-

= T h * ]

(7)

[ r l *]  =
max

+ Q-t]

when << Q >> , that is when a large excess of

unlabelled ligand is added, then Q^L^ becomes insignificant. 

This will be the case with specific binding, for non-specific 

binding, however, equation (5) applies, this may be expanded.
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to account for L* and L' , as before.

O g  +[RL] = ^  (gL̂ *] + [Lj ) (8)

Substituting into equation (7) from equation (8 ):-

D»-3 ■ ^  f J
and bound radioactivity is independent of .

(ii) Graphical Method

As with method (i) this necessitates the assumption that 

the for non-specific binding is greatly in excess of that 

for specific binding. Non-specific binding will accordingly be 

a linear function of ligand concentration throughout the ligand 

concentration range used (see equation (5)). On the other hand, 

specific binding will approach saturation as the concentration 

of ligand is increased and the rate of increase of specific 

binding with ligand concentration will approach zero. When both 

of these types of binding are measured simultaneously (total- 

binding) the relationship shown in Figure (23) between bound 

and free ligand will be obtained. It may be seen that extra

polation of the linear portion of the total-binding plot back 

to the ordinate and displacement so that the line passes 

through the origin gives a line which approximates to the 

non-specific binding component. Subtraction of this component 

from the total-binding plot accordingly yields specific binding.

(d) Removal of Endogenous Inhibitor of Specific Binding from

Synaptic Membranes

This procedure was proposed by Greenlee et al. (1978a) in
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Figure (23). Predicted relationships between total,non-specific 

and specific binding and free ligand concentration,
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order to remove a proposed endogenous inhibitor of specific 

GABA binding from synaptic membranes.

The synaptic membrane suspension (see p.99) was centrifuged 

at 20,000 g for 30 min (O - 4°C), the pellet was resuspended 

(1 0 % w/v) in ice-cold distilled water and the suspension was 

homogenised (as described previously, p. 99). This procedure 

was repeated and the second homogenate was frozen and thawed 

using liquid nitrogen. The centrifugation was repeated again 

and the pellet was resuspended in 50 mM Tris-HCl buffer, pH 7.4, 

this was repeated and the final suspension was stored at -20°C 

until required.
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(2) RESULTS

(a) Distribution of acetylcholinesterase and protein between 

Subtractions of rat brain

Synaptic membranes were prepared as described on p. 99 and 

the acetylcholinesterase activity (see p. lOO) and protein 

concentration (see p. 95) were assayed in the fractions obtained. 

Table (9) shows these data for a typical fractionation procedure, 

The presumed composition of the fractions and the terminology 

are indicated in Figures (20 and (21) and are those of Rodriguez 

De Lores Arnaiz et al. (1967).

(b) Analysis of the saturation characteristics of binding

Details of the assay technique and non-specific binding 

measurement techniques are described on p.101. Figures (24),

(25) and (26) are derived from measurements of n)-GABA 

binding in the presence and absence of 100 yM unlabelled GABA 

(see p. 102). Figure (24) shows plots of total and non

specific binding against free [PlJ-GABA concentration. Figure

(25) represents the difference between the data shown in 

Figure (24), that is, specific (Phi- GABA bound against free 

^^h]-GABA concentration. Figure (26) shows specific binding 

plotted according to the Scatchard treatment, (Scatchard,

1949; Bennett, 1978).

Figures (27), (28) and (29) are derived from the measurement

of total -GABA binding (in the absence of 100 yM unlabelled

GABA). In Figure (27) these data are treated using the method
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Table (9). Acetylcholinesterase and protein distribution in 

subtractions of rat brain, values taken from a 

typical preparation. Values in parenthesis taken 

from Rodriguez De Lores Arnaiz et al. (1967).

Subtraction Protein 
mg/g fresh 
tissue %

Acetylcholinesterase 
ymol/h/g  ̂

fresh tissue

NUC 22.5 2 0 . 0 73.95 23.4

MIC 44.3 39.5 128.10 40.5

MIT 45.5 40.5
(43)

114.38 36.1
(29)

% recovery 1 0 2
(99)

180
(1 1 0 )

(a) Subtractions of total homogenate

(NUC, 900 g nuclear pellet; MIC, 11,500 g microsomal 

supernatant; MIT, 11500 g crude mitochondrial pellet). 

Values in total homogenate: protein, 110.0 (128) mg/g 

fresh tissue; acetylcholinesterase, 398.0 (285) ymole/ 

hr/g fresh tissue.
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Table (9) continued

Subtraction Protein 
mg/g fresh 

tissue %
Acetylcholinesterase 
ymol/h/g 

fresh tissue %

28.0 66.7
(65.5)

74.7 6 6 . 7
(71.8)

M 2 /M 3 14.0 33.3
(34.5)

37.3 33.3
(28.2)

% recovery - 92 . 3
(91)

- 9 7 . 9
(102)

(b) Subtractions of MIT after osmotic shock.

(M^, 2 0 ,0 0 0  g pellet, myelin, mitochondria and synaptic

membranes; M^/M^ 2 0 , 0 0 0  g supernatant, microsomes and

soluble material)

Subtraction Protein
mg/g fresh 
tissue %

Acetylcholinesterase
umol/h/g  ̂

fresh tissue

Ml (0.8) 4.3 27.7
(24.9)

6.7 25.3
(22.6)

Ml (1.2) 4.1 26.5
(35.6)

15.3 57.7
(66.6)

Ml (p) 7.1 45.8
(39.5)

4.5 17.0
(1 0 .8 )

% recovery - 55.4
(54)

- 35.5
(67)

(c) Subtractions of Ml from sucrose density gradient, (Ml (0.8), 

myelin, 0.32/O.BM interface; M l (1.2), synaptic membranes, 

(0.8/1.2 M interface; Ml(p),mitochondrial pellet).
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of Bogdanski et al. (1970), (see p. 105) in order to obtain 

data on non-specific binding. Figures (28) and (29) correspond 

to Figures (25) and (25) and show specific binding plotted 

against [^p{j-GABA concentration and a Scatchard analysis 

of these data respectively. It should be noted that specific 

[^g]-GABA binding data used in Figures (28) and (29) were ob

tained by interpolation from Figure (27) and are not themselves

observed values. K and B values were obtained from FiguresD max
(26) and (29) as described by Scatchard (1949) and Bennett

(1978). The K and B values obtained are shown in Table (10)D max

Table (10) K and B values obtained for specificD max ^
C^tO-GABA binding to rat brain synaptic membranes, 

from figures (26) and (29).

Non-specific binding 
estimation technique (yM)

B. _ .max ^ .(nmol/mg protein

Excess unlabelled GABA 0.375 2 . 0 1

Graphical analysis 0 . 360 1 . 8 8

(c) Time-dependent loss of binding capacity

Figure (30) shows the effect of preincubation at room 

temperature on the GABA binding activity of synaptic membranes. 

After the appropriate time [ 2 ,3-^^- GABA binding was assayed 

as described on p. 101. Labelled GABA was present at a 

concentration of 0.40 yM and a specific activity of 14.3 yCi/ 

nmol. Non-specific binding was measured by adding 100 yM un-
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membranes pre-washed as described in text and 

preincubated for 4h before assaying. All 

data are the means of triplicate determinations
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labelled GABA to the assay mixture (see p. 102)

Figure (30) also shows the effect on total and non-specific 

binding of resuspending synaptic membranes in fresh 50 mM 

Tris-HCl buffer, pH 7.4, after preincubation (points A and 

A'). Points B and B' represent the levels of total and non

specific binding after preincubation, for the time shown, of 

membranes treated to an extensive washing procedure (developed 

by Greenlee et ai., 1978a to remove an endogenous inhibitor 

of binding; see p. 106).

(d) The effect of APP on -GABA binding

Specific -GABA binding was measured using the standard

assay (Methods and Materials, p. 101). [^^-GABA concentration
— 4  “ 1was fixed at 0.40 yM and a range of 10 to 10 M APP was 

added. These data are shown in Figure (31) as a semilogarithmic 

plot. The (the inhibitor concentration at which binding
-3is reduced by 50%) was estimated from this plot to be 7.08-x lO M. 

Non-specific binding was measured by addition of 100 yM unlabelled 

G A B A ,  in the absence of APP, and was subtracted from all points.
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(C) STUDIES ON THE UPTAKE OF RADIOLABELLED GABA AND L-GLUTAMATE

BY RAT BRAIN SYNAPTOSOMES

(1) METHODS AND MATERIALS

(a) Uptalce of[2,3-^lQ- GABA by rat brain synaptosomes

A crude synaptosomal and mitochondrial fraction was prepared 

by the following method.

One male rat (200 - 250 g body weight) was killed by 

decapitation and the cerebral and cerebellar cortices were 

removed. All subsequent fractionation steps were carried out 

at O - 4°C.The tissue was homogenised using a Teflon-glass 

Potter-ElvïMjem homogeniser (0.25 mm radial clearance) for 

2 min at 840 r.p.m. in 0.32 M sucrose solution (20 ml). The 

homogenate was centrifuged at lOOO g for 10 min and the pellet 

was washed once. The combined supernatant was centrifuged at 

27000 g for 15 min and the pellet was washed. The supernatant 

was discarded and the pellet was resuspended in ice-cold 0.32 M 

sucrose solution to a protein concentration of 500 yg/ml and 

stored on ice until required (routinely for a period of 1  to 

2 h) .

In order to measure uptake a radioisotopic filtration 

assay was used, based on the method of Wheeler (1978). The 

incubation mixture was comprised of tissue suspension ( 2 0 0  ylX 

prepared as above, and modified Krebs-Henseleit buffer (3.8 ml) 

containing 127.2 mM NaCl, 5.0 mM KCl, 2.7 mM CaCl^, 1.3 mM
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MgSO^, 25.0 mM Tris-HCl, 11.1 mM glucose and [2 ,3-^n]-GABA 

and APP as specified. The buffer was adjusted to pH 7.4 using 

12 M-HCl and warmed to 30°C before use. Where sodium-free 

buffer was used NaCl was replaced with Tris-HCl. Uptake was 

allowed to proceed for 1 min at 30°C unless otherwise specified

The incubation was terminated by filtration through 

Millipore HAWP 02500 filters (0.45 yM) using a Millipore filter 

tower with sintered glass support. Incubation vessels and filters 

were washed using buffer (5 ml; as above except that sodium 

and potassium salts were replaced with Tris-HCl) at 30°C. The 

filters were then allowed to dry by applying vacuum for 

a further 3 - 4  sec. and placed in scintillation vials with 

Triton-Toluene-PPO scintillant (30:70: 0.5%, 10 ml). Vials 

were left overnight at room temperature and shaken vigorously 

to disperse the filters before measuring the radioactivity 

using liquid scintillation spectrometry. The exact specific 

activity was measured by counting a known volume of radioactive 

amino-acid solution on a filter-disc as above. Measurements 

were corrected for label trapped by the filter by means of 

tissue-free assays. Where specified, aliquots of mitochondrial- 

synaptosomal suspension were subjected to freeze-thaw cycles 

or to hypo -osmotic shock treatment as follows.

The freeze-'thaw treatment consisted of ten sequential 

rapid freeze-thaw steps using liquid nitrogen.

The hypo-osmotic shock was accomplished by centrifuging 

an aliquot of mitochondrial synaptosomal suspension at 27,000 g 

for 15 min (O - 4°C) and resuspending the pellet in the
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original volume of ice-cold distilled water, these treated 

fractions were then assayed as above.

(b) Uptake of L-[u- cQ- Glutamate by Rat Brain Synaptosomes

C* 14 -»U- Cj-glutamate 

by rat brain synaptosomes were identical to those described 

above for [2 ,3-^h]-GABA, except that radiolabelled L-glutamate 

replaced radiolabelled GABA and APB replaced APP.

(2) RESULTS

(a) Uptake of [2 , -GABA by Rat brain Synaptosomes

Uptake was assayed as described on p.112. Figure (32) 

shows the time-course of uptake of Q ,3-^^ -GABA. Figure 

(33) shows the effects of various modifications to the assay 

conditions on uptake of [2 ,3-^^ -GABA. The modifications 

consisted of freeze-thaw and hypo-osmotic shock treatment 

(see p. 113)., use of sodium-free medium (accomplished by 

replacing NaCl with Tris-HCl at an equal concentration), 

reduction of the incubation temperature to O - 4°C and 

addition of APP.

(b) Uptake of L-[Jj- -glutamate by Rat Brain Synaptosomes

The assay method used was identical to that described for 

the measurement of [^,3-^^ GABA uptake (see p. 112).

Figure (34) shows the time-course of L-Qj-^'^cJ-glutamate
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uptake. Figure (35) shows the effect of various modifications 

to the assay conditions. These modifications were the same as 

those described for [2 ,3-^h3-GABA uptake (see above).

(D) STUDIES ON GABA AND L-GLUTAMATE METABOLISING ENZYMES

(1) L-GLUTAMATE DECARBOXYLASE (GAD)

(a) Methods and Materials

Crude GAD was prepared from rat brain using the following 

procedure. One adult male rat (5 months, 200 - 250 g body 

weight) was killed by decapitation, the brain was removed 

and homogenised in ice-cold distilled water ( 1 0  ml) for 1 min 

at 840 r.p.m. using a Teflon-glass Potter-Elvehjem homogeniser 

(0.25 mm clearance). The homogenate was centrifuged at 103,000 g 

for 50 min at 4°c. The supernatant was removed and mixed 

with an equal volume of buffer, pH 6.5, to give final concen

trations of 0.1 M imidazole-acetic acid (obtained from Sigma 

Chemical Co. Ltd., Lond, U.K.); 5 mM mercaptoethanol and 0.5 mM

pyridoxal-5'-phosphate. The buffered supernatant was stored 

on ice until required (routinely for periods of 1  to 2 h).

The assay technique was modified from the method of

Seligmann et al. (1978) and is dependent on the trapping by
14 r- 14 Thyamine-hydroxide of CO^ released by GAD from L-[U- Cj-

glutamate. The reaction mixture contained crude GAD, prepared

as described above, at a concentration of 1.75 - 2.25 mg of

protein/ml. 10 mM L-[jl-^'^çl-glutamate (0.1 yCi/ymole) and APB
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as specified, to a final volume of 1 ml. The apparatus used

consisted of a 15 ml glass sample tube containing the reaction

mixture. Wedged near the mouth of the tube, well clear of the

liquid, was a glass-fibre GF/C filter disc (2.5 cm diameter)

on which was absorbed hyamine hydroxide (lOO yl). The tube

was sealed with a Subaseal (No. 33, obtained from Fisons

Scientific Apparatus, Loughborough, Leics, U.K.). The apparatus

was equilibrated by preincubation, in the absence of labelled

L-glutamate, at 37°C for 15 min, and the reaction was started

by adding L^[u-^^c]-glutamate and replacing the Subaseal.

After incubation for 60 min (unless otherwise specified) at 37°C

the reaction was terminated by injection through the Subaseal

of 3 M-H 2 S0 ^ (20 yl) followed by 0.5 M-NaHco^ (20 yl) to flush 
14out dissolved COg, care being taken to avoid the filter-disc.

Incubation for a further 50 rain at 37°C ensured complete ab- 
14sorption of CO^. The filter disc was then removed and put 

in a scintillation vial with 0.5% Toluene-PPO scintillant 

( 1 0  ml) and radioactivity determined by liquid scintillation 

spectrometry. In addition to appropriate enzyme-free blanks 

an aliquot of L^[u-^^c]-glutamate solution was counted with a 

GF/C filter disc as above in order to determine the counting 

efficiency.

(b) Results

GAD activity was assayed as described in Methods and Materials 
14The linearity of CO^ evolution with time (Figure (36) ) and 

protein concentration (Figure (37)) was assessed using appropriate 

modifications to the standard assay conditions.
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In two subsequent determinations, each in duplicate, APB 

at a concentration of 10 mM inhibited GAD activity by 29% 

using the standard assay procedure. This tVi-ZiLbition was shown 

to be related to APB concentration over the range 2.5 to

10.0 mM, (Figure (38); using the standard assay conditions).

(2) GABA: 2-OXOGLUTARATE TRANSAMINASE (GABA-T)

(a) Methods and Materials

GABA-T activity was assayed in a homogenate of rat brain 

cortex. Brains were removed after sacrifice by cervical dis

location and the white matter was removed. Cortex (20% w/v) 

was homogenised in 0.01 M potassium phosphate buffer, pH 8.0, 

containing 5 nM reduced glutathione and 0.25% (w/v) Triton X-100 

using a Teflon-glass Potter-Elvjehm homogeniser (0.25 mm radial 

clearance) at 840 r.p.m. for 2 min at O - 4°C. The homogenate 

was stored on ice until required (routinely 2 - 3  hr).

The assay used was based on the method of Perry et al.

(1979) which uses an ion-exchange column to separate radio

labelled L-glutamate produced in the reaction from the 

[5-^^c]-2-oxoglutarate present (based on the method of Waksman 

and Roberts, 1963). The resin used was Dowex 50W (50X8;

100 to 200 mesh size; obtained from Sigma Chemical Co. Ltd., 

London, U.K.) a strongly acidic cation exchange resin, in the 

form. The resin was prepared by washing six times 

alternately with equal volumes of 0.5 M-NaOH and of 1 M-hydro- 

chloric acid. After the final acid wash the resin was washed 

with double-distilled water until no longer acidic, 7 cm x 1 cm
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columns of resin were then prepared.

The reaction mixture contained 25 mM GABA (25 mM); 25 mM 

[5-^^^]-2-oxoglutarate (16.0 yCi/mmole); 25 mM APP where 

specified; 50 mM reduced glutathione (obtained from Sigma Chemical 

Co. Ltd., London, U.K.); 0.2% Triton X-lOO; brain homogenate 

(750 yl prepared as described above) and 55 mM potassium phosphate 

buffer, pH 8.0, in a final volume of 1 ml. The reaction was 

started, after a 10 min preincubation at 37°C, by addition of 

labelled 2-oxoglutarate, and allowed to proceed for 30 min at 

37°C. The reaction was terminated by addition of one drop of 

12 M hydrochloric acid followed by incubation for 3 min in 

a boiling water-bath. The precipitated protein was removed by 

centrifugation for 2 min at 10,000 g using a Beckman model B 

microfuge. The pellets were washed twice with double-distilled 

water and the combined supernatant was adjusted to pH 3 - 4  

using 0.5 M sodium hydroxide, before loading onto ion-exchange 

columns prepared as described above and elution with double 

distilled water (30 ml). The eluates containing unreacted 

2-oxoglutarate, were discarded and the column was eluted with 

2 M ammonium hydroxide (25 ml). The eluates were frozen using 

liquid nitrogen and freeze-dried using an Edwards modulyo 

freeze-drier. The lyophilised solid was redissolved in 

distilled water (5 ml) and radioactivity was measured by liquid 

scintillation spectroscopy. The scintillant used was "Tritosol", 

developed by Fricke (1975) and contained PPO (3 g/1);

Triton X-lOO, (257 ml); ethylene glycol, (37 ml); ethanol 

(106 ml) and xylene to a final volume of 1 litre, "Tritosol"

(15 ml) was added to each sample.
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Appropriate controls revealed that in the absence of 

enzyme,97% of added  ̂ -2-oxoglutar ate was recovered after

treating both water and ammonium hydroxide eluates as described 

above. Of the recovered label 99.7% was found in the water eluate 

and only 0.3% in the ammonium hydroxide eluate. In an enzyme- 

free control using -glutamate 100% of the label was

recovered in the ammonium hydroxide eluate. Assays in the 

presence of enzyme were corrected for the activity present in 

the absence of GABA. Not more than 8% of the added radioactivity 

was used in any determination.

(b) Results

The transamination of GABA by rat brain homogenates was 

studied using the assay described under Methods and Materials. 

APP was found to have a significant effect on this system. The 

results are shown in Table (11) .

Additions GABA-T activity % of rate
(nmol/hr/mg.protein) obtained with GABA

GABA, (25 mM) 47.41 100.0

APP, (25 mM) 8.14 17.2

GABA, (25 mM),
APP, (25 mM) 19.72 41.6

Table (11) Effects on GABA-T activity of APP (mean of two 

determinations each in duplicate).
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(3) L-GLUTAMATE: OXALOACETATE TRANSAMINASE(GOT)

(a) -^Methods and Materials

GOT activity was assayed using the method of Katz and 

Westley (1979) in which the reaction is followed by monitoring 

the decrease in absorbance at 260 nm resulting from utilisation 

of oxaloacetate.

The reaction mixture contained L-glutamate and APB at the 

concentrations specified; 1 mM oxaloacetate and pig-heart GOT 

(0.42 ug protein; 0.045 i.u.; obtained from Sigma Chemical Co. 

Ltd., London, U.K.) in 0.1 M sodium arsenate buffer, pH 7.4, 

to a final volume of 3 ml. The reaction was carried out at 

25°C using a 1 cm light -pathlength and was started by addition 

of enzyme. The change in absorbance at 260 nm was recorded 

using a Pye-Unicam SP8-100 recording spectrophotometer and 

initial rates were determined from the progress curves ob

tained. Appropriate substrate and enzyme blanks were shown to 

give zero readings. Using the extinction coefficient of 

oxaloacetate (850 1/M at 260 nm) it was calculated that less 

than 1.5% of substrate was utilised during the reaction.

(b) Results

Using the assay method described in Methods and Materials, 

the effect of APB on GOT activity was assessed. APB was shown 

to have no effect on the initial rate of transamination at 

concentrations of up to 25.0 mM. APB showed no activity as a 

substrate for transamination, at concentrations up to 70.0 mM. 

These results are summarised in Table (12).
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L-Glutamate
(mM)

APB
(mM)

Activity 
(OD/min/mg protein)

10.0 0 24.4

10.0 10.0 25.6

10.0 25.0 25.2

0 10.0 0

0 70.0 0

Table (12) Effects of APB on GOT activity using the standard 

assay conditions. Activity was measured in 

absorbance units/min/mg protein (mean of two, 

duplicate determinations)
\

(4) L-GLUTAMATE:PYRUVATE TRANSAMINASE(GPT)

(a) METHOD AND MATERIALS

(i) Coupled Enzyme Assay

GPT activity was measured by coupling the reaction to GDH 

and measuring the NADH breakdown associated with regeneration 

of L-glutamate frcan 2-oxoglutarate. The reaction is shown in 

Figure (39).

The reaction mixture contained L-glutamate and APB as 

specified; 10 mM pyruvate; lOO mM ammonium chloride; 0.15 mM 

NaOH; pig-heart GPT (0.6 yg protein, specific activity = 120 ymoles 

2-oxoglutarate/min/mg protein at pH 7.6 and 37°C; obtained from
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L-glutamate + pyruvate  ►L-alanine + 2-oxoglutarate
GPT

2-oxoglutarate + NH^ + NADH  ►L-glutamate + NAd "*"
GDH

Net reaction: pyruvate + NH^ + N A D H  ►  L-alanine + NAD^

Figure (39). Coupled enzyme reaction used to assay GPT activity

Sigma Chemical Co. Ltd., London, U.K.);bovine liver GDH (0.1 mg 

protein; specific activity = 50 ymoles/min/mg protein at 

pH 7.3 and 25°C; obtained from Sigma Chemical Co. Ltd., London, 

U.K.) and 0.05 M-Tris-HCl buffer; pH 8.0 in a final volume of 

3 ml. The reaction was started by addition of GPT and the decrease 

in absorbance at 340 nm was recorded using a Pye-Unicam SP8-100 

recording spectrophotometer. The reaction was carried out at 

25°C and the light-pathlength was 1 cm. Appropriate controls 

were assayed to determine rates other than that attributable 

to GPT and the latter were taken into account. Progress curves 

achieved linearity within 2 min and remained linear for at least 

5 min, during which period initial rates were determined. During 

this period less than 10% of the NADH present was utilised.

(ii) Colourimetric Assay

This discontinuous assay is based on the method of Reitman 

and Frankel (1957) and utilises the difference in the absorbance 

spectra of the 2>4-dinitrophenylhydrazone derivatives of pyruvate
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and 2-oxoglutarate. The reaction is shown in Figure (40). The 

hydrazone derivative of pyruvate has an absorbance maximum of 

about 390 nm whereas that of 2-oxoglutarate shows maximal ab

sorbance at about 450 nm and the maximal difference occurs at 

between 500 nm and 550 nm.

The reaction mixture contained 1 mM pyruvate; 10 mM, L- 

glutamate or 10 mM APB pig-heart GPT (0.375 wg protein; specific 

activity = 120 pmoles 2-oxoglutarate/min/mg protein at pH 7.6 

and 37°C; obtained from Sigma Chemical Co. Ltd., London, U.K.). 

O.IM sodium phosphate buffer, pH 7.4. The reaction was started 

by addition of GPT and allowed to proceed for the specified time

L-glutamate + pyruvate  ^L-alanine + 2-oxoglutarate

COOH

°2- \  //  2 O^N NH

NO,
R

2,4-dinitrophenyl 2-keto-acid Hydrazone derivative
hydrazine

R = -CH^ (pyruvate) or -CH^-CH^-COOH (2-oxoglutarate) 

Figure (40). Reactions involved in the colorimetric estimation 

of GPT activity.

at 37°C. The reaction was terminated by addition of 1 mM 2,4- 

dinitrophenylhydrazine (1 ml; obtained from Sigma Chemical Co. 

Ltd., London, U.K.) in 1 M-HCl, and the mixture was left for 

20 min at room temperature. 0.4 M sodium hydroxide (10 ml) 

was then added and the mixture was left for a further 5 min.

Any changes in the concentration of pyruvate or any formation
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of new keto-acids were determined by examining the difference 

spectra in comparison to enzyme-free controls treated identically, 

Scanning was carried out using a Pye-Unicam SP8-100 recording 

spectrophotometer.

(b) RESULTS

The effect of APB on GPT activity was examined initially 

using the coupled assay technique described in Methods and 

Materials (p. 121).This showed a slight inhibition, and no 

activity as a substrate, (see Table (13)).

L-glutamate
(mM)

APB
(mM)

Activity 
(% of control)

lo 0 loo

10 10 89.4

0 20 0

Table (13). Effect of APB on GPT activity assayed using the

coupled enzyme assay (mean of two determinations, 

each in duplicate, percent figures different by 

<1% from the mean)

Under these conditions it was shown that APB at a concen

tration of 20 mM had no effect on GDH activity and the slight 

inhibition could not therefore be attributed to that.

In order to determine activity of APB as a substrate the 

discontinuous, colourimetric assay described in Methods and



2.5h 20. Oh

Figure (41). Different spectra

between APB (10.0 mM)/ 

pyruvate (1.0 mM) 

mixtures in the 

presence and absence 

of GPT. The assay 

conditions were as 

described previously 

(colourimetric assay, 

see Methods and 

Materials), the 

incubation time was 

as shown.



O.Oh 2.5h Oh

Figure (42). Difference spectra, as shown in Figure (41), for 

L-glutamate (10.0 mM)/pyruvate (1.0 mM) mixtures
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Materials (p.122) was used. The difference spectra obtained 

after zero, 2.5 hours and 20 hours incubation with L-glutamate 

or APB are shown in Figures (41) and (42). APB caused no shift 

in the hydrazone absorbance pattern compared to an enzyme-free 

control indicating a complete lack of substrate activity.

(5) L-GLUTAMINE SYNTHETASE (GS)

(a) Methods and -Materials

GS activity was assayed using a supernatant fraction of 

rat brain cortex prepared as follows. The brains of three 

adult male rats (200 - 250 g body weight) were removed after 

killing by cervical dislocation. The white matter was removed 

and the cortices were homogenised in ice-cold distilled water 

(5 ml) using a Teflon-glass Potter-Elvehjem homogeniser 

(0.25 mm radial clearance) at 840 r.p.m. for 2 min. The 

homogenate was centrifuged at 27,000 g for 20 min at 4°C and 

the pellet discarded. To the supernatant was added concentrated 

imidazole-HCl buffer containing EDTA, pH 6.8, (10 yl per 1 ml

of supernatant) to give a final concentration of 10 mM imi

dazole-HCl and 0.5 mM EDTA. The buffered supernatant was 

stored on ice until reguired, (routinely 2 - 3  hours).

The assay procedure was that of Pishak and Phillips (1979) 

and depends on the use of two ion exchange colunns to.separate 

L-^-^^c[]-glutamine produced fran substrate (L^[u-^^c]-glutamate) 

and [u-^^c]-GABA produced by contaminating GAD activity. On 

elution with water Amberlite CG50 cation exchange resin (100 -
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200 mesh size, H form, obtained from Sigma Chemical Co. Ltd. 

London, U.K.) was shown to bind the j - G A B A  (Pishak and 

Phillips, 1979) produced by any GAD present in the crude GS 

preparation. Similarly, Dowex 1-X8 anion-exchange resin (200 - 

400 mesh size, acetate form) was shown to bind any unreacted 

-glutamate on water elution whereas L-["̂ '̂ cj -glutamine 

was not retained by either resin.

The Amberlite resin was prepared by washing six times, 

alternatively, with equal volumes of 0.5 M-NaOH and of 1 M-HCl. 

After the last acid wash the resin was washed with double

distilled water until no free acid remained in the eluate 

and then packed into 0.7cmx5.0 cm columns.

The Dowex resin was prepared from Dowex 1-X8 (200 - 400 

mesh size. Cl form; obtained from Sigma Chemical Co. Ltd., 

London, U.K.) by washing with 1 M-NaOH until silver nitrate 

solution revealed negligible levels of chloride in the eluate 

followed by washing sequentially with twice its volumes of 

IM-acetic acid and with double-distilled water until no free 

acid remained in the eluate. Columns (0.7 cmx3.0 cm) were then 

prepared.

All solutions to be passed through these columns were 

made up using glass double-distilled water.

The columns were used in tandem such that the eluate from 

the upper (Amberlite, H^) columns flowed directly onto the lower 

(Dowex, acetate) columns
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The reaction mixture contained 10 mM L^[u-^^c]-glutamate

(0.8 yCi/ymole); 10 mM ATP; 15 mM magnesium chloride; 4 mM

ammonium chloride; 1 mM 2-mercaptoethanol; crude GS prepared

as described above (100 yg of protein) and 50 mM-imidazole-HCl

buffer (imidazole was obtained from Sigma Chemical Co. Ltd.,

London, U.K.), pH 6.8, in a final volume of 50 yl. The reaction

was started by addition of enzyme and allowed to continue, in

a stoppered tube, at 37°C for 30 min. The reaction was terminated

by addition of ice-cold double-distilled water (1 ml) and the

sample was transferred within 5 min (at O - 4°C) to the upper

(Amberlite, H ) column. The sample was eluted through both

columns with double-distilled water (6 ml) and the eluate was

collected in a scintillation vial. "Tritosol" scintillant (14 ml)

was added and the radioactivity present determined by liquid

scintillation spectrometry. "Tritosol" was prepared as described

in the GABA-T assay method (p. 117). By the use of appropriate

enzyme-free controls data were corrected for the small amounts
14of water-eluted L-["u- cj-glutamate.

(b) Results

L-glutamine synthesis from L-[u-^'^(^-glutamate by rat brain 

27, OOO X g supernatant was assayed using the procedure outlined 

in Methods and Materials. APB was found to have no significant 

effect on this reaction. The results are shown in Table (14).

It was determined that only 13% of -GABA added to the column

appeared in the water eluate.
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Modifications 
to standard 
assay

GS activity 
(nmol/h/mg 
protein)

% of 
control 
rate

ATP absent 5.2 1.6

standard assay 336.4 100.0

ATP absent; A P B , (10 mM) 5.0 1.5

standard APB, (lOmM) 
assay: 326.2 97.0

Table (14) Effects of APB on GS activity (mean of duplicate 

determinations )

(6) L-GLUTAMATE DEHYDROGENASE (GDH)

(a) Methods and Materials

The rate of L-glutamate oxidation to 2-oxoglutarate was 

measured using the method of Olson and Anfinsen (1952) in 

the presence of ADP to fully activate the enzyme (Mildvan and 

Greville, 1962; Tomkins at al., 1965).

The reaction mixture contained 0.2 - 2.0 mM NAD (obtained 

from Sigma Chemical Co. Ltd., London, U.K.); 0.5 - 5.0 mM

L-glutamate; 1 mM ADP (obtained from Sigma Chemical Co. Ltd. , 

London, U.K.); bovine liver GDH (1.0 yg of protein unless other

wise specified; 45 i.u./mg protein (2-oxoglutarate reduction) 

obtained from BDH Chemicals, Poole, Dorset, U.K.) in 0.1 M 

sodium phosphate buffer, pH 8.5 (unless otherwise specified).

The reaction was started by addition of enzyme and allowed to 

proceed at 25°C. The production of NADH was monitored by measuring 

the absorbance at 340 nm using a Pye-Unicam SP8-100 recording
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spectrophotometer (4 cm light-pathlength). Initial rates were 

determined from the progress curves obtained which remained 

linear for at least 1 min and normally for 5 min. The utilisation 

of NAD was always <5% of the total over the period of the assay.

(i) Analysis of Inhibition

In a single-substrate reaction three types of inhibition
)

are likely to occur, competitive, uncompetitive and mixed. 

Consideration of Figure (43) illustrates these. If the inhibitor

(I) is assumed to bind to the enzyme or enzyme-substrate complex

E + S-*----- ► E S ------ ►E + P

K.
1

El ESI

Figure (43) Inhibition of a one-substrate enzyme reaction.

E, enzyme; S, substrate. I, inhibitor; P products

and form in each case an unreactive canplex (dead-end inhibition)

then K. and K.' are dissociation constants for E.I and E.I.S.1 1
respectively. The inhibition illustrated in Figure (43) is 

of the mixed type, competitive and uncompetitive inhibition 

are limiting cases occurring when ' and respectively 

are infinite. If mixed inhibition occurs the rate equation 

obtained is equation (9),

V S
I + I /K. ' '
— --- ■     (9)
Km(l+ I /K^) ^ g

1 + I /K^'
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In order to obtain and ' values from equation (9) 

a combination of two graphical methods may be used. Equation 

(9) may be rearranged as equation (10) (Dixon (1953)). If 

two pairs of substrate concentrations and initial rates are

Km + S 
V S

(Km/Kj + S /Kj') I
V S (10)

used, equation (10) may be obtained in terms of , and v^ and

in terms of S ^ and v^. At the intersection of the lines

obtained by plotting ^  against I (Dixon plots) in both of

these cases, —  = —  . Therefore equation (11) holds true at
^1 ^2

this point of intersection, this may be rearranged as equation

(12) from which it may be seen that at this point of intersection

Km + S + (K /K. + S /k .') I Km+ S _ (Km/K.+ S _/K.')I__________ 1 m 1_______ 1 1_____  =  2 ^_ 1_____ 2 1
V S V S

Km
~V 1 + I = O

(11)

(12)

-K^ must equal I . Thus by measuring initial rates over a 

range of inhibitor concentrations at several substrate concen 

trations a number of such lines (;̂  against I ) may be obtained 

and from their common point of intersection K^ may be obtained. 

Since terras containing K^' cancelled out in this treatment 

it cannot be determined by this method. Furthemore, if K. is 

infinite (as with uncompetitive inhibition) equation (12) does 

not hold true at a finite I value and therefore a series of

—  against I plots will yield parallel lines.
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The second method was developed by Cornish-Bowden (1974), 

if equation (lO) is rearranged as equation (13) and then 

treated in the way described above equation (14) is obtained, 

this is exactly analogous to equation (12).

S _ Km + S , (Kra/K. + S /K. ' ) I _—  _ --------  + 1  1 (13)

^  ( S ^ - S (1 + I /\' )  = O (14)

Thus if a series of S /v against I plots (Cornish-Bowden plots)

are constructed their point of intersection will be when I

is equal to -K.'. This treatment takes no account of K. since 1 1
terms containing K^ are cancelled in the derivation and in 

the case of competitive inhibition, when K^ ' is infinite, the 

intersection will not occur at a finite I value and parallel 

lines are obtained. Thus if both plots yield a group of 

intersecting lines at various substrate concentrations the 

inhibition is mixed. If the Dixon plots yield parallel lines 

the inhibition is uncompetitive and if the S /v against I 

plots are parallel the inhibition is competitive.

In order to apply this treatment to GDH, a two-substrate

enzyme (in the direction of L-glutamate oxidation) one substrate

must be kept fixed. If the fixed substrate is at a saturating

concentration the reaction may be treated as described above.
APPThis treatment differs in that Km and V become Km and

ySPP equation (9) , these parameters are defined in the next

section.
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(11) Calculation of kinetic parameters for L-glutamate oxidation

The oxidation of L-glutamate by GDH may be assumed to 

proceed via a ternary enzyme-substrate complex (Engel and Dalziel, 

1969) as shown in Figure (44)

E + N + G -4---►E.N.G.  ►E + 2-oxoglutamate •+ NADH + NH^

Figure (44) Oxidation of L-glutamate by GDH, via a ternary

complex, (E = enzyme, N = NAD , G = L-glutamate)

The initial rate of L-glutamate oxidation by GDH can therefore 

be defined by equation (15) (assuming the reaction products 

to be insignificant). In equation (15) Km^ and Km*̂  have

• ■ — ------- r - - = - i ----------------K s K m + K m G  + K m N + N  G

V  = initial-rate, V = maximal rate (Vmax)

N = concentration of NAD 

G = concentration of L-glutamate 

Other symbols as defined in text

different meanings depending on the type of ternary complex 

mechanism followed by GDH. The two possibilities are a random- 

order (Figure (45)) and a compulsory-order (Figure (46)) 

mechanism. A third possibility, a compulsory order mechanism

+N ^E.N. +G

C, E.G.
E 2 ---------- ^E.N.G.— ----{►Products + e

•rfro +N
Figure (45). Random-order mechanism

E  4 - - - ►  E N  4 - - - > E N G  - - - - - ^ E + Products
+ N  + G

Figure (46). Compulsory-order mechanism, coenzyme leading,
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with L-glutamate binding first, was found not to apply (Engel

and Dalziel, 1959). If the random-order mechanism is valid the

binding parameters in equation (15)may be defined as follows.
N GKm and Km are the dissociation constants for the dissociation

of NAD and L-glutamate respectively from the ternary complex.
NK is the dissociation constant for the dissociation of the s

+ Genzvme-NAD complex, and K^ is the dissociation constant for

dissociation of the enzyme-L-glutmate complex. K ^ is in

fact defined by the remaining constants:-

N G G NK . Km = K Km (16s s

If the compulsory-order mechanism (Figure (46)) applies

these parameters have a different meaning. K^^ no longer

occurs since by definition an enzyme-L-glutamate complex is 
Nnot formed. K^ represents the dissociation constant for 

the dissociation of the enzyme-NAD complex. Km^ and Km^ 

represent the Michaelis constants for NAD^ and L-glutamate, 

respectively, when L-glutamate and NAD , respectively, are 

at saturating concentrations.

In order to calculate these parameters initial-rate 

determinations were made over a range of NAD^ and L-glutamate 

concentrations. If L-glutamate concentration ( G ) is held 

constant whilst NAD^ concentration ( N ) is varied equation 

(15) may be rearranged as equation (17). This has the form of

the Michaelis Menten equation (equation (18)) and by appropriate
APP + APPgraphical analysis values for Km for NAD and V may be

APP +obtained at each fixed L-glutamate concentration. Km for NAD 
APPand V are defined by equations (19) and (20) and are apparent
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V _  ̂ iT" (17)Ks Km 4- Km G + N 
GKm + G

'  ■ ï ü r f - ,

APP , + N G NKm (for NAD ) = Ks Km + K Gm (19)
Km^ + G

=
GKm + G

(20)

Michaelis constant and apparent maximal rate respectively.

APPThe expression for V (equation (20)) is itself of the

same form as the Michaelis-Menten equation (equation (18)) and
APPtherefore straight-line plots involving V and G may be

constructed and values obtained for V and Km^. By dividing

equation (20)by equation (19), equation (21) is obtained,

this is also of the form of the Michaelis-Menten equation and
Nby appropriate graphical analysis values for V/Km and 

N G NKs Km /Km may be obtained. Thus by use of the two secondary

Km Ks Km + G
GKm

G N Nplots values may be determined for V; Km ; Km ; Ks and, 

fron equation (15), Ks^, although the last parameter is only 

applicable to a random-order mechanism.

This treatment may be repeated with varying concentrations
4"of L-glutamate at a series of fixed NAD concentrations by simply



-135-

rearranging the data. In this case equation (17) is used, as 

before, but N , Krâ  and are exchanged for G , Km^ and 

Ks^ respectively. In the case of a compulsory order mechanism 

Ks*̂  has no meaning and is represented by Ks^.Km^/Km^ (see 

equation (16)). The primary and secondary plots referred to 

above may then be constructed in the same way and values 

once again obtained for the various parameters, in this way the 

precision of the data may be assessed.

In order to determine the kinetic parameters for bovine 

liver GDH two graphical methods were used for primary and 

secondary plots. An equation having the form of the Michaelis- 

Menten equation (equation (18)) may be arranged as equation (22) 

(Hanes, 1932). A plot of S / v against S (Hanes plot) will

then yield a straight line with a slope equal to reciprocal V 

and an ordinate intercept equal to Km/ V.

The second method used is the direct-linear plot, (Eisenthal 

and Cornish-Bowden, 1974). In this case equation (18) is 

rearranged as equation (23). This equation defines a straight

V = V  -t— —  Km (23)

line, having an ordinate intercept v and abcissa intercept,

- S , if V is plotted against Km. If each pair of s and 

V  values is used to generate such a line, and as V and Km have 

the same value for each pair all the lines should meet at one 

point the coordinates of which are ( K m , V). This is illustrated
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in Figure (47). When using real data of course there is a 

scatter of intercepts, the median of which is taken to obtain 

V and Km values (or the mean of the two central values if an 

even number of intersections is obtained). Where the direct- 

linear plot was used the intercepts were obtained using a 

Texas-Instrument SR-52 programmable calculator.

S S S Km

Figura (47). Direct-linear plot, using three observations,

''l ’ ® 2' ''2 ® 3' '̂ 3

(b) RESULTS

(i) Effects of APB

Initial-rate determinations of GDH activity were made at 

fixed NAD and L-glutamate concentrations of 1.8 mM and 5.0 mM 

respectively using the assay method described in Methods and 

Materials (p. 128). The effects of APB, at various concentrations, 

as an inhibitor and as a substrate were assessed at pH 8.5 and



-137-

pH 7.0. The results of this study are shown in Table (15).

A more detailed study of the inhibition of GDH by APB was then 

undertaken. Using the same method initial-rates were determined 

at pH 8.5, over a range of substrate and inhibitor concentrations. 

Figures (48) and (49) show Dixon and Cornish-Bowden plots 

( S /v against I ) as described in Methods and Materials 

(p. 12 9) prepared at a fixed NAD concentration of 2.0 mM. 

L-glutamate and APB concentrations were varied between 0.5 

and 5.0 mM and between 2.9 and 14.4 mM, respectively. Figures 

(50) and (51) show similar plots constructed from data obtained 

at a fixed L-glutamate concentration of 5.0 mM with NAD and APB 

concentrations varied between 0.2 and 2.0 mM and between 2.0 

and 10.0 mM respectively. The data from which these plots 

were constructed is shown in Tables (25) and (26) in the Appendix

(ii) Determination of kinetic constants for GDH

Using the standard assay (Methods and Materials, p. 128) 

initial rates of L-glutamate oxidation by GHD were determined at 

all concentrations of five L-glutamate and five NAd "*" concentrations, 

These ranged between 0.5 and 5.0 mM for L-glutamate and between 

0.30 and 1.8 mM for NAD . The data were analysed as described 

in Methods and Materials (p. 132).

A P P  A P PTable (16) shows Km and V values derived from primary 

direct-linear plots. The plots are not shown, the data used 

are shown in Table (27) in the Appendix. Primary Hanes plots 

( S /v against S ) are shown in Figures (52) and (53) and 

the data used to compile these figures are shown in Table (27)
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pH

Concentrations of APB
and L-glutamate

APB L-glutamate 
(mM) (mM)

Activity

(OD/min/mg
protein)

%

Inhibition

7.0 0 5.0 0.123 0

10.0 0 0 100

46.0 0 0 100

10.0 5.0 0.068 45

36.0 5.0 0.019 85

8.5 0 5.0 0.558 0

10.0 0 0 lOO

46.0 0 0 100

10.0 5.0 0.231 59

36.0 5.0 0.051 91

Table (15) Effect of APB and pH on GDH activity. (means

from one duplicate determination NAD concentration 

fixed at 1.8 mM, using the standard assay conditions)



0.5 mM (SE=11.28)150.0

l.OmM (SE=3.45)

100.0 _

2.5mM (SE=1.17)

3.5 mM(SE=0.79)•H
50.0•H

5.0mM (SE=0.22)

-5.0 15.05.0 10.0O

APB concentration (mM)

Figure (48). Dixon plots at varied L-glutamate concentration 

(as shown) and fixed NAD concentration (2.0 mM) 

Lines were fitted using linear regression 

analysis and the standard errors of the lines 

are shown in parentheses.



5.0 mM (SE=1.09)
150.0 3.5 mM(SE = 2.77)

2.5 mM(SE=2.93

1.0 mM(SE=3.45)

•H
0.5 mM 

(SE=5.64

§ 50-0

5.0 10.0

APB concentration (mM)

Figure (49). Cornish-Bowden plots at varied L-glutamate concentration 

(as shown) and fixed NAd "*" concentration (2. OmM) .

Lines were fitted using linear regression analysis 

and the standard errors of the lines are shown in 

parenthesis.



150.0 —
(0.2 mM, SE=4.97

100.0 —

(0.4 mM,SE=3.05)

•H
■H

50.0“ l.OmM, SE=2.75

1.5mM,SE=2.07

2.OmM, SE=1.45

-2.5 2.5 5.0 7.5O

APB concentration (mM)

Figure (50). Dixon plots at varied NAD concentration (as

shown) and fixed L-glutamate concentration (5.0 mM) 

Lines were fitted using linear regression 

analysis and the standard errors of the lines 

are shown in parentheses.



80.0

2.0 mM)SE=2.89)

70.0 —

l.SmM (SE=3.09)

60.0 —

l.OraM (SE=2.74)

Q 50.0 —

•H

0.4mM (SE=1.23)40,0

0.2mM (SE=1.00)
H 30.0 —
M

H 20.0 —

10.05.0

APB concentration (mM)

Figure (51). Cornish-Bowden plots at varied NAD concentration (as 

shown) and fixed L-glutamate concentration (5.0mM). 

Lines were fitted using linear regression analysis 

and the standard errors of the lines are shown in 

parentheses.
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APP APPin the Appendix. The Km and V values derived frcxn Figures 

(52) and (53) are shown in Table (17).

Secondary direct-linear plots are shown in Figures (54) 

to (57) and secondary Hanes plots in Figures (58) and (59).

The values obtained for the kinetic parameters described 

in Methods and Materials (p. 132) are shown in Table (18).

Where two values have been obtained using similar plots at 

fixed NAD^ and at fixed L-glutamate concentrations the mean 

is shown.
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Fixed
Substrate

Fixed
Substrate
concentration

(mM)

yAPP

(OD/min)
RmAPP
(mM)

n a d "*" 1.80 0.0595 0.852

1.35 0.0589 1.169

1.05 0.0523 1.210

0.60 0.0410 1.295

0.30 0.0317 1.905

L-Glutamate 5.0 0.0666 0.550

4.0 0.0731 0.690

2.5 0.0630 0.760

1.0 0.0501 1.085

0.5 0. 0403 1.480

APP APPTable (16) Km and V values derived from primary direct 

linear plots (not shown,the data used are shown 

in Table (27) of the Appendix )
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(as shown). Lines fitted using linear regression 

analysis, correlation coefficients > 0.980.



-141-

Fixed Fixed
Substrate

y A P P

Substrate Concentration
(mM) (OD/min) (mM)

NAD 1 . 8 0 0 . 0 6 2 0.946

1.35 0.059 1.150

1.05 0.046 0.980

0 . 6 0 0.041 1.240

0.30 0 . 0 3 2 1 . 9 1 0

L-Glutamate 5.00 0.070 0.670

3.75 0.069 0 . 7 5 0

2.50 0 . 0 6 3 0 . 7 9 4

1 . 0 0 0 . 0 4 8 1 . 0 6 0

0.50 0.041 1.480

APP APPTable (17) Km and V values derived from Primary Hanes

plots, (Figures (52) and (53)).
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Parameter Method of Analysis
Hanes Plots Direct-Linear Plots

- 1V, (OD.min 0.078 0.074
NKm , (mM) 0.52 0.40

Km^, (mM) 0.55 0.53
NK^ , (mivi) 2 . 2 0 2.29

K^^, (mM) 2 . 2 2 2.91

Table (18). Kinetic Parameters derived from Figures (54) 

to (59), where parameters were obtained from 

both fixed NAD and fixed L-glutamate 

analyses, the mean is shown.
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The roles of GABA and L-glutamate in the mammalian central 

nervous system are far from fully elucidated, and one way of 

gaining a more complete understanding is by using substances 

having a potent, specific, effect on the various systems in

volved. There is however a general lack of such substances and 

many of the antagonists or agonists of amino-acid neurotrans

mission, such as bicuculline, for example, are complex 

substances which exert a variety of effects. There is therefore 

a need for analogues of L-glutamate and GABA having well defined 

effects on systems utilising these amino-acids. Such analogues 

may prove useful in elucidating more fully the roles of GABA 

and L-glutamate in nervous tissue. As was outlined in the 

Introduction (p. 80), phosphonic acid analogues of L— glutamic 

acid and GABA have been shown to mimic these amino-acids 

quite successfully in electrophysiological experiments on 

mammalian brain (Bioulac et al,, 1979) and invertebrate muscle 

(Clements and May, 1974; McDonald and O ’Brien, 1972; Cull- 

Candy et ai., 1976; Dudel, 1977). Furthermore, binding 

studies indicate that APB is a potent inhibitor of L-glutamate 

binding to post-synaptic receptor sites of mammalian brain (Foster 

and Roberts, 1978) and locust neuromuscular junction (Cull-Candy 

et ai., 1976). The aim of this thesis is to evaluate the 

biochemical effects of APP and APB on systems utilising GABA 

and L-glutamate, respectively, in mammalian brain. However, 

before embarking on this course of research a preliminary study 

of the effects of APP and APB in vivo was undertaken. The results 

of this study (p. 97) are consistent with those of the electro- 

physiological and binding investigations referred to above, 

namely, that APP and APB are potent agonists of GABA and L-glutamate
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respectively. However, by its very nature this experiment does 

not allow any more detailed conclusions to be drawn, as the 

activity of a substance in vivo is determined by the sum of 

its interactions with the post-synaptic membrane, with uptake 

systems and with enzyme activities. Thus, this experiment 

serves primarily as a rationale for carrying out a detailed 

investigation, in vitro, of the interactions between APP and 

APB and the various GABA and L-glutamate dependent mechanisms 

present in brain.

(A) Determination of pKa values for APP and APB

Before undertaking any assessment of the effects of APP 

and APB on GABA- and 1-glutamate-dependent systems in vitro 

it was considered important to know the ionisation state of 

these compounds at any particular pH. pKa determinations 

were therefore carried out (see p. 96). Table (19) shows the 

pKa values obtained compared to values quoted for GABA and L- 

glutamate, (Perrin, 1965). As may be seen from Table (19) APP 

and APB only differ significantly from the natural amino-acids 

in the pKa value of the second phosphonic acid ionisation 

compared to the carboxyl ionisation. Thus at physiological 

pH values the phosphonate amino-acids are a mixture of mono- 

and dianionic species, the first phosphonate proton being lost 

at very low pH (< pH 3.0), whereas the natural amino-acids 

are almost exclusively monoanionic. The exact proportion may 

be calculated from the Hendersen-Hasselbach equation:-

pH = pKa + log ( A  / HA ) 

where A and HA are the concentrations of ionised and unionised
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species respectively. Table (20) shows the predicted percentage 

of ionised species present over the pH range relevant to this 

thesis.

(B) STUDIES ON THE BINDING OF [^01-GABA BY RAT BRAIN SYNAPTIC

MEMBRANES

The fractionation technique used to prepare synaptic 

membranes was developed by Rodriguez De Lores Arnaiz et al. (1967) 

and the subtractions produced were extensively characterised 

by them with respect to their appearance under the electron micro

scope and to their enzymic activities. Furthermore, this procedure 

has been widely used in our department (Wise, 1980) and it was 

not considered necessary to repeat this characterisation of 

the subfractions in ietail. However, to provide some check on 

the method, the distribution of acetylcholinesterase activity 

and of protein was determined for a typical preparation, (see 

p. 107). Previous study has shown acetylcholinesterase 

activity to be predominantly associated with synaptic membranes 

(Rodriguez De Lores Arnaiz, 1964) and the data shown in Table 

(9) for the distribution of this enzyme validate the use of 

subfraction Ml (1.2) as a synaptic membrane preparation.

(.1 ) Types of Binding Measured

In Methods and Materials (p. 101) specific binding was 

defined as binding to sites whose is lower than or comparable 

to the concentration of ligand present. Non-specific binding 

on the other hand was defined as binding to sites whose 

is considerably higher than the highest concentration of GABA
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pH
APP or APB

-PO3 --

IONISED SPECIES (%) 
GABA
-coo"

DL-GLUTAMATE 
-coo" (y)

6 .0 9 98.9 98.3

6.5 33 99.7 99.5

7.0 61 99.9 99.8

7.5 83 100.0 99.9

8 . 0 94 100.0 100.0

Table (20) Percentage of phosphonate dianion and corresponding 

carboxylate monoanion present in solutions of 

APB, APP, GABA and L-glutamate

used. Thus the for specific binding is assumed to be in 

the nanomolar-micromolar range and that for non-specific 

binding to be in the high millimolar or molar range. Some 

consideration must be given to what kind of binding site these 

terms encompass. According to the definitions given above 

specific binding can only include binding to a post-synaptic 

receptor and possibly to some component of the high affinity 

uptake system (although the latter is probably a sodium 

dependent process and may be eliminated by the use of sodium 

free media, see Introduction, p.37). It is unlikely that 

binding of GABA to the only significant GABA metabolising 

enzyme (GABA-T) would be included in specific binding to any
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large extent as the Km for GABA is in the millimolar range,
APPSytinsky and Vasilijev (1970) quote a Km value of 4.5 mM.

It is however, possible that such binding could be included to 

some degree in both specific and non-specific binding in 

that some binding to GABA-T would be displaced by 100 yM GABA. 

In addition the existence of other kinds of receptor, e.g. pre- 

synaptic receptors cannot be ruled out.

Non-specific binding on the other hand must be assumed to 

include binding to subcellular components and apparatus (such 

as glassware and glass-fibre filters) by hydrogen bonding 

and by physical occlusion. The latter would include labelled 

GABA not washed out of the filter disc for example. However, 

it cannot be assumed that such processes are self-evidently 

non-specific. Talc for example is capable of binding insulin 

with a K^ in the nanomolar range (Cuatrecasas and Hollenberg, 

1975) and this would certainly be considered specific binding 

in the context of the assay used here.

(2) Analysis of the Saturation Characteristics of Binding

In order to ascertain whether the binding measured using

the standard assay was in fact to a post-synaptic receptor,

analysis of the relationship of binding to GABA concentration

was undertaken. Scatchard analysis of the specific binding

data, (Figures (25) and (29)) derived fran the use of both

the "unlabelled-GABA excess" and the graphical methods of

non-specific binding estimation, revealed only one population

of binding sites. Table (21) compares the K and B values^ D max
derived from these analyses with the means of values quoted in
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the literature for mammalian systems where one or two populations 

of binding site were evident. The values reported in this 

study are in close agreement with the mean value for single

population systems, as are the values for The possible

explanations for the detection of only one, as opposed to two, 

binding site populations has been discussed already in the 

Introduction (p. 9). Recapitulating briefly, two reasons 

were proposed: firstly, that the specific activity of the label

used might be too low to detect high-affinity binding and secondly, 

that the presence of an endogenous inhibitor of GABA binding 

might make high affinity binding undetectable. Greenlee et al. 

(1978a) reported that the high-affinity binding site was not 

detectable using label at a specific activity of 12.6 yCi/nmol 

but was detectable at 54 yCi/nmol. As the specific activity 

of label used in this study was below the lower value it seems 

that this is likely to be a contributory factor. However, 

the data indicate a single population of binding sites, but, 

in common with other studies showing a single population, a 

somewhat higher than the mean of those for low-affinity 

sites when two sites were found (Table (21)). This raises 

again the question of the endogenous inhibitor mentioned above, 

as such an inhibitor might not only mask a site but might also 

distort the saturation curve such that the second, low-affinity 

site shows an anomalously high K^. It was noted by Greenlee 

et al. (1978a) that the concentration of the endogenous 

inhibitor varied not only with incubation time before assaying 

binding, but, also between preparations. These observations 

were confirmed in this study. Most preparations of synaptic 

membranes showed no significant decrease in binding over the 

period of the binding assay, but the levels of binding varied
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Data Source ^D ^max
(yM) (ymol/mg protein

Figure (31), unlabelled 
GABA excess method

Figure (34), graphical 
method

0.375 2.01

0.360 1 . 8 8

Table (2). Mean values
from studies detecting one 0.300 2.12
site population

Table (2). Mean values for 
Low-Affinity site from 
studies detecting two site 
populations

Table (2). Mean values for 
high-affinity site from 
studies reporting two site 
populations

0.158 2.80

0.017 0.76

Table (21) Summary of K and B values quoted in ------------------ D max
literature and values obtained in this study
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between preparations quite considerably and in order to obtain 

the saturation data shown some repetition was necessary. The 

apparent absence of a time-dependent decay in binding capacity 

in these preparations is probably attributable to reduced rate 

of release of occluded inhibitor rather than to its absence.

In certain preparations the binding capacity was observed to 

decrease quite rapidly with time and the phenomenon was 

quantified in one such preparation (see p. 110). As may be 

seen from Figure (30) the decay of binding was limited to 

specific binding and was reversed by resuspension in fresh 

buffer. Furthermore, extensive washing prevented its occurrence. 

These findings are in complete agreement with those of Greenlee 

et al. (1978a).

To summarise, one population of GABA binding site was

detected in this study. The B and K for GABA bindingmax D
correspond closely with values quoted for similar studies.

It is possible that a second, higher-affinity binding site, if 

present, remained undetected primarily because of the relatively 

low specific activity of the [^nJ-GABA used. The presence, to 

a variable degree, of an endogenous inhibitor of GABA binding 

was observed. This may account for the small disparity 

between the mean value obtained for the low-affinity site 

from studies showing two populations of binding sites on the 

one hand and the reported in this study (and in others showing 

only a single class of binding sites) on the other.

The physiological role of the binding site detected here 

must be considered. This was discussed with respect to other
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studies, in a previous section (Introduction, p. 9), where it 

was concluded that the lower-affinity GABA binding site, corres

ponding to that detected here probably represents the post- 

synaptic GABA receptor. This conclusion was drawn on the basis 

of its tissue and pharmacological specificity and on various 

thermodynamic grounds. As the binding reported in this study 

corresponds thermodynamically it may be regarded as equally 

probable that it too represents the post-synaptic GABA receptor,

(3) Comparison of Non-Specific Binding Estimation Methods

The values obtained for K and B by using the "unlabelledD max
GABA excess" and the graphical methods (see Methods and Materials, 

p. lOl) are very similar as may be seen from Table (21). This 

is hardly surprising when one considers that they are based 

on the same assumptions, namely that the for non-specific 

binding is so high that at the concentrations of GABA used 

non-specific binding is directly proportional to GABA concen

tration. Thus the differences between the two methods are in 

the practicalities of their use.The graphical method has the 

advantage that it requires only one measurement at any given 

concentration of GABA. This means that in an experimental 

situation more data points may be obtained and a more precise 

estimate of total binding may be gained. Furthermore, the 

graphical method does not necessitate the subtraction of 

individual data points from each other but rather of fitted 

lines, and is consequently statistically more sound. Whereas 

the graphical method has advantages in the context of 

experiments where concentration is varied, such as in the
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determination of values, it suffers from the disadvantage 

of being inapplicable to determinations at a single concentration. 

In this case, clearly, the unlabelled ligand excess method is 

preferable.

(4) Assessment of Inhibition by APP of Binding of GABA 

In order to assess the potency of APP in displacing 

pQ-GABA binding a semi-logarithmic plot of specific binding 

against log. (APP concentration)v;as constructed, (see p.Ill) .

It may be assumed that even at its highest concentration (0.1 M) 

APP will have no effect on non-specific binding. The IC^^ 

(inhibitor concentration giving 50% inhibition) obtained from 

this treatment was 7.08 mM. This value may be used to estimate 

a K. value (the dissociation constant for the APP-receptor 

complex) from the expression:

IC
K. = — ------  (Cheng and Prussoff,
^ 1 + 1973)

where is the concentration of -GABA (0.40 yM) and is

the dissociation constant for GABA binding (0.368 yM, mean of 

values derived from the Scatchard analyses shown in Figures 

(26) an d (29)). From this expression we obtain = 3.39 îM- 

This value is an approximation to and in order to calculate 

an accurate value Dixon plots (as described for inhibition 

by APB of GDH, see p. 129) would be necessary. However, it 

is sufficiently accurate to assess the potential of APP as an 

inhibitor in the present context. This figure indicates that 

APP has a relatively weak interaction with the post-synaptic 

GABA receptor, being approximately 10,000 times higher than
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the K for GABA. It is interesting to note that the IC^ value D 50
is some 275 times higher than the quoted for APB's dis

placement of L-[ hJ - glutamate from rat cerebellar membranes 

(25.6 yM; Foster and Roberts, 1978). No specific conclusion 

can be drawn from this difference other than that it suggests 

differences between L-glutamate and GABA in the nature of their 

interaction with their respective receptors.

(C) STUDIES ON THE UPTAKE OF RADIOLABELLED GABA AND L GLUTAMATE 

BY RAT BRAIN SYNAPTOSOMES

(1) [2,3-^H]-GABA Uptake

In order to validate the assay technique used à series of 

preliminary experiments was carried out. The time course of 

uptake (see Figure (32)) indicates that the use of a one-minute 

incubation period allows the measurement of a truly initial- 

rate. This experiment also indicates that binding to post-synaptic 

receptor sites is not significant, as the concentration of 

such sites approximate to 2 ^moles/mg protein (see Table 10) 

whereas incubation for one minute led to uptake of about 

2nmoles/mg protein in this experiment. The sensitivity of

the assay to various conditions was also assessed (see Figure 

(33)). The most significant of these was the use of sodium- 

free media, which shows that the process is almost completely 

sodium dependent consistent with its representing high-affinity 

uptake. The relatively incomplete effects of freeze-thaw 

and hypo-osmotic shock procedures may be interpreted as resulting 

from resealing of membrane vesicles, as both were assayed in 

isotonic buffer in the same way as other samples. Reduction of
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the incubation temperature to O - 4°C also failed to abolish 

uptake completely. This is not altogether surprising, as uptake 

is not directly dependent on metabolism, provided that the 

sodium gradient is present. The effect of low temperature in 

this case may be attributed to three things: firstly, some small

decay of the sodium gradient owing to an inhibition of the sodium- 

potassium ATPase, secondly, a reduction in the rate of uptake 

because of the influence of temperature on the thermodynamics 

of the process and thirdly, a decrease in the membrane fluidity 

and therefore in the rate of translocation itself.

Having established that the assay method did indeed 

measure high-affinity uptake of GABA the effect of APP was 

assessed. As may be seen from Figure (33) APP at a concentration 

of 2.0 mM had no significant effect on uptake of 50 yM or 

5 yM [2 ,3-^1^-GABA. Thus it is apparent that APP neither binds 

to the uptake system nor is it taken up. This is unlikely to 

be purely a function of higher charge of APP relative to GABA 

(at pH 7.4, APP is 80% dianionic) because even though only 

20% of the APP present has the same charge as GABA, the con

centration of APP was so far in excess of that of GABA that 

some effect would be predicted. It seems therefore that the 

observed differences in behaviour of APP and GABA result from 

other factors, such as structural and size differences.

[• 14 nU- -glutamate Uptake

The experimental techniques and approach used to examine 

L-glutamate uptake were the same as those discussed above for
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[ 14 "1U-

glutamate uptake (see Figure (34)) shows that initial rates 

were being measured using a one minute incubation time and the 

complete dependence of uptake on sodium (see Figure (35)) 

indicates that only high-affinity uptake was significant in 

the assay. As with GABA, subjecting the synaptosomal preparation 

to a series of freeze-thaw cycles had a minimal effect on the 

uptake of GABA indicating that the membranes resealed rapidly 

after treatment. Hypo-osmotic shock on the other hand was 

completely effective in abolishing uptake in this experiment, 

contrasting with the effect of similar treatment on GABA uptake. 

This difference is probably attributable to variation between 

preparations causing varying degrees of fragility. The uptake 

of L-glutamate was also more sensitive to temperature than was . 

GABA uptake, suggesting L-glutamate uptake to be more dependent 

on the factors mentioned in the discussion of GABA uptake, namely, 

metabolic energy, thermodynamic considerations and membrane 

fluidity.

As with GABA the phosphonate analogue of L-glutamate had 

no significant effect on uptake of L-glutamate and must there

fore be assumed not to bind to the uptake system, this is 

consistent with the work of Balcar and Johnston (1972) 

although not with that of Vincent and McGeer (1980) (see 

Introduction, p. 80)
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(D) STUDIES ON PYRIDOXAL-5'PHOSPHATE (PLP) DEPENDENT ENZYMES 

Four PLP-dependent enzyme activities were studied, namely 

GOT and GPT (a-amino acid transaminases acting on L-glutamate); 

GABA-T (a y-amino acid transaminase acting on GABA) and GAD 

(catalysing a-decarboxylation of L-glutamate). The generally 

accepted mechanisms for PLP dependent transamination and 

decarboxylation are shown in Figure (60).

14The discontinuous CO^ trapping assay for GAD activity
14was validated by examination of the dependence of CO^ 

evolution on time and protein concentration, both of which 

relationships were linear within the limits of the assay, (see 

Figures (36) and (37). The possibility of contamination by 

mitochondrial components was precluded by the use of a high

speed supernatant (see p. 115). Such contamination could 
14yield CO^ by the action of GDH and 2-oxoglutarate dehydrogenase,

APB was found to inhibit GAD activity significantly (see 

p. II6). This contrasts with the report of Wu and Roberts 

(1974) who found no such inhibition. The inhibition was however 

confirmed over a range of APB concentrations (Figure (38)) 

and amounted to around 25% at 10 mM APB. The possibility of 

substrate activity of APB could not be investigated because 

of the lack of availability of radiolabelled analogue and the 

inhibition was not further investigated because of the obviously 

low potency of APB as an inhibitor in this system.

The assay for GABA-T activity (see p. 117) revealed that 

GABA-dependent production of radiolabelled 2-oxoglutarate 

from radiolabelled L-glutamate was reduced by approximately



Figure (60). Mechanisms of PLP dependent transamination and 

decarboxylation. Steps I, II and III are 

common to both mechanisms. Decarboxylation of 

the Schiff's base formed (initiated by the 

broken arrows) proceeds via steps IV and V and 

is followed by regeneration of PLP and 

release of RCH^NH^ by the reverse of steps 

I, II and III. Transamination occurs via 

steps VI and VII followed by hydrolysis 

to release the appropriate keto-acid and 

form the pyridoxamine form of the enzyme.
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on addition of 25 mM-APP (see Table (11)). Furthermore, in 

the presence of 25 mM-APP, but in the absence of GABA, the rate 

of transamination was some 17% of the GABA dependent rate.

This suggests that APP inhibits GABA-T activity by acting as 

a poor substrate for transamination contrasting with the report 

by Schousboe and Roberts (1974) that APP had no effect on 

this enzyme's activity, although these workers used APP at 

a lower concentration (5 mM) . Further characterisation of 

this inhibition was not carried out as partial, or hyperbolic, 

inhibition kinetics would have been obtained and determination 

of true values would not have been feasible. An analysis 

of the behaviour of APP as a substrate would have been possible 

but as it is a very poor substrate would not have been practical

Studies on GOT and GPT (see p.120 and 121) showed that 

APB had no effect on GOT activity (see Table (12)) but 

whereas it was not a substrate for GPT it weakly inhibited 

transamination by this enzyme (see Table (13) and Figures 

(41) and (42).

The results obtained for PLP-dependent enzyme activities 

are summarised in Table (22).

The active site of these four enzymes may be envisaged 

as having a PLP binding site in which region the covalent 

bonding between substrate and PLP occurs (see Figure (60)) 

Adjacent to this region would be a region responsible for 

recognition of the non-reacting end of the substrate molecule, 

this latter region would confer substrate specificity. Such a



-159-

model is represented schematically in Figure (51) using L- 

glutamate as an example . The PLP binding region, responsible 

for the catalytic activity would not be expected to distinguish 

between APP or APB and the natural substrate as the structural 

variations are at the opposite end of the substrate molecule, 

separated from the reaction with PLP by several methylene groups, 

The activity of the phosphonate analogue would therefore be 

determined by its interaction with the substrate recognition 

area of the active site. The differences in inhibitor activity 

can only be explained by differences between enzymes in respect 

of this region. These variations would mean that the differences 

in charge, bond-angle and size between the phosphonate and 

carboxylate groups might be tolerated by one enzyme, but not 

by another. Once bound,one might expect the phosphonate to 

be a substrate. APP binds strongly to GABA-T but is only a 

weak substrate however, this may be attributed to variations 

in the overall conformation of the APP molecule as compared 

to the GABA molecule, such that once bound,the amino-group 

can no longer interact properly with enzyme-bound PLP. 

Alternatively, the phosphonate may bind to the wrong place 

in the active site, again causing a failure of the amino- 

group to align with PLP correctly.
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ENZYME
INHIBITION

by
PHOSPHONATE

SUBSTRATE 
ACTIVITY OF 
PHOSPHONATE

GAD Weak Not determined

GABA-T Potent Weak

GOT None None

GPT Very weak None

Table (22) Effects of Phosphonate analogues on PLP 

dependent enzyme activities.
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Figure (61.) Schematic representation of L-glutamate 

binding to the active site of a PLP 

dependent enzyme.
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(E) THE EFFECT OF APB ON L-GLUTAMINBcSYNTHETASE (GS)

Table (14) on p. 128 shows the effect of APB on the 

production of L-jjU- -glutamine from L - - g l u t a m a t e .  As 

may be seen from Table (14) APB has an insignificant effect both 

on the blank rate (measured in the absence of ATP) and on GS 

activity (ATP dependent L-glutamine formation). APB would 

certainly not be expected to be a good substrate for GS as 

the amidated carboxyl group is the one replaced by a phosphonate 

group in APB. From a consideration of the generally accepted 

mechanism of L-glutamine synthesis by GS (Figure (12), p.70 ) 

one might predict that APB would act as a dead-end inhibitor.

On binding of L-glutamate to the active site it is converted 

to y-glutamyl phosphate and APB might reasonably be supposed 

to undergo a similar phosphorylation. However, as with several 

of the systems discussed so far it seems that the phosphonate 

does not resemble the carboxylate closely enqugh to allow binding,
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(F) L-GLUTAMATE DEHYDROGENASE

The results of the preliminary study (Table 15,; p.138) 

indicate that APB is a potent inhibitor of GDH activity. 

Furthermore, it has no substrate activity and may therefore be 

classed as a dead-end inhibitor. In the light of this a further, 

kinetic investigation was undertaken into theenàture of 

the inhibition. The approach taken was to fix the concentration 

of one substrate and to vary that of the other over five con

centrations of APB. In this case the enzyme may be treated 

as a single substrate enzyme obeying the rate equation:-

^APP S
V = APPKm +S

(24)

APP APPwhere V and Km are terras including the fixed substrate • 

concentration and various constants (as defined previously, p. 

132) and S is the concentration of the varied substrate. A 

number @finhibition mechanisms are possible and in order to 

determine which of these fitted the observed inhibition chara

cteristics, inhibited rate equations were derived for each 

possibility. When these are rearranged into the form above 

it can be shown that the form of inhibition may be diagnosed

from the behaviour of Dixon and Cornish-Bowden plots. Thus,
APPa factor of (1 + l/K_) in the numerator of the Km term

would yield competitive inhibition giving rise to intersections

on a Dixon plot and parallel lines on a Cornish-Bowden plot.
APPA factor of (1 + l/K_) in the denominator of both V and 

APPKm terms denotes uncompetitive inhibition which would yield 

the reverse effects, in Dixon and Cornish-Bowden plots, to 

those described above. If both of the cases described above 

apply (mixed inhibition) then both plots would yield groups of



-163-

intersecting lines. Intersections on Dixon plots give the
APP APP ', and intersections on Cornish-Bowden plots the K.

parameters shown in:
vAPP

1 +

This represents mixed inhibition; competitive and uncompetitive
APP 'inhibition may be regarded as extreme cases where and

APP , respectively, are infinite. This treatment is discussed 

in more detail on p. 129.

It is apparent that the patterns of inhibition obtained 
+with NAD as fixed substrate and with L-glutamate as fixed

substrate are similar (Figures (48) and (49) and Figures (50)

and (51), see p. 136 ) . Figure (62) shows the possible inhibition

mechanisms and rate equations resulting frcm a compulsory

order mechanism with NAD leading or a rapid-equilibrium randorar

order mechanism (GDH has been previously shown to obey one

or other of these, see Introduction, p. 60) . It may be seen

from Figure (62) that when these rate equations are rearranged

into the form of equation (24) for fixed NAD^ and for fixed

L-glutamate concentration only three mechanisms yield similar,

mixed, inhibition patterns for both cases, namely mechanisms

(III), (VI) and (VIII). The relationship between the true

and the apparent may be obtained by dividing the 
APPinhibited Km expression by the uninhibited expression, or

APPby dividing the ununhibited V expression by the inhibited
APP APPexpression. The expressions for Km and V in the absence 

of inhibition are those given previously (see p. 132) and the



Figure (62). Potential mechanisms for Inhbition of GDH by APB

and appropriate inhibited-rate equations. I to III

represent inhibition of a compulsory-order mechanism

(coenzyme leading) and IV to VIII represent inhibition

of a random-order, rapid-equilibrium, mechanism.

Rate-equations are shown in standard form and in 
APP APPV , Km form for fixed L-glutamate concentration

and for fixed NAD concentration. In the reaction
+mechanisms E, N, G and I represent enzyme, NAD , 

L-glutamste and APB respectively and in the rate 

equations these symbols represent the concentrations 

of the appropriate species. K_ 1, 2 and 3 represent 

the dissociation constants for the various enzyme- 

APB complexes, the numerals 1, 2 and 3 have no 

mechanistic significance. The other symbols are 

used as defined previously (p. 132)•



(I)
EN- ENI

E

ENG

Rate equation

N G IKs Km Km
NG ~ir

Km 14- —  4-1

VN
NKm 4- N

Ks^Km^ 4- Km^(l4-I/K^)N
NKm 4- N

4- G

VG
Km (14-l/K.) 4- G

N G NKS Km 4- Km G
Km^(l+I/K^) 4- G

4- N



(II) EN

E
ENG

K

El

Rate equation:

VN

Ks^Km*^ (1+l/K^) + KM*^N

NKm (1+l/Ki) + N
+ G

VG
GKm + G

Ks^Km^(1+l/K^) + Km^G(L+l/K^)
GKm + G

+ N



(Ill) K. 21
EN-

1

El

ENG

ENI

Rate equation:

V

(l+I/K.l) + ^ ( 1 + I / K . l )  + Ï^(l+1/K.2) + 1 NL, 1 N 1 G 1

VN
Kra^(l+I/K.l) + N

Ks^Km*^ (1+l/K^l) + Km^(l+I/K_2)N
+ G

VG
Km (1+I/K^2) + G

Ks^Km^ (1+l/K^l) + Km^(l+I/K_1)G

Km (1+I/K^2) + G
+ N



(IV)

Rate equation:

EN. ENI

E- ENG

V  = N G Ks Km
NG

Km Km (1+l/K^) + 1

VN
NKm + N

Ks^Km*^ + Km^(H-l/K^)N
NKm t N

+ G

VG
Km (1+l/K^) + G

N G NKs Km + Km G
Km^(l+I/K^) + G

+ N

(The mechanism whereby I binds to EG to form EGI yields 

the converse to this equation).



(V)

Rate equation:

ENG

K EG1

El

V
N G N C

+ 1

VN
NKm + N

Ks^Km^(l+l/K_) + KM^N 
NKm + N

+ G

VG
GKm + G

Ks^Km*^ (1+l/K. ) + K m \
GKm + G

+ N



K. 1
(VI)

1
EN ENI

E' ENG

EG' EGI
K.2

Rate equation:

V

VN
NKm (1+l/K.1) + N

Ks^Km^ + Km^(l+I/K^2)N
+ G

VG
Km (1+I/K^2) + G

Ks^Km^ + Km^(l+I/K^1)G
+ N

Km (1+I/K.2) + G



K.2

(VII) ENIEN

ENG
11

EG'El

Rate equation:

V

^ 2 ^ -  (l+I/K.l) + ^  + ^ ( l + I / K . 2 )  + 1 NG 1 N G 1

VN
NKm + N

Ks^Km^(l+l/K^l) + Km^(l+I/K^2)N
NKm + N

+ G

VG
Km (1+I/K_2| + G

Ks^Km^(l+l/K_l) + Km^G
+ N

Km (1+I/K^2) + G



(VIII) K.2
EN- ■ENI

;n g
K.l

X

El EG EGI

Rate equation:

V
Ks^Km*^ (1+l/K^l) + Km^ (l+l/K_3) + Km*̂  (1+I/K^2) + 1
NG N

VN
Km (1+I/K_3) + N

Ks^Km^(l+l/K^l) + KM^(1+I/K_2)N

Km^(l+I/K^3) + N
+ G

VG
Km (1+I/K^2) + G

K s ^ K m ^  ( l + l / K ^ l )  + Km^(l+I/K_3)G

Km (1+I/K_2) + G
+ N
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corresponding expressions in the presence of inhibitor are those

obtained in Figure (62). This treatment was carried out and the
APP APPresulting factors for the modification of V and Km using

fixed NAD^ or L-glutamate concentration are shown in Figures

(63), (64) and (65) for mechanisms (III) , (VI) and (VIII)
APPrespectively. The K^ values derived fromuDixon plots

APP '(Figures (48) and (50)) and the K^ values from Cornish-

Bowden plots (Figures (49) and (51)) are shown in Table (23).

These values were calculated mathematically from the equations

of the regression lines shown in Figures (48) to (51). In

order to calculate accurate true K^ values for the inhibition

by APB further kinetic analysis would be necessary, activity

would have to be measured over a concentration range for the
APP APP 'fixed substrates generating a series of K^ and K^ values

such as those shown in Table (23). The true K^ values could then

be derived graphically by rearranging the expressions shown in

Figures (63 - (65) into a form yielding a linear relationship 
APP APP'between K^ or K. and I, the inhibitor concentration.

However, these expressions may be used to obtain estimated

values for the true K_'s. In order to do this values for the

various kinetic constants for substrate binding to enzyme are

necessary. These were calculated and are shown in Table (18).

(see p. 142), using these values estimates were obtained for

the true K^'s appropriate to each of the three possible

mechanisms. These values are shown in Table (24). It is

unfortunately not possible to discern which of these three

mechanisms is the one followed by APB in inhibiting GDH. All

three mechanisms,however, have one characteristic in common,
+  =that is, that they predict inhibition of both NAD and L-glutamate



APP APPFigures (63) to (65). Factors by which V and Km are

modified in inhibition mechanisms III,
APP'VI and VIII (Figure (62)). K_ is the

APPapparent K^ by which Km is multiplied

(i.e. 1 * I/K.*^^ ) . K . ^ ^ ^  is the 1 1
APP APPapparent K^ by which V and Km

APPlare divided (i.e. 1 + I/K_ ).
APPK^ is given by Dixon plot intersections 

APPland K^ by Cornish-Bowden plot

intersections. N, G and I represent 

the concentrations of NAd "*", L-glutamate 

and APB respectively. K^l, K^2 and 

K^3 are defined in Figure (62) and other 

symbols were defined previously (p. 132 ).



If NAD concentration is fixed:

i NK^l(Km + N)

1 + I/K^^^ K l(Ks^+N) K.2(Ks\ n )

]. +  ,  +  I  _  Kn>”
NK^ (Km + N)

If L-glutamate concentration is fixed:

1 + I/K.APP' = 1 + 1
^ K^2(Km^ + G)

and.
A P P1 + I/K. 1 + I/K.l

1 1

1 + 1 + I - - ■
K^2(Km + G]

APP APPFigure (63). Factors by which V and Km are modified assuming 

Mechanism III (Figure (62)) for inhibition of 

GDH by APB.



If NAD concentration is fixed:

1 + I/K.APP' . 1 + 1

and.

i NK^l(Km + N)

1 + ^ ^ Kl2(Ks" + N)
1 + I/K.APP' ^ ̂  ̂ _ K i„N

If L-glutamate concentration is fixed:

1 + I/K.APP' = 1 + 1

and,

^ K^2(Km^ + G)

K^2(Km^ + G)

APP APPFigure (64). Factors by which V and Km are modified

assuming Mechanism VI (Figure (62)) for inhibition 

of GDH by APB.



If NAD concentration is fixed:

1 + I/K^APP' 1 + I Km
K , 3 (Km + N )

and.

1 + I/K.
1
APP

1 + I/K APP'

1 + I

1 + I

KsN N
K^1(Ks\n) K.2(Ks^ + N)

Km^
K^3 (Km + N)

If L-glutamate concentration is fixed:

1 + I/K_ APP' 1 + I Km
K^2(Km + G)

and. N G Ks Km
1 + I/K^APP

+
N Km G

K^ 1 (Ks^Km^+Km*^G) K^3 (Ks^Km^+Km^G)

1 + I/K_ APP 1 + I Km
K^2(Km + G)

APP APPFigure (65) . Factors by which V and Km are modified

assuming Mechahif^^VIII (Figure (62)) for inhibition 

of GDH by APB.
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FIXED SUBSTRATE APP
^i

APP'
%i

(mM) (mM)

n a d '*’ 0 . 8 9 15.41

L-glutamate 2.15 10.23

APP A P P 'Table (23) and values obtained from Figures

(48) and (50) and Figures (49) and (51) 

respectively.

(intersection values were calculated mathematically
APPfrom the regression lines and the or

APP ' value taken as the median intersection, 

the intersection values obtained are shown in 

Table (28) in the Appendix).
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binding to the enzyme. This indicates that APB acts not only 

as an L-glutamate analogue but also as an NAd "*" analogue and 

interacts with both sites. This is not an implausible concept 

as APB possesses two ionisable phosphate -OH groups and could 

therefore mimic NAD which has two such groups on the phosphates 

linking the nucleotides. This is supported by the fact that 

APB inhibits more potently at pH 8.5, where it is 100% dianionic, 

than at pH 7.0, where it is only 60% dianionic (see Table (15) 

and Tables (20) . As to the potency of inhibition, the 

values shown in Table (24) are generally of the same order as 

the binding parameters for NAD and L-glutamate shown in 

Table (18) . This suggests that APB functions equally well as 

an L-glutamate analogue or as an NAD^ analogue, with respect 

to GDH.
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K.1 value MECHANISM (see Figure (64))
III VI VIII

K. 1 2.88 2.88 -0.651 2.15 1.65 0.14

K. 2 1.00 0.418 1.001 -3.62 1,00

K.1 3 - - 2.88

Table (24) True values obtained for the three possible 

mechanisms of inhibition by APB. Where two 

values are shown they were derived independently 

from data at fixed NAD^ and fixed L-glutamate 

concentrations.
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(G) GENERAL CONCLUSIONS

The applications of phosphonate analogues of phosphates 

and carboxylic acids surveyed in the introduction to this 

thesis suggested that it is not possible to predict with 

any confidence the activity of a phosphonate in this context. 

The results of this study are consistent with this view. For 

example, APB potently inhibits binding of L-glutamate to its 

post-synaptic receptor (Foster and Roberts, 1978) but APP 

is a weak inhibitor of GABA binding. Similarly APB failed 

to inhibit GOT or GPT to any significant degree yet it markedly 

inhibits GAD, another pyridoxal-5'-phosphate dependent enzyme 

and APP markedly inhibits GABA-T. These variations in ability 

to mimic the natural amino-acid can only be attributed to 

variations between receptor, or active sites in respect of the 

structural and ionic specificity.

The preliminary studies, i n  v i v o ,  indicated a potent 

agonist action for both APP and APB in relation to GABA and 

L-glutamate respectively. In the case of APP this is not a 

result of potent interaction with the post-synaptic receptor.

It seems likely that its effects are due to its failure to 

interact with the high-affinity uptake mechanism. This would 

mean that the concentration of APP would remain high in the 

synaptic cleft whereas that of GABA would drop sharply after 

injection.

The overall conclusion must be that APP and APB have 

little use as tools in elucidating the role of GABA and L- 

glutamate in mammalian brain. The results of the studies on GDH
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however, show that phosphonate analogues of carboxylic acids 

may be of use in biochemical research in general.
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APPENDIX

Data used in kinetic analyses of GDH activity and inhibition 

by APB

L-glutamate

(mM)

APB
(mM)

1
V

— 1(OD min)

L-glutamate
V

— X(mM.min.OD )

0.5 14.4 256.4 128.2
11.5 175.4 87.7
8.6 112.4 56.2
5.8 81.3 40.7
2.9 56.8 28.4

1.0 14.4 131.6 '131.6
11.5 93.5 93.5
8.6 78.1 78.1
5.8 52.4 52.4
2.9 37.2 37.2

2.5 14.4 83.3 208.3
11.5 55.6 138.9
8.6 43.7 109.2
5.8 33.6 83.9
2.9 26.6 66.5

3.5 14.4 64.9 227.3
11.5 48.1 168.3
8.6 39.5 138.3
5.8 31.3 109.4
2.9 26.0 90.9

5.0 14.4 53.2 266.0
11.5 38.9 194.6
8.6 32.7 163.4
5.8 27.3 126.2
2.9 21.2 106.2

Table (25) Data used to construct figures (48) and (49).
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NAD
(mM)

APB
(mM)

1
V  -

-1(min.OD )

NAD
V

— 1(mM.min.OD )

0.2 10.0 164.8 33.0
8.0 130.0 26.0
6.0 102.2 20.4
4.0 81.6 16.3
2.0 60.8 12.12

0.4 10.0 97.1 38.8
8.0 77.2 30.8
6.0 66.5 26.5
4.0 50.5 20.2
2.0 35.9 14.3

1.0 1. 10.0 55.0 55.0
8.0 52.5 52.4
6.0 35.9 35.8
4.0 30.4 30.3
2.0 24.7 24.7

1.5 10.0 40.3 60.5
8.0 38.3 57.5
6.0 35.6 53.4
4.0 24.9 37.4
2.0 20.3 30.4

2.0 10.0 38.9 77.8
8.0 30.3 60.6
6.0 28.3 56.5
4.0 21.9 43.8
2.0 20.0 39.9

Table (26) Data used to construct figures (50) and (51)
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NAD"*"
(mM)

L-glutamate
(mM)

V

(OD/min)

1.80 5.00 0.0520
3.75 0.0492
2.50 0.0442
1.00 0.0311
0.50 0.0221

1.35 5.00 0.0476
3.75 0.0451
2.50 0.0414
1.00 0.0264
0.50 0.0180

1.05 5.00 0.0387
3.75 0.0374
2.50 0.0326
1.00 0.0230
0.50 0.0163

0.60 5.00 0.0325
3.75 0.0305
2.50 0.0277
1.00 0.0181

' 0.50 0.0115

0.30 5.00 0.0236
3.75 0.0207
2.50 0.0181
1.00 0.0107
0.50 0.0070

Table (27)Data used to construct Figures (52) and (53)
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INTERSECTION VALUES ( I AXIS COORDINATES) OBTAINED FROM 
FIGURES (48) to (51), (mM)

FIGURE (48) FIGURE (49) FIGURE (50) FIGURE (51)

-2.30 -52.17 -7.87 -22.09

-2.13 -24.99 -3.08 -14.09

-1.63 -21.29 -2.43 -13.15

-1.51 -18.63 -2.41 -10.85

-0.92 -16.32 -2.23 -10.69

-0.87 -14.49 -2.07 - 9.77

-0.77 -14.40 -2.06 - 6.32

-0.54 -12.52 -2.03 - 5.65

-0.32 -12.02 -1.23 - 5.45

1.22 -8.81 0.18 82.83

Table (28) Dixon and Cornish-Bowden plot intersections,
APP APP'I -axis values (-K_ and -K respectively)

Values calculated mathematically from the

regression lines shown in Figures (48) to (51).

Median values (mean of underlined data in each

case) used to calculate true values (see

Tables (23) and (24)).
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