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SUMMARY

1. Pyramidal tract interneurones, defined as neurones which are
activated synaptically as a result ofpyramidal tract stimulation, have been
identified in the rat cerebral cortex. The number ofevoked spikes depended
upon stimulus strength, and stimulation in a specific thalamic nucleus
produced a burst of activity lasting for up to 1 sec.

2. These cells are readily excited by a brief (50 msec) pulse of glutamate
applied by micro-iontophoresis. Other, unidentified cells are not so
responsive.

3. Synaptically evoked spikes resulting from pyramidal tract stimula-
tion can be blocked by the iontophoretic and i.P. administration of
substances shown to antagonize glutamate excitation of cells.

4. The results support suggestions that glutamic acid is a neuro-
transmitter in the cerebral cortex. The evidence presented further indicates
that glutamic acid could be the transmitter released by the pyramidal
tract.

INTRODUCTION

In spite of the surge of interest in recent years in the processes of synaptic
transmissioninthe centralnervoussystem, relativelylittle attention hasbeen
paid to the possible transmitter liberated by fibres of the pyramidal tract.
The pyramidal tract stains poorly for acetylchollnesterase (Koelle,

1954) and possesses almost negligible choline acetylase activity (Feldberg
& Vogt, 1948). The tract is probably not, therefore, cholinergic. The lack
of fluorescence in the pyramids seen by appropriate histochemical tech-
niques similarly suggests that the amines noradrenaline, dopamine and
5-hydroxytryptamine are unlikely to be transmitters here (Carlsson,
Falck & Hillarp, 1962; Dahlstr6m & Fuxe, 1964).
Among the remaining substances suspected as being neurotransmitters

at present are certain amino-acids. When applied by microiontophoresis,
acidic amino-acids such as L-glutamic acid and aspartic acid have potent



excitatory actions on cells in many areas of the central nervous system.
Neutral amino-acids such as y-aminobutyric acid are, by contrast, potent
neuronal depressants (Crawford & Curtis, 1964; Curtis & Watkins, 1965;
Krnjevic, 1970).

L-glutamic acid (Glu) is present in the cerebral cortex in larger concen-
trations than in any other area of the central nervous system (Berl &
Waelsch, 1958) and, although this fact is not a uniquely significant one in
view of the varied metabolic processes in which Glu participates, the
additional observations that Glu exists in high concentrations in synapto-
somes (Kuhar & Snyder, 1969) possibly in synaptic vesicles (Kuriyama,
Roberts & Kakefuda, 1968), and that it can be released from synapto-
somes by electrical stimulation (Bradford, 1970) lend strong support to the
possibility of a transmitter role for glutamate.

Further support may be derived from the findings that only certain
forms of neural stimulation which excite cortical cells increase the amount
of Glu 'released' at the cortical surface (Jasper & Koyama, 1968, 1969).
Also, a high affinity uptake process for Glu into cortical homogenates has
recently been described (Logan & Snyder, 1971), suggesting that specific
membrane transport mechanisms exist for Glu.

Until recently, however, no association could be made between Glu and
any neural pathway in which it might be involved as a transmitter, due to
the lack of suitable antagonist substances. The announcements by several
groups of workers of an antagonism of amino-acid excitation by some
amino-acid derivatives (Haldeman, Huffman, Marshall & McLennan,
1972; Curtis, Duggan, Felix, Johnston, Tebecis & Watkins, 1972) prompted
the present investigation to determine whether these substances had any
effect on synaptic activity evoked from the pyramidal tract.

METHODS

Male rats weighing 250-300 g were used exclusively. The animals were anaesthe-
tized with urethane (25% solution in physiological saline) 5 ml./kg, which,
according to several authors, leaves activity in the brain hardly distinguishable
from that of unanaesthetized (encephale isole) preparations (Holmes & Houchin,
1966; Cross & Dyer, 1971; Bradley & Dray, 1972).
The preparation of animals, and the methods used for stimulation and identifi-

cation of the pyramidal tract, recording and micro-iontophoresis have been described
previously (Stone, 1972a, b). Two modifications of these techniques were also
employed in these experiments.

First, the spike recording from a cell, after passing through a pulse-shaper unit
was passed into an instantaneous rate-meter (Ecko) and from this a direct continuous
recording of the cell firing rate was obtained on a Servoscribe pen recorder.

Secondly, since some difficulty was experienced in recording from the rather small
interneurones of the rat's cortex with multibarrel iontophoretic electrodes (over-all
tip diameter 4-8 /tm), these were combined with conventional single micropipette
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CORTICAL NEURONES AND GLUTAMATE
electrodes having tip diameters not greater than 1 ,um and containing 1 M potassium
acetate. These recording pipettes were affixed to the multibarrel pipettes by means
of an insulating fixative varnish (Voltalac) or Araldite X (CIBA Ltd), which was
applied to suitable points on the electrode assembly after apposition of the tips
under microscopic control. No fixative was applied to those parts of the assembly
which were to be inserted into the brain. The tip of the single electrode was arranged
to project 2-10 4um beyond the multibarrel pipette orifice (Fig. 1). This allowed
satisfactory recording of small cells, and simultaneous iontophoresis.

Fig. 1. A photograph of the tip of the electrode system used. A single
micropipette recording electrode, tip approximately 1 gtm diameter, is
shown affixed to and projecting approximately 6 ,m beyond a multibarrel
pipette, tip approximately 5 ,gm diameter. Scale: 50 ,um.

For micro-iontophoresis, the following solutions were used: sodium L-glutamate
(B.D.H.), 200 mm, pH 8-0; acetylcholine chloride (Koch-Light), 200 mm, pH 5-0;
L-glutamic acid diethyl ester hydrochloride (Sigma), 200 mm, pH 5-0; L-methionine
DL-sulphoximine (Sigma), 200 mm, pH 5-0.

Glutamic acid diethyl ester was also injected intraperitoneally in doses of 300 or
600 mg/kg. These doses were chosen as being similar to the doses used by Desi,
Farkas, Sos & Baogh (1967) to produce behavioural changes in rats.

All the cells studied in these experiments were spontaneously active.
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RESULTS

Cortical interneurones activated by the pyramidal tract
Most of the evidence to be presented comes from a study of inter-

neurones in the cerebral cortex which were activated by the pyramidal
tract. The characteristics of these cells have been described in a report
by Stefanis (1969). Fig. 2A illustrated records of the activity of a cell
which was not a pyramidal tract cell (Stone, 1972b) but which appeared
to be an interneurone excited by pyramidal tract stimulation. The
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Fig. 2. Evoked activity of an interneurone in the cerebral cortex. The cell
illustrated has an initial latency of about 6 msec in A.
A, the number of evoked spikes increases from 1 to 4 as the pyramidal

tract stimulating current is increased from 20 ,uA through 40, 80 and 120
ctA.

B, a burst of activity of the same cell as A, produced by stimulation of
nucleus ventralis posterolateralis of the thalamus. Negativity is upwards.

number of spikes elicited in such cells could usually be varied from one
up to three or four by increasing the strength of pyramid stimulation.
This behaviour, and three other factors, confirmed the essential similarity
between these cells and those studied by Stefanis.
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First, the cells would respond to peripheral or specific thalamic stimula-
tion (nucleus ventralis posterolateralis) (Stone, 1972a) with a train of
spikes which lasted for up to one second (Fig. 2 B).

a b

1 mV

50 msec
Fig. 3. a, A pyramidal tract cell antidromic spike is seen followed by a
short burst of small spikes recorded from an interneurone. In b the stimulus
current has been reduced so that the antidromic spike is no longer produced.
The interneurone activity remains, however, indicating that the pyramidal
tract cell in a was not primarily responsible for its activation.

Secondly, some of these cells appeared to be located in close proximity
to pyramidal tract cells. An example is shown in Fig. 3a, in which a
pyramidal tract cell antidromic spike is followed by a short train of
smaller spikes which may be presumed to be recorded from an inter-
neurone: pyramidal tract cells never show repetitive activity to that extent.
The pyramidal tract cell recorded in this case, however, was not the cell
primarily responsible for activating the interneurone since, as shown in
Fig. 3b, the interneuronal activity could still be elicited when the pyramid
stimulating current was reduced below the threshold necessary to activate
the pyramidal tract cell seen in Fig. 3a.

Thirdly, the cells were situated relatively deeply in the cortex, their
distribution coinciding with that of the larger pyramidal tract cells. The
mean depth of fifteen of these interneurones was 1-25 + 0-26 mm (S.D.).
Most of the results reported below were from interneurones, the first

recorded spike of which appeared to be due to monosynaptic activation
from the pyramidal tract. The criteria for identifying such spikes were,
first, that the first spike would follow stimulation of the pyramids at
frequencies of not more than 50-100 Hz, and secondly there was some
variation of latency with successive stimuli even when delivering a stimulus
of 1 mA intensity. Whilst being much greater than the almost undetectable
variation of latency for antidromically activated pyramidal tract cells
(not more than 0 1 msec), the latency variation of interneurones was quite
small, never in these experiments exceeding 05 msec for the first mono-
synaptic spike.

Finally, identified pyramidal tract cells have never been observed to
produce more than a single synaptically induced spike in the present
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series of experiments. Interneurones, as mentioned above, can readily be
made to produce three or four spikes.

Glutamate sensitivity of interneurones
Many cortical neurones which are spontaneously active will respond to

the iontophoresis of L-glutamate with an increase of firing rate (Krnjevic &
Phillis, 1963; Krnjevic, 1964), although pyramidal tract cells have a
relatively high threshold. The response of a cell to the iontophoresis of
glutamate is shown in Fig. 4a. The cell did not appear to be either a
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Fig. 4a and b. Rate-meter records of the firing of a pyramidal tract inter-
neurone (b) and a cell not responding to pyramidal tract stimulation (a).
Glutamate 40 nA (G) was applied during the periods indicated by the bars
below the records. The responses are similar.

c and d. Photographic records of 1 sec sweep duration, following the
application of a brief pulse of glutamate lasting 50 msec (indicated by
artifact and dot below record). Only the interneurone is readily excited (d).
e, a control 50 msec pulse of chloride as in c and d has no effect on the cell.
The spikes seen in c and e are indicative of the spontaneous activity of the
cell.

pyramidal tract cell or a pyramidally activated interneurone. The action
of glutamate is quite rapid, both in onset and termination, and the cell
firing rate is increased some 300 %. In Fig. 4 c, however, a brief pulse of
glutamate lasting 50 msec (the shortest iontophoretic pulse duration
available with our equipment) was applied as indicated by the dot below
the photographic spike record. The cell does not appear to be able to
respond to so brief an application of glutamate.
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Fig. 4b and 4d show analogous records of an interneurone activated
with short latency from the pyramidal tract. Whilst the response to a
5 sec pulse of glutamate is similar to that seen in Fig. 4a, though even more
rapid in onset, this cell readily responds to the 50 msec pulse of glutamate.
This exquisite sensitivity to glutamate has been seen on each of ten
pyramidal tract interneurones so tested and on no other non-pyramidal
tract cell.
The final record in Fig. 4 shows the lack of effect produced by a 50 msec

pulse of chloride ions from the sodium chloride containing barrel of the
micropipette. The spikes seen in Fig. 4c and 4e are indicative of the on-
going spontaneous activity of the cells and did not appear to be produced
by the glutamate or inward current pulses.

Blockade of glutamate excitation
Experiments were also performed to check on the ability of the reported

glutamate antagonists to block glutamate excitation. These tests were of
necessity performed on pyramidal tract cells so that the specificity of
action could be determined by comparing excitation by glutamate and by
acetylcholine (Stone, 1972a).

Fig. 5 shows a typical excitation by glutamate applied iontophoretically,
to be susceptible to blockade by L-glutamic acid diethyl ester hydro-
chloride (GDEE) whilst excitation by acetylcholine is only slightly re-
duced. In this case the antagonist is also being applied iontophoretically.
L-methionine-DL-sulphoximine proved similarly capable of preventing
glutamate excitation whilst leaving acetylcholine responses relatively
unaffected. This antagonist did, nevertheless, cause a greater reduction
of the acetylcholine response than did GDEE, sometimes causing a
reduction of 500g. GDEE has therefore been used in most of these
experiments. It is important to note that GDEE does not appear to have
the ability to antagonize glutamate on all cortical neurones. Indeed
Curtis et al. (1972) have previously noted the poorer antagonism seen in
the cortex compared to other areas of the central nervous system. In the
present experiments clear antagonism was seen on forty-two of the 102
cells tested. Antagonism was complete on ten of these. On eight cells
glutamate responses were apparently potentiated by GDEE after a
latency of 1-2 min.

Fig. 5 confirms that excitation by glutamate of pyramidal tract inter-
neurones can also be blocked by GDEE. It is unfortunately necessary to
assume that this action is as specific on these cells as it appears to be on
pyramidal tract cells, since there is no suspected transmitter substance
which regularly excites non-pyramidal tract cells, as acetylcholine excites
pyramidal tract cells, with which the action of GDEE can be compared.
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Since GDEE was injected parenterally (intraperitoneally) in some
experiments, it was also necessary to ascertain the specificity of GDEE in
blocking glutamate when acting by this route. A dose of 300 mg/kg was
found, as illustrated in Fig. 6, to antagonize glutamate excitation of

30 a b C
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1 min

U 30OL d e f
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1 min ACh

60 g h
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Fig. 5. Rate-meter records of firing rate of a pyramidal tract cell (a-f) and a
pyramidal tract interneurone (g-j).

(a-c) and (g-j), Responses to glutamic acid 60 nA (G) and (d-f) responses
to acetylcholine 60 nA (ACh), (a, d and g) before (b, e and h) 5 min after
beginning and (c, f and j) 5 min after ending the iontophoresis of glutamic
acid diethyl ester hydrochloride, 80 nA.

pyramidal tract cells and interneurones whilst having little effect on the
acetylcholine excitation of pyramidal tract cells. This dose was chosen
since it was similar to the doses found by other investigators to cause
EEG activation and learning deficits in rats (Desi et al. 1967). The maximum
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degree of blockade was usually seen about 15-20 min after the injection
of the antagonist. Definite antagonism was always apparent, however,
within 5 min of the injection.
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Fig. 6. Rate-meter records of firing of a pyramidal tract cell.
a-c, Responses to glutamate 60 nA (G) and d-f, responses to acetyl-

choline 60 nA (ACh), (a and d) before (b and e) 15 min after and (c andf),
60 min after the i.P. injection of glutamic acid diethyl ester hydrochloride
300 mg/kg.

Blockade of synaptically evoked excitation
Following the isolation of a cell activated monosynaptically from the

pyramids as described above, attempts were made to block the evoked
activity ofthe cell by the glutamate antagonists. On twenty-one oftwenty-
eight cells tested in this way, the synaptically induced spike or spikes have
been blocked within 5 min of the i.P. injection of GDEE. Two examples
of this result are shown in Fig. 7. In Fig. 7a an apparently mono-
synaptically activated single spike is seen. This was blocked by the
intraperitoneal injection of GDEE as shown in Fig. 7b.
A possibly clearer example is seen in Fig. 7c-e. Here a pyramidal tract

cell antidromic spike (latency 2-0 msec) is followed by a synaptically
induced spike of the same cell, monosynaptically produced according to
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the above criteria. A comparison of Fig. 7c and Fig. 7e (the latter on a
faster time scale) shows clearly the latency variation of the second spike
(latency 3-48 msec in c, and 3-85 msec in e). GDEE blocked the synap-
tically induced spike (Fig. 7d) without affecting the antidromic response.
It should be noted here that the small size of some of the spikes studied is
due to the fact that no attempt was made to approach these cells very
closely. Whilst this would be necessary for the iontophoretic application
of agents, it serves no purpose when substances are introduced systemic-
ally, but greatly increases the risk of cell damage.

a C

b d

time: msec

e

Fig. 7. a, A largely negative spike recorded from a cortical neurone acti-
vated monosynaptically from the pyramidal tract is shown.

b, The cell is no longer excited 4 min after the i.P. administration of
glutamic acid diethyl ester 300 mg/kg.

c and e, A pyramidal tract cell antidromic spike latency 2-0 msec is
followed by a monosynaptically activated spike of the same cell, latency
3-48 msec in (c) 3-85 msec in (e).

d, The monosynaptically activated spike is blocked 2 min after the i.P.
injection of glutamic acid diethyl ester 300 mg/kg. Time: msec voltage
calibration: 400 isV.

Attempts to block pyramidally evoked synaptic activity by ionto-
phoretic application of glutamate antagonists proved less successful.
Antagonism has been demonstrable by this method on five of twenty
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interneurones recorded to date. However, this by no means invalidates
the proposal that GDEE is an antagonist of pyramidally induced activity
as seen after parenteral administration, as discussed later.

DISCUSSION

The interneurones described in this report have many properties similar
to those studied by Stefanis (1969). It is most likely therefore that a similar
population of neurones has been studied here, indicating the existence of
pyramidally activated interneurones in the rat cortex analogous to those
in the cat (Stefanis, 1969).

It is probable that these cells are inhibitory interneurones mediating
recurrent inhibition of pyramidal tract cells (Stefanis, 1969). Such inhibi-
tion has been discussed on many previous occasions (Armstrong, 1965;
Brooks & Asanuma, 1965; Phillips, 1959; Stefanis & Jasper, 1964).
The relatively deep cortical location of these cells and the potent action

of specific afferent volleys upon them also suggests that they may be
stellate cells upon which specific thalamocortical afferents probably
synapse (Colonnier & Rossignol, 1969).

In agreement with the reports of Curtis et al. (1972) Haldeman et al.
(1972) and Haldeman & McLennan (1972) the present results show that
glutamic acid diethyl ester is able to antagonize the responses of some
neurones to iontophoretically applied glutamate. This antagonism appears
to be quite specific, there being only slight interference with acetylcholine
excitation of pyramidal tract cells, and no apparent effect on spike size
or duration. However, Curtis et al. (1972) have pointed out that excitatory
responses to some closely related amino acids are also reduced by GDEE.
The potentiation of glutamate excitation by GDEE is probably analo-

gous to the same phenomenon observed occasionally by Haldeman &
McLennan (1972) during the iontophoresis of GDEE and glutamic acid
dimethyl ester. It is unlikely that this potentiation is due to a reduction
in the rate of removal of glutamate from its site of action, since Balcar &
Johnston (1972) have shown that GDEE does not inhibit the uptake
mechanisms for glutamate (which are probably responsible for its removal
and effective inactivation) in brain slices. An alternative possibility is that
proposed by Haldeman & McLennan (1972) that, since GDEE probably
acts on the same receptors as glutamate to cause blockade, and since it is
very closely related chemically to glutamate, it may occasionally produce
a stimulation of the receptors causing excitation. It is also possible that
some hydrolysis of the ester could occur with the production of glutamate
itself.

It is not clear why there should be a greater reduction of acetylcholine
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sensitivity following the iontophoretic ejection of GDEE than after i.P.
administration. It is possible that the distribution of receptor sites for the
two putative transmitters may be very different, and this would affect
the relative antagonist potency of GDEE as seen by the different methods
of administration. An alternative possibility is that little of the injected
GDEE passes the blood-brain barrier, so that the effective concentration
of GDEE at cortical cells would be much less than after iontophoretic
ejection. This suggestion would also explain the much slower onset of
antagonism after i.P. injection. The demonstration that iontophoretically
applied glutamate may be antagonized by i.r. GDEE shows that the ester
can cross the blood-brain barrier to some extent.
Perhaps the most significant finding presented here concerns the

exquisite sensitivity to L-glutamate of interneurones activated with short
latency from the pyramidal tract. This outstanding sensitivity of some
cortical units to pulses of L-glutamate has in fact been noted previously
in the cat cerebral cortex (Krnjevic, 1964) but no attempt was made at that
time to identify the responsive cells. It is tempting to suggest that this
phenomenon is indicative of the presence of specific subsynaptic receptors
for glutamate, and the more usual, longer latency responses may not be
related to synaptic activity. Such a distinction would remove the oft
quoted objection to the possibility that glutamate may be a transmitter,
that it appears to be a universal excitant, depolarizing almost all the
mammalian central neurones tested. That this assertion is in any case
fallacious has been pointed out by Johnson (1972), and several reports
exist of differential sensitivity of neurones to glutamic acid (McLennan,
Huffman & Marshall, 1968; Morgan, Vrvoba' & Wolstencroft, 1972).

It is unlikely that the different glutamate sensitivities noted here were
due to neurone size, since several cells apparently unaffected by pyramidal
tract stimulation have been found not to respond to brief glutamate
pulses. Since these were not pyramidal tract cells their size was probably
comparable to the pyramidal tract interneurones studied here. Intra-
cellular marking experiments are needed to clarify this point, although
the experiments would be better carried out on cells of the cat's cerebral
cortex, which are slightly larger than those of rat.
The blockade of synaptically evoked activity by GDEE raises the

possibility that glutamate may be involved in the synaptic transmission
process, possibly at pyramidal tract axon terminals (Krnjevid, 1970).
Certainly the blockade of evoked activity following intraperitoneal
injection has a similar latency of onset as the blockade of iontophoretically
applied glutamate. Although blockade of the activation of only five cells
resulted from the iontophoresis of GDEE, this could be due to the exist-
ence of collaterally activated synapses at some distance from the ion-
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tophoretic electrode. Following the systemic administration of a substance,
that substance will become fairly evenly distributed throughout any given
tissue, and, in the case of brain, this means that all synapses will be poten-
tially affected by the injected agent. It will not matter, in this case,
if a neural input to the cell under study makes synaptic contact at some
distance from the recording electrode. If the same substance is applied
by micro-iontophoresis it will reach only those synapses situated relatively
close to the iontophoretic micropipette. The somewhat poorer success
obtained in blocking synaptically evoked activity by the microionto-
phoresis ofGDEE compared with the I.P. injection, therefore, suggests that
synapses activated by pyramidal tract collaterals exist at some distance
from the iontophoretic electrode. By interpolation from the results in Fig.
6 of Herz, Zieglgansberger & Farber (1969), it might be expected that the
iontophoretic ejection of glutamate with a current of 100 nA would reach
sites up to 100 jtm distant from the micropipette. If GDEE can travel
through brain tissue in a manner comparable to glutamate, this would
suggest that the collaterally activated synapses discussed above occurred
at least 100 jtm from the site of recording, presumed to be the cell body.
This would indicate a probably dendritic location for these synapses.
The demonstration of this blockade, considered with the presence of

high concentrations of glutamate in the cortex (Berl & Waelsch, 1958), its
presence in synaptosomes (Kuhar & Snyder, 1969), and release therefrom
by electrical stimulation (Bradford, 1970), the existence of a high affinity
uptake system for glutamate (Logan & Snyder, 1971) and the cortical
release of glutamate produced by stimulation of only certain corticopetal
pathways (Jasper & Koyama, 1968; 1969) support the idea that glutamate
may be a neurotransmitter in the cerebral cortex (Krnjevid, 1970).
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