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There is now an extensive literature concerned with the excitation of neurones in
the mammalian CNS by L-aspartate, L-glutamate, and by straight-chain and cyclic
analogs of these naturally occurring acidic amino acids.

When the depolarization of single neurones by microelectrophoretic aspartate and
glutamate was first reported (21), a role for these amino- acids as excitatory
transmitters was considered unlikely, despite the presence of substantial amounts of
each within the brain. The major reason was the very close similarity in the time
courses of recovery from excitation by D- and L-enantiomorphs of these amino acids
(see also ref. 11), which was considered to exclude extracellular enzymic degrada-
tion as a means of inactivating synaptically released aspartate or glutamate. It is now
clear, however, that extracellular enzymic modification, as occurs at cholinergic
synapses, is of little or no significance at central synapses utilizing amino acids as
transmitters (18). Under in vitro conditions, both low- and high-affinity sodium-
dependent transport processes have been described for excitatory and inhibitory
amino acids (66), and the similar time courses of recovery from excitation by
microelectrophoretic D- and L-aspartate, D- and L-glutamate, and L-homocysteate
most likely result from the sharing by these amino acids of a low-affinity, high Vmax
uptake mechanism (2,11).

Another reservation regarding a transmitter function for the excitant amino acids
was the large variety of neurones that were excited by aspartate and glutamate, but
this may well reflect the widespread occurrence of ‘‘aspartergic’’ and *‘glutamer-
gic”’ neurones within the mammalian CNS, rather than the nonphysiological,
“‘nonspecific,” nature of the excitation. Since both aspartate and glutamate are
possibly excitatory transmitters, it has been convenient to classify the appropriate
postsynaptic receptors as ‘‘aspartate-’’ and ‘‘glutamate-preferring’”’ (47). Both
amino acid molecules are flexible; if that of glutamate interacts with the glutamate
receptor in an extended conformation, interaction with the aspartate receptor would
be possible in a folded conformation. Aspartate, however, having a shorter chain
length, would be unlikely to interact with such a glutamate receptor, and aspartate
and N-methyl-D-aspartate are possibly highly selective for aspartate-preferring sites.
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On the other hand, kainate, a conformationally restricted analog of glutamate, may
be more selective for a glutamate-preferring receptor.

In this brief review I wish to outline the investigations of the mode of action of
excitant amino acids that may be relevarit to their toxic effects on neurones, the use
of agonists and antagonists to study aspartergic and glutamergic pathways in vivo,
and neurochemical evidence for such pathways in certain regions of the brain.

DEPOLARIZATION OF NEURONES BY AMINO ACIDS

There are major technical difficulties in investigating the ionic mechanism of the
synaptic excitation of central neurones in vivo, largely because of the somatic and
dendritic location of excitatory synapses. The same investigational problems con-
found attempts to compare the ionic mechanism of amino acid depolarization with
that induced synaptically. Although it is probable that not all excitatory transmitters
have an identical postsynaptic action (see ref. 52), at those synapses which have
been most thoroughly investigated there appears to be an increase in the membrane
permeability to sodium and potassium ions.

The reversible depolarization of spinal, cortical, and caudate neurones by aspar-
tate and glutamate is accompanied by an increase in membrane conductance, and
the measured ‘‘reversal’’ potential is not inconsistent with an increased membrane
permeability to both sodium and potassium ions (4,14,21,53,63,93). The involve-
ment of chloride ions seems unlikely, and, since tetrodotoxin does not block the
depolarization, the sodium permeability increase differs from that associated with
action potentials (17,92). The participation of sodium ions is also apparent from the
observation that the depolarization of cultured human and rat spinal neurones by
aspartate and glutamate can be abolished reversibly by replacement of extracell-
ular sodium with choline (41). The enhancement of the excitatory effects of
L-aspartate and L-glutamate on spinal neurones by p-mercuriphenylsulfonate, an
inhibitor of amino acid uptake, suggests that the depolarization is not, however,
generated by a carrier-linked transport of sodium and amino acids (18).

Although the failure to excite neurones by a number of agents that are more
powerful calcium chelators than glutamate suggests that the excitation is not pro-
duced merely by a lowering of the extracellular calcium ion concentration (20), the
interaction between excitant amino acid molecules and external membrane receptors
may initiate a sodium ion permeability increase by displacing calcium ions from
critical membrane sites (22).

Thus, the ionic mechanism of the depolarization of neurones by amino acids in
vivo may well be identical to that produced by some synaptically released transmit-
ters. With cultured mouse spinal neurones, however, the discrepancy between the
reversal potentials for synaptic and glutamate depolarizations suggests different
ionic mechanisms and that this amino acid is not a naturally occurring synaptic
transmitter (75).

A number of recent findings suggest that the excitatory effect of acidic amino
acids is not as simple as originally proposed and that several other factors have to be
taken into consideration in addition to the interaction with membrane receptors and
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the initiation of a change in membrane permeability. These include ion movements
linked with amino acid uptake and the disturbances of intra- and extracellular ion
concentrations produced by prolonged activation of receptors and excitation of
neurones. :

Uptake may be very important in determining the effectiveness of an amino acid
as an excitant. The only available technique for comparing the potencies of amino
acid excitants in vivo is electrophoretic administration into the vicinity of single
neurones. Assuming a similarity of transport number (13), the potencies are ex-
pressed relative to glutamate by comparing equally effective electrophoretic cur-
rents. Potency ratios determined in this fashion, however, are not based on a
comparison of equieffective amino acid concentrations, since the concentration of a
particular amino acid near the membrane receptors depends on both its rate of
ejection from the micropipette and the rate of removal from the vicinity of receptors
by uptake and other factors.

Thus, the high potencies of N-methyl-D-aspartate, D-homocysteate (23), 8-N-
oxalyl-L-«,3-diaminopropionate (86), ibotenate (48), kainate (47,81), and quisqua-
late and domoate (8) may to a considerable extent reflect the absence of appropriate
uptake mechanisms, as has been demonstrated in vitro for b-homocysteate (8) and
kainate (49). With amino acids such as these, cotransport with sodium is unlikely to
contribute significantly to the depolarization. A similar consideration may apply to
the relative toxicity of amino acids; the parallelism demonstrated between excitant
and toxic potencies (70,71,77) suggests that excitation per se may be more impor-
tant for the destruction of cells than intracellular metabolic disturbances produced
by an amino acid after uptake.

A recent investigation indicates that the depolarization of spinal motoneurones by
D-homocysteate, unlike that induced by L-glutamate, is associated with a decrease
in membrane conductance (54), and other differences between excitatory amino
acids have become apparent in both in vivo and in vitro studies of the effects of
magnesium ions and of changes in external sodium and potassium ion concentra-
tions on amino acid excitation. Using the hemisected frog or immature rat spinal
cord in vitro, in the presence of either procaine or tetrodotoxin, amino acids that
depolarize motoneurones have been classified into three types on the basis of the
effects of altering the potassium and sodium ion concentrations in the bathing
medium (28). Depolarization by group 1 amino acids (D- and L-aspartate,
L-glutamate, L-cysteate and L-cysteine sulfinate) was enhanced in K*-free media
and reduced in low-Na't media; that by group II amino acids (N-methyl-D-aspartate,
D-homocysteate, and quisqualate and kainate) was unaltered in K*-free media and
reduced in low-Na* media; that by group III amino acids (D-glutamate,
L-homocysteate, and [-homocysteine sulfinate) was either unaffected or increased in
K*-free media and enhanced in low-Nat media. Such results suggest the impor-
tance of both an induced permeability increase to sodium ions (group I and II) and
ion-dependent uptake (unlikely with group II) to the depolarizing effect of amino
acids, but the significance of these in virro studies to the in vivo situation requires
further investigation.

Under similar in vitro conditions, low concentrations of magnesium (0.5-1.00
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mM) depressed the depolarizing effects of N-methyl-D-aspartate, D-glutamate,
D-aspartate, and L-homocysteate, but had little or no effect on the actions of
L-glutamate, kainate, or quisqualate (29). The action of L-aspartate was reduced less
than that of N-methyl-D-aspartate, and to a significantly greater degree than that of
L-glutamate. Since this effect of magnesium does not correlate with known charac-
teristics of amino acid uptake, and, being independent of calcium concentration, is
unlikely to result from a presynaptic transmitter-releasing effect of excitant amino
acids, Evans et al. (29) suggested the presence of magnesium-sensitive and
magnesium-insensitive postsynaptic receptors for excitant amino acids. A sub-
sequent study using cat spinal neurones in vivo established similar differences in
sensitivity to the elevation of extraceliular magnesium ion concentrations between
the excitant effects of N-methyl-D-aspartate (reduced by magnesium) and kainate
(unaffected), and the action of L-aspartate was reduced to a greater extent than that
of L-glutamate (25).

Although these observations are generally consistent with the presence of at least
two major types of excitant amino acid receptors (aspartate-preferring,
magnesium-sensitive; glutamate-preferring, magnesium-insensitive), the finding
that high magnesium concentrations also reduced the sensitivity of Renshaw cells to
acetylcholine (25) suggests that the interpretation of the effects of magnesium ions
in terms of an influence at excitant amino acid receptors may be an oversimplifica-
tion.

DEPOLARIZATION OF AFFERENT TERMINALS BY AMINO ACIDS

The recent demonstration that aspartate, glutamate, and other acidic amino acids
depolarize primary afferent terminals in the ventral and dorsal horns of the cat spinal
cord (19) is also relevant to the possible transmitter functions of these amino acids.
Afferent terminals are depolarized by GABA, and this effect, blocked by bicucul-
line, is consistent with the participation of GABA as a depolarizing transmitter at
axo-axonic synapses concerned with *‘presynaptic’’ inhibition (see ref. 16). GABA
also depolarizes dorsal root ganglion cells at bicuculline-sensitive nonsynaptic sites.
In contrast, although dorsal root ganglion cells are insensitive to acidic amino acids
both in vivo (P. Feltz, personal communication) and in culture (56,75), primary
afferent terminals are depolarized. The effect is not blocked by bicuculline, and,
contrary to the preliminary report (19), the relative depolarizing potencies of
different acidic amino acids appear to be similar to that of their actions as neuronal
excitants. In particular, kainic acid has a very powerful and reversible depolarizing
action (Curtis and Lodge, unpublished), yet apparently is not neurotoxic to synaptic
terminals (31,72). Depolarization of terminals by these excitants appears not to
involve an increase in membrane conductance, as is the case with depolarization of
GABA.

Further investigation is required to determine the significance of this depolariza-
tion, and particularly whether it releases transmitter, or enhances or decreases
transmitter release by presynaptic impulses. It will be necessary to ascertain whether
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other excitatory axo-axonic synapses occur in addition to those at which GABA is a
transmitter. The depolarization may be nonsynaptic, but nevertheless an indication
that the depolarized terminals are aspartergic or glutamergic. Such an action may be
entirely nonphysiological. On the other hand, however, it may be important in the
control of transmitter release (42,55). In the case of Renshaw cells, a release of
acetylcholine from axon collateral terminals by excitant amino acids seems most
unlikely, since the excitation of these cells by amino acids is not reduced signifi-
cantly by dihydro-B-erythroidine, an acetylcholine antagonist.

EXCITANT AMINO ACID ANTAGONISTS

Specific antagonists effective at aspartate- and glutamate-preferring receptors are
required not only for studying the actions of excitant amino acids, but also for
distinguishing aspartergic from glutamergic synaptic excitation.

The initial studies in this field were concerned predominantly with distinguishing
amino acid-induced excitation from that produced by other substances, especially
by acetylcholine, the effects of which could be selectively blocked by either
dihydro-B-erythroidine or atropine (15). Several compounds have been proposed as
relatively specific excitant amino acid ‘antagonists, but consistent results have rarely
been obtained by different investigators, and until comparatively recently, none has
been generally accepted as suitable for providing unequivocal evidence that a
particular synaptic excitation involved one or the other excitant amino acid as the
transmitter. ,

This type of investigation has been limited by technical problems (15). Many
agents having depressant effects on the CNS, possibly arising from a selective
action at excitatory synapses, are of low aqueous solubility, and hence are unsuit-
able for testing microelectrophoretically. More importantly, using microelec-
trophoretic techniques, it is difficult to investigate membrane receptors located on
the dendrites of neurones, and many possible antagonists have been studied under
conditions where a relatively high perisomatic concentration may have obscured
specific effects at dendritic synapses, particularly those of morphologically complex
neurones such as motoneurones and pyramidal and Purkinje cells. There has also
been a tendency to extrapolate results from one kind of neurone in a particular
species, even of invertebrates, to all neurones in the mammalian CNS.

Compounds proposed as antagonists include (+)-lysergic acid diethylamide,
a-methyl-DL-glutamate, L-glutamate diethyl ester, L-methionine-DL-sulfoximine,
9-methyoxyaporphine, apomorphine, 5,6-dimethoxyaporphine (nuciferine), and
1-hydroxy-3-aminopyrrolid-2-one (15,63). More recently, other substances tested
include SP-III, a water-soluble derivative of delta-tetrahydrocannibinol (80),
2-amino-4-phosphonobutyrate - (87), D-a-aminoadipate (5,35), and a,€-
diaminopimelate (5). Unfortunately, until recently, few investigators have made use
of amino acid agonists having relatively specific effects at aspartate- and glutamate-
preferring receptors when testing these antagonists.

Although initial experiments indicated that 5,6-dimethoxyaporphine was of little
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use in distinguishing amino acid from cholinergic excitation of Renshaw cells in the
rat (27) and cat (D. R. Curtis, unpublished), some selectivity towards amino acid
excitation has been observed in the thalamus (3,65), cuneate nucleus (40), optic
tectum of the pigeon (30), and spinal cord (74).

Considerable use has been made of L-glutamate diethyl ester as an excitant amino
acid antagonist (17,33,34,62,63,65,78,82,83). Although the usefulness of this
substance has been questioned in that there is relatively little difference between
concentrations selectively blocking amino acid effects and those having a nonselec-
tive action (see refs. 1,10,17,65), this small difference may be more a reflection of
the problems of the administration of antagonists microelectrophoretically (15) than
of the small degree of selectivity of this glutamate analog. In a more recent study in
the rat thalamus (39), L-glutamate diethyl ester has been shown to be less effective
as an antagonist of N-methyl-D-aspartate (and kainate) than of L-glutamate.

In contrast to these results, D-a-aminoadipate appears to be a more effective
antagonist of the excitatory action of N-methyl-D-aspartate than of L-glutamate and
kainate (5,6,7,35,39,57). The diamino acid, «,e-diaminopimelate has a similar but
slightly different spectrum of antagonism (5,6). Although there is some controversy
regarding the effect of D-a-aminoadipate on the sensitivity of Renshaw cells to
acetylcholine (6,57), this amino acid and analogs of relatively simple structure may
prove of considerable value in assessing the relative importance of aspartate and
glutamate receptors on particular kinds of neurone.

PHARMACOLOGICAL INVESTIGATION OF AMINO ACID PATHWAYS

Although virtually all neurones so far tested in vivo are excited by L-aspartate and
L-glutamate, certain differences in the relative sensitivities of some neurones to
these excitants suggest a predominance of one type of amino acid-releasing termina-
tion on them. It is unfortunate, however, that in few of these studies has use been
made of agonists that may have selective effects on either aspartate- or glutamate-
preferring receptors. This type of investigation, together with the use of antagonists,
has provided some information regarding amino acid excitatory pathways.

In the cat ventrolateral thalamus, neurones excited synaptically from the
brachium conjunctivum were more sensitive to L-glutamate (and acetylcholine),
relative to DL-homocysteate and N-methyl-DL-aspartate, than cells located dorsally,
thus suggesting that the excitatory fibers of the brachium may be glutamergic
(35,64). This proposal gained support from the reduction of both the sensitivity of
these neurones to L-glutamate and their firing by impulses in the brachium con-
junctivum by L-glutamate diethyl ester (35).

Antagonism by L-glutamate diethyl ester has also been used to support claims for
the involvement of excitant amino acids as transmitters of a number of other
pathways: the commissural pathway to the rat hippocampus (78), a corticostriatal
pathway in the rat (82), and the perforant pathway to the rat dentate gyrus (67).
Additionally, reduction by l-hydroxy-3-aminopyrrolid-2-one of the excitation of
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cuneate neurones by pyramidal tract volleys (83), and by SP-III of responses
generated in the rat hippocampus by commissural volleys (80), have also been used
to support the involvement of amino acid excitatory transmitters.

In the spinal cord of the cat, Renshaw cells, which probably are not excited
monosynaptically by impulses in dorsal root primary afferent fibers but only
polysynaptically after excitation of excitatory interneurones, were less sensitive to
L-glutamate than to L-aspartate, dorsal horn interneurones having the opposite order
of sensitivity (26). This observation, and the subsequent finding that dorsal horn
interneurones were more sensitive than Renshaw cells to kainate, relative to
N-methyl-D-aspartate (59), is consistent with the presence of glutamergic primary
afferents and aspartergic excitatory spinal interneurones. This conclusion is also
supported by recent findings that D-a-aminoadipate selectively reduced the long-
latency synaptic firing of Renshaw cells by dorsal root volleys, without altering the
cholinergic excitation produced by ventral root stimulation (6,7,57). In the rat,
however, although dorsal hom interneurones have been reported to be more sensi-
tive to L-glutamate than to L-aspartate, and Renshaw cells to be equally sensitive to
these amino acids (9), the results of another study indicate that the two kinds of
neurone cannot be distinguished on the basis of sensitivity to amino acids (44).

NEUROCHEMICAL EVIDENCE FOR ASPARTERGIC AND
GLUTAMERGIC PATHWAYS

Although it is difficult to distinguish transmitter from metabolic pools of aspartate
and glutamate within neurones, if indeed there are separate pools of these types for
each amino acid, the association of these amino acids with particular neurones may
be revealed by the changes in distribution that follow specific nucleus or pathway
lesions. Furthermore, after such lesions, there may be alterations in the uptake of
transmitter amino acids in vitro as a consequence of the loss of excitatory terminals,
and a reduction of the in vifro depolarization-induced release of amino acids, a
process that while not necessarily directly related to synaptic release in vivo, may
nevertheless provide a measure of the presynaptic store of amino acid transmitters.

In the spinal cord of the cat, the high levels of glutamate in dorsal roots and the
dorsal horn relative to those ventrally, the higher levels of aspartate in the ventral
horn than dorsally, and the correlation between reduced aspartate levels and the loss
of central interneurones produced by temporary cord hypoxia suggested that gluta-
mate may be the transmitter of some primary afferents, and aspartate that of some
excitatory spinal interneurones (24,45,46). Although dorsal root section had little
effect on dorsal horn glutamate levels, glutamergic primary afferent terminals may
contain a very small fraction of the total glutamate within the cord (46), and the
proposal regarding the functions of these two amino acids are consistent with the
neuropharmacological investigations mentioned above.

After unilateral ablation of the cochlear, and degeneration of primary synapses
within the ventral cochlear nucleus of the guinea pig, aspartate and glutamate levels
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in this region were significantly reduced, those of aspartate paralleling the mor-
phological changes (88,89). Some cochlear afferents within the auditory nerve may
thus be aspartergic (see also ref. 32).

When neonatal hamsters were infected intracerebrally with a rat parvovirus, there
was a more than 90% loss of cerebellar granule cells, together with a profound fall
in cerebellar glutamate levels by as much as 40% and the uptake of aspartate and
glutamate by cerebellar homogenates (91). Cerebellar levels of glutamate in the rat
were significantly reduced by prior X-irradiation, which selectively reduced the
number of granule cells (85). Cerebellar glutamate levels were also low in mutant
mice having a reduced number of granule cells (43,76), and all of these observations
suggest that the granule cell synapses with Purkinje cell dendrites may be glutamer-
gic. In contrast, cerebellar cortical aspartate levels were low in rats after destruc-
tion of the inferior olive with 3-acetylpyridine (68), and in humans with inherited
olivopontocerebellar atrophy (73), suggesting that climbing fibers, which also
synapse on Purkinje cell dendrites, are aspartergic.

In the rat, lesions of corticostriatal pathways produced a significant reduction in
the uptake of glutamate by tissue from the caudate-putamen (61), and frontal
cortical ablation resulted in a decrease in striatal glutamate levels (50), suggesting
the glutamergic nature of a corticostriatal pathway. There appears to be a require-
ment for this tract to be intact for intrastriatal kainate to destroy neurones (60),
although, in the cerebellum, kainic acid apparently destroyed all cells except
granule cells, which may be glutamergic (38). The former observation suggests that
glutamergic rerminals need to be present in order for kainate to be neurotoxic,
possibly via the release of glutamate, whereas the latter suggests a requirement for
postsynaptic glutamate receprors. Granule cells, however, are excited by DL-
homocysteate (12) and L-glutamate (58), and thus presumably bear glutamate
receptors.

In the hippocampal formation, the distribution of glutamate; of zinc, which may
have a role in relation to moss fiber terminals; and of labeled glutamate in both
normal tissue and after lesions of afferent pathways suggested that the perforant
pathway, the granule cells, and the pyramidal cells of areas CA3 and 4 may be
aspartergic or glutamergic (84). Studies in vitro of the uptake and efflux of aspartate
and glutamate by hippocampal slices, and of the effects of chronic lesions of
commissural fibers and the perforant path, indicate the possibility that the former
(from pyramidal cells) is aspartergic; the latter, glutamergic (36,69). Although the
excitation of granule cells in hippocampal slices by stimulation of the perforant path
was reduced by DL-2-amino-4-phosphonobutyrate (90), this phosphonic analog of
glutamate could not be demonstrated to be a glutamate antagonist in either the cat
spinal cord (87) or the rat hippocampus in vivo (79).

The substantial reduction in the levels of aspartate and glutamate in the guinea pig
olfactory cortex following removal of the olfactory bulb has suggested the presence
of aspartergic and glutamergic fibers in the lateral olfactory tract (37). Similarly,
changes in the glutamate content of the cerebral cortex after undercutting may be
associated with the destruction of afferent glutamergic pathways (51).
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CONCLUSION

Although the evidence for transmitter roles of aspartate and glutamate is far from
convincing, there is sufficient information to make such functions seem probable.
Aspartergic and glutamergic fibers may constitute the main central afferent and
efferent pathways within the mammalian CNS, pathways that appear not to involve
any other accepted transmitter, such as acetylcholine or the biogenic ‘‘amines.”’

In view of the primary function of the brain as an information processing system,
it would not be unexpected that substances hitherto considered mainly of metabolic
significance could be important in the actual transfer of ‘‘data’” at synapses. The use
of commonly available and relatively simple molecules would provide reliability in
a system in which effectiveness and subtlety depended on the morphology and
location of synapses, rather than on the nature of the transmitters. Furthermore,
uptake may provide an efficient method for transmitter inactivation, and recycling,
without the necessary participation of catabolic and anabolic enzymes.

Blood-brain barriers isolate central synapses from circulating synaptically impor-
tant amino acids, and extraneuronal concentrations are maintained at relatively low
levels by cellular uptake mechanisms that are specific for particular classes of amino
acid. Defects in either these barriers or uptake processes, together with abnormally
high systemic or local concentrations of natural or unnatural excitant amino acids,
could result in excessive discharge of neurones, and the consequent disturbances of
the normally well-regulated intracellular ion and metabolite levels may result in cell
death.

REFERENCES

1. Altmann, H., Bruggencate, G. ten, Pickelmann, P., and Steinberg, R. (1976): Effects of glutamate,
aspartate, and two presumed antagonists on feline rubrospinal neurones. Pfluegers Arch., 364:249~
255.

2. Balcar, V. J., and Johnston, G. A. R. (1972): The structural specificity of the high affinity uptake of
L-glutamate and L-aspartate by rat brain slices. J. Neurochem., 19:2657-2666.

3. Ben-Ari, Y., and Kelly, J. S. (1975): Specificity of nuciferine as an antagonist of amino acid and
synaptically evoked activity in cells of the feline thalamus. J. Physiol. (Lond.), 251:25-27P.

4. Bernardi, G., Floris, V., Marciani, M. G., Morocutti, C., and Stanzione, P. (1976): The action of
acetylcholine and L-glutamic acid on rat caudate neurons. Brain Res., 114:134-138.

5. Biscoe, T. J., Davies, J., Dray, A., Evans, R. G., Francis, A. A., Martin, M. R., and Watkins,
J. C. (1977): Depression of synaptic excitation and of amino acid induced excitatory responses of
spinal neurones by D-a-aminoadipate, ,e-diaminopimelic acid and HA-966. Eur. J. Pharmacol.,
45:315-316.

6. Biscoe, T. J., Davies, J., Dray, A., Evans, R. H., Martin, M. R., and Watkins, J. C. (1978):
D-- Aminoadipate, a,e-diaminopimelic acid and HA-966 as antagonists of amino acid-induced and
synaptic excitation of mammalian spinal neurones in vivo. Brain Res., 148:543-548.

7. Biscoe, T. J., Evans, R. H., Francis, A. A., Martin, M. R., and Watkins, J. C. (1977): D-
a-Aminoadipate as a selective antagonist of amino acid-induced and synaptic excitation of mamma-
lian spinal neurones. Nature, 270:743-745.

8. Biscoe, T. J., Evans, R. H., Headley, P. M., Martin, M. R., and Watkins, J. C. (1976):
Structure-activity relations of excitatory amino acids on frog and rat spinal neurones. Br. J.
Pharmacol., 58:373-382.

9. Biscoe, T. J., Headley, P. M., Lodge, D., Martin, M. R., and Watkins, J. C. (1976): The
sensitivity of rat spinal interneurones and Renshaw cells to L-glutamate and L-aspartate. Exp. Brain
Res., 26:547-551.



172

10.

11.

12.

20.
21.
22.
23.

24.

25.
26.
27.

28.

29.
30.

31.

32.

33.

34,

GLUTAMATE AS A CNS TRANSMITTER

Clarke, G., and Straughan, D. W. (1977): Evaluation of the selectivity of antagonists of glutamate
and acetylcholine applied microiontophoretically onto cortical neurones. Neuropharmacology,
16:391-398.

Cox, D. W. G., Headley, P. M., and Watkins, J. C. (1977): Actions of L- and b-homocysteate in rat
CNS: A correlation between low affinity uptake and the time courses of excitation by microelec-
trophoretically applied L-glutamate analogues. J. Neurochem., 29:579-588.

Crawford, J. M., Curtis, D, R., Voorhoeve, P. E., and Wilson, V. J. (1966): Acetylcholine
sensitivity of cerebellar neurones in the cat. J. Physiol. (Lond.), 186:139-165.

- Curtis, D. R. (1964): Microelectrophoresis. In: Physical Techniques in Biological Research, Vol. 5,

edited by W. L. Nastuk, pp. 144-190. Academic Press, New York.

- Curtis, D. R. (1965): The actions of amino acids upon mammalian neurones. In: Studies in

Physiology, edited by D. R. Curtis and A. K. Mclntyre, pp. 34-42. Springer-Verlag, Heidelberg.

- Curtis, D. R. (1976): The use of transmitter antagonists in microelectrophoretic investigations of

central synaptic transmission. In: Drugs and Central Synaptic Transmission, edited by P. B. Bradley
and B. N. Dhawan, pp. 7-35. Macmillan, London.

. Curtis, D. R. (1978): Pre- and non-synaptic activities of GABA and related amino acids in the

mammalian nervous system. In: Amino Acids as Chemical Transmitters, edited by F. Fonnum,
pp. 55-86. Plenum Press, New York.

. Curtis, D. R., Duggan, A. W, Felix, D., Johnston, G. A. R., Tebécis, A. K., and Watkins, J. C.

(1972): Excitation of mammalian central neurones by acidic amino acids. Brain Res. , 41:283-301.

. Curtis, D. R., Duggan, A. W., and Johnston, G. A. R. (1970): The inactivation of extracellularly

administered amino acids in the feline spinal cord. Exp. Brain Res., 10:447-462.

. Curtis, D. R., Lodge, D., and Brand, S. J. (1977): GABA and spinal afferent terminal excitability in

the cat. Brain Res., 130:360-363.

Curtis, D. R., Perrin, D. D., and Watkins, J. C. (1960): The excitation of spinal neurones by the
ionophoretic application of agents which chelate calcium. J. Neurochem., 6:1-20.

Curtis, D. R., Phillis, J. W., and Watkins, J. C. (1960): The chemical excitation of spinal neurones
by certain acidic amino acids. J. Physiol. (Lond.), 150:656-682.

Curtis, D. R., and Watkins, J. C. (1960): The excitation and depression of spinal neurones by
structurally related amino acids. J. Neurochem., 6:117-141.

Curtis, D. R., and Watkins, J. C. (1963): Acidic amino acids with strong excitatory actions on
mammalian neurones. J. Physiol. (Lond.), 166:1-14.

Davidoff, R. A., Graham, L. T., Shank, R. P., Werman, R., and Aprison, M. H. (1967): Changes
in amino acid concentrations associated with loss of spinal interneurones. J. Neurochem., 14:1025-
1031.

Davies, J., and Watkins, J. C. (1977): Effect of magnesium ions on the responses of spinal neurones
to excitatory amino acids and acetylcholine. Brain Res., 130:364-368.

Duggan, A. W. (1974): The differential sensitivity to L-glutamate and L-aspartate of spinal inter-
neurones and Renshaw cells. Exp. Brain Res., 19:522-528.

Duggan, A. W., Lodge, D., Biscoe, T. J., and Headley, P. M. (1973): Effect of nuciferine on the
chemical excitation of Renshaw cells in the rat. Arch. Int. Pharmacodyn. Ther., 204:147-149.
Evans, R. H., Francis, A. A., and Watkins, J. C. (1977): Effects of monovalent cations on the
responses of motoneurones to different groups of amino acid excitants in frog and rat spinal cord.
Experientia, 33:246-248.

Evans, R. H., Francis, A. A., and Watkins, J. C. (1977): Selective antagonism by Mg2* of amino
acid-induced depolarization of spinal neurones. Experientia, 33:489-491.

Felix, D., and Frangi, U. (1977): Dimethoxyaporphine as an antagonist of chemical excitation in the
pigeon optic tectum. Neurosci. Lett., 4:347-350.

Frankhuyzen, A. L., and Mulder, A. H. (1977): release of radiolabeled dopamine, serotonin,
acetylcholine and GABA from slices of rat striatum after intrastriatal kainic acid injections. Brain
Res., 135:368-373.

Godfrey, D. A., Carter, J. A., Berger, S. H., Lowry, O. H., and Matschinsky, F. M. (1977):
Quantitative histochemical mapping of candidate transmitter amino acids in cat cochlear nucleus.
J. Histochem. Cytochem., 25:417-431.

Haldeman, S., Huffman, R. D., Marshall, K. C., and McLennan, H. (1972): The antagonism of the
glutamate-induced and synaptic excitation of thalamic neurones. Brain Res., 39:419-425.
Haldeman, S., and McLennan, H. (1972): The antagonistic action of glutamic acid diethylester
towards amino acid-induced and synaptic excitations of central neurones. Brain Res. , 45:393—400.



35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

GLUTAMATE AS A CNS TRANSMITTER 173

Hall, J. G., McLennan, H., and Wheal, H. V. (1977): The actions of certain amino acids as
neuronal excitants. J. Physiol. (Lond.), 272:52-53P.

Hamberger, A., Chiang, G., Nylén, E. S., Scheff, S. W., and Cotman, C. W. (1978): Stimulus
evoked increase in the biosynthesis of the putative neurotransmitter glutamate in the hippocampus.
Brain Res., 143:549-555.

Harvey, J. A., Scholfield, C. N., Graham, L. T., and Aprison, M. H. (1975): Putative transmitters
in denervated olfactory cortex. J. Neurochem., 24:445-449.

Hemdon, R. M., and Coyle, J. T. (1977): Selective destruction of neurons by a transmitter agonist.
Science (Wash.), 198:71-72.

Hicks, T. P., Hall, J. G., and McLennan, H. (1978): Ranking of excitatory amino acids by the
antagonists glutamic acid diethylester and D-a-aminoadipic acid. Can. J. Physiol. Pharmacol. (in
press).

Hind, J. M., and Kelly, J. S. (1975): The blockade of synaptic and amino acid evoked firing in the
cuneate nucleus by the ‘‘glutamic acid antagonist’” nuciferine (L,5,6-dimethoxyaporphine).
J. Physiol. (Lond.), 246:97-98P.

Hésli, L. Andrés, P. F., and Hésli, E. (1976): lonic mechanisms associated with the depolarization
by glutamate and aspartate on human and rat spinal neurones in tissue culture. Pfluegers Arch.,
363:43-48.

Hubbard, J. I. (1970): Mechanism of transmitter release. In: Progress in Biophysics and Molecular
Biology, Vol. 21., edited by J. A. V. Butler and D. Noble, pp. 33—-124. Pergamon Press, Oxford.
Hudson, D. B., Valcana, T., Bean, G., and Timiras, P. S. (1976): Glutamic acid: A strong
candidate as the neurotransmitter of the cerebellar granule cell. Neurochem. Res., 1:73-81.
Hutchinson, G. B., McLennan, H., and Wheal, H. V. (1978): The responses of Renshaw cells and
spinal interneurones of the rat to L-glutamate and L-aspartate. Brain Res., 141:129-136.

Johnson, J. L. (1972): Glutamic acid as a synaptic transmitter in the nervous system. A review.
Brain Res., 37:1-19.

Johnson, J. L. (1977): Glutamic acid as a synaptic transmitter in the dorsal sensory neuron:
Reconsiderations. Life Sci., 20:1637-1644.

Johnston, G. A. R., Curtis, D. R., Davies, J., and McCulloch, R. M. (1974): Spinal interneurone
excitation by conformationally restricted analogues of L-glutamic acid. Narure, 248:804.
Johnston, G. A. R., Curtis, D. R., de Groat, W. C., and Duggan, A. W. (1968): Central actions of
ibotenic acid and muscimol. Biochem. Pharmacol., 17:2488-2489,

Johnson, G. A. R., Kennedy, S. M. E., and Twitchin, B. (1979): Action of the neurotoxin kainic
acid on the high affinity uptake of L-glutamic acid in rat brain slices. J. Neurochem. (in press).
Kim, J.-S., Hassler, R., Haug, P., and Paik, K.-S. (1977): Effect of frontal cortex ablation on
striatal glutamic acid level in rat. Brain Res., 132:370-374.

Koyama, I., and Jasper, H. (1977): Amino acid content of chronic undercut cortex of the cat in
relation to electrical after-discharge: Comparison with cobalt epileptogenic lesions. Can. J. Physiol.
Pharmacol., 55:523-536.

Kmjevi¢, K. (1974): Chemical nature of synaptic transmission in vertebrates. Physiol. Rev.,
54:418-540.

Krnjevi¢, K., and Schwartz, S. (1967): Some properties of unresponsive cells in the cerebral cortex.
Exp. Brain Res., 3:306-319.

Lambert, J. D. C., Flatman, J. A., and Engberg, 1. (1977): Aspects of the actions of excitatory
amino acids on cat spinal motoneurones and on interaction of barbiturate anaesthetics. In: lon-
tophoresis and Transmitter Mechanisms in the Mammalian Central Nervous System, edited by
R. W. Ryall and J. S. Kelly, pp. 375-377. Elsevier, New York.

Langer, S. Z. (1977): Presynaptic receptors and their role in the regulation of transmitter release. Br.
J. Pharmacol., 60:481-497.

Lawson, S. N., Biscoe, T. J., and Headley, P. M. (1976): The effect of electrophoretically applied
GABA on cultured dissociated spinal cord and sensory ganglion neurones of the rat. Brain Res.,
117:493-497.

Lodge, D., Headley, P. M., and Curtis, D. R. (1978): Selective antagonism by p-a-aminoadipate of
amino acid and synaptic excitation of cat spinal neurones. Brain Res., 152:603-608.

McCance, 1., and Phillis, J. W. (1968): Cholinergic mechanisms in the cerebellar cortex. Inr.
J. Neuropharmacol., 7:447-462.

McCulloch, R. M., Johnston, G. A. R., Game, C. J. A., and Curtis, D. R. (1974): The differential



174 GLUTAMATE AS A CNS TRANSMITTER

60.
61.
62.

63.

65.

66.

67.

68.

69.

70.

71.
72.
73.
74.
75.

76.

77.
78.
79.
80.
81.

82.

83.

84.

sensitivity of spinal interneurones and Renshaw cells to kainate and N-methyl-D-aspartate. Exp.
Brain Res., 21:515-518.

McGeer, E. G., McGeer, P. L., and Singh, K. (1978): Kainate-induced degeneration of neostriatal
neurons: Dependency upon corticostriatal tract. Brain Res., 139:381-383.

McGeer, P. L., McGeer, E. G., Scherer, U., and Singh, K. (1977): A glutamatergic corticostriatal
path. Brain Res., 128:369-373.

McLennan, H. (1974): Actions of excitatory amino acids and their antagonism. Neuropharmacol-
ogy, 13:449-454.

McLennan, H. (1975): Excitatory amino acid receptors in the central nervous system. In: Handbook
of Psychopharmacology, Vol. 4, Amino Acid Neurotransmitters, edited by L. L. Iversen, S. D.
Iversen, and S. H. Snyder, pp. 211-228. Plenum Press, New York.

. McLennan, H., Huffman, R. D., and Marshall, K. C. (1968): Patterns of excitation of thalamic

neurones by amino-acids and by acetylcholine. Narure, 219:387-388.

McLennan, H., and Wheal, H. V. (1976): The specificity of action of three possible antagonists of
amino acid-induced neuronal excitations. Neuropharmacology, 15:709-712.

Martin, D. L. (1976): Carrier-mediated transport and removal of GABA from synaptic regions. In;
GABA in Nervous System Function, edited by E. Roberts, T. N. Chase, and D. B. Tower,
pp. 347-386. Raven Press, New York.

Miller, J. J., and Wheal, H. V. (1977): The identification of two discrete excitatory systems in the
dentate gyrus of the rat. J. Physiol. (Lond.), 270:58-59P.

Nadi, N. S., Kanter, D., McBride, W. J., and Aprison, M. H. (1977): Effects of 3-acetylpyridine
on several putative neurotransmitter amino acids in the cerebellum and medulla of the rat.
J. Neurochem., 28:661-662.

Nadler, J. V., Vaca, K. W., White, W. F., Lynch, G. S., and Cotman, C. W. (1976): Aspartate
and glutamate as possible transmitters of excitatory hippocampal afferents. Narure, 260:538-540.
Olney, J. W. (1976): Brain damage and oral intake of certain amino acids. In: Transport Phenomena
in the Nervous System. Physiological and Pathological Aspects. edited by G. Levi, L. Battistin, and
A. Lajtha, pp. 497-506. Plenum Press, New York.

Olney, J. W., and de Gubareff, T. (1978): Glutamate neurotoxicity and Huntington’s chorea.
Nature, 271:557-559.

Olney, J. W., and de Gubareff, T. (1978): The fate of synaptic receptors in the kainate-lesioned
striatum. Brain Res., 140:340-343.

Perry, T. L., Currier, R. D., Hansen, S., and MacLean, J. (1977): Aspartate-taurine imbalance in
dominantly inherited olivopontocerebellar atrophy. Neurology, 27:257-261.

Polc, P., and Haefely, W. (1977): Effects of intravenous kainic acid, N-methyl-D-aspartate, and
(-)-nuciferine on the cat spinal cord. Naunyn-Schmiedeberg's Arch. Pharmacol., 300:199-203.
Ransom, B. R., Bullock, P. N., and Nelson, P. G. (1977): Mouse spinal cord in cell culture. III.
Neuronal chemosensitivity and its relationship to synaptic activity. J. Neurophysiol., 40:1163-1177.
Roffler-Tarlov, S., and Sidman, R. L. (1978): Concentrations of glutamic acid in cerebellar cortex
and deep nuclei of normal mice and weaver, staggerer and nervous mutants. Brain Res., 142:269—
283.

Schwarcz, R., Scholz, D., and Coyle, J. T. (1978): Structure-activity relations for the neurotoxicity
of kainic acid derivatives and glutamate analogues. Neuropharmacology, 17:145-152.

Segal, M. (1976): Glutamate antagonists in rat hippocampus. Br. J. Pharmacol., 58:341-345.
Segal, M. (1977): An acidic amino acid neurotransmitter in the hippocampal commissural pathway.
In: Iontophoresis and Transmitter Mechanisms in the Mammalian Central Nervous System, edited
by R. W. Ryall and J. S. Kelly, pp. 384-387. Elsevier, New York.

Segal, M. (1978): The effects of SP-111, a water-soluble THC derivative, on neuronal activity in the
rat brain. Brain Res., 139:263-275.

Shinozaki, H., and Konishi, S. (1970): Actions of several anthelmintics and insecticides on rat
cortical neurones. Brain Res., 24, 368-371.

Spencer, H. J. (1976): Antagonism of cortical excitation of striatal neuron by glutamic acid diethyl
ester. Evidence for glutamic acid as an excitatory transmitter in the rat striatum. Brain Res.,
102:91-101.

Stone, T. W. (1976): Blockade by amino acid antagonists of neuronal excitation mediated by the
pyramidal tract. J. Physiol. (Lond.), 257:187-198.

Storm-Mathison, J. (1977): Localization of transmitter candidates in the brain: The hippocampal
formation as a model. Prog. Neurobiol., 8:119-181.



85.

86.

87.

88.

89.

90.

91.

92.

93.

GLUTAMATE AS A CNS TRANSMITTER 175

Valcana, T., Hudson, D., and Timiras, P. S. (1972): Effects of X-irradiation on the content of
amino acids in the developing rat cerebellum. J. Neurochem., 19:2229-2232.

Watkins, J. C., Curtis, D. R., and Biscoe, T. J. (1966): Central effects of B-N-oxalyl-
o, B-diaminopropionic acid and other Lathyrus factors. Nature, 211:637.

Watkins, J. C., Curtis, D. R., and Brand, S. J. (1977): Phosphonic analogues as antagonists of
amino acid excitants. J. Pharm. Pharmacol., 29:324.

Wenthold, R. J. (1978): Glutamic acid and aspartic acid in subdivisions of the cochlear nucleus after
auditory nerve lesion. Brain Res., 143:544-548.

Wenthold, R. J., and Gulley, R. L. (1977): Aspartic acid and glutamic acid levels in the cochlear
nucleus after auditory nerve lesion. Brain Res., 138:111-123.

White, W. F., Nadler, J. V., Hamberger, A., Cotman, C. W., and Cummins, J. T. (1977):
Glutamate as transmitter of hippocampal perforant path. Nature, 270:356-357.

Young, A. B., Oster-Granite, M. L., Herndon, R. M., and Snyder, S. H. (1974): Glutamic acid:
Selective depletion by viral induced granule cell loss in hamster cerebellum. Brain Res., 73:1-13.
Zieglginsberger, W., and Puil, E. A. (1972): Tetrodotoxin interference of CNS excitation by
glutamic acid. Nature [New Biol.], 239:204-205.

Zieglgansberger, W., and Puil, E. A. (1973): Actions of glutamic acid on spinal neurones. Exp.
Brain Res., 17:35-49,





