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1. Samples from the neocortex and piriform cortex of guinea pigs and rats were

incubated in inulin-containing glucose-saline. Their intracellular (non-inulin)
space contained 19-27,tequiv. of Na+/g. of original tissue. These values were

stable between 30 and 100min. after incubation commenced, but addition of

22NaCl to the neocortical samples showed them to be associated with a flux of
400,equiv. of Na+/g. of tissue/hr. 2. Addition of 0 5-10mM-L-glutamic acid or

0O1 mM-N-methyl-DL-aspartic acid rapidly increased the tissue's Na+ content; N-
acetyl-DL-aspartic acid was without action. 3. During the first 1-1 5min. after
the addition of L-glutamic acid to neocortical samples their Na+ content increased
at 600,uequiv./g. of tissue/hr., and the rate of 22Na+ influx corresponded to

1230 j[Lequiv. of Na+/g./hr. These rates were calculated to be sufficiently rapid to

account for loss of the tissue's normal membrane potential within 1-2sec. of the
addition of the acid. 4. In addition, a rapid but more limited loss of K+ took place
after the addition of L-glutamic acid or the methylaspartic acid; on continued
incubation tissue K+ content increased, as also did the intracellular volume of the
tissue, from its original 670,u1./g. to llOOutl./g. 5. Interpretation of these and
of associated changes is offered in terms that involve a cation pump and the
permeability changes associated with the nerve impulse.

Small quantities of L-glutamic acid applied to the
mammalian brain in vivo accelerate the normally
moderate rate of cell firing (Hayashi, 1956;
Krnjevic & Phillis, 1963). Free L-glutamic acid
is a major cerebral constituent and metabolite (see
McIlwain, 1966) undergoing many of the inter-
conversions common to the metabolic roles played
by the acid in most organs of the body, but in
addition it is decarboxylated to y-aminobutyric acid
in a reaction that can proceed at about 20,umoles/g.
of tissue/hr. L-Glutamic acid and y-aminobutyric
acid are sufficiently potent in accelerating and
retarding cell firing to merit consideration as

excitatory and inhibitory transmitting agents. The
mode of action proposed for L-glutamic acid is that
it causes a diminution of membrane potential, and
hence an increase in cell firing, by entry of the Na+
cation to the negatively charged cell interior
(Curtis & Watkins, 1960, 1965; Eccles, 1964). A
direct demonstration of the Na+ entry was first
given with isolated cerebral tissues, which indeed
showed, by direct analysis, an increase in Na+
content on the addition ofL-glutamic acid (Bradford
& McIlwain, 1966).
To gain further information on the relationships

between these properties of L-glutamic acid, the

following observations have now been made with
isolated tissues from rat and guinea-pig brain.
(1) Entry of 22Na+ to the tissue in the presence and
in the absence of L-glutamate has been measured.
(2) Net changes in Na+ and K+ have been measured
at a series of intervals after the addition of L-
glutamate, including periods both shorter and longer
than those previously examined. A reason for
including longer time-intervals was that Terner,
Eggleston & Krebs (1950) found that after lhr.
incubation in vitro L-glutamate led to an increased
content of K+ in cerebral tissues. (3) Further,
comparable measurements have been made after
the addition of N-methyl-DL-aspartic acid, an
isomer of glutamic acid and especially potent in in-
ducing cell firing (Curtis & Watkins, 1960), and after
the addition of N-acetyl-DL-aspartic acid, which
occurs in the mammalian brain in quantities com-
parable with those of free glutamic acid. (4) Also,
as different parts of the brain can differ notably in
chemical characteristics, samples from the piriform
lobes have been compared with those from neo-
cortex. The piriform lobes were chosen because
they are important and quite extensive in rodents,
and have been the subject of recent electrophysio-
logical studies in vitro (Yamamoto & McIlwain,
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1966a,b; Campbell, Mcllwain, Richards & Somer-
ville, 1967).

METHODS

Tissues were prepared and incubated as described by
Mcllwain & Rodnight (1962) unless otherwise specified.
Guinea pigs were stunned by a blow to the back of the neck
and exsanguinated by cutting the carotid arteries. The
brain was rapidly removed and placed in a Petri dish, which
was kept humid with a piece of filter paper soaked in the
incubating fluid. The brain was split longitudinally with a
sharp spatula. The ventral portion of each hemisphere was
obtained by cutting along the rhinal fissure with a scalpel.
This slab of tissue was placed ventral surface upwards on a
cutting block, and a slice of the cortex of the piriform lobe,
including the lateral olfactory tract (see Yamamoto &
McIlwain, 1966a,b) was obtained with a bow-cutter and
recessed glass guide, used dry and without incubating fluid.
The remaining portion of the cerebral hemisphere was
divided into approximately equal parts, which carried the
anterior and posterior neocortex. One slice, carrying the
original outer cortical surface, was obtained from each of
these slabs in the same manner as described above. All
slices, approximately 350,u thick, were transferred im-
mediately after being cut to a bent wire rider, weighed to the
nearest milligram on a torsion balance and placed in a 30ml.
beaker containing 4-85ml. of a glucose-bicarbonate
incubating fluid at 37.5°. Through the incubating fluid a gas
mixture of 02+CO2 (95:5) was constantly bubbled; the
fluid contained (mM, final concns.): NaCI, 124; KCl, 5:
KH2PO4, 1-24; MgSO4, 1-3; NaHCO3, 26; CaCl2, 075;
glucose, 10; and also 1% ofinulin. The fluidwas equilibrated
with a gas mixture of 02+ CO2 (95:5) before use.

After 40min. incubation, additions were made of 0-1 ml.
of either a neutralized amino acid solution or an equimolar
solution of NaCl and, following this within 15sec. when
specified, an addition of 0-05ml. of 0-154M-22NaCl was
delivered by means of a glass syringe to each. When
present, the final concentration of radioactivity was
approximately 1-5,uc/ml. Zero time was taken as the time
at which 22NaCl was added. At various times after the
addition of 22NaCl, each slice was picked up from the beaker
on a bent wire rider, care being taken to avoid contact of
the slice with the side of the beaker. The slice was then
rapidly drained on a clean glass surface, reweighed to the
nearest milligram and ground in 4ml. of6% (w/v) trichloro-
acetic acid in a test-tube homogenizer. The suspensions
were kept at room temperature for 30min. and were then
centrifuged at 800g for 15min. The supernatants were
collected in volumetric flasks and each was combined with a
second supernatant obtained by resuspending the residue
in 4ml. of glass-distilled water and recentrifuging. The
tissue extracts were then diluted to 25 ml. with water. A
sample (0-1 ml.) of each incubation fluid was added to 8ml.
of 6% (w/v) trichloroacetic acid and diluted to 50ml. for
analysis.

Determination. Na+ and K+ were measured in each
tissue extract and in two or more of the incubation media by
flame photometry (model A; Evans Electroselenium Ltd.,
Halstead, Essex) with appropriate filters. Standards for the
tissue extract contained Na+ and K+ in the molar ratio 2: 1,
and 24:1 for the incubation media. All glassware was
treated with HNO3 before use, as described by Keesey,
Wallgren & McIlwain (1965).

Inulin was determined by the method of Varon &
McIlwain (1961) with 5ml. samples of tissue extract or
medium.
For the determination of radioactivity duplicate 0-2ml.

samples of tissue extracts or ofincubating fluids were plated
directly on to stainless-steel planchets, and their radio-
activity was measured in an open-window gas-flow Geiger
counter (Nuclear-Chicago Corp.). Samples of media to
which no radioactivity had been added were plated and
counted to give the background radioactivity. All samples
had at least 20 times the background radioactivity, and
counting was terminated after 1000 counts had been
obtained.

Expression of results. Quantities of ions were first
expressed as ,tequiv./g. initial wt. of tissue. Inulin space
expressed as ,u./g. initial wt. of tissue was calculated as:

Inulin space (jul./g.) = mg. of inulin/g. of tissue
mg. of inulin/ll. ofmedium

A 22Na+ space expressed as ,ul./g. initial wt. of tissue was
obtained in a similar manner:

22Na+ space ( I./g.) = counts/min./g. of tissue
counts/min./,l. of medium

The size of the 22Na+ space relative to the inulin space was
obtained as the ratio 22Na+ space/inulin space. The influx
of Na+ into the slice was expressed as zequiv./g. initial wt.
of tissue, and was calculated by multiplying the 22Na+ space
(,ul./g.) by the Na+ content of the incubating fluid (,uequiv./
,ul.). Similarly, the Na+ content of the inulin space was
determined by multiplying the inulin space (ul./g.) by the
Na+ content of the fluid (,uequiv./,tl.). The quantity ofNa+
exchanging in the non-inulin space was then calculated by
subtracting the content of Na+ in the inulin space from the
quantity of Na+ exchanging with the whole slice, and
expressed as juequiv./g. initial wt. of tissue. The non-inulin
space was obtained by subtracting the inulin space from the
total volume of the tissue after incubation, the volume of
tissue being assumed to be 1000,ul./g. initial wt. The
assumptions on which these calculations are made have been
discussed by Varon & McIlwain (1961), Keesey et al. (1965)
and Keesey & Wallgren (1965). The significance of the
differences between samples means were obtained by
Student's t test (two-tailed).

Materialg. Chemicals were laboratory reagents of the
highest available chemical purity. Sodium L-glutamate
monohydrate was dissolved in glass-distilled water before
use. N-Acetyl-DL-aspartic acid and N-methyl-DL-aspartic
acid monohydrate (kindly supplied by Dr J. C. Watkins)
were first dissolved in a minimal amount of 0-1 N-NaOH and
then diluted to appropriate concentrations with glass-
distilled water. The pH of the amino acid solutions was
approximately 7-5, determined by a microcapillator with
phenol red as indicator. The 22NaCl was supplied as an
iso-osmotic solution by The Radiochemical Centre,
Amersham, Bucks.

RESULTS

A specific pattern of change, described first below
in relation to neocortical tissues, resulted from the
addition ofL-glutamate to guinea-pig neocortex and
piriform cortex and also to rat neocortex.
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Net change8 in neocortical cation and water
content. L-Glutamate added to tissues being

o c ot incubated in the glucose-bicarbonate medium

caused a large and rapid redistribution of Na+ and
K+ in the tissue samples (Table 1). In the absence

ccoc0 of such addition, the composition of the tissues was
-H -H ++ stable between 40 and 100min. of incubation, but
°o< when the medium was made 5mM in L-glutamate,

tissue K+ fell and Na+ increased. When the ion
content was expressed in terms of fluid spaces

° ° C Lo accessible or not accessible to inulin (see the
HH -H Methods section), the changes were large 30sec.
co cccc

,RV >> after the addition. Compared with control tissues,
those with added L-glutamate gave P 0 005 at
1 min. Between zero and min. the net rate for

- ei Na+ entry was 600,pequiv./g. of original tissue/hr.,
-Hto 0

-H and the rate for K+ loss was 660,uequiv/g of tissue/
~ hr. Between 10 and 60min. after addition an

opposite movement of K+ occurred so that finally
t both Na+ and K+ contents of the non-inulin space

-H H -H-H were higher than in control slices.

C.> Fluid content and distribution, measured by total
weight of the samples and by inulin content,
remained close to their original values during the

,0 > initial few minutes after L-glutamate addition

-H oS-* (Table 1). At this time the movements of Na+ and
0o K+ were large but were reciprocal. At 5min. after

the addition of glutamate, marked diminution
occurred in the inulin space of the samples, and this

:3 o s was accompanied by an increase in the non-inulin

4-H -H space, without tissue swelling. The non-inulin
space of the slices continued to increase at 10 and
60min. after the addition of L-glutamate, but this
further increase was paralleled by a concomitant

0

Lo 0 t increase in tissue swelling.
The net result of these movements was to give an

' almost constant value for the sum of tissue Na+
and K+ concentrations in the non-inulin space,

00co mc throughout the 60min. period. Table 2 shows the
-H -H -Hl-Hl
N i change in Na+ plus K+ content of the non-inulin
7 '' space together with the change in water content of

the same space. These latter data were obtained by
assuming that increases in non-inulin space reflect
water uptake, and are expressed as ,umoles/g. initial
wt. of tissue. The data show a nearly linear
relationship between water uptake and content of

cc cc cations in non-inulin space: approximately 7-2ml.
of water was absorbed for each m-mole of cation.
Comparable ratios were found after addition of
L-glutamate to tissues from the rat (Table 2).
Of glutamate analogues, N-methyl-DL-aspartate,

in view of earlier work (Curtis & Watkins, 1960;
Bradford & Mcllwain, 1966), was examined at a

in to much lower concentration than was L-glutamate,
,s -5 namely at 0.1mm (Tables 1 and 2). It brought about,
C e 2-5min. after its addition to guinea-pig neocortex,

c .@ @ .S all the changes described above as resulting from

bzb addition of L-glutamate. N-Acetyl-DL-aspartate,
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Table 2. Effect of L-glutamate and N-8ub8tituted a8partate8 on entry ofNa+ pluB K+ and of water into cortical
ti8aue8

The Na+ plus K+ of non-inulin spaces is expressed as content (,uequiv./g. initial wt.) and as concn. (mM, being
,uequiv./g. of non-inulin space of incubated tissue). Incubation procedures were as given in Table 1. The symbols
for different levels of significance are as defined in Table 1.

Amino acid added and
its conen. (mm)

None
L-Glutamate, 5

N-Acetyl-DL-aspartate, 5
N-Methyl-DL-aspartate, 0-1

None
L-Glutamate, 5

None
L-Glutamate, 5

Time after
addition

Na+ plus K+ of non-inulin space

No. of (,tequiv./g. of
min.) samples initial tissue) (mM)

Guinea-pig neocortex, superficial 350,u
33 98+7 147+11

0-5 4 94+10 148+7
1 4 96+5 151+13
2 4 104+5 143+3
5 11 118+1011 144+13
10 4 131+ 711 144+2
60 4 162+1011 146+ 13
5 6 97+4 151+7
2 4 102+11 156+4
5 4 108± lit 141+12

Guinea-pig piriform lobe, superficial 350,u
8 86+7 145+16

5 4 98+3* 140+9

Rat neocortex, 0-350 and 350-700z from surface
4 88+7 134+8

5 4 112± 16t 142+4

Change in non-
inulin-space
Na+ plus K+

(pequiv./g. of
initial tissue)

-4
-2
+6
+20
+33
+64
-1
+4
+10

+12

+24

Change in
non-inulin

space

(P,./g.)

-35
-29
+55
+155
+237
+442
-29
-11

+99

+99

+141

Table 3. Effect of L-glutamate and N-8ub8tituted aspartate8 on influx of 22Na+ into neocortical ti8aues

Tissues were incubated as in Table 1. After 30min. incubation 22NaCl was added, followed within 15sec. by
either an amino acid or an equivalent amount of NaCl. Slices were then removed at the indicated intervals
after the addition of 22NaCl. The symbols after quoted means+ S.D. indicate levels of significance, as in Table 1.
The influx of 22Na+ is expressed as the quantity of Na+ (Qtequiv.fg. initial wt.) in the slice or in the non-inulin
space that has exchanged with the Na+ of the medium. In addition, the relative size of the 22Na+ space (,lI./g.
initial wt.) is compared with the size of the inulin space (,ul./g. initial wt.) as a ratio.

Amino acid added and

its conen. (mm)

None
L-Glutamate, B
None
L-Glutamate, 5
None
N-Methyl-DL-aspartate, 0-1

L-Glutamate, 5
None
N-Acetyl-DL-aspartate, 5
N-Methyl-DL-aspartate, 0-1

L-Glutamate, 5

None
L-Glutamate, 5

Time after
addition
(min.)

Total Na+
No. of exchanged
samples (,Lequiv./g.)

Guinea-pig neocortex, superficial 350,u
0-5 4 90+8

0-5 4 94+9

1 4 92+10

1 4 109+17

2 6 98+8

2 4 102+14

2 4 114+14*

5 8 114+14

5 6 109+15
5 4 121+9

5 4 127+4

Na+ exchanged
in non-inulin

space

(/iequiv./g.)

-12+4
-1+8*
-5+5
16+ lot
2+3
14+ 311
25±+10
22+11
19+8
40± 5t
44+ 7§

Rat neocortex, 0-350, and 350-700Oi1 from surface
5 4 131+19 26+9

5 4 141+9 46+ 12*

however, was without action at 5mm and after

experimental periods that allowed large changes
with the other two acids.

InflUX of 22Na+ ion8 to neocortical 8amples. The

influx was first examined (Table 3) by adding 22NaCl
to fluids in which tissue samples had already been
preincubated for 40min.; unless specified therefore
their net composition was stable. Under these

Ratio of
22Na+ space to
inulin space

0-88+ 0-03
0-98+ 0-09
0-95+ 0-06
1-16+0-09t
1-02+ 0-04
1-17+ 0-0511
1-31 + 0-0911
1-20+0-11
1-21 + 0-09
1-50+0-0611
1-53+ 0-1311

1-18+ 0-05
1-51 + 0-22*
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conditions 22Na+ entry to the non-inulin space of
the samples proceeded initially at a rate corre-
sponding to an entry of 400,uequiv. of Na+/g. of
tissue/hr. This rate diminished as the 22Na+
radioactivity increased to a tissue content corre-
sponding to its total non-inulin Na+; at 5inin. after
addition the 22Na+ content corresponded to

44/,equiv./g. and the total non-inulin Na+ to

59p,equiv./g. (Table 1).
When, however, the addition of 22NaCl followed a

few seconds after the addition of L-glutamate, the
entry of 22Na+ was much more rapid. During the
period between 0*75 and 1l5min. the entry corre-
sponded to 1230,uequiv. of Na+/g. of original
tissue/hr. Again, this rate diminished subsequently.
Influx of Na+ was increased also by N-methyl-DL-
aspartate, which again was examined at a much
lower concentration than L-glutamate, namely at
0-1mM (Table 3). At 2min. after the addition of the
N-methyl-DL-aspartate the increase in entry ofNa+
was highly significant; the effect of this compound
was not examined at a briefer interval, but it was
still evident 5min. after the addition. N-Acetyl-
DL-aspartate, in contrast, was without effect at
5mm 5min. after addition (Table 3).

Cortex from the piriform lobe of the guinea pig.
The cortical samples from the piriform lobe were
significantly different from neocortical tissues in all
the measures of Table 1. The piriform samples were
prepared and incubated under the same conditions
as those from the neocortex ofthe same animals, but
carried smaller inulin and non-inulin spaces. On
incubation they increased in weight by 9.7% in
contrast with the 24% found with neocortex (P
value of the difference < 0-001). The Na+ and K+
contents per unit weight were each markedly
smaller in the piriform samples. However, when
expressed as concentrations of the two ions in the
fluid spaces not accessible to inulin, neocortical and
piriform samples were nearly equal (Table 1); the
sums of Na+ plus K+, each non-inulin, were
indistinguishable (Table 2).

L-Glutamate, added to piriform tissue under the
same conditions as it was added to neocortex, again
increased the weight and non-inulin spaces of the
samples and increased their Na+ content. In 5min.,
the quantity of Na+ in the non-inulin space of the
piriform samples, expressed in terms of original
tissue weight, doubled and its concentration
increased by 65%. Also, L-glutamate caused the
K+ content of the piriform samples to fall within
5min. of its addition (Table 1).

DISCUSSION

Control of permeability to Na+ ions and its
modulation in different functional conditions are

central features of the operation of neural systems,

though the mechanisms involved are poorly
understood. Cerebral tissues as now prepared and
examined in isolation clearly exhibit such per-
meability control. Their normal Na+ concentration
is markedly lower than that of surrounding fluids,
but it can increase sharply on electrical stimulation
(Keesey et al. 1965) or on the addition ofL-glutamate
(Bradford & Mcllwain, 1966). The result of
glutamate addition can now be specified in further
detail as follows.

(1) The enrichment of the tissue in Na+ results
from increased entry of Na+, rather than from
diminished exit. With L-glutamate, the influx of
22Na+ gave initial rates of Na+ entry of approx.
800,uequiv./g./hr. above those without the added
amino acid. As the maximum rate of net entry of
Na+ was 600,uequiv./g./hr., it is unnecessary to
suggest that L-glutamate diminishes the exit of
Na+; it may, rather, to some extent increase the
exit as well as the entry. Increased movement in
both directions is understandable if tissue per-
meability to Na+ is increased. A previous calcula-
tion (Bradford & Mcllwain, 1966) from results on
membrane potential suggested that L-glutamate
increased fourfold the tissue permeability to Na+
relative to that to K+. As L-glutamate does not
markedly diminish tissue permeability to K+ (see
below), this calculation and the present findings are
compatible.

(2) A relatively small entry of Na+, if not accom-
panied by other changes, would suffice to depolarize
the tissue cells. The ion equivalence of the mem-
brane potential may be approximately estimated as
follows. The area of neuronal outer cell surface in
microscopically visible structures in mammalian
neocortical samples was estimated by Schad6 &
Baxter (1960) to be approaching 104cm.2/g.,
though electron-microscopical examination suggests
a possible fivefold increase in this value for finer
cell elements (Schad6, Backer & Colon, 1964).
Taking the capacity ofthese membranes as approxi-
mately 101UF/cm.2 (see Eccles, 1957), the ion
equivalence for a 60mv charge is about 60m,equiv./
g. for the smaller surface and 300m,equiv./g. for
the larger area. The rate now observed for the
initial entry ofNa+ corresponds to 160m,uequiv./g./
sec., and the entry could thus depolarize the tissue
cells within 2sec. This is consistent with the
observation by Gibson & Mcllwain (1965) that
depolarization of neocortical cells by L-glutamate
commenced within 1-2sec. of the addition of the
compound.

(3) Two types of specialized region are considered
to exist at which Na+ crosses neural membranes.
These concern the nerve action potential and the
Na+ pump, and L-glutamate may interact with one
or both of these regions. The special mechanisms
associated with both are brought into play by
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L-glutamic acid (Bradford & Mcllwain, 1966). In
the series of changes normal to the nerve action
potential, the depolarization resulting from Na+
entry operates a mechanism that increases K+
permeability (Hodgkin, 1965). After the addition of
L-glutamate, some 15% of the tissue K+ moves
(Table 1) from its high intracellular concentration
to the extracellular fluids low in K+. This move-
ment is rapid for about 1 min. and continues at
much diminished speed for at least 10min., in
contrast with the period of about 1 msec. occupied
by increased K+ permeability during the nerve
action potential. The tissue depolarization after
the addition of L-glutamate is also, however,
prolonged and indeed continues until extracellular
L-glutamate is removed (Gibson & McIlwain, 1965).

(4) The K+ lost after the addition of L-glutamate
is later regained, and L-glutamate also induces a
diminution of energy-rich phosphates of the tissues
and an increase in their respiration. Previous
appraisal of these changes (Bradford & Mcllwain,
1966) ascribed them to an increased operation ofthe
Na+ pump, stimulated by increased intracellular
Na+ concentrations. The present data are consistent
with this, and a similar explanation has been
discussed for the ion changes and respiratory
increase on electrical stimulation of the tissue
(McIlwain, 1963).
In considering whether the same restoring

(pumping) mechanisms are brought into action by
electrical stimulation and by L-glutamate, the Na+
and K+ contents of the tissue after exposure to the
agents for several minutes are relevant. Such times
are presumably adequate for the effects of the
agents and of the restoring mechanisms to be dis-
played. After electrical stimulation of neocortex
for lOmin., Na+ increased by 28,uequiv./g. and K+
diminished by 22,uequiv./g. (Keesey et al. 1965).
Exposure to L-glutamate for lOmin. in the present
experiments increased Na+ by 50/,tequiv./g. and
diminishedK+ by 15 ,uequiv./g. This greater increase
in Na+ after addition of L-glutamate is associated
with increased intracellular fluids and is part of the
initial action of L-glutamate itself, which (see
above) greatly increased tissue permeability to Na+
relative to that to K+. The observations thus do
not indicate different restoring processes under the
two circumstances.

(5) Much of the interest in the properties of L-
glutamate now exhibited lies in their relationship
to the excitation that the compound is capable of
inducing in several mammalian species in vivo. It
is therefore encouraging that the glutamate isomer
that is active in vivo, namely N-methyl-DL-
aspartate, shares the action of L-glutamate in vitro.
At a concentration of 01 mm, N-methyl-DL-

aspartate was capable (Table 1) of increasing the
non-inulin Na+ and of diminishing the K+ of
neocortical samples. Like L-glutamate, it also
increased the tissues' Na+ exchange (Table 3).
Moreover, the action of L-glutamate was not
confined to guinea-pig neocortex but is shown by
the results of Tables 1-3 to extend also to the
piriform lobe, and to the rat.
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