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SUMMARY

1. The membrane currents evoked by glutamate agonists on isolated and identified
neurones of molluscan pedal ganglia were investigated using the voltage clamp
technique.

2. The fast chloride current (Er (reversal potential) =-41 mV) evoked in a
Ped-9 neurone by application of glutamate, quisqualate and ibotenic acid could be
blocked by furosemide (0-1 mM). The slow potassium current (Er = -85 mV) evoked
in Ped-8 and Ped-9 neurones by glutamate, quisqualate and kainate could be
blocked by tetraethylammonium (50 /M).

3. N-Methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole-
proprionic acid (AMPA) failed to induce a response in neurones studies.

4. The spider venoms argiopine and argiopinine III (50-500 nM) selectively
inhibited quisqualate-induced potassium current, but had no influence on glutamate-,
ibotenate- or quisqualate-induced chloride and kainate-induced potassium currents.
Glutamate-induced potassium current was partially inhibited by argiopine and
argiopinine III.

5. The existence of several types of distinct glutamate receptors was confirmed in
cross-desensitization experiments, and a lack of interaction was observed between
quisqualate and kainate.

6. Potassium currents induced both by quisqualate and kainate strongly depended
on temperature and could be blocked by pertussis toxin. Intracellular injection of
the calcium chelator, EGTA, did not affect quisqualate and kainate responses.

7. In neurones loaded with non-hydrolysable GTP analogues, GTP-y-S (gua-
nosine-5'-O-(3-thio)triphosphate) or GppNHp (5'-guanylylimidodiphosphate), the
potassium current was gradually induced in the absence of agonists. As this current
progressed, the magnitude of the glutamate- or kainate-evoked current transients
became smaller and finally negligible. The GTP-y-S-induced current was not
inhibited by argiopine.

8. These data indicate that in the molluscan neurones studied there are at least
three pharmacologically distinct glutamate receptors: (1) a receptor of quis-
qualate-ibotenate type which directly controls chloride channel; (2) quisqualate

* To whom correspondence should be addressed.
Ms 8591



V. Yu. BOLSHAKOV AND OTHERS

and (3) kainate receptors which control in calcium-independent manner the common
potassium channel by activation of GTP-binding protein.

INTRODUCTION

A variety of glutamate (Glu) responses differing in ionic mechanism (K+, Cl-,
cationic) are typical for molluscan neurones. Separate depolarizing and hyper-
polarizing responses to Glu and other agonists or biphasic responses have been
observed (Kerkut & Walker, 1962; Gerschenfeld & Lasansky, 1964; Walker,
Woodruff & Kerkut, 1971; Gerschenfeld, 1973; Ascher & Kehoe, 1975; Piggott,
Kerkut & Walker, 1975; Walker, 1976; Kehoe, 1978; Kato, Oomura, Maruhashi &
Shimizu, 1983; Jones, Rosser & Bulloch, 1987). The classification of Glu receptors in
molluscan neurones and the mechanism of transduction of the agonist signal to
transmembrane ionic current have not been fully elucidated. In this paper we have
pursued the characterization of glutamate responses and the underlying receptors of
identifiable neurones in pedal ganglia of the fresh-water mollusc Planorbarius corneus

to clarify the correlation between the receptor type and ionic mechanism involved.
Our findings suggest that at least three types of Glu receptors exist on these cells.
Two separate receptors (of quisqualate- and kainate-type) control the potassium
channel by G protein activation.

METHODS

The preparation and identification of neurones

The experiments were performed on the completely isolated identified neurones from the left and
right pedal ganglia of the freshwater gastropod mollusc Planorbarius corneus. Several criteria of
single neurone identification were used: localization of cells on ganglion surface, and position
relative to nerves and statocytes (Gapon, 1983) (Fig. 1). We used the neurone nomenclature
presented earlier. Single neurones were isolated as previously described (Kostenko, Geletyuk &
Veprintsev, 1974). Thecircumoesophageal ganglionic ring was dissected and treated with 0-2 %
pronase type E (Serva) for 30-40 min. The sheath was removed mechanically, and single neurones

were isolated together with a short part of axon (about 40-60,um length).

Perfusion techniques and solutions
The isolated cell was transferred into the experimental chamber (about 1 ml) which was

continuously perfused at 1 ml min-' with a saline solution. The saline solution contained (in mM):
NaCl, 50; KCl, 1-6; CaCl2, 4; MgCl2, 8; Tris base, 1; pH adjusted to 7-5 with H2SO4. This saline was
in good accordance with the ionic composition of the haemolymphof Planorbarius corneus

(Kostyuk, 1968). In some experiments the potassium concentration was increased twofold (3-2 mM)
with a corresponding decrease of sodium content, or sodium content was doubled (addition of
25 mM-Na2S04). Increased osmolarity of the latter solution (1-7 times) could be neglected since
it is known that a prominent increase in osmolarity does not influence responses of these mollusc
neurones (Katchman & Zeimal, 1982). The temperature was maintained at 20 +1°C. Cooling of the
bath solution to 10 'C could be achieved in 3-5 min. Agonists were applied either by conventional
ionophoresis from a micropipette or by microsuperfusion from a drug-filled pipette with a tip of
about 70-100,um in diameter, or by perfusion of the bath with solution containing a drug. A
microsuperfusion was favoured in most experiments since it allowed the neurone to be exposed
(time constant 100 ms) to a known drug concentration (Ger, Katchman, Zeimal, 1979).

Electrical measurements

A routine voltage clamp technique was used. Double-barrelled micropipettes filled with either
K2SO4 (0-5M) or KCl (2-5M) were used: one barrel for measuring membrane potential; the other
for passing current required for maintaining the neurone at a given holding potential. The
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resistance of each electrode was 6-20 MQ, and the coupling resistance did not exceed 100 kQ. The
resultant data were plotted directly on an X-Y recorder or photographed from the screen of a
storage oscilloscope.

Drugs
L-Glutamic and ibotenic acids were obtained from Serva. Quisqualic (QA) and kainic (KA) acids,

N-methyl-D-aspartate (NMDA), glycine, pertussis toxin, tetralithium guanosine 5'-O-(3-thio)-
triphosphate (GTP-y-S), sodium salt of 5-guanylylimidodiphospate (GppNHp), ethyleneglycol-

RPedG

Fig. 1. Schematic drawing of circum-oesophageal ring of the mollusc Planorbarius corneus,
showing the positions of identified neurones in pedal ganglia. RPedG and LPedG, right
and left pedal ganglia; 1, 8 and 9, numbers of neurones studied; S, statocyte.

bis-(,8-aminoethylether)N,N'-tetraacetic acid (EGTA), furosemide, tetraethylammonium bromide
were obtained from Sigma. a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) was
obtained from Tocris. Argiopine and argiopinine III were kindly supplied by Drs T. M. Volkova
and E. V. Grishin, Shemyakin Institute of Bioorganic Chemistry, Moscow.

RESULTS

Identification of neurones responsive to L-glutamate
Twenty-five neurones have been identified on the ventral surface of the ganglionic

ring of the fresh-water mollusc Planorbarius corneus (Gapon, 1983). Eighteen of those
neurones responded to the application of L-glutamate (Glu). Cell-dependent
depolarizations, hyperpolarizations and biphasic responses were observed. Only five
of the neurones (RPed-1, RPed-8, RPed-9, LPed-8, LPed-9), all of them from the
pedal ganglion (see Fig. 1) were responsive to relatively low concentrations of Glu
(0-5-1 /tM). All other neurones were 10-100 times less sensitive.
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18 V. Yu. BOLSHAKOV AND OTHERS

Some characteri8tics of Ped-8 and Ped-9 neurones
No difference was found in resting membrane potential between Ped-9 and Ped-8

neurones (-4241 + 1X2 mV, n = 32 and -41P0 + 0-8 mV, n = 42 respectively). Both
groups of cells usually fired spontaneously. Action potentials of about 80 mV

RPed-8

L-GIu -30
(0-1 mM) _90 _

QA -30
(1 mM) -90

KA -30
(1 mM) -90 _

RPed-9

-30

-90

-30J
-90 ,

-90

0.1 nAL
20 s

Fig. 2. Currents induced by application of glutamate (Glu), quisqualate (QA) and kainate
(KA) on Ped-8 and Ped-9 neurones. The bar on each trace represents the period of agonist
application by microsuperfusion from a drug-filled pipette. Clamped membrane potential
levels (mV) and agonist concentrations are indicated on the left. Microelectrodes were
filled with 2i5 M-KCI. Here and in subsequent figures, the upward and downward
deflections in the traces are due to outward and inward current, respectively.

amplitude were followed by well-defined slow after-hyperpolarizations. In both cell
types Glu application induced an inhibition of spontaneous impulse activity. Despite
these similarities voltage-clamp analysis revealed that there were two distinct
elements in the Glu response of Ped-9 neurone, but only one in Ped-8.

Glutamate-induced currents in Ped-8 and Ped-9 neurones
The application of 100 /M-Glu by microperfusion to both kinds of neurones

clamped at a holding potential of -30 mV, which was close to or more positive than
the resting level, induced a similar response: after a pronounced latency (about 1 s)
a slowly developing outward current appeared. It reached a maximal amplitude in
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10-20 s. Long-lasting application of Glu led to a slow and moderate decrease of
current (10-25 % of initial level during 40-60 s) evidently due to desensitization (Fig.
2). The amplitude of Glu-induced current decreased with hyperpolarization and
increased with depolarization of the neurone. Voltage-current relations in both kinds

A B

0
V(mV) -60 -40 -20

0.1
RPed-8 RPed-9

/(nA) -0.2

I(nA)
-40

V(mV) -60 -40 -20 -9 -4

-30 -30
-40 -50 -0.6
-50 -70 0.1 nAL

L-Glu Ibotenate 20 s
(100 PM) (100 PM) Ibotenate

(100 PM)
Fig. 3. Comparison of the ibotenate and glutamate effects on Ped-8 (A) and the ibotenate
effect on Ped-9 (B) neurones. Agonist responses at different holding potential levels
(shown on the left in mV) and I-V plots of these responses. 0, Glu; A, ibotenate. All
records were obtained from the same cell in A and B. The interval between subsequent
applications was not less than 3 min.

of neurones were practically identical (see below). When the neurones were clamped
at -90 mV an obvious difference in Glu response in Ped-8 and Ped-9 neurones was
recognized: in Ped-9 neurone a fast inward current with a very short latency could
be recorded, which was never seen in Ped-8 neurones. This inward current decayed
relatively rapidly in spite of continued Glu application. Depolarization of Ped-9
neurone induced a decrease of current amplitude. Neurones isolated from both right
and left pedal ganglia gave the similar responses to Glu. Therefore no reference was
made to the origin of the neurones, whether right or left ganglion, in our experiments.

Comparison of effects induced by Glu and some agonists
Quisqualic acid (QA) reproduced both kinds of response on Ped-9 neurone and only

the monophasic responses on Ped-8 (Fig. 2). But QA was 6-10 times less potent than
Glu for both responses, the threshold QA concentration being 1-5 ,CM.
On the contrary, application of kainic acid (KA) evoked only outward currents in

all investigated neurones. The sensitivity of cells to KA was very low. The threshold
concentration of KA was 50-100 JtM. The outward current which was small,
developed very slowly and there was no evidence of desensitization.
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Application of ibotenate evoked only inward current in the Ped-9 neurone (Fig. 3).
The Ped-8 neurone was completely insensitive to ibotenate action. The ibotenate-
evoked current was quite similar to the inward current induced by Glu in the Ped-
9 neurone: the current had a
desensitization) were fast.

short latency, its rise and decay (evidently due to

B
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Fig. 4. Reversal potential (Er) of Glu responses in Ped-8 and Ped-9 neurones. Glu-induced
responses at different holding potential levels (shown on the left in mV). KCI (A) and
K2SO4 (B and C) filled electrodes were used. B, before and after increasing of sodium
concentration in the perfusing saline. C, before and after increasing of potassium
concentration in the perfusing saline.

AMPA, the potent agonist selectively acting on quisqualate-preferring receptors in
vertebrate neurone, was ineffective at concentration up to 1 mM being applied on

both Ped-8 and Ped-9.

The absence ofNMDA effects on investigated neurones

Application of 1 mM-N-methyl-D-aspartate (NMDA) evoked no responses in Ped-
8 and Ped-9 neurones perfused in normal solution at any level of holding potential
(n = 7). It is well known that in vertebrate neurones glycine potentiates and
magnesium ions inhibit the response to NMDA (Nowak, Bregestovski, Ascher,
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Herbet & Prochiantz, 1984; Johnson & Ascher, 1987). However, in our experiments
(n = 3) the removal of Mg2+ ions from the solution and addition of 5 /tM-glycine did
not uncover a response to NMDA.

Ionic basis of the action of glutamate and glutamate agonists
To elucidate the ions responsible for the current flow through glutamate-activated

channels the effect of altering the ionic gradient to specific ions on the reversal
potential of the response was determined. In addition treatment with selective
blockers of ion channels was used.
The fast phase of the glutamate response recorded in Ped-9 neurone was greatly

diminished when the membrane was depolarized. The reversal potential (Er) of fast
current was - 28-9 + 3.9 mV (n = 14) when recording electrodes were filled with KCl
(Fig. 4A). With K2SO4-filled electrodes the reversal of fast currents occurred at a
more negative potential, Er =- 41-2 + 2-0 mV (n = 5) (the difference was highly
significant (P < 002)) (Fig. 4B). The last value of Er is close to the apparent mean
value of chloride equilibrium potential (-42-7 mV) calculated on the basis of
chloride intracellular concentration measurements in Helix aspersa neurones (Neild
& Thomas, 1974). Evidently diffusion of Cl- from the tip of the microelectrode can
increase the intraneuronal Cl- concentration and therefore shift the chloride
potential, EC1, causing changes in the Er of the Glu response.

Possible involvement of sodium ions was checked by increasing the sodium
concentration 2-fold ([Na+]. = 100 mm). No amplitude change and shift of Er of the
Glu response were observed in the experiments on Ped-9 neurone using either
chloride- or sulphate-filled microelectrodes (Fig. 4B). Experiments of this kind were
done also on another neurone RPed-1 (Fig. 1), which responded to Glu in a biphasic
manner. No shift of Er of the initial fast inward component of Glu-induced current
was found: Er = - 22-6 + 4 0 mV (n = 8) in normal solution and Er =-24-3 + 4*1
(n = 4) in sodium-rich solution (chloride-filled microelectrodes).

Additional evidence that chloride mediates the fast inward current induced by Glu
was obtained with furosemide treatment. The potency of furosemide to inhibit
chloride-dependent responses evoked by GABA in frog spinal motoneurones (Nicoll,
1978) and by acetylcholine in isolated neurones of the mollusc Planorbarius corneus
(Katchman & Zeimal, 1982) was shown in earlier work. In our experiments (n = 4)
furosemide (0-1 mM) reduced or eliminated completely the fast inward current
evoked by Glu application (Fig. 5C and D). This effect developed during several
minutes of furosemide superfusion. The slow outward current was unaffected. The
furosemide concentration used did not affect the membrane potential and steady-
state conductance of the neurones. The fast chloride current induced by ibotenate
and the fast phase of current induced by QA had Er =-28-0 + 4 6 mV (n = 5) and
- 33-2 + 4-2 mV (n = 6) respectively. These values are close (the difference is
statistically insignificant) to Er of fast Glu-induced current (- 28-9 + 3.9 mV, n = 14).
Ibotenate- and quisqualate-induced chloride currents were also blocked by
furosemide. Evidently all these inward currents are mediated by a selective increase
in chloride conductance.
The slow Glu response evoked in both Ped-8 and Ped-9 neurones increased as the

cell was depolarized. The I-V curve was also non-linear (Figs 3A and 5D), and the
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22 V. Yu. BOLSHAKOV AND OTHERS

zero level of glutamate-induced current was reached at - 84-6 + 2-6 mV (n = 22). The
reversion of slow currents was not obtained in either neurone in spite of
hyperpolarization to -110 or - 120 mV. The level of membrane potential when the
response disappeared was taken for the Er value. Er was close to the potassium
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0 1 (nA)

-0.1

-0.2
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Fig. 5. Blocking effects of TEA and furosemide on the components of Glu biphasic
response in Ped-9 neurone. Control (A), Glu responses at different holding potential levels.
At -40 and -50 mV a biphasic pattern of Glu response is clearly seen. B, 10 min after
addition of 50 ,#M-TEA to perfusion solution. C, 5 min after addition of 100 /tM-furosemide
into the bath. At least a 30 min interval was maintained after washing with standard
saline between subsequent treatments with blocking drugs. D, I-V plots of these
responses, open symbols correspond to outward currents (the late component of the
biphasic response), filled symbols correspond to chloride currents (the initial component
of the response). Circles, control; squares, in the presence of TEA; triangles, in the
presence of furosemide.
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equilibrium potential (EK = -87 mV) calculated earlier from the results of direct
intracellular measurements of potassium activity in neurones ofPlanorbarius corneus
(Kostyuk, 1968). A twofold increase of [K+]O,t (3-2 mM) shifted Er in a more positive
direction (by 17-3 + 08 mV, n = 3, in accord with Nernst equation) and permitted
reversal of the slow Glu currents by hyperpolarization (Fig. 4C). Application of
tetraethylammonium (TEA) provided additional evidence that slow outward
currents induced by Glu resulted from an increase in K+ conductance. With a
moderate concentration of TEA in the perfusion solution (50 /LM), the slow outward
Glu current recorded at a holding potential of -30 mV was reduced (Fig. 5B) to
one-third (three cells).
The KA and QA-induced outward current had Ers of - 86-9 + 2-0 mV (n = 5) and

- 85-2 + 1-8 mV (n = 10), respectively. These values are quite close (the difference is
statistically insignificant) to the Er of the Glu-induced slow outward current
(- 84-6 + 2-6 mV, n = 22). Injection of EGTA into the neurones was performed
ionophoretically from a micropipette filled with 0-2 M-EGTA. The efficiency of
intracellular injection was proved by the disappearance of hyperpolarization
following directly evoked action potentials. This procedure, which led to a large
decrease of intracellular calcium concentration, did not influence either inward or
outward agonist-induced currents (n = 4).

In summary, the fast chloride current induced by Glu, QA and ibotenate is due to
the movement of chloride ions, while the slow outward current induced by Glu, QA
and KA is due to a selective increase in potassium permeability.

Effects of argiopine and argiopinine III
Argiopine (Arg), a neurotoxin isolated from the venom of the spider Agiope lobata

(Grishin, Volkova, Arseniev, Reshetova, Onoprienko, Magazanik, Antonov &
Fedorova, 1986) is a member of the family of spider neurotoxins of low molecular
weight which effectively block non-NMDA-type Glu receptors in invertebrates
(insect and crustacean muscles) and vertebrates (hippocampal and spinal cord
neurones) (see review by Jackson & Usherwood, 1988). Recently another Arg
derivative, argiopinine III (Arg III), was isolated from the venom of Argiope lobata
(Grishin, Volkova & Arseniev, 1989). In the present experiments Arg III
(50 nM-1 /tM) strongly, but not completely, inhibited the slow potassium currents
induced by Glu in Ped-8 and Ped-9 neurones. On the other hand, Arg III failed to
affect the chloride Glu-induced current recorded in Ped-9 neurone (Fig. 6A). The
inhibitory effect of Arg III developed slowly over a 30-40 min period and could be
partially reversed during 60 min of washing. The inhibitory effect was potential
dependent: at -70 mV the current was reduced to 35 + 5% (n = 5) of initial level,
but at -30 mV it fell to 64+3 %, (n = 11). Evidently the depolarization of the
neurone weakens the Arg III blocking action. Steady-state I-V curves recorded in
the presence of Arg III did not differ from control. Consequently Arg III does not
influence the neurone input resistance.
The inhibitory effects of Arg and Arg III were qualitatively quite similar: only the

late potassium Glu-induced current was affected, the potential dependence of Arg
action was the same (the shift of holding potential from -30 to -70 mV decreased
the Arg blocking effect by 1-8 times), and the Arg effect was only partially reversible.
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24 V. Yu. BOLSHAKOV AND OTHERS

Arg had no influence (up to 500 nM) on the neurone input resistance. The only
difference demonstrated was in the potency of these two neurotoxins. Apparent
dissociation constants obtained from corresponding dose-response curves prove that
Arg is 3 times less potent than Arg III: Kd= 230+30 nM (n = 5) and Kd = 76+3 nM
(n= 6), respectively.

C
Control Arg III (300 nM)A

Control Arg 111 (400 nM) 10,Mgm

--40 -40 50 iM
-90 -90- 0.2

L-GIu / . . | 0.1
(100 gm) 0M) (100j0gM) I (nA) 00MM

0V (mV) -80 -40 -20 Vh -70 mVRPed-9 -~-0.1 0.5

0.4 --

B I0.2lbotenate lbotenate

Control Arg Iii (400 nm) 0.3

-30 " - -30 I(nA)

KA KA 0.1 .

(1mM) (1mM) ~ ~~~~~~~I(nA)
0.1 nA[L 0 0

20 s V(mV) -80 -60 -40 -20 -6 -5
log ibotenate

Fig. 6. Effect of argiopinine III on glutamate (A), kainate (B) and ibotenate (C) responses
on a Ped-9 neurone. A and B, I-V plots for responses. Circles, amplitude of potassium
currents; squares, amplitude of chloride currents. Open symbols, control responses; filled
circles and squares, after 40 min treatment with 400 nM-Arg III; filled triangles, after an
additional 30 min treatment with increased concentration of Arg III up to 1 /,M. Insets:
examples of currents recorded at different holding potential level. C, dose-response curves
of ibotenate induced currents before (A) and after 40 min treatment with 300 nM-Arg III
(A). Insets: responses to different doses of ibotenate before and after Arg III. Holding
potential, -70 mV.

The ability of Arg III to block the responses induced by superfusion of several
agonists was compared. QA-induced potassium current was inhibited by Arg III
just like the Glu-induced one: Kd values differed insignificantly (Kd = 52+12 nm,
n = 3 in the case ofQA responses). Arg III failed to block QA-induced chloride current
as well. The most interesting difference was found in the experiments with KA
application. In contrast to Glu- and QA-induced responses, Arg III (Fig. 6B) and Arg
(up to 1 /tM) had no influence on KA-induced potassium currents. Inward current
induced in Ped-9 by ibotenate application was also resistant against Arg III blocking
action (Fig. 6C).
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Cross-desensitization experiments
The ability of agonists to induce desensitization was used for determining whether

these agonists activate the same or different receptors. Possible interaction between
agonist-induced responses was tested comparing the response to an agonist before

A B

-60 60

QA (1 mM)

C Ibotenate (100 pM)
Ibotenate 0 00, 1M)

-60

QA(1 mM) 0-1 nA
20 s

Fig. 7. Interaction between effects induced by quisqualate and ibotenate. QA (A) and
ibotenate (B) single responses in Ped-9 neurone. A fast desensitization of chloride currents
is seen. C is a continuation of B, QA was applied 3 min after beginning of ibotenate
application: only potassium QA-induced current can be seen.

and during the continued presence of another agonist. In the experiments on Ped-9
the early component of the response to 1 mm-QA (Fig. 7A) and the response to
100 /tM-ibotenate (Fig. 7B) completely decayed during the first second of application,
evidently due to desensitization. Application of QA from the micropipette onto the
neurone perfused with ibotenate-containing solution (100,UM) failed to evoke the
typical biphasic response. Only the slow outward component of this response was
observed (Fig. 7 C). Evidently, pretreatment of the neurone with ibotenate induced
the desensitization of the common receptor for ibotenate and QA which was involved
in the activation of fast chloride current.

Application of 1 mM-KA on Ped-8 evoked a steady-state plateau-like outward
current (Fig. 8B and C) in contrast to the QA (100/,M) response which slowly
decayed and by the 6-8th min of a long-lasting application had completely
disappeared (Fig. 8A and C). Repeating the KA application at this moment evoked
a potassium current of the same amplitude as the control one (Fig. 8C). The absence
of cross-desensitization, which was found in each of four neurones tested, spoke in
favour of the existence of two different receptors for QA and KA. Evidently Glu
interacted with both kinds of receptor since previous exposure to QA (1 mM)
completely blocked the responses to QA but only partially to Glu (Fig. 8A and B).
The remaining Glu response resembled the KA response: both of them were resistant
to the QA desensitization and Arg blocking action (Fig. 8B, see also Fig. 6B).

If the potassium outward currents evoked by activation of these two receptors
resulted from entirely separate mechanisms one would expect that the maximal
currents generated by the two agonists would summate. This is not the case. No
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-30
L-Glu QA (1 mM) L-GIu

(100 PM) (100 PM)
B

Argiopine (500 nM)

-30 -
r-1nAL KA QA (1 mM) L-GIU L-Glu

20S (1 mM) PM) (100puM)

C

KA (1 mM)

-30 -

KA QA (100 gM)
(1 mM)

Ped-8
Fig. 8. Interaction between effects induced by quisqualate, glutamate and kainate. A and
B, after the control response to Glu the continuous bath application of QA (marked by line
below the record in A and B) was done; test-responses to short applications of agonists
(Glu, and KA) and application of Arg (marked by line above the record) were

superimposed during continuous application of QA. Gap in the recording (25 min) is
shown by break of line in B. C, experiment from another neurone. After the control KA
response the continuous application of QA induced a prominent decrease of potassium
current due to desensitization. Test application of KA at this moment induced the same

response as in control. The dashed line shows the break of recording (3 min).

A

-40
QA (5 mM)

KA (1 mM)

C

40

RPed-8

B

-40
KA (1 mM)

0.2 nAL

20 s

QA (5 mM)

Fig. 9. Non-additive interaction of kainate and maximal quisqualate responses. A, the
ceiling response to high dose of QA. B, test response to KA. C, superimposed application
of KA on the height of QA response failed to induce the additional potassium current.
Holding potential -40 mV.
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increment of current can be observed when the maximal (saturating) concentration
of QA (5 mm) was used, and at the moment of maximal response (0X79 +0-15 nA,
n = 4) a testing dose of KA (1 mM) was applied (Fig. 9).

Temperature dependence of glutamate and agonist responses
The responses of neurones to application of Glu, QA and KA were tested at

different temperatures (from 11 to 21 °C). The amplitude of chloride currents induced

A B 0.2

22°C 11 OC 22°C 01

-30 -30 _ -30 V(- -0 0 /I(nA)

8o m -80 80 1p - -0.1

L-Glu L-Glu L-Glu -0.2
(100 PM) (100MM) (100 jM)

RPed-9
0-1 nA L

20 s

Fig. 10. Temperature dependence of glutamate response in Ped-9 neurone. A, Glu-induced
currents recorded at different temperatures (values are shown). Holding potential (in mV)
is shown on the left. B, I-V plots of Glu responses recorded at two different temperatures.
Circles, potassium currents; squares, chloride currents. Open symbols, 22 °C ; filled ones,
11 °C.

by Glu or QA was only slightly sensitive to temperature change: temperature
coefficient Qlo = 13±+0-1, (n = 3) and 1-2±+01, (n = 3), respectively. The amplitude
of potassium currents induced by Glu, QA and KA revealed a prominent
temperature dependence: Qlo = 31 +0-4, (n = 4); 3-2+0-3, (n = 3) and 3-2+0-4,
(n = 3), respectively (Fig. 10). The rate of current onset and decay became slower at
lower temperatures. The data observed suggest that some intracellular metabolic
mechanisms might take part in the generation of potassium currents induced by Glu
and agonists. In particular, the involvement of G proteins and some secondary
messenger systems in the transduction process could be proposed.

Effects of pertussis toxin on glutamate and agonist responses
The effect of pertussis (PTX), which inactivates some G proteins by ADP-

ribosylation of their oc-subunits, was examined. The ganglionic ring was placed
overnight (14-15 h) at room temperature in the bathing solution containing
1-2 jig ml-' of PTX. Treated isolated neurones were then clamped and tested for
their response to Glu, KA and QA. Ped-9 exhibited normal fast chloride currents but
failed to show the slow potassium one (Fig. 11). The average amplitude of Glu-
induced slow currents in PTX-treated cells (n = 11) was 18-5% of the control value
estimated in similar experiments (100 ,tM-Glu, holding potential -40 mV) on
untreated cells. The same results were obtained when QA (100 ,UM) and KA (1 mM)
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-20 _-20

L-GIu
(100 uM)

-70 -70

RPed-9

0.2 nA L

20 s

Fig. 11. Effect of pertussis toxin (PTX) on glutamate responses in Ped-9 neurone. On the
left, control Glu responses at two potentials. On the right, the same experiment on the
same neurone pretreated with 2 jtg ml-' of PTX during 15 h. The control experiment
was done on the preparation held in standard saline under the same conditions.

Arg (500 nM)

Vh=-30 mV Llu2\ ~~~~~~~~~~~(500 pM)
L-GIu

(500gM) 0.2 nAL
2 min

Fig. 12. Effect of intracellular injection of GTP-y-S into Ped-8 neurone. Ionophoretic
injection of GTP-y-S was done from the recording microelectrode. Glu was applied at the
beginning of injection and at the height of GTP-y-S-induced potassium current.
Application of argiopine at this moment also had no influence on the amplitude of
the current. Holding potential, -30 mV. Recording microelectrode contained 10 mm-
GTP-y-S.

were applied: 21 4% (n = 6) and 23 0% (n = 6), respectively. PTX-treated cells did
not differ from control ones in their resting membrane potential, input resistance and
ability for spontaneous firing.

Action of GTP-y-S
Intracellular ionophoretic injection of GTP-y-S from the tip of a micropipette

(10 mM-GTP-y-S was added to 2-5M-KCl solution filling the pipette) caused a
potassium current (Fig. 12). The rise of the current was extremely slow, generally
taking 60-80 min to reach the maximal amplitude (0-82 +0-16 nA, at holding
potential -30 mV, n = 4). As the intracellular GTP-y-S-induced activation of the
current progressed, the magnitude of the Glu-induced current transient became
smaller and finally negligible. Long-lasting (45-50 min) treatment of neurones with
0 5 /LM-Arg did not inhibit this current. Application of QA and KA on the neurones
loaded with GppNHp (n = 2) also failed to evoke an additional potassium current.
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DISCUSSION

The major findings of the present study are: (1) Glu induces an increase of
potassium and chloride conductance in neurones of Planorbarius corneus similar to
those reported in other molluscan neurones (Kerkut, Horn & Walker, 1969;
Szczepaniak & Cottrell, 1973; Oomura, Ooyama & Sawada, 1974; Kehoe, 1978;
Jones et al. 1987). (2) A number of pharmacologically distinct Glu receptors involved
in these responses may be revealed by agonist and antagonist actions and by cross-
desensitization. (3) Potassium current induced by Glu or agonists in molluscan
neurones is mediated by pertussis toxin-sensitive GTP-binding protein. (4) This
potassium channel is controlled by two distinct Glu-receptors of QA- and KA-type.

Ionic basis of Glu response
Several pieces of evidence were obtained that proved the chloride and potassium

nature of Glu-induced currents. The slow outward current elicited (at resting
potential level) by Glu is due to an increase of potassium permeability: (1) its Er is
very close to EK estimated earlier (Kostyuk, 1968); (2) the effect of [K+]o change on
Er of the Glu response is in accordance with the Nernst equation predictions.
Inhibition of the slow Glu-induced outward current in TEA-treated neurones could
be considered as a direct effect of potassium channel blocker TEA on channels
activated by Glu. The blocking effect of an extracellular application of 200 JM-TEA
on acetylcholine-induced potassium current was observed in the experiments on
Aplysia neurones (Kehoe, 1972) and 50 /LM-TEA on the muscarinic potassium
response in the experiments on Planorbarius corneus neurones (Ger & Zeimal, 1977).
But even 1 mM-TEA failed to block the potassium currents evoked in neurones by
intracellular injection of GppNHp (our preliminary observations). Similar results
have been obtained in the experiments on Aplysia neurones (Brezina, 1988). Thus the
precise mechanism of TEA blocking effect on the potassium current evoked by
activation of the non-cholinergic receptors is not clear yet. The Glu-activated
potassium channels appear to differ from the widely distributed Ca2"-sensitive
potassium channels because in the present experiments the injection of the Ca2+
chelator, EGTA, into the neurone inhibits the slow after-hyperpolarization but fails
to affect the Glu response. The analogous results were obtained in Aplysia neurones
when the potassium conductance was activated by arecoline application (Kehoe,
1985).
The fast initial component of Glu-induced current is due to an increase of chloride

permeability: (1) its Er becomes more negative when sulphate-filled microelectrodes
are used instead of chloride-filled ones; (2) injection of Cl- ions from a microelectrode
induces a predicted shift ofEr of the Glu response; (3) furosemide inhibits selectively
the fast Glu-induced chloride current. Unfortunately, there is no information about
chloride intracellular activity, (acl)i, in Planorbarius corneus neurones. The possible
value ofEc1 in these neurones could be calculated if the chloride intracellular activity
(ac0)i is taken to be the same as that in Helix aspersa neurones (8-3 mm according to
the data by Neild & Thomas, 1974). Then with 75-6 mM-chloride in the bathing
solution and the activity coefficient of 0 77, EC1 would be -49 mV. Er of the fast
initial component of Glu-induced current was - 41-2 + 2-0 mV, n = 5. The difference
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observed may reflect a higher (ac1)i of isolated neurones in our experiments. An
existence of small Na+ component of this current can be also discussed. An excitatory
Na+-dependent Glu response has been described in molluscan neurones (Lowagie &
Gerschenfeld, 1973; Kehoe, 1978). Some attempts to reveal the involvement of Na+
ions in Glu-evoked inward current were made in the present experiments on two
types of neurones, Ped-1 and Ped-9. However, a 2-fold increase of [Na']. had no
influence on the biphasic Glu response; in particular, no shift ofEr was observed. The
loop diuretic furosemide is well-established as an inhibitor of the Na+-K+-2Cl-
co-transport system (Geck & Heinz, 1986). It has also been reported that furosemide
inhibits neurotransmitter-activated chloride currents: GABA responses in frog
spinal motoneurones (Nicoll, 1978) and acetylcholine responses in molluscan
neurones (Katchman & Zeimal, 1982). In Nicoll's and in the present experiments
little or no change in agonist reversal potential during the blocking effect of
furosemide was observed. In these cases it appears that furosemide has a direct effect
on receptor-controlled chloride channels rather than on the Cl- intracellular
concentration.
Thus in the neurones studied here only Cl- ions take part in the generation of the

initial fast depolarizing component of the biphasic Glu response as was the case in the
biphasic responses studied by other authors (Szczepaniak & Cottrell, 1973; McCreery
& Carpenter, 1984; Jones et al. 1987). The possibility that the chloride inward current
may underlie the excitatory postsynaptic potential is quite low since the Er of this
response is close to the resting potential of the neurones. More likely, both potassium
and chloride Glu-evoked currents are involved in the inhibitory reactions of the
neurones studied.

Pharmacological characteristics of glutamate receptors
The receptors studied appear to belong to the non-NMDA group of excitatory

amino acid receptors, since all our attempts to reveal NMDA receptors in molluscan
neurones were to no avail. Some correlation between the ionic mechanism and the
type of Glu receptor involved was found. In Aplysia neurones (Kehoe, 1978)
quisqualate (QA) was found to activate the K+ conductivity, but not the Cl- one.
Here we found that both types of responses are reproduced by QA. But ibotenic acid
and kainate (KA) possess the ability to evoke only chloride and potassium currents,
respectively. The selective effect of ibotenate on chloride permeability was observed
earlier in Aplysia neurones (Kehoe, 1978) and in locust muscle (Dudel, Franke, Hatt
& Usherwood, 1989). The identity of the receptor which can be activated either by
Glu or by QA and ibotenic acid was proved in cross-desensitization experiments. This
type of Glu receptor controls the chloride conductivity. Although the potassium
conductance can be activated both by QA and KA as well as Glu, the desensitization
experiments spoke in favour of the existence of two distinct types of Glu receptors.
Specifically, long-lasting desensitizing applications of QA failed to prevent the KA-
induced response. The opposite order of agonist application, when KA was applied
before QA, did not reveal cross-desensitization. This is not surprising, since the
ability of KA to activate receptors without desensitization has been shown with
hippocampal neurones (Kiskin, Krishtal & Tsyndrenko, 1986). It should be noted
that the partial block of Glu responses by QA-induced desensitization is probably
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due to the ability of Glu also to activate the separate KA receptors. Support for this
hypothesis may be found in our experiments with selective blockade ofQA receptors.
The potent and selectively-acting antagonist, argiopine, which was isolated from

the venom of Argiope lobata spider (Grishin et al. 1986) was found to distinguish
between the Glu receptors. Arg and various related toxins block Glu-activated
channels of the quisqualate type in lobster, crayfish, locust, and blowfly muscles
(Abe, Kawai & Miwa, 1983; Bateman, Boden, Dell, Duce, Quicke & Usherwood,
1985; Magazanik, Antonov, Fedorova, Volkova & Grishin, 1986; Miwa, Kawai,
Saito, Pan-Hou & Yoshika, 1987; Antonov, Dudel, Franke & Hatt, 1989) and in
vertebrate neurones (Saito, Kawai, Miwa, Pan-Hou & Yoshika, 1985; Antonov,
Grishin, Magazanik, Shupliakov, Vesselkin & Volkova, 1987; Magazanik, Antonov,
Fedorova, Volkova & Grishin, 1987; Magazanik & Antonov, 1988; Kiskin, Krishtal,
Tsyndrenko, Volkova & Grishin, 1989; Antonov, Kalinina, Kurchavyi, Magazanik,
Shupliakov & Vesselkin, 1990). In the present experiments on molluscan neurones
Arg and another related toxin, argiopinine III (Grishin et al. 1989), selectively
inhibited Glu- and QA-activated slow potassium current. Both toxins failed to affect
the fast chloride current evoked by Glu-, QA- and ibotenate and the slow potassium
current evoked by KA. Thus the selective effect of these antagonists indicated the
existence in molluscan neurones of two distinct Glu receptors (QA- and KA-type)
controlling the potassium conductivity, in agreement with our cross-desensitization
experiments. The inability of Arg to block in molluscan neurones the Glu-activated
chloride channels of the QA-type is in good accordance with the results obtained in
the experiments on Aplysia neurones (Ikemoto & Akaike, 1988) and crayfish muscles
(J. Dudel, personal communication). The latter chloride channels are also gated by
ibotenate, but not by QA (Dudel et al. 1989).
Arg elicits either a closed or open channel block. In the blowfly preparation both

types of blo;ck were manifested in the same concentration range and differed only in
the direction of their potential dependence: hyperpolarization enhanced the blocking
effect of Arg on the open channel but reduced that on closed ones (Magazanik et al.
1986; Magazanik & Antonov, 1988). In crayfish preparations, the block induced by
1-100 nM-Arg only reduced the number of Glu-activated channels and did not
influence the channel kinetics (Antonov et al. 1989). In the present experiments the
blocking effect of Arg and Arg III on potassium current induced by Glu and QA wvas
more pronounced at -70 mV than at -30 mV, but it cannot serve as a good basis
for believing that the antagonists preferentially interacted with open potassium
channels. On the contrary the inability of Arg to inhibit the KA effect speaks against
this possibility. The simultaneous application of maximal (saturating) concentrations
of QA and KA did not reveal summation of their effects. There are some reasons to
believe that QA and KA may activate the same population of potassium channels
but through different receptors. Only one of these receptors, namely the QA-type, is
liable to the Arg and Arg III inhibitory effect.
Although the blocking effect of Arg and Arg III was concentration dependent, the

Glu response could not be blocked completely even in the long-lasting presence of
1 /SM-Arg III. Thus it appears that the resting part of Glu response is due to
activation of KA receptors, which are resistant to the Arg blocking effect. It would
be reasonable to extend this explanation to the fact that QA-induced desensitization
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effectively prevented the QA response but only diminished the Glu response (Fig. 8).
The blocking effect of Arg was not additive in this case because the QA desensitization
revealed the existence of separate KA receptors. Thus Glu can activate both QA and
KA receptors.

The mechanism of transduction of the Glu response
The prominent temperature dependence and slow kinetics of the QA- and KA-

induced potassium currents, unlike the QA- and ibotenate-induced chloride ones,
suggested that a different transduction mechanism was associated with different
receptor actions. Many neurotransmitter receptors are connected with GTP-binding
proteins (G-proteins) as one of the intermediate links between the receptor and
effector, namely ion channel (see for review: Strange, 1988; Smart, 1989). The
involvement of G-proteins in signal transduction processes can be detected by the
help of specific molecular probes: (1) bacterial exotoxins, which induce the ADP-
ribosylation of some G-proteins and modify the transmitter response (Gilman, 1987);
(2) non-hydrolysable GTP analogues, which activate G-proteins and thereby imitate
the transmitter action (Sasaki & Sato, 1987). Pretreatment of neurones with
pertussis toxin (PTX) selectively inhibited the slow potassium currents evoked by
both QA and KA application but failed to affect the fast chloride current. These
responses to QA or KA were mimicked by intracellular injection of GTP-y-S or
GppNHp. Glu, QA or KA application at the height of GTP-y-S-induced potassium
current could not evoke an additional response. The average maximal amplitudes of
currents induced by QA application and GTP-y-S injections were practically equal.
These results and the above-mentioned data suggest that two distinct Glu receptors
(of QA- and KA-type) can share a common potassium channel by means of G-protein
activation. Similarly the coupling of a set of different agonist-specific receptors to a
single K+ channel has been previously demonstrated (Ascher & Chesnoy-Marchais,
1982; Andrade, Malenka & Nicoll, 1986; Sasaki & Sato, 1987; Brezina, 1988). The
Glu receptor of the quisqualate-ibotenate type directly operates the chloride channel
as evidenced by the fast kinetics, the low Q1o coefficient of activation and the
insensitivity to PTX action.
The absence of an Arg inhibitory effect towards GTP-y-S-evoked potassium

current (Fig. 12) indicates that Arg fails to block the open potassium channels. This
result is in a good accordance with the lack of Arg effect on the KA response. The
activation of pharmacologically unidentified Glu receptors induced a potassium
conductivity in lobster nerve terminals that was blocked by PTX but insensitive to
the blocking effect of Joro spider toxin (JSTX, Miwa, Kawai & Ui, 1987). It seems
that high concentrations of Arg and related antagonists (e.g. argiotoxin(636), JSTX)
block the open state of cation low-selective channels similar to those that are found
in arthropod muscles (Bateman et al. 1985; Magazanik et al. 1986; Kerry, Ramsey,
Sansom & Usherwood, 1988; Antonov et al. 1989), in hippocampal neurones (Kiskin
et al. 1989), and those expressed in Xenopus oocytes after injection of rat brain
mRNA (Sugiyama, Ito & Hirono, 1987).
The distinguishing features of Glu receptors found in Planorbarius corneus

neurones are summarized in Table 1. Thus at least three distinct Glu receptors could
be revealed which resembled the mixed quisqualate-ibotenate (I), the proper
quisqualate (II) and the kainate (III) types. The receptor of the II type is 6-10 times
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less sensitive to QA than Glu, but even so we prefer to classify it as a quisqualate
receptor since it can not be activated by other agonists and is selectively blocked by
Arg. Receptors of I and II type differ from QA-receptors of vertebrate neurones
being insensitive to QA-type agonist, AMPA (Krogsgaard-Larsen, Honore, Hansen,
Curtis & Lodge, 1980). Further tests would be necessary using suitable activating

TABLE 1. Types of glutamate receptors in identified neurones of the mollusc Planorbarius corneus
Types I II III
Agonists Glu, QA, Ibotenate Glu, QA Glu, KA
Cross-desensitization QA< + >Ibotenate Glu< + >QA Glu< + >KA*

Glu< + >QA QA<->KA
Effect of Arg no** inhibition no**
and Arg III (Arg KD = 230 nM;

Arg III KD = 76 nM)
Effects of putative
channel blockers:
Furosemide (01 mM) +
TEA (005 mM) + +

Response at D H H
resting potential***

E, (mV) -41 -85 -87
Ionic nature Cl- K+ K+
Q10 of activation 1-3 3-2 3-2
Effect of PTX No Inhibition Inhibition

* Glu prevents the KA response but not vice versa. ** No effect at 1 /M.
* D, depolarization; H, hyperpolarization.

and blocking agents to elucidate the possible role of any secondary messengers in
transduction of QA- and KA-receptor activation leading to an increase of potassium
conductivity.
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