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SYMPOSIUM REVIEW

When and why amino acids?

Kresimir Krnjevi¢

Physiology Department, McGill University, Montréal, Québec, Canada H3G 1Y6

This article reviews especially the early history of glutamate and GABA as neurotransmitters
in vertebrates. The proposal that some amino acids could mediate synaptic transmission
in the CNS initially met with much resistance. Both GABA and its parent glutamate are
abundant in the brain; but, unlike glutamate, GABA had no obvious metabolic function. By
the late 1950s, the switch of interest from electrical to chemical transmission invigorated the
search for central transmitters. Its identification with Factor I, a brain extract that inhibited
crustacean muscle, focused interest on GABA as a possible inhibitory transmitter. In the first
microiontophoretic tests, though GABA strongly inhibited spinal neurons, these effects were
considered ‘non-specific’. Strong excitation by glutamate (and other acidic amino acids) led to the
same conclusion. However, their great potency and rapid actions on cortical neurons convinced
other authors that these endogenous amino acids are probably synaptic transmitters. This was
partly confirmed by showing that both IPSPs and GABA greatly increased Cl~ conductance, their
effects having similar reversal potentials. Many anticonvulsants proving to be GABA antagonists,
by the 1970s GABA became widely accepted as a mediator of IPSPs. Progress was much slower
for glutamate. Being generated on distant dendrites, EPSPs could not be easily compared with
glutamate-induced excitation, and the search for specific antagonists was long hampered by
the lack of blockers and the variety of glutamate receptors. These difficulties were gradually
overcome by the application of powerful techniques, such as single channel recording, cloning
receptors, as well as new pharmacological tools.
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‘we have no adequate idea how one nerve cell provokes or Kreimir Krnjevi¢ is Emeritus professor
restrains the activity of another’ of Physiology, at McGill University,
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foremost, chains of amino acids make up the proteins from

national Congress on Amino Acids, Peptides and Proteins, Vienna, on
3 August 2009.
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which tissues are constructed and enzymes developed to
operate the intricate biochemical pathways that acquire
and dispense energy, the essential characteristic of living
organisms. A half-century ago, when neuroscientists
began to accept the idea that chemical transmitter might
mediate the transfer of information between nerve cells
at synapses, no one seriously thought that amino acids
were the likely agents. According to the general opinion,
like peripheral junctions, central synapses probably utilize
unusual molecules, specialized for this function, and not
much good for anything else: indeed, very likely the
same transmitters (acetylcholine and monoamines) as at
nerve-muscle and ganglionic junctions. This mind-set
governed the direction of much of the thinking and
research for several decades (Paton, 1959). Hence, the
question, when and why were amino acids first proposed
as neurotransmitters?

Early history

Now we know that both glutamate and its close
derivative GABA (readily obtained from glutamate by
a-decarboxylation) are chemical signals at various peri-
pheral and central sites throughout the metazoan series
(Gerschenfeld, 1973; Majewska, 2007). For example, in
hydra (coelenterates) they modulate pacemaker activity
(Kass-Simon et al. 2003); in sea-fans. GABA mediates
nematocyst discharge (Girosi et al. 2007). Even in
protozoa, in the amoeba Dictyostelium, glutamate and
GABA compete at a GABAj-like receptor in the process
of sporulation (Anjard & Loomis, 2006); and GABA may
induce bacterial spore germination (Foerster & Foerster,
1973). Both glutamate and GABA may well be signalling
molecules in plants (Forde & Lea, 2007): indeed, GABA
was identified in potato tubers (Dent et al. 1947) before it

Sir John Eccles (1903-1997) A
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was discovered in the mammalian brain. The compelling
evidence for GABA- and glutamate-mediated inhibition
and excitation, respectively, at the crustacean neuro-
muscular junction, thoroughly reviewed by Gerschenfeld
(1973), will not be further discussed here.

Most of the research on central transmitters in
vertebrates was prompted by some key events of the
1950s. One was the discovery in 1950 (Awapara et al.
1950, and two other groups) that the brain contains large
amounts of GABA, an unusual, omega amino acid of
no known function. Another, quite unconnected, was
J. C. Eccles’ conversion to the idea that central synapses
operate not electrically but chemically (Eccles, 1953).
Until that time, most neurophysiologists believed that
rapid communication between nerve cells could only
be mediated by fast electrical currents (Fulton, 1949).
Wasn’t transmission most easily and cleanly explained
if the axon’s electrical signal simply jumped across the
tiny gap at the synapse (no need to postulate a messy
chemical process...)? The electrical hypothesis had for
many years been vehemently promoted by Eccles. But now,
on the basis of his pioneering microelectrode recordings
in the spinal cord, he became even more outspoken in
favour of chemical transmission: the discrepancy between
the observed large, prolonged synaptic potentials and
the minute fields generated by presynaptic spikes clearly
was not compatible with simple electrical transmission
(Fig. 1).

One question then arose. Could the very different
synaptic actions — excitation and inhibition, respectively
manifested by membrane depolarization and
hyperpolarization — be mediated by a single chemical
transmitter, binding to receptors having opposite effects
on postsynaptic excitability? Such a scheme, in some
ways analogous to electrical transmission, would simplify

Figure 1. Pioneering recordings by
Eccles and collaborators of synaptic
potentials evoked in spinal cord by
afferent stimulation

A, EPSP recorded inside motoneuron and
presynaptic field potential, both evoked by
afferent volley in biceps semitendinosus
(BSt) nerve (at higher sweep speed in panel
labelled with small D; note, millisecond gaps
in traces) (from Fig. 9 in Brock et al. 1952).
B, IPSPs, recorded through double-barrelled
KCl microelectrode, generated in a BSt
motoneuron by la afferent volley from
antagonist muscle (quadriceps). Traces
(small A—C) show progressive reversal of IPSP
as CI~ diffuses from microelectrode, though
resting potential remained at —59 mV (part
of Fig. 3 in Coombs et al. 1955).

© 2010 The Author. Journal compilation © 2010 The Physiological Society



J Physiol 588.1

transmitter chemistry; but it would require specific
targeting of the presynaptic axon to the correct receptor
(no simple task, especially in the complex circuitry of the
CNS). At any rate, this solution has not been generally
adopted. Broadly speaking, fast excitation is mediated by
glutamate-induced Na* and Ca’* influx, and inhibition
by GABA- or glycine-induced Cl™ influx. There must
have been some advantage in having separate agents,
released by different cells: probably greater flexibility in
circuit design and operation, especially of the inhibitory
systems, which are notoriously subject to modulation by
endogenous factors or by drugs.

Eccles’ conversion to the chemical hypothesis was soon
reinforced by his discovery that acetylcholine (ACh),
released by intraspinal collateral branches of cholinergic
motor axons, excites inhibitory Renshaw cells (Eccles
et al. 1954). But pharmacological tests showed that ACh
could not be the mediator of the prominent excitatory
and inhibitory synaptic actions recorded in most spinal
neurons. The transmitter(s) had to be some other
agent(s).

Two crucial findings pioneered the shift of synaptic
studies towards amino acids. In both, Ernst Florey
(Fig. 2), a young Austrian scientist, played a key role. As a
student in Graz, he had been taught by Umrath, who had
worked under Biedermann, the discoverer of inhibitory
nerves to crustacean muscle (Biedermann, 1887). This
laid the foundation of Florey’s life-long interest in the
inhibitory mechanisms in crustacea (as vividly described
in Florey, 1991). The first was the result of Florey’s
visit, as Fulbright Fellow, to C. A. Wiersma’s laboratory
in California. The California Institute of Technology
(CalTech) lab was studying the properties of the recently
discovered stretch receptor neuron of crayfish — on which
Florey proceeded to test extracts of mammalian CNS. He
thus found that extracts of cortex and spinal cord (but
not peripheral nerves) contained an unknown inhibitory
agent (‘FactorT’) that suppressed firing of the stretch
receptor neuron (Florey, 1954). Being highly sensitive to
various chemicals, the crayfish stretch receptor (Fig. 3)
was ‘..an ideal test object. .. Since the nerve impulses are
nearly perfectly rhythmical, even the slightest changes in
their frequencies can be detected easily.” (as described by
Florey, 1954). It undoubtedly played an essential role in
the early studies on GABA and its identification. At any
rate, having an action so similar to that of inhibitory nerves
in crustacea, Factor I might well be the chemical released
by these nerves; but its identity was an open question
(Florey also found an excitatory Factor E in his extracts,
whose identity was never elucidated).

When Florey came again to North America, to work
at the Montreal Neurological Institute, he continued his
investigations of Factorl in K. A. C. Elliott’s Neuro-
chemistry laboratory, a leading centre of research on
brain chemistry (Fig. 4). After testing numerous brain
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chemicals on the crayfish stretch receptor, Bazemore et al.
(1956) concluded that GABA fully accounted for the
inhibitory activity of purified Factor L. By a curious twist
of fate, Florey almost immediately rejected the idea that
GABA was the synaptic inhibitor: at least partly because
GABA was reported to be absent in chromatograms
of FactorI (McLennan, 1958) and because GABA and
FactorI differed in some of their effects on intestinal
muscle (Florey & McLennan, 1959). In spite of all the
later developments, he never fully accepted GABA as
the inhibitory transmitter, especially in crustacea (Florey,
1991). Nevertheless, it must be remembered that Florey’s
pioneering studies did set the stage for all the subsequent
research on signalling by amino acids.

Until the end of the 1950s, further progress was stalled
by several, apparently negative, findings. It was clear that
the EPSPs or IPSPs recorded in the spinal cord were
not mediated by ACh or monoamines, the well-known
peripheral transmitters. But topical applications of
GABA to the brain yielded only inconclusive results
(Iwama & Jasper, 1957; Purpura et al. 1957). Much
more suggestive were the effects produced by micro-
iontophoretic applications, sharply localized to only a
few cells (Fig. 5). By passing known currents through a
micropipette containing a solution of a given agent, small
amounts can be released in a controlled manner by an
electric current (the main drawback is that, though the
amount of substance released is fairly well known, its
concentration at the site of action is a steep function of
the effective diffusion distance, a variable that cannot be
readily controlled). Using multibarrelled pipettes — from
which several compounds could be released — David Curtis
and colleagues in Eccles’ laboratory systematically tested
GABA and related amino acids in the spinal cord (Curtis
et al. 1959).

Ernst Florey
(Salzburg 1927 - Konstanz 1997)

Figure 2

Ernst Florey, the Austrian zoologist, whose discovery of ‘Factor I' in
mammalian brain (Florey, 1954) opened the road towards GABA and
other amino acid neurotransmitters.
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Their main finding was that GABA and p-alanine
(another omega amino acid) consistently inhibited all
types of spinal neurons (Curtis et al. 1959) (Fig.6A).
However, for several reasons — that GABA and S-alanine
had similar effects; that they were not blocked by
strychnine and not associated with hyperpolarization —
the authors dismissed their actions as ‘non-specific. The
same team went on to test GABA’s parent molecule,
L-glutamate — as well as some other acidic amino acids,
such as aspartate and cysteate — also on spinal neurons
(Curtis et al. 1960). All were powerful excitants; but the
authors again concluded that these were non-specific
actions, mainly because blockers of enzymes that
catabolize these amino acids did not alter their potency
or time course of action (as the authors expected, by
analogy with cholinergic transmission, which is normally
curtailed by cholinesterase-mediated hydrolysis of acetyl-
choline — they did not take into consideration amino acid
removal by cellular uptake, already reported by Stern et al.
1949).

A contrasting view was taken by Krnjevi¢ & Phillis
(1961, 1963). In similar tests on cortical and cerebellar
neurons, they were impressed by the very fast, strong
and highly reproducible excitation produced by glutamate
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and related acidic amino acids, and the equally powerful
inhibitory actions of GABA and related omega amino
acids (Fig. 6B). The quick time course of action, especially
when compared with the slow and prolonged excitation
produced by acetylcholine on the same cells, and the
minute amounts of amino acid needed to induce or block
neuronal firing seemed just what would be expected of
synaptic transmitters. In view of the abundance of both
glutamate and GABA in the brain — which guaranteed a
ready supply — and their active uptake from extracellular
space — which would account for the quickly reversible
actions — Krnjevi¢ & Phillis (1963) concluded that these
amino acids were probably the main central synaptic trans-
mitters, about which there had been so much speculation.
For some years, unsupported by further evidence, this idea
gained little in popularity.

Rapid progress on the inhibitory front

A more searching comparison of IPSPs and GABA’s
actions on membrane properties proved decisive.
Combining intracellular recording and GABA
iontophoresis, Krnjevi¢ & Schwartz (1967), Obata
et al. (1967) and Dreifuss et al. (1969) showed that

Crayfish stretch receptor
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On the left, sketch of crayfish (Astacus) (Fig. 10, Ritchie, 1944, by permission of Oxford University Press); right,
diagrammatic representation of stretch receptor and increased firing of afferent axon as receptor muscle is stretched
(from Fig. 7-2, in Eckert, 1988). Owing to its great sensitivity to Factor |, this crayfish preparation was a major tool
in the identification of GABA as a/the major transmitter at inhibitory synapses in the brain.
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K. A. C. Elliott
(1903-1985)

Figure 4

Allan Elliott, head of the research group at the Montreal Neurological
Institute which first showed that endogenous GABA could account for
the inhibitory action of Factor | (Bazemore et al. 1956).
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IPSPs and GABA induce similar changes in membrane
potential and conductance — clearly an increase in Cl™
conductance — even after reversal of the transmembrane
Cl™ gradient (Fig. 7). Similar effects of glycine on spinal
neurons, as well as its distribution within the spinal cord,
led Werman et al. (1968) to propose that glycine was
the main spinal inhibitory transmitter. These results were
confirmed pharmacologically by the selective block of
both glycine and spinal IPSPs by strychnine, on the one
hand, and of GABA and cerebral IPSPs by bicuculline and
picrotoxin (Curtis & Johnston, 1970; Curtis et al. 1970)

on the other. These antagonists became valuable tools for

the identification of GABAergic and glycinergic pathways

in the CNS: the latter mainly in the spinal cord and brain-
stem. By the early 1970s, there was wide agreement that the
inhibitory amino acids were indeed major transmitters.

GABA, vs. GABAg actions

Though widely effective, bicuculline did not always pre-
vent the effects of GABA. Following up on this clue,
Bowery et al. (1980) discovered a second, slower mode of
action of GABA — resistant to the usual convulsants — pre-
sumably mediated by a different membrane receptor: thus

Microiontophoresis

Figure 5. Diagrammatic representation of microiontophoretic electrodes

A, multibarrelled for extracellular recording. B, twin electrodes for combined intracellular recording and external
jontophoresis (Figs 3 and 7 from Krnjevi¢, 1971a). This technique was a major advance over systemic or topical
applications: by releasing different agents from separate barrels, their effects on individual nerve cells could be
compared directly. With careful positioning of the electrode tip close to a cell, release by very short current pulses
approached the kinetics of synaptic transmission. Significant pitfalls include current artifacts (iontophoretic current
directly changing neuronal excitability), possible indirect effects mediated by neighbouring cells, and ongoing
leakage of active agents, especially from larger tips — most of which can be controlled. Though not strictly
quantitative, the delivery of agents should be linearly related to the iontophoretic current, and approximately

calculable if the relevant transport number is known.
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was born the notion of GABA - and GABAg-type actions.
As further studies revealed (Bowery & Enna, 2000), unlike
the pentameric A-type receptor built around a Cl~ channel
(Macdonald & Olsen, 1994; Jones-Davis et al. 2005), the
dimeric GABAg receptor is not directly linked to an ion
channel. Instead, it belongs to the family of receptors —with
seven cross-membrane segments — which interact with
G-proteins. One such G-protein opens some K channels,
causing postsynaptic inhibition; by blocking presynaptic
Ca?* channels, it also depresses transmitter release
(notably, but not exclusively, of GABA). Even slower
effects are mediated by G-protein-triggered activation
of adenylate cyclase and the formation of cyclic AMP.
Via protein kinase A-induced changes in gene expression,
this signalling pathway can initiate much longer-term
modulations in cellular functions. The contrasting modes
of GABA, and GABAj actions fitted well into the
classification of two types of neurotransmission: fast,
ionotropic and indirect slower metabotropic (Eccles &
McGeer, 1979).

Could glutamate be the excitatory transmitter?

Further progress on the glutamate front was not nearly so
rapid. That glutamate might be involved in synaptic trans-
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Figure 6. Early iontophoretic tests of inhibitory amino acids

A, spikes evoked by steady application of glutamic acid to a dorsal
horn cell by an anionic current (50 nA). During ‘E’, B-alanine was also
applied by current (80 nA) from another barrel of the same
multibarelled electrode. Individual sweeps are virtually continuous
(from Fig. 3 in Curtis et al. 1959). B, typical microiontophoretic
excitation and inhibition of cortical neurons by L-glutamate and GABA.
Times of applications are indicated by horizontal lines (Fig. 2 from
Krnjevi¢, 1971b, with kind permission from Springer Science+Business
Media).
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mission went against the grain. Already a well-established
biochemical, abundant in all cells, its proposed, quite
unexpected new role as synaptic transmitter would require
overcoming a much greater psychological barrier. And
there were greater technical obstacles in the way. Unlike
GABA, glutamate’s effects were sensitive to membrane
voltage. It seemed to induce only very small increases
(or even decreases) in membrane conductance, but large
depolarizations that were difficult to reverse. Moreover,
typically situated on dendritic spines, electrotonically
far from the cell body, excitatory synases were not
amenable to close examination by the techniques then
available. All these properties of EPSPs precluded any
reasonably accurate estimates of reversal potentials,
considered the criterion for identification. The difficulties
were compounded by the lack of any antagonists. In
this respect, the contrast with GABA and glycine was
striking: numerous convulsant drugs had long been
known, and most indeed proved to be antagonists of
GABA or glycine; but nothing in the pharmacopoeia
suggested a selective antagonism of excitatory trans-
mission. As it turned out, glutamate binds to a variety of
receptors (Hollmann & Heinemann, 1994), all structurally
different from the broad family of receptors to which
GABA and glycine receptors belong (Macdonald &
Olsen, 1994). Albeit generally increasing excitation, the
ionotropic receptors activated by glutamate had their
own characteristics. Identifying selective ligands proved
especially arduous. All the specific agonists and antagonists
at the various glutamate receptors, such as anthelmintics,
were unsuspected ‘new’ agents, only slowly revealed by a
process of almost random, several decades-long search
(Mayer & Westbrook, 1987; Watkins & Jane, 2006).
Reluctant to accept glutamate as the main excitant, other
investigators searched extensively for a credible alternative.
As none transpired, in time glutamate became generally
accepted as the transmitter at most central excitatory
synapses.

Further advances

At first, the picture seemed relatively straightforward. But
complications soon arose. Both GABA and glutamate
turned out to be anything but ‘simple’ transmitters.

GABA

Immunohistochemical markers of GABA or glutamate
decarboxylase (needed to produce GABA from glutamate)
revealed widely dispersed GABAergic interneurons and
even more widely distributed GABAergic nerve terminals.
That they are crucial for controlled brain function was
made all too clear by the prominent seizures induced by
any pharmacological or pathological process that inter-
fered with their activity or efficacy. The corresponding
postsynaptic receptors were cloned. They were of the same

© 2010 The Author. Journal compilation © 2010 The Physiological Society



J Physiol 588.1

type as nicotine receptors, but with a positively charged
ion channel permeable to small anions (Macdonald
& Olsen, 1994; Jones-Davis et al. 2005), as were
the strychnine-sensitive, anionic channels activated by
glycine (Betz et al. 1999). Unexpectedly, the efficacy of
the Cl™-mediated inhibition proved to be quite labile,
the inhibitory potency of GABA, receptors being much
enhanced by many sedatives, general anaesthetics and even
some endogenous steroid hormones (Majewska, 2007);
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and it could be greatly reduced by changes in the trans-
membrane Cl~ gradient.

Because Cl~ currents reverse their direction at
membrane potential usually not far from the cell’s resting
potential, even modest increases in internal [Cl™] can turn
IPSPs into depolarizing potentials. Given a sufficiently
positive shift in V, IPSPs become EPSPs (Fig. 7). Indeed,
during prenatal and early postnatal development, before
glutamate-mediated transmission is established, GABA
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Figure 7. Comparing actions of GABA and IPSPs on membrane potential and conductance of cortical

neurons

A, for each trace, initial (‘resting’) potential is indicated by a horizontal arrow and two 20 ms inward current pulses
were injected to show marked increase in membrane conductance near negative peak of IPSP (evoked by surface
stimulation; separate traces monitoring current pulses are displaced to right). Traces were obtained with potassium
citrate microelectrode before (small B), during (small D) and 40 s after end of (small F) iontophoretic application
of GABA (140 nA). Note during GABA release much higher ‘resting’ conductance, small hyperpolarization and
minimal IPSP, but little further conductance increase during IPSP. B, voltage—current plots obtained by applying
several such pairs of current pulses: open circles give membrane potential at rest, filled circles near IPSP peak,
and triangles, ‘resting’ potential during GABA application. Note similar large-conductance increases produced by
IPSP and GABA and virtually identical reversal potentials (indicated by horizontal arrows). C, comparing reversal
potentials for IPSPs and GABA action recorded (as illustrated above) in each of 18 such series from 13 different
cortical neurons. Least squares plot (continuous line) did not differ significantly from that of ideal fit (dashed line).
Closed and open circles are values obtained before and after corresponding GABA applications (A-C taken from
Figs 5, 6 and 8, in Dreifuss et al. 1969, with kind permission from Springer Science+Business Media). D, reversal
of IPSPs and GABA effect by intracellular injection of Cl=: open circles, resting potential; filled circles, potential at

peak of IPSP (Fig. 3 in Krnjevi¢ & Schwartz, 1968).
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induces depolarization (Fig. 8) (Cherubini ef al. 1991)
and GABAergic synapses provide the main excitatory
signals in the brain. The determining internal [Cl™] is
set by the balance between inward and outward Cl~ trans-
port (Blaesse et al. 2009). Initially, the balance favours
inward transport: so internal [CI™] is relatively high
and GABA-releasing axons, which develop early, excite
their target neurons. The resulting influx of Na® and
Ca?* stimulates further synaptic and neuronal growth
and functional maturation. In time, outward transport
of CI~ predominates, and within a few weeks of birth,
hyperpolarizing IPSPs become the norm. Thus, albeit a
crucial controller, both of signalling between nerve cells
and more general excitability, GABAergic inhibition is
by no means a monolithic process, notably because of
its dependence on the vagaries of Cl~ transport. Even
in the adult, decreased Cl~ outward transport may be
an agent of pathological hyperexcitability, manifested by
epileptic seizures or chronic pain (Blaesse et al. 2009).
An opposite change seems to take place transiently in the
perinatal period when, under the influence of oxytocin,
the depolarizing GABA-mediated synaptic events are

A GABA (0.5 mM) P4

TR

B GABA (2 mM) P17
£ =g
m?.'a ""‘"1
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temporally converted to hyperpolarizing IPSPs, possibly
to protect the fetus’ brain from excessive excitation
(Khazipov et al. 2008). Thus, fast GABAergic signalling
can reverse its polarity surprisingly quickly as a result of
changes in Cl~ gradient.

Another type of synaptic modulation, presynaptic
inhibition, was first proposed by Eccles (1969) to explain
‘remote’ inhibition at sensory synapses in the spinal cord:
GABA-mediated depolarization of Cl™-rich terminals
reduces transmitter release at the primary afferent relay.
An interesting variant is presynaptic modulation of GABA
release by glycine, discovered more recently at several
sites in the brain stem (Turecek & Trussell, 2001; Ye
et al. 2004). In the ventral tegmental area (VTA), where
dopaminergic cells are inhibited by GABAergic neurons,
the GABA-releasing axons are subject to presynaptic,
glycine-mediated inhibition (Ye et al. 2004); thus,
activation of glycine receptors on the GABAergic terminals
lowers GABA release. This form of disinhibition facilitates
the firing of the dopaminergic cells. An interesting point
is that, in this case, the overall effect produced by glycine —
facilitation — is not altered by developmental changes in

A "'-4?
D "_B
il Jo.3na L 12
1 min
Membrane potential (mV)

IIDm'.r

I

1 min

Figure 8. GABA excites in young brain: at resting potential, GABA depolarizes during first few postnatal
days, and hyperpolarizes only later

A, in hippocampal neuron at postnatal day (P) 4, GABA effect is hyperpolarizing or depolarizing when initial
potential is —37 or —61 mV, respectively. B, at P17, GABA's effect is hyperpolarizing at —61 mV and becomes
depolarizing only at more negative potentials. Membrane resistance was monitored throughout by brief hyper-
polarizing current pulses. C, plots of GABA effects in A and B as function of membrane potential clearly show
more positive reversal potential for data obtained at P4 GABA applications are indicated by horizontal bars (Fig. 2
from Cherubini et al. 1991, reproduced with permission).
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neuronal [Cl7]: in early postnatal days, when internal
[CI7] is high, both GABA and glycine are depolarizing
transmitters in VTA, as in the hippocampus, and glycine’s
presynaptic action, as in the mature animal, facilitates
dopaminergic neuronal firing.

Glutamate

Glutamate-mediated excitation also turned out to be
more complex than expected, but in different ways. A
prominent characteristic of glutamate receptors (GluRs)
is their variety: four broad types are found, of which
three (ionotropic) are relatively non-specific cationic
channels (like the nicotinic receptor, but structurally
quite different (Hollman & Heinemann, 1999; Brockie
& Maricq, 2006; Oswald et al. 2007) (Fig.9C), and
one (metabotropic) activates G-protein-triggered internal

When and why amino acids? 41

signalling (Niswender et al. 2005; Platt, 2007). But, apart
from some depressant effects mediated via metabotropic
receptors (especially on transmitter release), glutamate
is almost exclusively a depolarizing agent. Because it is
such a powerful excitant, excessive release of glutamate
can have devastating effects on brain function and
indeed, survival. Changes in efficacy of glutamatergic
synapses typically come about through a change in the
number of receptors available at the synapse for trans-
mission. Such ‘trafficking’ of GluRs is an important
aspect of ‘synaptic plasticity’: the ability of synapses to
undergo very long-lasting, activity-dependent increases
or decreases in efficacy (Kessels & Malinow, 2009). The
different properties of ionotropic GluRs can be very briefly
summarized as follows.

(A) Those insensitive to NMDA. (1) GluRs that bind
the very specific synthetic agonist AMPA. By mediating
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Figure 9. Some unusual characteristics of glutamate-induced membrane currents

A, current-voltage (/-V) relations for responses evoked by L-glutamate, L-aspartate and quisqualate. Note mono-
tonic [~V relation for quisqualate (typical for a non-NMDA current) and N-shaped relation (with clear negative
slope between —80 and —20 mV) for the NMDA agonist L-aspartate. Because L-glutamate (the main excitatory
transmitter) binds to both types of receptors, its /-V relation is of a mixed character, with a flat region between —30
and —80 mV, where there is virtually no conductance change (Fig. 2A from Westbrook & Mayer, 1984, reproduced
with permission). B, N-shaped /-V relation for responses to glutamate is caused by voltage-dependent block by
external Mg?*t: dashed and continuous lines were fitted to data obtained in presence and absence of 0.5 mm
[MgZt], respectively (part of Fig. 1 in Nowak et al. 1984, reproduced with permission). C, ionotropic glutamate
receptors (iGIuRs) are formed by the heteromeric assembly of four receptor subunits. Ca, subunit membrane
topology. The three transmembrane domains and the hydrophobic pore-lining region are indicated by grey and
white rounded rectangles, respectively. The S1 and S2 domains form the ligand-binding domain. Cb, tetrameric
assembly of a functional iGIuR showing the hydrophobic regions that co-operate to form the ion channel pore
(from Fig. 1 in Brockie & Maricg, 2006, reproduced with permission).
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fast EPSPs at excitatory synapses throughout the CNS,
they are the workhorse of information transfer. Typically,
AMPA-type channels are permeable to Na® and K,
but not divalent cations (except for one Ca’"-permeable
subtype). An important property of AMPA receptors
(AMPARs) is extremely rapid desensitization (Partin
et al. 1993; Raman & Trussell, 1995); therefore agonist
potency can be much enhanced by drugs — or intracellular
anchoring proteins — that slow down this desensitization
(Partin et al. 1993; Milstein et al. 2007). (2) GluRs that
bind the non-endogenous specific agonist kainate (KA).
Slower acting than AMPARSs, these GluRs generate a later
phase of EPSPs. When situated on nerve endings, they
modulate transmitter release (Lerma, 2003); for example,
at mossy fibre synapses in hippocampus they mediate
a cumulative increase in glutamate release, resulting
in ‘frequency facilitation’ or long-term potentiation (of
EPSPs (Lauri et al. 2001). Through its tonic excitatory
action and enhancement of cytoplasmic [Ca’"], KA
promotes seizures and excitotoxicity (Pinheiro & Mulle,
2006). The depression of GABA release at least partly
accounts for KA’s ability to induce seizures (Behr et al.
2002; Fritsch et al. 2009).

(B) NMDA-sensitive GluRs. Three properties make this
receptor stand out (Westbrook, 1994; MacDonald et al.
2006). First, because its activation requires the presence of
glycine or D-serine (as co-factor), it is sensitive to changes
in local glycine or D-serine concentration or to drugs
that compete with these amino acids. Second, at resting
potential, external Mg ions prevent effective opening of
the channel (Nowak et al. 1984) (Fig. 9B) and substantial
depolarization is needed to overcome the block. As a
result, the NMDAR-mediated conductance increase is
voltage dependent, unlike the effect of all other ionotropic
receptors (Fig. 9A). Third, the NMDAR cationic channel
is very permeable to Ca ions. As cytoplasmic Ca’" is a
protean signal, NMDAR-mediated Ca*" influx can turn
on a wide variety of cellular processes — mostly beneficial,
such as changes in respiration, ionic permeability, gene
expression; but excessive Ca** influx can lead to functional
disruption or even cell death (‘excitotoxicity’) (Waxman
& Lynch, 2005). Of especial importance is the voltage
dependence of NMDARs, which makes them sensitive
detectors of correlated synaptic input and cellular firing
(hence ‘coincidence detectors’), the resulting Ca** influx
acting as an essential trigger of persistent changes in
synaptic efficacy. It is now widely believed that synaptic
plasticity —the ability to undergo selectively such sustained
changes — is a vital aspect of learning and memory.
Whether long-term potentiation or long-term depression
is induced seems to depend on the intensity of the Ca**
influx: low frequency firing is associated with modest
depolarization and Ca?* influx, which leads to synaptic
depression, whereas high frequency activity induces a
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much greater and sharper peak of internal [Ca*"] and
results in synaptic potentiation (Yang et al. 1999).

Sufficient Ca®* influx to induce such lasting changes
can also be mediated by metabotropic GluRs and some
forms of AMPARs (as well as voltage-dependent Ca®*
channels and possibly other transmitters). Nevertheless,
in this picture, two features remain salient: glutamate’s
ubiquitous function as transmitter of rapid signals, and,
when acting on Ca’"-permeable receptors, its no less vital
role in long-lasting modulation of the efficacy of the rapid
signals.

In conclusion, amino acids have come a long way over
the last half-century. At least three — glutamate, GABA
and glycine — are now recognized as major transmitters
throughout the animal kingdom. In vertebrates, they are
the predominant transmitters at fast-operating synapses
of the CNS (but not exclusively in the CNS, having a
significant role at some enteric junctions (Tsai, 2005). Is
it time to turn the page and focus on other newer topics?
Certainly not. This conference illustrates the wide range
of ongoing studies on amino acids, and this symposium
reviews far from exhaustively the many directions in
which the neurotransmitter functions have taken us.
Their involvement in neuropathologies, in particular, is
a topic with a great potential for illuminating research and
life-enhancing therapeutic advances (Waxman & Lynch,
2005; Platt, 2007).
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