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Abstract

Application of L-glutamate (L-glu) to particular neurons (G-H cells) in the esophageal ganglia of
Onchidium produced hyperpolarization associated with an increase in K* permeability. The reversal
potential (E...) for this response, was -60 mV. The ED;, an indicator of affinity between L-glu and
its receptive site, was 5.3 mmM, and the Hill coefficient n, an indicator of cooperativity, was 2. Other
chemicals, structurally analogous to L-glu, were also examined on G-H cells. The responses of L-
aspartate were similar to those of L-glu with respect to Ei.., EDso, and n. However, the G-H cells
responded differently to D-glutamate (D-glu) and kainic acid. The D-glu response had an E., = -37.5
mV, EDj, = 29.4 mM, and n = 1; that of kainic acid had an E,e, = 0 mV, EDsy = 1.5 mM, and n = 1.
L-glutamine and GABA elicited very small responses, amplitudes of which were less than 10% of the

L-glu response.

The structure-activity relationship between L-glu and its analogues, estimated from E..,, EDso,
and Hill coefficient during each drug application, indicates that the presence of a-NH,, «-COOH,
and y-COOH groups is essential for the L-glu response and that the response characteristics may be
closely related to the relative positions of these groups.

It has been found by Oomura et al. (1974) that a
particular type of neuron, the G-H cell, which possesses
two types of chemically sensitive membrane areas, exists
in the ganglion of Onchidium, a marine pulmonate mol-
lusc. One responds to L-glutamate (L-glu) with a K*
permeability increase, which causes sustained hyperpo-
larization. The other produces short lasting hyperpolari-
zation caused by a temporary Cl™ permeability increase
in response to acetylcholine. The receptive mechanism
of the L-glu receptor on the membrane of the G-H
neurons, however, has not been fully elucidated. To learn
more about the molecular structure of the L-glu receptive
site, we have studied the structure-activity relationship
of the L-glu response in Onchidium G-H cells. We report
here that a-NHs, a-COOH, and y-COOH groups of L-glu
are all essential, and the relative positions of these groups
are important for the interaction with L-glu receptive
sites.
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Methods

Esophageal ganglia were excised from the Onchidium
verruculatum, which is similar to Aplysia and living on
the rocky seashore in the southern part of Japan. The
connective tissue which covers the ganglia was removed
using microforceps. The preparation was then fixed to
the bottom of a lucite chamber having a main chamber
volume of 0.4 cm® by five threads tied to appropriate
connectives. The chamber was perfused continuously
with artificial sea water between 18 and 22°C at a flow
rate of about 1 ml/min. Two glass capillary electrodes
were inserted into a single neuron. One electrode was
filled with 3 m KCIl for recording membrane potential
and the other with 0.5 M K,SO, for applying current
across the cell membrane. The d.c. resistances of these
electrodes ranged from 10 to 20 megohms. The indifferent
electrode was a silver plate covered with agar sea water
and immersed in the bathing solution.

The recording electrode was connected to a field effect
transistor (FET) differential preamplifier with a high
input impedance, and the input membrane conductance
was measured by the voltage drop across the membrane
produced by square current pulses (1 sec duration at 0.1
Hz). The return current from the indifferent electrode
was measured by connecting it to the virtual ground of
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an operational amplifier, which had a 1 megohm feedback
resistor. The outputs of the amplifiers were connected to
a dual beam oscilloscope and to a two channel pen
recorder. The technique for the voltage clamp of the
membrane potential was similar to that described else-
where (Oomura and Tomita, 1961).

The artificial normal sea water contained (mm): 459.6
NaCl, 9.6 KCl, 10.4 CaCl,, 48.5 MgCl,. The pH of sea
water was kept at 7.5 with HEPES-NaOH or Tris-HCI.
In Na* substitution experiments, NaCl was replaced with
isotonic Tris-Cl, MgCls, or glucosamine-HCL.

The r-glu agonists were L-aspartate, D-glutamate (D-
glu), kainic acid, L-glutamine, L-asparagine, and y-ami-
nobutyric acid (GABA). The 1-glu antagonists were DL-
a-aminopimelic acid, 2-amino-4-phosphonobutyric acid,
L-glutamate-y-methyl ester, L-glutamine, L-asparagine,
D-tubocurarine, picrotoxine, atropine, and hexametho-
nium. The drugs were diluted with sea water to the
appropriate concentration just before use. The experi-
ments were carried out at room temperature. The results
were confirmed with at least five neurons.

The G-H cells are located in the right ganglion of a
pair of pleural ganglia of the esophageal ganglia and are
indicated conventionally by the numbers 6, 7, 9, and 10
(Oomura et al., 1974) (Fig. 1). The average soma diameter
of these cells was 160 = 51 pm (n = 30, mean = SD).

Results

The effect of L-glu agonists. The resting membrane
potential of 30 G-H cells immersed in normal sea water
ranged from -30 to -53 mV, with a mean of -40.5 = 6.3
(SD) mV. These cells usually fired spontaneously with
frequency at 0.5 to 1 Hz. The amplitude of action poten-
tial was about 80 mV.

The responses to L-glu agonists are shown in Figure 2.
Ten millimolar L-glu produced a hyperpolarization (Fig.
24} associated with an increase in K* conductance (Oou-
mura et al., 1974). L-Aspartate, having a side chain one
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carbon shorter than L-glu’s, also produced hyperpolari-
zation associated with an increase in K* conductance
(Fig. 2B). The response of the optical isomer D-glu was
a complex of the persistent hyperpolarization and depo-
larization (Fig. 2C). Replacement of external Na* by Tris
suppressed the depolarizing phase of the p-glu response
(Fig. 2D). Kainic acid, which has a hetero ring, produced
a depolarization with a desensitization (Fig. 2, £ to H).
If the membrane potential was held at around -40 mV by
an inward current, kainic acid still clearly increased the
membrane conductance (Fig. 2F). Replacement of exter-
nal Na* partly suppressed the depolarization as well as
the conductance increase caused by kainic acid (Fig. 2G).
In contrast, both L-asparagine, which lacks the 8-COOH
group of L-aspartate, and r-glutamine, which lacks the
v-COOH group of L-glu, elicited very small hyperpolar-
izing responses in comparison to L-glu (Fig. 2, H and I).
GABA, which lacks the a-COOH group of L-glu, had two
phases (Fig. 2J), consisting of an early transient hyper-
polarization with an increase in Cl™ conductance and a
late persistent hyperpolarization with an increase in K*
conductance (Oomura et al., 1979, 1982). The G-H cell
was 10 times less sensitive to GABA than to L-glu.

The dose response curves to each agonist are shown in
Figure 3, in which the conductance changes were nor-
malized by the membrane conductance change (AGm) of
50 mM L-glu. AGm is as follows: AGm = Gm in agonist
— Gm in normal sea water. The responses to both L-glu
and L-aspartate were similar, except that the maximum
conductance change for L-aspartate was less than that
for L-glu. The responses to D-glu and kainic acid differed
from those to L-glu. EDso was then measured. This is the
agonist concentration at which one-half of the maximal
conductance change was produced and is an indicator of
the affinity between agonist and its receptive site. The
EDso was 5.3 mmM for the L-glu and L-aspartate response
and 294 and 1.5 mm for D-glu and kainic acid, respec-
tively (Table I). These differences are also seen in the

NT

Right cerebral ganglion
Left cerebral ganglion
Right pleural ganglion
Left pleural ganglion
Visceral ganglion
Anterior pleural nerve
Median pleural nerve
Posterior pleural nerve
Visceral nerve

Figure 1. Dorsal view of the Onchidium esophageal ganglia. G-H cells (6, 7, 9, and 10 of right pleural ganglion) were used in

this experiment.
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Hill plot shown in Figure 4. The Hill coefficient n, deter-
mined from the slope of the line, was 1.9 for the L-glu
response and 2.3 for the L-aspartate response, and n was
1.0 for both the p-glu and the kainic acid responses
(Table I).

A 10mM L-glu

-

¢ 10mM D-glu

D 10%NasW
L T10mM D-glu |
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The reversal potentials (E,.) of each agonist were
determined under the voltage clamp condition. The hold-
ing potential was -50 mV, and a clamp pulse was 1 sec
with various step voltages. The clamp currents were
measured at the end of each pulse. The V-1 relationship

10mM Kalnic acid

10mM Kainic acid

_ 50mM L-asn

sl

100mM L-gin

Figure 2. Effect of L-glu agonists to G-H cells. Resting membrane potential of each trace, -40mV. Upward deflexion, action
potential, Amplitude of action potential reached 80 mV but recorded smaller because of low frequency characteristics of pen write
recorder. Downward deflexion, membrane potential change caused by intracellular inward rectangular current pulse with duration
of 1 sec. Small downward deflexion at lower right of each trace, current intensity. Bar of each trace, period of agonist application.
Period without the bar, perfused with artificial sea water. L-glu, L-glutamate; L-asp, L-aspartate; D-glu, D-glutamate; L-asn, L-
asparagine; L-gln, L-glutamine; GABA, y-aminobutyric acid; 10% Na*™ SW, 10% Na* sea water; DC, intracellular direct current

application.
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o Kainic acid
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Figure 3. Dose response curve of L-glu agonists. Ordinate, membrane conductance change (AGm) normalized with that of 50

mM L-glu. Abscissa, agonist concentrations.
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TABLE 1
Effect of L-glu agonists and antagonists
Upper: Effects of L-glu agonists. EDso, agonist concentration to produce 50% of maximum response. n, Hill coefficient. E.., reversal potential.
H, hyperpolarization. D, depolarization. Gm, increase in membrane conductance. Lower: Effect of L-glu antagonists. Bar under “Effect” indicates

Vol. 3, No. 3, Mar. 1983

L-glu Agonist
Agonist EDso(mM) [ n [Erev(mV) Response Type lonic Mechanism
L-glu 63 2 -60 Persistent H Gmt K*
L-asp 5.3 2 -60 Persistent H Gmt K*
D-glu 29.4 1 -38 Persistent H,D Gmt Na* K*
Kainic Acid 1.5 1 0 D(desensitization) Gm Na’,Others
L-gin _— — S Weak H Gmt _
L-asn —_— — _— Weak H Gm! —_—
L-glu Antagonist
Antagonist Concentration{imM) | Effect
DL-x-aminopimelic Acid 10 —
2-amino—-4-phosphono-
butyric Acid 10 -
L-glutamate-¥- 20 .
methylester
Gly 50 —
L-gin 10 —
L-asn 10 _
d-tubocurarine 1 —_
Picrotoxin 2 —
Atropine 5 —
Hexamethonium 5 —
10r ™
'>F s L—glu n:1.9
;:: ¢ L-asp n:2.3
v D-glu n:1.0
1} e Kainic acid n:1.0
0.1
0.01— s J

0.1

1 (mM)

10

Figure 4. Hill plot of L-glu agonists. Ordinate, calculated with Y = AGm/AGmax. AGm, membrane conductance change
produced by agonist, AGmax, maximum membrane conductance change. Abscissa, agonist concentration. n, Hill coefficient.
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in normal sea water was nonlinear because of the slow
persistent inward current activating around -60 mV and
lower. E,., was determined by the crossover point of the
V-I relationship in normal sea water and in that with an
agonist. In the case of L-glu, L-aspartate, and D-glu, E..,’s
were directly determined, but E,., for kainic acid was
determined by the extrapolation. Because of the extrap-
olation, the estimated value might be lower than the real.
The E.., for L-glu and r-aspartate was -60 mV (Fig. 5A,
B). E,., for the pD-glu was -37.5 mV, and for kainic acid it
was estimated to be about 0 mV (Fig. 5 C and D). These
effects of agonists are summarized in Table 1.

The effect of L-glu antagonists. The effects of 20 mm
L-glutamine on the L-glutamate response are shown in
Figure 6. L-glutamine itself slightly increased the mem-
brane conductance but did not antagonize the L-glu re-
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.
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Figure 5. Reversal potential of L-glu agonists. Ordinate,
membrane current (Ic¢) under the voltage clamp condition.
Abscissa, voltages of clamp pulse (Vm). Holding potential, -50
mV. Clamp pulse duration, 1 sec. Data of I¢ were taken at the
end of each pulse. Reversal potentials, determined from the
cross points of V-1 curves in normal artificial sea water (NSW)
and in agonists.
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sponse. Glycine, as well as L-asparagine, produced weak
responses, but neither antagonize the L-glu response.

L-Glutamate-y-methyl ester inhibits the L-glu response
in crustacean end plate (Lowagie and Gerschenfeld,
1974), and 2-amino-4-phosphonobutyric acid suppresses
the L-glu response in locust muscle (Kerkut et al., 1975).
However, both 10 mM 2-amino-4-phosphonobutyric acid
and 20 mM L-glutamate-y-methyl ester had no effect on
the L-glu responses of the G-H cells. DL-a-Aminopimelic
acid has been known to suppress reversibly the L-glu
response of Helix neuron (Piggott et al., 1975), but at 10
mM it did not antagonize the L-glu response (Fig. 7).
Table I summarizes the above results and lists several
other compounds found to be without effect.

Discussion

Neuronal receptors have been suggested by De Rob-
ertis (1971) to have the following characteristics: (i) the
receptor should be a macromolecule essentially located
in the subsynaptic membrane; (i) it should be a protein
intimately bound or built into the lipoprotein structure
of the membrane; (iii) it should show high affinity for
binding the natural endogenous transmitters and a spe-
cific competition with drugs that act as agonists or an-
tagonists; and (iv) such macromolecules should be ca-
pable of undergoing some kind of reversible change when
they react with the transmitter in order to account for
the translocation of ions through the membrane and the
subsequent bioelectrical response. Furthermore, the re-
ceptor is considered to be composed with subunits of
receptive sites and to mediate ion permeability (Swan
and Carpenter, 1975). An acetycholine (ACh) receptor,
which can be isolated and purified, has five subunits, two
of which interact with ACh (Heidmann and Changeux,
1978). The chemical nature of ACh receptors has been
gradually clarified (Heidmann and Changeux, 1978). But
other receptors are hard in their purification, and little is
known about their chemical nature, although the kinetics
and the pharmacology of their responses have been an-
alyzed in detail (Dudel, 1977; Lester and Peck, 1979;
Takeuchi and Takeuchi, 1964, 1972; Peper et al., 1975;
Werman, 1969).

Although amino acids have various forms in solution,
they presumably have to have a certain conformation in
correspondence to the receptive sites to bind to a recep-
tor. In this research the action of L-glu was similar to
that of L-aspartate whose relative positions of two «- and
v-COOH groups and one «-NH., group can be identical
with those of 1L-glu in certain conformations, although
the side chain of L-aspartate is one carbon shorter than
that of L-glu. The optical isomer D-glu, which is a mirror
image of 1L-glu, cannot have these three groups in the
same relative positions as L-glu in any conformation. D-
Glu elicited a quite different response from that of L-glu
(Fig. 2, C and D). Thus D-glu may act on different
receptors than L-glu does. On the other hand, glycine, L-
glutamine, and L-asparagine, which do not have a COOH
group corresponding to the y-COOH group of L-glu but
do have the a-COOH and the «-NH, groups, produced
very weak responses at corresponding concentrations
(Fig. 2, H, and I) and did not antagonize the v-glu
response (Fig. 6). This fact implies that the y-COOH
group of L-glu is essential to activate L-glu receptors.
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Figure 6. Effect of L-glutamine. Upper, 20 mM L-gln. Middle, 10 mM L-glu. Lower, L-glu plus L-gln. L-gln did not suppress L-glu

response.

Relative conductance change
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Tokm) 3 % 0 20

10mM D-aminopimelic acid
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10mM DL-xx-aminopimelic acid

Figure 7. Effect of pDL-a-aminopimelic acid. Left, L-glu dose-response curve. @, control. M, 10mM DL-a-aminopimelic acid.
Ordinate, relative conductance change normalized by 20 mM L-glu. Abscissa, agonist concentrations. Right, upper, 10 mM DL-a-
aminopimelic acid. Middle, 10 mm L-glu. Lower, L-glu plus DL-a-aminopimelic acid. DL-a-aminopimelic acid did not suppress L-

glu response.
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GABA, which lacks the a-COOH group of L-glu, elicited
a very small response with an amplitude less than 10%
that of the L-glu response. From these results, the «-NH,,
a-COOH, and y-COOH groups of L-glu seem to be nec-
essary for the interaction between L-glu and its receptive
site. Furthermore, the relative positions of these groups
may be important, because the action of p-glu differed
from that of L-glu.

The form of L-aspartate, on the other hand, corre-
sponds to the folded form of L-glu. L-Aspartate and L-glu
both elicited a hyperpolarization with an increase in K*
conductance. The Hill coefficient, n, the indicator of the
degree of cooperativity, and EDso, the indicator of the
affinity, were the same for both compounds (Fig. 4). Thus
it is likely that 1-glu and L-aspartate interact with the
same receptive site. Therefore, the steric arrangement of
L-glu which reacts with the receptive site is also the
folded form, and the distance is 2.6 A between a-NH, and
v-COOH groups, 3.8 A between a-COOH and y-COOH
groups, and 2.6 A between a-NH; and «-COOH groups.
At physiological pH these three groups are electrically
charged. Thus the receptive site may be composed of two
positively charged and one negatively charged sites sep-
arated by about 2.6 A from each other.

Kainic acid, which has a hetero ring, is structurally
rigid. The distances between the ring-NH; group and the
two COOH groups are relatively stable and their relative
positions are identical to those of an extended form of L-
glu. The distances are 4.6 A between ring NH; and one
COOH group, 2.6 A between the NH; and the other
COOH group, and 3.6 A between two COOH groups. The
response of kainic acid was a depolarization with an
increase in Na™ conductance. This was different from the
L-glu response (Fig. 2, E, F, and G). Kainic acid may act
on receptors different from L-glu receptors.

The structure-activity relationship of L-glu receptors
on Helix neurons has been also studied by Piggott et al.
(1975). Their object was to classify L-glu receptors into
those that mediate depolarization and those giving hy-
perpolarization. They also suggested three electrically
charged sites for the receptive site of L-glu, but they
discussed only the distance between a-NH; and y-COOH
groups. According to their findings, the distances be-
tween the two sites are 2.6 A for the receptor mediating
depolarization and 4.6 A for the hyperpolarizing response.

The reasons for these discrepancies between the pres-
ent results and those of Piggott et al. cannot be explained
at this time. Further investigations are necessary to settle
this question.

Various drugs have been reported to antagonize the L-
glu response in molluscan neurons and insect end plates
(Nistri and Constanti, 1979). Atropine and picrotoxin
antagonized the L-glu response in Helix neurons (Piggott
et al., 1977) but not in Onchidium G-H cells. Since these
drugs have no charged groups, it is unlikely that they
interact directly with the receptive sites of L-glu, but
they may antagonize the L-glu response by acting at sites
near the receptive sites of L-glu. In this regard, the
environmental structure around the receptive sites of
Onchidium L-glu receptors might differ from that in
Helix neurons and insect end plates. d-Tubocurarine
antagonized L-glu response in Helix neurons (Piggott et
al., 1977). Since d-tubocurarine and hexamethonium
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have two positively charged groups, these drugs might
interact with negatively charged sites of L-glu receptors.
But they were ineffective in Onchidium G-H cells. Thus
molecules, having only positively charged groups, may
not interact with the receptive sites of L-glu. L-Gluta-
mate-y-methyl ester antagonized L-glu response in crus-
tacean end plate (Lowagie and Gerschenfeld, 1974). This
drug is structurally similar to the neutral amino acid, L-
glutamine, which lacks the y-COOH group. As mentioned
under “Results” (Fig. 6), neutral amino acids were almost
ineffective as agonists or antagonists in Onchidium G-H
cells. The ineffectiveness of L-glutamate-y-methyl ester
on Onchidium G-H cells again indicates that the vy-
COOH group of L-glu is essential for interaction between
L-glu and its receptive site. DL-a-Aminopimelic acid and
2-amino-4-phosphonobutyric acid antagonized L-glu re-
sponse in Helix neurons (Kerkut et al., 1975), and insect
end plates (Cull-Candy et al., 1976). These two drugs
have structures similar to that of L-glu. They have two
negatively charged groups and one positively charged
group. DL-a-Aminopimelic acid has the side chain of four
carbons, which is two carbon atoms longer than that of
L-glu and is the only difference from L-glu. DL-a-Amino-
pimelic acid is able to take a conformation similar to the
folded form of L-glu. 2-Amino-4-phosphonobutyric acid
has the same structure as L-glu except that it has a
phosphate group in the position of the yv-COOH group of
L-glu. Thus, the relative positions of three charged groups
of these molecules can be identical with those of L-glu in
certain conformations. It is conceivable that they could
interact with L-glu receptive sites as agonists and possibly
as antagonists. In the Onchidium G-H cell, however,
they were ineffective. It is hard to explain this result,
although there are some possibilities. The relative posi-
tions of three charged groups have been emphasized so
far, but it is also possible that the side chain other than
the COOH group might play some role through hydrogen
bonding when L-glu interacts with its receptor. If this
kind of interaction exists between L-glu and its receptor,
the relative position of the side chain is also important.
This might explain why DL-a-aminopimelic acid was
ineffective on the L-glu response. The phosphate group
of 2-amino-4-phosphonobutyric acid has a pKa, of 7.12.
The negativity of this phosphate group is between mon-
ovalent and divalent at physiological pH. This is stronger
than that of L-glu’'s COOH group. This might be the
cause of the present result.

The present experiment provides the evidence that the
relative positions of three charged groups of L-glu are
important to elicit the hyperpolarizing response in Onch-
idium G-H cells. Moreover, the relative position of the
side chain and the strength of each charged group of L-
glu may affect the interaction between L-glu and its
receptive site.
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